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Abstract: Previous studies on the impacts of climate change on agriculture have the following shortcomings:
a) most focus only on a few major crops (maize, wheat, rice or soybeans); b) site-level and global gridded
crop models (GGCMs) provide very different impacts of climate effects on crops; c) effects of climate change
on livestock are well documented, but rarely quantified; d) there are several elements, causal relations and
feedbacks among biophysical, environmental and socioeconomic aspects usually not taken into account in
these studies. The goal of this paper is to investigate at the global level how alternative assumptions about
these four aspects may affect agricultural markets, food supply, consumer well-being and environmental
metrics. To that end, the study simulates changes in crop yield and livestock productivity in a large-scale
socio-economic model of the global economy with detailed representation of the agriculture sector, the
MIT EPPA-Agriculture model. The economic model considers many complex socio-economic relationships
and feedbacks, such as changes in management and land-use allocation, shifts in demand for food as

prices and incomes change, and changing patterns of global trade. The climate shocks considered were
median agricultural productivity changes taken from several site-level crop models revised by IPPC and
several GGCMs. We find global welfare impacts several times larger when climate impacts all crops and all
livestock. At the regional level, food budget impacts are 10% to 25% in many developing countries, which
may challenge food security. Most of the results are due to the role of land area expansion as a major source
of adaptation. Climate impacts from site-level crop models revised by the IPCC generate most challenging
socio-economic outcomes, while median climate impacts from GGCMs on yield were positive for major
crops. However, due to the wide range of impacts from these two types of models, caution is warranted in
comparing those median effects. Our conclusions indicate that the agricultural research community should
expand efforts to estimate climate impacts on many more crops and livestock. Also, careful comparison

of the GGCMs and traditional site-level models are needed to understand their major differences and
implications for agricultural systems and food markets.
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1. Introduction

Studies dating as far back as the 1980’ already investigated
the effect of climate change on agriculture, a sector high-
ly exposed to the weather, as recently reviewed by Blanc
and Reilly (2017). In the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC), the
most comprehensive compilation and review of studies
on climate impacts on food production and food security,
Porter et al. (2014) find that climate change has already
impacted agricultural and food production, affecting re-
gional supply and markets, and may potentially harm food
security in the future. The main conclusions highlight that
crop yields react negatively to high daytime temperatures
and a 2°C increase in temperature has an overall negative
impact on yields, although it may be beneficial in some
specific locations. CO, fertilization increases yields, but
tropospheric ozone damages them. Adaptation may reduce
climate impacts or even improve yields, but its effectiveness
is highly variable (Porter et al., 2014).

Rosenzweig et al. (2014) discuss the several approaches
used in the last two decades or more to investigate climate
impacts on agricultural productivity: statistical analyses,
biophysical process-based models, and agro-ecosystem
models. Recent statistical analyses of historical data have
focused on different approaches for estimating the direct
effects of climate on crops, including a debate on whether
panel data with fixed effects (Blanc and Schlenker, 2017),
taking advantage of cross-section evidence (Mendelsohn
and Massetti, 2017), or crop and economic simulation
models (Antle & Stockle, 2017) offer better insights. The
“Ricardian” approach developed over more than 20 years,
Mendelsohn and Massetti (2017) claim, represents a more
complete estimate of impacts on agriculture, by including
adaptations such as shifting to different cropping practices
or crops, from crops to livestock or vice-versa, or among
different types of livestock operations. In contrast, the panel
data approach has largely been applied to specific crops,
and captures largely the response of the crop to weather,
leaving it to further analysis to understand whether differ-
ent practices, or other crops might mitigate some of these
weather effects. To the extent that the [IPCC comprehensively
evaluated agriculture climate studies (Porter et al., 2014),
the dominant approach to estimate impacts has been to use
agronomic crop models, often linked to economic simula-
tion models of farm operations or markets, as discussed by
Antle & Stockle (2017). Rosenzweig et al. (2014) discusses
in more details agro-ecosystem models and site-based crop
models considering detailed biophysical processes. They
differ in terms of approaches, structure, assumptions, inputs
and outputs, capturing in different ways and with more
or less accuracy the stresses from biological and environ-
mental sources, such as CO,, oxygen, water, temperature,
or macro- and micro-nutrients effects on crop yields and

growth. Site-based crop models consider the complexity
of crop, soil, atmosphere and management components
interactions at field level. Agro-ecosystem models deal
with larger spatial scale simulations of the carbon and
nitrogen dynamics, energy, soil and water balance. The
agro-ecological zone models simulate agricultural potentials
at regional and global scales. All three approaches can be
used to build GGCMs, but the site-based crop models are
predominantly used for detailed studies of climate impacts
atlocal and regional levels, as those reviewed in the IPCC’s
Fifth Assessment Report (Porter et al., 2014).

This healthy debate around methods has, however, left
some glaring oversights in much of the studies when it
comes to understanding the full risks related to the effects
of climate on agriculture. One oversight is that most studies
have focused on estimating yield impacts on a few major
crops, usually maize, wheat, rice or soybeans, whereas the
Food and Agriculture Organization of the United Nations
(FAO) publishes data on production of over 170 crops.
And while the literature documents extensively the adverse
effects of heat on livestock productivity, there have been no
attempt to turn these various regional negative factors into
a comprehensive set of impacts for livestock production
at the global level. All told, global production of maize,
wheat, rice, and soybeans was worth about 800 billion US
dollars in 2016 but that amounted to only about 17% of the
total value of all agricultural crop and livestock products
(FAO, 2019). While it is beyond this study to estimate
separate yield effects for the ~170 other crops grown in
various parts of the world and various livestock, we can
test the sensitivity of excluding impacts on other crops
and livestock by extending impacts we have for the main
crops to these other agricultural commodities.

A second issue is that site-level crop models require highly
detailed local data. Once calibrated to the site conditions
and management practices, these models can replicate crop
yields quite well. However, the data requirements mean
that a relatively few sites are used to calibrate the region-
al model, raising questions about the representativeness
of those sites for the entire region. Global gridded crop
models (GGCMs) simulate potential crop yields in every
latitude-longitude grid, even far outside the area where the
crop is currently grown, but assume static soil properties
and/or management practices (Miiller et al. 2017). Site-level
crops models and GGCMs provide a very different picture
of climate effects on crops (Miiller et al. 2017). How do
results from such different methods alter estimates of the
climate impacts on the agricultural system?

Other aspects, besides alternative crop modeling approach-
es, can add uncertainties about future climate impacts on
agriculture. The potential effects of heat on livestock are well
documented, but rarely quantified. Rojas-Downing et al.
(2017) provide an extensive discussion. These range from
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effects on pasture and forage, to direct effects on animal
productivity and health, to more indirect effects on patho-
gens and disease vectors through changing changes in
precipitation and temperature. Regarding the direct effects,
higher temperatures increase morbidity and death rates in
all livestock. Heat stress leads to a reduction in body size,
carcass weight, and fat thickness in ruminants. In the poultry
industry, low production results especially at temperatures
higher than 30°C. Milk production in dairy cattle, sheep,
and goats is reduced by higher temperatures and greater
humidity, with the percentage loss higher among higher
producing cattle. Rojas-Downing et al. (2017) review studies
that indicate a current loss in the US of about $1.7 to $2.4
billion due to heat stress in the dairy and beef industry.
Overall they conclude that climate change will negatively
affect the livestock sector. Summer et al. (2019) similarly
discuss effects of heat on milk and meat production, show-
ing declines in milk production of about 3 to 23% as the
temperature humidity index rises beyond 72°F and 80°F
respectively, for high producing dairy cows, and slightly
less (0 to 20%) for low producing cows. The difficulty in
arriving at quantification is that effects can vary by breed
and by management approach, and adaptive measures
such as mist cooling, shade, and fans can offset some of
these losses, but at extra cost.

To go beyond impacts on crop yields and livestock pro-
ductivity, there are several elements, causal relations and
feedbacks among biophysical, environmental and socioeco-
nomic aspects that need to be considered. Such complexity
brings many uncertainties to these projections, as discussed
in Gornall et al. (2010). We attempt to consider many of
the complex socio-economic relationships and feedbacks
by using estimates of agricultural productivity changes
within a large-scale model of the global economy with newly
added detail on the agriculture sector. The model allows
for changing management (substitution of other inputs as
land productivity changes) as an adaptation response, in
particular, for the global and regional extent of crop and
pasture land to change. It also simulates changing demand
for food as food prices and incomes change, along with
changing patterns of global trade in food. Other studies
have used similar models (e.g. Nelson, ef al., 2014) although
few consider changes in crop and pasture land area as a
response to changing productivity shocks.

There are many other sources of uncertainty in projections
of climate impacts on agriculture and food supply, besides
the aforementioned ones (crop coverage, crop model type,
impacts on livestock, and socioeconomic aspects). Our focus
on the four questions (or glaring omissions) is not to answer
decidedly how big these omitted effects are, but rather to
attract the attention of the agriculture-climate research
community in an effort to prioritize these research gaps.

2. Material and methods

To be able to represent the impact of changing yields on
agricultural and food markets taking into account land
use changes, we improve an existing socioeconomic model
of the global economy with an explicit characterization
of multiple markets for primary factors (land, fossil fuel
resources, labor, capital), energy, agricultural, food, indus-
trial goods and services, and all relationships among such
markets, including international trade. We describe the
main features of the model in the next sections highlighting
the further sectoral resolution in this version compared
to earlier versions of the model.

2.1 The EPPA-Agriculture Model

The MIT Emissions Prediction and Policy Analysis (EPPA)
model, version 6, is a recursive-dynamic multi-region-
al and multi-sectorial computable general equilibrium
(CGE) model of the world economy (Chen et al. 2015).
The underlying economic data in EPPA is sourced from
the Global Trade Analysis Project Version 8 (GTAP 8)
database, benchmarked for the year 2007 (Narayanan et al.,
2012). The GTAP dataset provides the base information on
social accounting matrices and the input-output structure
for regional economies, including bilateral trade flows,
and a representation of energy markets in physical units
(Hertel 1997; Narayanan, Aguiar, and McDougall 2012). In
the original version of EPPA6, the GTAP data is organized
into 18 regions and 14 sectors (Figure 1).

Here we expand the sectoral representation to 28 sectors,
improving the detailing of agricultural and livestock sectors
and commodities. Table 1 shows the sectoral aggregation.
The conventional version of EPPA contains just three ag-
gregated land intensive sectors: crops, livestock and forests,
while the EPPA-Agriculture model breaks them in eight
different crop sectors and three livestock sectors. We also
disaggregate energy intensive sectors and others repre-
senting building materials and construction sectors, to
develop further investigation on possible implications for
land use of greater use of forestry products in construction
as substitutes for steel, cement, and other energy intensive
construction materials.

We also parameterize a range of energy ‘backstop technol-
ogies’ not identified in the base year data, either because
they were not deployed or only at relatively low levels but
could be deployed in the future under different price or
policy conditions (Table 2). These include some bio-based
energy technologies that, if developed, compete for land
used for conventional agricultural crops. The backstop
technologies are represented in a similar fashion as in earlier
EPPA versions (see Chen et al., 2015). Table 2 also presents
the several primary factors inputs explicitly represented
in EPPA-Agriculture. Among them are both depletable
and renewable natural capital inputs, as well as produced
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Figure 1. Regions in EPPA-Agriculture model.

Table 1. Sectors in EPPA-Agriculture.

Sector Sector Sector Sector

Rice Other crops Coal Non-Ferrous Metals

Maize’ Bovine Cattle® Crude Oil Other Energy-intensive Industries
Soybean? Poultry and Pork” Refined Oil Other Industries

Wheat Other Livestock® Gas Construction

Sugar Crops® Forestry Electricity Other Services

Wood Products

Food Products

Vegetables & Fruits* Non-Metallic Minerals

Fiber plants® Iron & Steel

Transport

Ownership of dwellings

"Maize and Other Cereals; 20il Seeds; *Sugar Cane and Sugar Beet; *Vegetables, Fruits and Nuts; SFiber-based plants; °Bovine Cattle,
Sheep, Goats, Horses; “Swine, Poultry, Other Animals; 8Other Animal Prod. (Milk, Wool, Fish).

Table 2. Backstop sectors and Primary Factor Inputs in EPPA-Agriculture.

Backstop Technology Primary Factor Inputs

First Generation Biofuels
Second Generation Biofuels
Oil Shale

Synthetic Gas From Coal Depletable Natural Capital
Hydrogen

Advanced Nuclear

IGCC w/ CCS

Conventional Oil Resources
Shale Oil

Conventional Gas Resources
Unconventional Gas Resources
Coal Resources

Natural Forest

Natural Grasslands

NGCC
NGCC w/ CCS
Wind

Renewable Natural Capital

Solar Resources
Wind Resources

Hydro Resources

Bio-Electricity
Wind Power Combined with Bio-Electricity

Produced Capital
Wind Power Combined with Gas-Fired Power

Solar Generation

Conventional Capital (Bldgs & Mach.)
Cropland
Pasture and Grazing Land

Managed Forest Land*

Labor

*Managed forest land includes planted forest and secondary vegetation regrowth.
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capital and labor. Among produced capital, EPPA treats
cropland, pastures, and managed forest land as “produced”
from natural capital of forest areas and grasslands.

Household transportation including purchased commer-
cial and own-supplied transport (personal automobile)
is also represented in EPPA, requiring additional data to
disaggregate household vehicle use within the GTAP data.
Chen et al. (2015, 2017) describe the details of disaggrega-
tion and parameterization of transport and electric power
generation, which takes into account bottom-up engineer-
ing analysis of costs, fuel use, and conversion efficiency.

EPPA also incorporates data on greenhouse gases (GHG)
(CO,, CH,, N,O, HFCs, PFCs, and SF,) and conventional
air pollutant emissions (SO,, NOx, black carbon, organic
carbon, NH;, CO, VOC), based on data from the Inter-
national Energy Agency (IEA, 2012) in the case of CO,
emissions from energy consumption, Boden et al. (2010)
for CO, emissions related to cement production, the Emis-
sions Database for Global Atmospheric Research (EDGAR)
Version 4.2 (European Commission, 2013) and Bond et al.
(2007) in the case of non-CO, GHGs and conventional
air pollutants.

The base year of EPPA is 2007. The model simulates his-
torical economic trajectories recursively for the year 2010
and 2015, and then projects future economic pathways
at 5-year intervals from 2015 to 2100. Economic devel-
opment through 2020 is benchmarked to historical data
and short-term GDP projections of the IME The model
is formulated using the mixed complementary problems
(MCP) approach (TF Rutherford 1995; Ferris and Pang
1997), and solved using the MPSGE subsystem in GAMS
programming language (TF Rutherford 1999).

Future projections in EPPA are driven by economic growth
resulting from savings and investment, and exogenously
specified productivity improvement in labor, capital, land,
and energy. GDP and income growth through time increase
demand for goods and services, including fuels and food.
Higher cost grades of depletable resources are accessed
as lower cost stocks are depleted. Sectors using renewable
resources, such as land in the case of agriculture, compete
for the available flow of services from them, generating
rents. Backstop and advanced technologies may become
cost competitive as regular energy sources become more
expensive. These various economic drivers, combined with
imposed policies, such as constraints on GHG emissions,
determine the economic trajectories over time and across
scenarios. Chen et al. (2015) provides a detailed description
of the dynamics in EPPA6.

Explicit modeling of land-use that maintains consistent
supplemental physical accounts of land is a unique fea-
ture in EPPA. The approach considers five broad land use
categories: cropland, pasture, forest, natural forest and

natural grass. We combine and reconcile several world
scale data sources to build the land use change approach
in EPPA-Agriculture. We use the “GTAP8 Land Use and
Land Cover Database” (Baldos and Hertel 2012), separately
covering cropland, pasture, built-up, forest land and a
single category including all others land types by agro-
ecological zones (AEZs) and 134 countries or regions of
the world. The GTAPS land use data itself is built from
FAOSTAT production data as well as cropland and pasture
data from Ramankutty (2012). To complement these data
for other land use categories in EPPA-Agriculture, we use
data produced by the Terrestrial Ecosystem Model (TEM)
(Felzer et al. 2004), using historical land use transitions
from Hurtt, Frolking, and Fearon (2006). Table A1 in the
Appendix presents the land cover data for each EPPA region
in 2007, measured in million hectares (Mha).

We represent land and the transformation of natural lands
(natural forest and natural grass) into managed land types
(crop, pasture, and managed forest) in physical terms. De-
tails of the approach can be found in Gurgel et al. (2016).
The model considers that land improvements (draining,
tilling, fertilization, fencing) can convert pastureland to
cropland, or forestland can be harvested, cleared and ul-
timately used as pastureland or cropland. If investment
in cropland is not maintained, the land can then go back
to a less intensely managed use (pasture, or forest) or be
abandoned completely and return to “natural” grass or
forest land.

The land use transformation approach used in EPPA is well
suited to longer term analysis where demand for some land
uses could expand substantially. It also explicitly represents
conversion costs associated with preparing the soil, spread-
ing seeds and managing the creation of a new agricultural
system. In this regard, it is a better alternative than the more
common Constant Elasticity of Transformation (CET)
approach often used in CGE models. The CET function
makes large transformations of land difficult because the
function tends to preserve input shares (Gurgel, et al.,
2007). The CET approach also does not explicitly account
for conversion costs. In addition, Schmitz et al. (2014)
point out the lack of direct relationship to area in physical
units, since land enters the CET function in value terms.
As a result, there is no guarantee of consistent update of
the supplemental physical accounts. Finally, as the CET
elasticities are symmetric to all changes, the ease of con-
version from agricultural to forest land is the same as from
forest to agriculture, which implicitly assumes the same
“costs” and constraints on conversion in both directions.

In the case of conversion of natural forests, EPPA also
accounts for the production of timber products similarly
to a forest harvest on managed forest land. Natural areas
transformation to agricultural areas are calibrated to mimic
a land supply response, based on rates of conversion ob-
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served over the last two decades. This last feature captures
a variety of factors that may slow land conversion, includ-
ing increasing costs associated with larger deforestation
in a single period and institutional costs (such as limits
on deforestation, public pressures for conservation, or
establishment of conservation easements or land trusts).

We assume conversion costs from one land use category to
another as equal to the difference in value of these types,
assuring “zero profit” conditions in the MCP equilibrium
approach. One issue that arises for the current valuation
of natural forest and grassland that is not currently used.
However, for it to appear in the CGE framework it must
have an economic value. We develop a “non-use value”
for these land areas using data from Sohngen et al. (2009)
and Sohngen (2007). This approach assumes that, at the
margin, the cost of access to remote timber land must
equal the value of the standing timber stock plus that of
future harvests as the forest regrows. The net present val-
ue of the land and timber is calculated using an optimal
timber harvest model for each region of the world and
for different timber types. Setting the access costs to this
value establishes the equilibrium condition that observed
current income flow (i.e. rent and returns) from currently
non-accessible land is zero because the timber there now
and in the future can only be obtained by bearing costs to
access it equal to its discounted present value. From these
data, we calculate the value of an average standing stock
of timber for each of regions and the separate value of
the land based on the discounted present value of future
timber harvests.

The value of natural forest and natural grass areas are con-
sidered in the model as part of the initial endowment of
households in each region. These areas may be convert-
ed to other uses or conserved in their natural state. The
reservation value of natural lands enters each regional
representative agent welfare function with an elasticity of
substitution with other consumption goods and services.
Hence, the value the agent derives from natural land itself,
is a deterrent to conversion. Thus, if for example current
timber demand rises and puts pressure to harvest more
land, it creates a partly offsetting demand to conserve forest
area because, implicitly, the agent sees it as more valuable
in the future. In the recursive dynamic structure of EPPA,
introducing the natural forest value into the representative
agent’s welfare function approximates this behavior.

With the disaggregation of crop sectors, cropland becomes
an input in the production of each separate crop sector
listed in Table 1. Similarly, pasture land is used in each
livestock sector. Managed Forest areas are only used for
the production of managed and harvested forests. The
land allocation of crop and pasture to the agricultural and
livestock sectors is done by CET functions with elasticity
equal to one, which is the common approach in all mod-

els dealing with broad land categories being allocated to
alternative final uses.

Some other features regarding land use changes in EPPA
relate to technological change affecting land productivity
and specification of food and agricultural demand. EPPA
assumes that land is subject to an exogenous productivity
improvement of 1% per year for each land type, reflecting as-
sessments of potential productivity improvements showing
similar historical crop yields growth albeit with variations
among regions, crops and time. (Reilly and Fuglie 1998;
Gitiaux, Reilly, and Paltsev 2011; Ray et al. 2013). Besides
exogenous yield changes, land can be partially substituted
by inputs and other primary factors in the agricultural
production functions as relative prices change over time.

Regarding the demand for agricultural, livestock, forestry
and food products, most of the output of primary land use
sectors end up as inputs in the food, energy, and other
sectors of the economy. Food and agriculture production,
and hence the amount of land used, is strongly influenced
by the growth in population and incomes. Most studies find
that, as income grows, the expenditure shares on food will
decrease although food consumption levels may increase
(Zhou et al. 2012; Haque 2006), which suggests an income
elasticity of less than unity. It is considered in EPPA by
introducing a Stone-Geary preference system following
the approach presented in Markusen (2006), as described
by Chen et al. (2015).

2.2 Scenarios

Our goal is to give an indicative quantitative answer to
the caveats and questions we identified in Section 1. Our
strategy is to compare results through 2050 from the EP-
PA-Agriculture model for which climate change impact on
the agriculture sector is represented using estimates from
traditional site level crop model studies as summarized by
the IPCC, to results from GGCMs. We then compare those
results to simulations assuming average impacts on crops
not covered in these studies. Finally, we extend these im-
pacts to pasture and livestock productivity. While it seems
unlikely that other crops and livestock will be affected in
the same way as the four major crops often studied, we
intend this to be a sensitivity analysis helping to establish
the priority the research community might place on pro-
ducing climate impacts on a more comprehensive set of
agricultural commodities. We also compare the climate
effects scenarios against a baseline, business as usual (BAU),
scenario assuming no climate change. We can then quantify
the effects by region using several metrics that broadly
include the overall socio-economic effects, effects on the
agriculture sector itself, and the broader environmental
effects associated with adapting to climate change.
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Comparing conventional crop model
results to GGCMs’

Based on results reported in Porter et al. (2014), we de-
velop median crop response to climate by 2050 for each
EPPA region for four main crops. The number of studies
conducted vary by region, with relatively few produced in
some regions. We estimate two ranges for each crop: one
for northern temperate regions; and a separate range for
tropical and southern Hemisphere regions. We then apply
the relevant range to the median estimates for each EPPA
region. While it would be ideal to show separate ranges for
each EPPA region, the lack of enough estimates for some
regions could make it appear that there was little uncertainty
for some regions and crops only because there were just
a couple of studies. The crop model results reported by
Porter et al (2014) span a variety of different crop models
and different climate scenarios. The estimates are medians
and ranges across both climate scenarios produced by
different climate models and across yields generated by
different crop models.

Blanc (2017a; 2017b) has developed statistically estimated
emulators of the major GGCMs. Two models, pDSSAT and
GEPIC, are field-scale models applied at the global scale level,
while the three others, LPJ-GUESS, LPJmL and PEGASUS,
are global ecosystem models integrating field-scale crop
model mechanisms and parameters (Miiller et al. 2017).
These models estimate crop yields at a fine resolution glob-
ally by considering the detailed effect of weather (monthly,
daily, or even hourly) on crop growth (Bassu et al. 2014).
Similar to the IPPC results, these models are largely lim-
ited to four major crops: rice, maize, soybean and wheat
(RMSW). The emulators for the five GGCMs were used to
simulate yields under nine climate scenarios, providing a
total of 45 separate simulations for each crop and grid cell.
Inputs from the nine climate change scenarios were obtained
from the Massachusetts Institute of Technology Integrated
Global System Modeling (MIT IGSM) framework using
a pattern scaling method (Schlosser et al., 2012) under
GHG emissions scenarios consistent with the Paris climate
negotiations (COP21) (Outlook 2015; Outlook, 2016). The
pattern-scaling method uses global scale simulations of the
MIT IGSM to estimate the effect of uncertainty in climate
sensitivity, ocean heat uptake, and aerosol forcing on latitu-
dinal climate change combined with longitudinal patterns
from major general circulation models simulations available
through Climate Model Intercomparison Projects (CMIPs).
The nine climate scenarios include a high, median, and
low climate response to GHG forcing, and three different
climate model patterns. We estimate the mean of 45 crop
responses simulations for each region for the 2050s (using
the 5 year average for the 2047-2052).

The central tendency from the IPCC site level crops models
is for negative effects on yields for nearly all crops and all

regions (Figure 2) while the central tendencies for the emu-
lated GGCMs results are mostly positive for all regions and
all crops (Figure 3). We have plotted all crop yield results for
both the IPCC and emulated GGCM:s using the same y-axis
scale to better show differences. Immediately this shows
that the yield range for the IPCC estimates, while often
showing a range of 15 to 20 percentage points from high
to low, is much narrower than for the emulated GGCMs.
The GGCM range is especially wide for rice, and more in
line with the IPCC range for maize and wheat, with the
exception for a few regions. Each approach has strengths
and weaknesses. The site-level crop models typically are
calibrated to represent current yields quite well at the sites
where they are applied, and are typically simulated at highly
resolved time steps. They may better capture the response
of crops to extremes. However, if spatial variation smooths
out the response of crops over a wide region, the limited
number of sites typically simulated may not capture this
smoothing, or the sites may not be broadly representative
of the large regions they are used to represent. The GGCMs
are simulated in every land grid cell. For our comparisons
we have used results only for grids in which the crops are
actually grown. These may then be more representative of
a large region and may smooth out local variability. How-
ever, given the range of crop cultivars and management
practices and limited data, the GGCM results are generally
not calibrated closely to current yields, and with generally
coarser time steps may not capture well weather extremes.

Extending impacts to all crops

As noted earlier, RMSW are important crops, but account
for only 17% of value of global agriculture production.
The FAO tracks more than 170 crops, and many of these
are important food sources. We extend impacts to other
crops by applying the simple average impacts of the four
main crops in each region to all other crops represented in
EPPA. Although it is a simplistic assumption, it avoids an
outcome where production is simply shifted to crops that
were left unaffected only because no yield estimates were
available. By assuming all crop production is being affected
by climate, we investigate how results may be biased by
only simulating impacts on some crops. We identify such
scenarios by “crop”

Extending impacts to livestock

The livestock sector will be affected by changes in climate.
Livestock productivity will be directed affected by chang-
es in climate but also indirectly affected by changes in
the price and availability of livestock feed. However, the
literature is very scarce on the potential climate change
impacts on livestock production and pastures. Given the
lack of information regarding these impacts, we consider
one more subset of scenarios with climate impacts on all
crops, pasture yields and livestock productivity.
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In summary, we simulate three subsets of scenarios: (i)
climate impacts only on RMSW yields; (ii) climate impacts
on yields of all crops (Crops); and (iii) climate impacts on
all crops and pasture yields and livestock productivity
(Crops & Livestock). Each of these scenarios extend either
the IPPC RMSW impacts or the GGCM RMSW impacts to
the other commodities. The exception is that if the average
crop yield impact is positive, we do not assume direct effect
on livestock productivity, only on pasture yields. Table 3
lists all seven scenarios, included the six different climate
impact scenarios and the BAU case.

While we show ranges for base crop yields, we focus our
analysis on the median estimates for both for the IPCC
RMSW responses and the GGCM RMSW responses. As
noted above, Figures 2 and 3 presents the changes in yields
in each scenario in 2050. There is considerable variability
in the median impacts among crops and among regions
for each crop. The range of impact for both the IPCC and
GGCM sets of impacts are quite wide, with the range of-
ten including both increases and decreases in yields. The
median GGCM results are positive for crops in all regions.
In contrast, the median IPCC impact is negative for nearly
all crops and all regions, with the exception being small
increases in soybean yields in a couple of regions

We linearly interpolate yield changes from zero in 2020 to
the 2050 median yield impacts for both IPCC and emulated
GGCM scenarios when implemented in EPPA-Agricul-
ture. Yield impacts on crops are applied in the model as a
shock on land use productivity, and productivity impacts
on livestock activities are applied as shocks in their total
factor productivity.

Table 3. Scenarios simulated in EPPA-Agriculture.

Scenario Climate Impact
BAU No climate impacts.

Median regional impacts for rice, maize,
IPCC-RMSW  soybean, and wheat as reported in the

IPCC (Porter et al., 2014).

Median impacts for rice, maize, soybean,
GGCM-RMSW and. wheat from 5 emulateq GGQMS X
9 climate scenarios spanning climate

uncertainties and varied spatial patterns.

Average regional impacts for RMSW

IPCC-Crops . tended 1o all crops.

Average regional GGCM impacts for
(Slel oL He S RMSW extended to all crops.
GGCM-Crops  Average regional GGCM impacts for

& Livestock RMSW extended to all crops and livestock.

IPCC-Crops &
Livestock

Average regional IPCC impacts for RMSW
extended to all crops and livestock.

3. Results

Given the complex interactions among regions through
trade, and within the agricultural sector in terms of food
consumption, crops, livestock, land use change, and land
use emissions, we identify several metrics we use to quantify
the potential economic importance of some of the major
oversights we have seen in evaluating agricultural risks
from climate change. These included metrics that cover
(i) broader socio-economic impacts, (ii) agriculture sector
impacts, and (ii) environmental implications of climate
change, acting through impacts on agriculture.

3.1 Socio-economic metrics

The change in macroeconomic welfare measured as equiv-
alent variation—the change in the total value of all goods
consumed by households—is the broadest economic in-
dicator (or synthesis) of all effects and adjustments in the
human activities needed to accommodate the impacts of
climate changes on crop yields. For example, demand for
food is relatively price inelastic and so given, for example,
yield declines, demand will adjust downward by less than the
yield loss. To meet the still relatively high demand, resources
will be diverted from other parts of the economy to increase
food supplies. Our measure of welfare includes reductions
in consumption of other goods because of the diversion of
resources toward agriculture. Another useful socio-eco-
nomic metric is the effect on the household budget share
for food. Here we compare the aggregate welfare changes
at the global and regional level, and how the food budget
share changes for the representative agent in each region.

Global aggregate welfare impacts are six to 13 times larg-
er in the Crops & Livestock scenarios compared with the
RMSW scenarios and two to three times larger in the Crops
scenarios compared with the RMSW scenarios (Figure 4).
The RMSW scenarios, by covering only a fraction of all
agricultural products, will obviously underestimate the
total welfare impact on the economy (unless the impact on
omitted commodities was of opposite sign on the impact
on RMSW crops). However, the effect of the omission is
magnified by the fact that allowing some commodities to
be unaffected by climate change, allows a further avenue of
adaptation—simply shifting away from negatively affected
crops toward commodities left unaffected in the IPCC sce-
narios, or toward positively affected commodities from those
left unaffected in the GGCM scenarios. By construction,
the yield shocks are similar across all commodities, and so
when all are affected, there is essentially little avenue to shift
toward commodities with less impact, completely shutting
off that mode of adaptation. Obviously, this may be extreme
as the climate responses are likely to vary among different
agricultural commodities. However, it often appears to be
the case, that a family of crop models applied to different
crops give somewhat similar yield changes, with greater
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GGCM-Crops & Livestock 0.6
GGCM-Crops 0.2
GGCM-RMSW 0.1
IPCC-Crops & Livestock -1.3
IPCC-Crops -0.3
IPCC-RMSW -0.1
-1.5 -1.0 -0.5 0.0 0.5 1.0
% change relative do BAU
Figure 4. Global change in welfare in 2050 relative to BAU.
Table 4. Regional changes in welfare in 2050 relative to BAU.
IPCC-RMSW IPCC-Crops IPCC-Crops GGCM-RMSwW GGCM-Crops GGCM-Crops
& Livestock & Livestock
AFR -0.1 -0.1 2.1 0.1 0.0 0.5
ANZ 0.0 0.1 0.3 -0.1 -0.1 -0.2
ASI -0.1 -0.2 -0.9 0.2 0.2 0.4
BRA 0.0 0.0 0.1 -0.2 -0.2 -0.3
CAN 0.1 0.1 0.6 -0.1 -0.1 -0.2
CHN -0.3 -0.6 -4.7 0.4 0.8 3.4
EUR 0.0 0.0 0.0 0.0 0.0 -0.1
IDZ -0.6 -0.9 -3.5 1.2 1.4 2.6
IND -0.1 -2.3 -4.3 0.3 1.2 1.9
JPN 0.0 0.0 0.2 0.0 0.0 -0.1
KOR -0.1 0.0 -0.2 0.0 0.0 0.1
LAM -0.4 -0.6 2.4 0.0 0.1 0.1
MES -0.2 -0.4 -1.5 0.1 0.4 0.9
MEX 0.0 -0.1 -0.3 0.0 0.0 0.1
REA -0.7 -1.6 -14.7 0.4 0.9 4.9
ROE 0.0 0.1 -0.4 0.0 -0.1 0.0
RUS 0.0 -0.1 -0.7 0.0 0.1 0.3
USA 0.0 0.0 0.2 0.0 0.0 -0.1

variation in estimated impact coming from apply different
families of crop models, or different climate scenarios. The
comparison between the “site-level family” of crop models in
the IPCC scenarios and the “GGCM family” in the GGCM
scenarios illustrate this tendency. Hence, if we are able to
construct a full set of impacts for all commodities using a
standard approach, it seems more likely that there would
be less variation in impact among commodities then we
might get by randomly selecting from a large range. If, for
example, half of the estimates came from GGCM-based
estimates, and half came from IPCC-reviewed site level
estimate, they might well completely cancel each other out.

10

But that seems a misapplication of fundamental differences
in models to a scenario of how climate change might actually
affect agriculture.

Welfare deviations in 2050 relative to BAU for each EPPA
region are often much stronger than global welfare chang-
es, with losses relative to BAU in red/italic and gains in
blue/bold (Table 4). The IPCC scenarios show many more
regions with negative impacts, and a very large (-14.7%)
impact for Rest of East Asia (REA) in the Crops & Livestock
scenario, and quite large impacts (3.5 to near 5%) in India,
China, and Indonesia, some of the most populated places
in world, with relatively little option to expand cropland.
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The REA region has the most negative direct impacts on
yields, consistent with the fact that it has the strongest
aggregate economic effect. But many other factors work
to result in a large net impact on a region. For example, in
the GGCM scenarios, we see both losses and gains among
regions even though the direct effects on yield are positive
in all regions. This reflects changing terms of trade among
regions. Notably, major agricultural exporters including
ANZ, CAN, BRA, and to a lesser extent EUR and USA
are among the negatively affected regions while importing
regions are more likely to gain. These terms of trade effects
also are operating in the IPCC scenarios, generating gains
for many agricultural exporting regions and aggravating
losses in importing regions.

Our second socio-economic metric is the change from
BAU in the food budget share for the representative house-
hold in each region (Figure 5). For the RMSW and Crops
scenarios the change in budget shares are relatively small,
generally less than a couple of percent. Also notable, is that
the direction of budget share change is the same across
all regions, higher in the IPCC scenarios and lower in the
GGCM scenarios, unlike the aggregate welfare changes.
This reflects the fact that yield changes are negative al-
most everywhere in the IPCC scenarios and positive in
the GGCM scenarios, and food price changes are further
tied together because of food and agriculture trade. The

30
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10 | |
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% Change relative to BAU
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BRA

% Change relative to BAU
(9]
|
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IPCC-RMSW

CAN JPN ANZ

GGCM-RMSW

Figure 5. Change in food budget share in 2050 relative to BAU.

IPCC-Crops

B GGCM-Crops

aggregate welfare changes differed because of terms of trade
changes, but those primarily affect agricultural producers
and so do not show up in consumer food budget shares.

While the RMSW and Crops scenarios show small budget
share effects, the Crops & Livestock scenarios show quite
large effects, especially for the negative shocks in the IPCC
Crops & Livestock. There are few reasons for the “undamp-
ened” effect on household food budgets. First, with all food
items rising in price there is less ability to substitute than
in cases where the price of some items did not rise because
there was no direct climate effect on them. Second, while
there can be substantial substitution among food items,
overall food is relatively price inelastic, and so the result
is that relatively more income is spent on food, reducing
spending on non-food items. Third, the commodity cost
of livestock products in final goods is much higher than
the commodity cost of crops, where there is generally more
value added. If 90% of the final food cost is value-added,
then the consumer sees only 10% of the commodity price
shock. Whereas, in livestock, 70% of the final food cost
may be the commodity cost, and so the consumer will see
most of the commodity cost shock.

Value-added differences in food consumption between
richer and poorer countries also explain why we see big-
ger impacts in poorer countries. In the USA, CAN, EUR,

MEX  LAM

EUR ROE RUS KOR ASI

M |PCC-Crops&Livestock

B GGCM-Crops&dLivestock

1
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and JPN, even in the IPCC Crops ¢ Livestock scenario,
the impact on the household budget share is well under
5%. This reflects the purchase of more prepared foods,
with higher valued added, and a large portion of the food
budget spent eating out, where the commaodity cost of food
is dwarfed by labor and other valued added costs, sectors
that are not modeled as directly affected by climate change
in our simulations.

While we see this difference among countries character-
ized by different income levels, if we were able to model
households of different income levels within a region we
would likely see some of these effects amplified for the
poorest households, and we would see households within
the wealthier countries affected even more. Poor households
would benefit under GGCM scenarios. However, the effects
in the IPCC Crops ¢ Livestock scenario are worrisome. A
bigger share of low income households” budget is spent
on food, and so it would mean, in percentage terms, cut-
ting back much more on other goods than in wealthier
households. And, finally, these scenarios are constructed
to represent an average yield effect across several years
meant to represent 2050. Any one year could be much
worse (or much better). While wealthy households have
more flexibility, by borrowing or temporarily tapping into
savings, to balance out such swings, poorer households are
generally less able to balance out.
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Figure 6. Global change in output index in 2050 relative to BAU.
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Bovine Cattle Poultry and

GGCM Crops

3.2 Agriculture Sector Metrics

Our agriculture sector metrics include changes in commod-
ity production and commodity prices. The initial yield and
productivity shocks we have used to represent climate change
effects are generally moderated by adaptation responses to
the initial yield shocks. For a negative yield shock, adaptation
may include substitution of other inputs to make up for the
yield loss, expansion of land devoted to the crop, strategic
storage, and reduction in use, with the reverse changes if there
is a positive yield shock. There may also be shifts of supply
among regions to those less negatively or more positively
affected, and among crops and livestock, again to those
commodities less negatively or more positively affected.

As expected, crop and livestock outputs are higher under
positive climate impacts in the GGCM scenario than in
BAU scenario, and lower under IPCC scenarios by 2050
(Figure 6). When climate impacts are imposed only on
RMSW crops, agriculture outputs deviate less than 1% from
the BAU projections in 2050. When all crops suffer yield
impacts (Crop Only scenarios), outputs deviate at most
1.5% from BAU. However, when all crops and livestock are
affected by climate change, some crop and livestock outputs
decrease more than 5%. Global output of processed food
falls just over 2% under the worst scenario.

Wheat Sugar crops  Other crops

Other
livestock

Food
Pork

M IPCC Crops & Livestock
B GGCM Crops & Livestock
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The supply changes are generally much smaller in percentage
terms than the initial yield shocks. For comparison, yield
shocks in the IPCC scenarios are mostly in the range of -5 to
14% for rice, -7 to -24% for maize, -2 to -11% for soybean,
and -7 to -17% for wheat, with a few outlier cases among
regions that were outside these ranges. In the IPCC RMSW
scenario, the output impact is on the order of one-tenth the
yield shock. It is slightly larger, about one-seventh the yield
impact in the IPPC Crops scenario. But in the IPCC Crops
& Livestock scenario it is on order one-half the yield shock.
We also see lower output in the non-impacted commodities
in the IPCC RMSW and IPCC Crops & Livestock scenarios.
As we will see in the following section, a main channel of
adaptation is expansion of area devoted to the impacted
commodities. When all commodities are directly negatively
affected by climate change then they are all competing to
expand area devoted to their production to make up for lost
yield, so there is less scope for economic adaptation than
when only a few crops are directly affected. The situation
is reversed in the GGCM scenarios where increasing yields
reduces pressure on crop and pasture land.

At the regional level, changes in agriculture and livestock
outputs can be much stronger than at the global level. For
regions with initial yield shocks greater than the global
average, the shocks are amplified in terms of output because
production shifts to other regions not as severely affect-
ed. And, symmetrically, the yield shocks in regions with
smaller direct impacts are dampened in terms of output.
Differential relative effects comparative advantage in crop
production around the world. This is shown for selected
important agriculture regions differentially affected by
climate change including Latin America', Africa, China,
and the USA (Figure 7). Output changes for soybean in
Africa, as an example, reflects a slightly beneficial effect
of climate on this crop in the region, whereas all other re-
gions are estimated to have a yield decline under the IPCC
scenarios. While the positive yield shock to the African
region was only 2%, the output increase is as much as 10%.
In contrast, under the GGCM positive and average climate
impact scenarios, RMSW crops yields increase less than
the average increase in yields in other regions. Itleads to a
decrease in the output of most of these crops in Africa under
such scenarios, although modest in size. Livestock output
is little affected except in the Crop & Livestock scenarios.

All crops in China increase output under GGCM scenarios
(Figure 7), which is due to yield changes in China that are
generally better than the average yield changes in other
regions. In the IPCC scenario, the yield impacts are nega-
tive but somewhat less negative than the average for other
regions, and hence, in general, the output impacts are smaller

1 Here Latin America includes all countries in the region (EPPA
regions LAM, BRA and MEX).

than the global average, with soybean output increasing
because the median yield estimate showed virtually no ef-
fect of climate change, better than most other regions. As a
result, soybean output in China is actually up on the order
of 3-5% in the IPCC scenario. Output changes are higher
when all crop and livestock sectors have their yields impacted
by climate changes. With the Crop & Livestock scenarios,
livestock sectors are affected much, with output decreases
under IPCC scenario and increases under GGCM scenario.
And exception is Cattle sector output, which decreases when
climate impacts are positive. This is a result of the fact that
China’s yields on crops fare better than other regions, so
more production shifts to China, taking over pasture land
and leading to a reduction in the cattle sector output.

The Latin America region, responsible today for a large
share of major crops and meat products in the world, expe-
riences increase in output under GGCM scenarios, except
for maize (Figure 7). Especially in the case of wheat, the
Latin America region fares better than other regions (most
due to favorable impacts in Mexico in Fig. 3), and we see
a particularly large increase in wheat output. In contrast,
the IPCC scenario generally imposes higher damages on
crop vields in the Latin America region than in the rest
of the world, and thus output declines are generally larger
than for the global result. The Crops and Crops & Livestock
scenarios amplify the effect we see in the RMSW scenarios.
In summary, the Latin America region gains comparative
advantage in agriculture under the GGCM scenarios, and
loses it under IPCC scenario.

The USA results are almost directly the reverse of the results
for the Latin America region. While yield changes are positive
for the GGCM scenarios, they are less so than for other regions.
We thus see a loss of comparative advantage for the US in
these scenarios. Conversely, yields are less negatively affected
in the US in the IPCC scenarios than in most other regions of
the world, and we thus see a gain in comparative advantage,
and less decrease in output than for the global average.

Global price indices for crop, livestock and food sectors
vary from the BAU as supply and demand adjust under
climate impacts on yields over the period 2015 to 2050
(Figure 8).2 For most crops, prices are reduced from BAU
prices under the GGCM scenarios and increased under the
more negative IPCC scenarios. Under the BAU scenario,
EPPA-Agriculture shows crop prices to be generally fairly

2 We calculate the Walsh price index by the formula:

where Py is the Walsh price index as a function of prices p and quan-
tities ¢ at time 0 and time t. n represents the goods and services in the
economy. In our case, we apply the index to each agriculture product
and take n as the regions in EPPA. Other price indices (Laspeyres,
Paasche, Fisher and Marshall-Edgeworth) give very similar results.
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stable over the projection period, with the exception being
Other Crops, where prices increase by about 30%. Under
the IPCC scenarios, crop prices tend to increase above the
BAU, rising in the range of 10 to 30% increase by 2050
from their 2015 levels. The Other Crop price index rises
higher, by as much as 50% above 2015 levels, reflecting the
greater increase in the BAU. The GGCM scenarios show
prices 10 to 15% less than the BAU for most crop sectors
by the middle of the century under the IPCC scenario and
considering all crops and livestock products get impacted
by climate, but in the case of other crops it may increase
by 50% compared to 2015 price levels.

Under the BAU scenario, EPPA- Agriculture shows livestock
sector prices to rise substantially, nearly doubling or more
than doubling in the case of the chicken and pork sector.
The differential effect reflects a higher income elasticity for
meat, and with incomes rising across the world this implies
more rapidly growing demand for livestock products. We do
not see much impact on the BAU livestock product prices
under the RMSW and Crops scenarios. However, on top
of the steep rises in the BAU, we see substantial additional
increases in the IPCC Crops & Livestock scenario, as much
asa 270% increase above 2015 prices, an order 60% above
the BAU price levels. When all crops and livestock yields
are impacted by climate, changes in prices are higher for
both crops and livestock sectors than in scenarios where
only the major crops or all crops suffer yield impacts. These
results reinforce the importance of land use changes as
a mitigation strategy in agriculture and livestock. In the
GGCM Crop and Livestock scenario we see some decline,
from BAU, in both crop and livestock sector prices.

3.3 Environmental Metrics

To evaluate environmental impacts, we look at changes in
land use and in CO, emissions from land. Bringing more
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land under cultivation or for use as pasture, in response to
broadly negative impacts on crop and livestock can be an
important adaptation response to make up for lost yields,
but further encroachment on agriculture into natural lands
may threaten biodiversity, and the deforestation and dis-
ruption of natural lands generally leads to release of carbon
from the soils and vegetation as it decays or is burned.

Under the BAU scenario, with no climate impacts in yields,
we project an increase of pasture and cropland, fairly stable
amounts of land in managed forests, and nearly equal de-
creases in natural grassland and natural forests (Figure 9).
The additional 80 Mha of cropland added between 2015
and 2040, while a substantial area, represents only a 5%
increase from the current 1.6 Gha. Cropland areas level off
after 2040. Pasture areas expanding by 119 Mha by 2050,
and increase of about 6%. Such increase in cultivated areas
are due to population growth and changing diets toward
richer protein aliments. Natural forest and natural grass
are the two main sources for these expansions, decreasing
their amount by slightly more than 100 Mha each, about
3% and 7%, respectively.

At the regional level, the cropland expansion is more in-
tense in Africa and Latin America, while pasture areas are
projected to increase more in Asia, Latin America, the US
and Canada’® (Figure 10). Losses of Natural Forest and
Natural Grass are almost entirely in Africa, Latin Amer-
ica and Asia. These land use trajectories through time in
the BAU scenario ignore any possible climate impact on

3 The regions shown in Figure 3 and others follow further aggre-
gation of EPPA-Agriculture original regions. Asia comprises EPPA
regions JPN, RUS, ASI, KOR, IDZ, IND, MES and REA. Latin Ameri-
ca: MEX, BRA and LAM. Europe: EUR and ROE. Oceania is the EPPA
region ANZ, Canada and US comprises USA and CAN, Africa is the
AFR region and China is CHN region.
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Figure 9. Global land use changes in the BAU scenario from 2015 to 2050 (Mha).
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yields. As such, they are the starting point to understand
the consequences of alternative shocks on crop yields due
to climate impacts in the model projections.

For all IPCC and GGCM scenarios, the main land use chang-
es from BAU are among managed land use types, with
very little change in natural grass land and natural forest
(Figure 11). For the IPCC RMSW and Crops scenarios, land
in crops increase by about 40 and 100 Mha, respectively,
above the increase in the BAU. The total increase from
2015 in the IPCC Crops scenario is more than double the
increase under the BAU. Much of this increase in both the
RMSW and Crops scenarios is at the expense of pasture
land, and secondarily, managed forest. In the IPCC Crops &
Livestock scenario there is a large increase in pasture land, a
small increase in cropland, and these increases are almost
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entirely at the expense of managed forest. For the GGCM
scenarios, all of these changes are reversed—less cropland
is needed, leading to an increase in pasture, and secondarily
managed forests in the RMSW and Crops scenarios—not
surprisingly given that yields are generally increasing. In
the Crops &~ Livestock scenario, both pasture and cropland
decrease, and we see more land in managed forests. The
relatively minor changes in natural forest and natural grass
areas reflects calibration of the land transformation functions
to observed land supply elasticities.

Some lessons can be taken from Figure 11. First, future land
use trajectories depend, as expected, on the overall sign of
yield impact. Second, failure to include productivity impacts
across all commodities can give a misleading picture of land
use change. And third, our results suggest that further land
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Figure 10. Regional cumulative (2015 to 2050) land use changes in the BAU scenario (Mha).
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Figure 11. Land use changes in the impact scenarios relative to BAU, 2015 to 2050 (Mha).
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use change due to climate change impacts, at least given
the magnitude of impact seen in these median scenarios,
is mainly through a reallocation of existing managed land
areas, with small additional impact on natural areas.

The same basic information, plotted as total (BAU + cli-
mate scenario) cumulative effect on land use reinforces the
lessons described in the previous paragraph (Figure 12).
More apparent in the figure are the impacts on natural
lands, where the largest impacts are comparing the Crops
& Livestock scenarios to the BAU. In the IPCC Crops &

IPCC-Crops & Livestock -111
GGCM-Crops & Livestock -105
IPCC-Crops -109
GGCM-Crops -109
IPCC-RMSW -109
GGMC-RMSW -109
BAU -109

mCrop MFors

W Pasture m Nat.Forest

Livestock scenario there is an additional loss of 14 Mha of
natural lands. On the other hand, the generally positive
impacts in the GGCM Crops & Livestock scenario avoids
about 14 Mha of natural land conversion.

The regional land use changes play out fairly similarly to the
results we saw at the global level, where impacts of the IPCC
and GGCM scenarios on land use are close to the mirror
image of one another, and the Crops & Livestock scenario
reversing the land use change effect of RMSW and Crops
scenarios (Figure 13). The largest land use changes are in

-77

e 236
oo R e

Nat.Grass

Figure 12. Land use changes in the impact scenarios relative to BAU, 2015 to 2050 (Mha).
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Figure 13. Changes in cropland and pastureland use by 2050 compared to BAU (Mha).
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Africa and Latin America—by total land area they are the
2nd and 3t largest of aggregate regions we plot. The largest
region is Asia, which also shows substantial land use change,
but less than Africa and Latin America. However, a large
portion of the land area in the Asia is forest in Russia, and
much of this is remote, largely inaccessible land in Siberia.
So to some degree the magnitudes of land use change we
see among regions reflects the relative size of these regions.

EPPA-Agriculture includes estimates of carbon storage
in different land types that vary regionally. As a result,
conversion of land from one land use category to another
will lead to a change in total carbon storage on land (veg-
etation plus soils), with greater storage implying carbon
sequestration and less storage implying greater emissions
of carbon to the atmosphere. A conversion to cropland
from pasture generally leads to more carbon storage on
cropland as, according to our estimates, carbon stocks on
cropland are higher than that on pasture land. Howev-
er, a conversion from natural forest or managed forest to
cropland results in less carbon storage. In general, we see
the somewhat surprising result that the IPCC RMSW and
Crops scenarios, with negative yields, lead to lower net CO,
emissions (lower emissions from pasture and less in the
carbon sink loss) (Figure 14). This is because most of the
new cropland is converted from pasture, and higher levels
of management (fertilizer, etc.) lead to more carbon on the
new cropland than it would have with pasture. Conversely,

15,000
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5,000

-5,000
-10,000

-15,000

Change in cumulative emissions relative to BAU
(MtCO2eq)

in the GGCM RMSW and Crops scenarios, less cropland
leads to more pasture and hence higher net CO, emissions.
The IPCC Crops & Livestock scenario leads to much more
pasture, with little change in cropland, and most of the
new pasture coming from managed forest land (as shown
previously in Figure 11). The loss of carbon in what was
managed forest is attributed to its new use as pasture in
Figure 14. The GGCM Crops & Livestock scenario has a
fairly large increase in managed forest, coming from pas-
ture and that shows up as a reduction in emissions from
pasture, relative to the BAU.

This land emissions impacts of climate change are fairly
complex, and depend on the specific land transitions. While
one might expect the need for more cropland to lead to
deforestation and greater emissions, if that cropland instead
is created from pasture then the net result can be lower
emissions. On the other hand, if we fail to consider that
livestock may also be directly affected by climate, and those
effects are generally negative, then that may instead shift
land toward pasture, leading to an increase in emissions.
This emphasizes the need for a comprehensive assessment
of impacts of climate change on all agricultural commod-
ities if the goal is to understand the broader implications
of climate change for the sector.

M Carbon sink loos from:
Pasture

M Carbon sink loos from:
Fors

Carbon sink loos from:
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Changes in emissions
from: Pasture
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from: Forest

o B Changes in emissions
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Figure 14. Cumulative (2020 to 2050) differences from BAU in emissions from land use

Note: we attribute emissions to the land use type to which the land was converted—e.g. losses from conversion of natural forest and

grassland are accounted with the new land use.
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4. Conclusions

We noted at the outset some glaring oversights in the liter-
ature in understanding the full impacts of climate change
on agriculture. While there has been considerable research
aimed at estimating climate impacts on crops over the last
30 years, much of the focus has been on a few major crops
that are certainly important but only account for about 17%
of the current value of agricultural production. Rice, maize,
soybean, and wheat, the primary focus of most studies, are
four very important crops, but there are over 170 different
crops worldwide that contribute to food and fiber supply.
Moreover, livestock production is an important component
of agriculture. There is well-documented research on the
negative effects of heat on livestock productivity in terms
of weight gain and milk production with estimates that
heat waves already lead to significant loss in the livestock
sector, but these studies have not been combined with
specific climate scenarios and scaled up to provide regional
estimates for the entire world. Because agricultural markets
are international, and shocks in one region of the world, or
one set of commodities, reverberate through these markets
only focusing on a few crops can be highly misleading.
Understanding the overall risks to food supply, consumer
well-being, agricultural markets, and the environmental
implications of climate change through its effect on agri-
culture, require consideration of all of these interconnected
commodities and all regions of the world. An obvious
example of where a partial analysis can go wrong is that
all the agricultural commodities compete at the margin for
available land. If all or most commodities are negatively
affected then a major avenue of adaptation—expanding
area for a commodity—is much more limited than if we
assume other commodities are not directly affected. There
have been some studies over the years that have included
other crops such as cotton, potato, and tomato but these
have been limited to a few regions, and there is little or no
note of them in the IPCC review of climate of the work in
terms of understanding the full risks related to effects of
climate on agriculture.

Another glaring limitation of many of the crop modeling ex-
ercises is that the complexity of the models and the required
data make large scale simulation of these models expensive.
The result has been that these site-level crop models are
typically run at relatively few sites over a country-sized
region. As a result, it is unclear whether the few sites are
truly representative of the entire region to which they are
scaled up. The southern border of northern temperate
cropping areas may be very severely negatively affected,
while the crop productivity may increase on the norther
border of the cropping region and expand further north,
no longer limited as much by cold weather. Capturing the
gradient of these impacts across an entire region would
require a relatively dense network of crop modeling sites.

20

Stepping into this gap, are a relatively new set of globally
gridded crop models, that estimate crop yield in every land
grid, often at a .5x.5 latitude-longitude resolution. The
results across available models that have been developed
for rice, maize, soybean, and wheat show considerable
variability. However, a median estimate for this new class
of models is a generally positive effect on crop productivity
on currently crop land in all regions of the world, when
aggregated to a set of world regions. This is almost the
complete reverse of median results, largely from site level
crop models, reviewed by the IPCC. Except for a few crops
in a few regions, those estimates suggest a negative impact
on crop productivity in almost all regions.

While it was beyond the scope of this research to try to fill
in productivity shocks for all crops and livestock for the
entire world, we made a simple assumption to test how
only focusing on the few crops for which we had estimates
might be leading to a biased picture of the risks of climate
to agriculture. Our simple assumption was to extend the
average impacts we had for a region for rice, maize, soy-
bean, and wheat, first to all crops, and then to all crops
and all livestock commodities. This is really meant only to
be a sensitivity analysis. With a diversity of crops and live-
stock types, we might expect some differential productivity
shocks. And, if we were very fortunate, and negative effects
on some commodities were cancelled by positive effects on
others, then they might completely balance out. However,
that seems unlikely. We evaluated these sensitivities using
broad socio-economic metrics (economy-wide welfare
change, effect on the representative agent’s food budget),
agriculture sector metrics (commodity output and prices),
and environmental metrics (land use and CO, emissions
from land use change). We found that omitting impacts
on large set of commodities could potentially lead to a
severe underestimate of climate impacts on economies and

household food budgets. Some key findings:

1. Global aggregate welfare impacts were six to 13 times
larger when we included direct climate impacts all crops
and all livestock compared with scenarios where just
rice, maize, soybean, and wheat were affected. Includ-
ing all direct climate effects on all crops led to welfare
impacts two to three times larger. We trace the reason
for the more-than-proportional increase in the welfare
impact to the fact that expansion of land area devoted
to a commodity’s production is a major source of ad-
aptation. When all commodities are directly affected,
that avenue of adaptation is limited.

2. Food budget impacts are on the order of 3% or less when
only crops are directly affected by climate change, but the
impact is 10 to 25% in many developing country regions
when all crops and all livestock commodities are directly
affected by climate change. The disproportionate jump in
the budget effect can be traced to several factors. More
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limited ability to adapt through land expansion, less
ability to substitute among food commodities, and the
fact that there is less value added in livestock products,
as a proportion of final consumer cost, and so more of
the commodity price increase shows up in the consumer
budget, and even more so for those regions with lower
incomes. This jump would seem to change the outcome
from a minor annoyance to a major threat to food security.

. Commodity output impacts at the global level were
generally less than the direct impacts on yields, and
food is generally price inelastic, leading to rising prices
that create incentives to production growth. Regional
impacts on output were more dependent on the yield
change in the region relative to the average effect across
the world, with production shifting toward those with
a less negative or more positive impact, and away from
those regions more severely, or less positively affected.
Thus, the output effect could be amplified in a region
if its yield was more severely affected than the global
average. Including all crops and livestock amplified the
effects on commodity prices, especial in livestock prod-
ucts affected indirectly through the price of feed and
directly by its effect on livestock productivity.

. Land use change and CO, emissions showed some of the
most complex and surprising effects, with the direction
of impact changing as we included direct impacts on all
crops and livestock compared with simulations where we
included direct effects only on crops. When only crops
were directly affected we found that generally negative
yield effects lead to lower net land use carbon emissions
because crops expanded onto pasture, and with more
intense management carbon stocks on the new crop-
land increased. But when these shocks were expanded

to all crops and livestock, pasture increased, leading to
increases in net carbon emissions to the atmosphere.

5. Taking the median of set runs of emulated GGCMs, we
found positive yield effects across rice, maize, soybean,
and wheat, and these provided generally improved overall
welfare gains, lower household food budgets, increased
commodity output, lower commodity prices, but possi-
bly increased CO, emissions from land use. Similarly to
results from site level crop models reviewed in the IPCC,
there were a wide range of impacts from GGCMs, so
caution is warranted in comparing those median effects.

While this analysis must be considered largely as a sensi-
tivity analysis, and by construction may have exaggerated
some of the conclusions—perhaps rice, maize, soybean, and
wheat yields could all be negative in a region with other
crops mostly positive, offsetting rather than amplifying
impacts—the conclusions we reach at least indicate that (i)
the agricultural research community needs to place a high
priority on expanding efforts to estimate climate impacts
on many more crops, and to include impacts on livestock;
(ii) careful comparison of the GGCMs and traditional site
level models are needed to try and resolve why, taken as a
two distinct approaches, at least at median response, one
arrives at such a different conclusion.
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Appendix

Table A1. Land cover (Mha) by EPPA regions in the base year.

Cropland Pasture Managed Forest Natural Grass Natural Forest TOTAL
USA 164.48 81.82 78.45 166.56 227.89 719.20
CAN 49.99 15.29 34.62 - 312.85 412.75
MEX 26.15 41.52 22.84 39.04 44.01 173.55
JPN 4.65 0.62 4.80 - 20.15 30.22
ANZ 45.03 232.89 19.32 159.02 116.72 572.98
EUR 119.88 67.42 77.50 46.84 70.52 382.16
ROE 87.77 168.96 17.95 101.05 25.28 401.01
RUS 123.37 20.17 69.55 71.93 741.78 1,026.79
ASI 37.05 2.59 6.96 - 37.58 84.17
CHN 121.74 199.85 35.98 192.99 160.09 710.64
IND 169.20 2.86 36.99 7.56 31.55 248.16
BRA 75.64 109.75 61.24 86.26 442.18 775.06
AFR 251.40 527.69 178.19 376.43 469.93 1,803.65
MES 35.87 130.05 6.08 106.27 8.06 286.33
LAM 77.50 176.50 70.33 103.13 313.61 741.07
REA 81.86 84.71 20.17 70.40 86.00 343.15
KOR 1.78 0.06 0.84 - 5.40 8.08
IDZ 42.00 11.00 10.76 - 85.73 149.49
TOTAL 1,515.35 1,873.73 752.57 1,527.48 3,199.32 8,868.44

Source: Baldos and Hertel et al. (2012), FAOSTAT, and Felzer et al. (2004), here summarized by EPPA regions.
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