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Supplementary Material

Additional Information about the Model, Scenarios, Price Index and Regional Results 


1. Regional aggregation, agricultural and livestock sectors in the EPPA-Agriculture model

	Figure S1 shows the regional aggregation of the 16 regions at the EPPA-Agriculture model. Table S1 presents a short description of the agricultural and livestock sectors. Table S2 shows the list of backstop technologies available in the model.
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Figure S1. Regions in EPPA-Agriculture model.


Table S1. Agricultural and livestock sectors in EPPA-Agriculture
	Sector
	Description

	Maize
	Maize and other cereals

	Soybean
	Oil seeds

	Wheat
	Sugar cane and sugar beet

	Sugar Crops
	Sugar cane and sugar beet

	Vegetables & Fruits
	Vegetables, fruits and nuts

	Fiber plants
	Fiber-based plants

	Other crops
	All other crops

	Bovine Cattle
	Bovine cattle, sheep, goats, horses

	Poultry and Pork
	Swine, poultry, other animals

	Other Livestock
	Other animal production (milk, wool, fish)





Table S2. Backstop technologies in EPPA-Agriculture
	Backstop Technology

	First Generation Biofuels 

	Second Generation Biofuels

	Oil Shale 

	Synthetic Gas from Coal 

	Hydrogen 

	Advanced Nuclear 

	IGCC w/ Carbon Capture and Sequestration (CCS) 

	NGCC 

	NGCC w/ CCS 

	Wind 

	Bio-Electricity 

	Wind Power Combined with Bio-Electricity 

	Wind Power Combined with Gas-Fired Power 

	Solar Generation 



2. Baseline Assumptions in EPPA-Agriculture model
	Data and assumptions driving the long run projections of the EPPA-Agriculture model follow the EPPA6 model as described by Chen et al. (2015). Economic development through 2020 is benchmarked to historical data and short-term GDP projections of the World Economic Outlook (International Monetary Fund - IMF, 2013) which run through 2018. For later years, we use GDP growth rates calculated by Paltsev et al. (2005), adjusted to reflect long term regional GDP from international institutions as the World Bank and the United Nations. Table S3 shows the GDP growth rates in the baseline scenario. Population growth assumptions are based on United Nations World Population Prospects (United Nations, 2013). Figure S2 presents regional population assumptions in EPPA. 


Table S3. Baseline GDP growth projections in EPPA (in % per year)
[image: ]

[image: ]
Figure S2. Population assumptions and projections in EPPA (in million habitants)

3. Land Use Changes in the EPPA-Agriculture model
	Explicit modeling of land use that maintains consistent supplemental physical accounts of land is a unique feature in EPPA. The approach considers five broad land use categories: crop, 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 crop, pasture, built-up, forest land, and a single category including all others land types by agroecological zones (AEZs) and 134 countries or regions of the world. The GTAP8 land use data itself is built from FAOSTAT production data as well as cropland and pastureland data from Ramankutty (2012). To complement these for other land use categories in EPPA-Agriculture, we use data produced by the Terrestrial Ecosystem Model (Felzer et al. 2004) and historical land use transitions from Hurtt, Frolking, and Fearon (2006). Table S4 presents the final land cover data at the base year in the EPPA-Agriculture model.
Table S4. Land cover by EPPA regions in the base year (in Mha)
	 
	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: data from Baldos and Hertel et al. (2012), FAOSTAT, and Felzer et al. (2004) summarized by EPPA region.

	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. Managed forests include timber plantations and timber harvesting enterprises, and also deforested areas not converted to agricultural use and not yet fully recovered to its original forest cover. The model considers that land improvements (draining, tilling, fertilization, fencing) can convert pastureland to cropland, or forestland can be harvested, cleared and ultimately 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.
	Our land use conversion approach assures consistency between the physical land accounting and the economic accounting in the general equilibrium setting. It means that accounts “add up” in physical terms, which is not assured if land use changes are only considered in value terms in the CGE model. Our modeling approach also assures consistency with observation as recorded in the CGE data base for the base year. Failure on this account would mean that the base year data would not be in equilibrium, so the model would immediately jump from the base year to the equilibrium state consistent with parameterization of land rents and conversion costs.
	The physical consistency mentioned above is achieved by assuming that one hectare of one type of land is converted to one hectare of another type, and through conversion it takes on the productivity level as the average for that type for that region. The conversion requires using real inputs through a land transformation function as in Figure S3. The second consistency is achieved by observing that in equilibrium the marginal conversion cost of land from one type to another should be equal to the difference in value of the types.
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Figure S3. Structure of land transformation functions


The land use transformation approach followed 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, spreading 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 conversion 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 (Figure S4). Natural areas transformation to agricultural areas are calibrated to mimic a land supply response, based on rates of conversion observed over the last two decades. This is done by adding a fixed factor with limited substitution possibilities in the conversion costs of natural areas in Figure S4. The observed land supply elasticity is captured by the equivalent elasticity of substitution between the fixed factor and other inputs. This last feature captures a variety of factors that may slow land conversion, including 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).
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Figure S4. Structure of land transformation functions for conversion of natural forest

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 is 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 value 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 the 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 considered in the model as part of the initial endowment of households in each region. These areas may be converted 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 on harvesting 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. More details about the land use modeling approach adopted in EPPA can be found in Gurgel et al. (2016). Several applications of previous versions of the EPPA model adopting this land use change approach are available in the literature, as in Melillo et al. (2009),  Gurgel et al. (2011), Reilly et al. (2012), Schmitz et al. (2014), Winchester and Reilly (2015), Calvin et al., (2016), Monier et al. (2018) and Gurgel et al. (2019).
With the disaggregation of crop sectors, cropland becomes an input in the production of each separate crop sector in the model (listed in Table 1 of the paper). 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 models dealing with broad land categories being allocated to alternative final uses.
Each agricultural sector in Table S1 is modeled by a representative farmer (or firm) which pays for inputs, primary factors and energy to generate its agricultural product. Inputs are combined in order to maximize profits given technological constraints through a multi-nest Constant Elasticity of Substitution (CES), considering several substitution possibilities in the production function (Figure S5). Elasticities of substitution are presented in Table S5.

Table S5. Reference values of substitution elasticities in the agricultural sectors
	σj
	Description
	Value

	σERVA
	Energy/Materials/Land-Value Added
	0.7

	σVA
	Labor-Capital
	1.0

	σER
	Energy/Materials-Land
	0.3

	σAE
	Energy-Materials
	0.6

	σENOE
	Electricity-Fuels aggregate
	0.5

	σEN
	Among fuels
	1.0

	σDM
	Domestic-Imports
	2.0–3.0

	σMM
	Among Imports from different regions
	5.0
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Figure S5. Structure of agricultural production sectors in EPPA. Vertical lines in the input nest represent a Leontief or fixed coefficient production structure where the elasticity of substitution is zero. Terminal nests with elipses indicate the same aggregation structure for imported goods. AGRIC in the figure abbreviates that there is a specific nest for each agricultural input listed in Table S1.

Some other features regarding land use change 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 assessments 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). Estimates on final demand income elasticities for agricultural sectors are based on Reimer and Hertel (2004), considering an implicit direct additive demand system. Since the study of Reimer and Hertel was conducted for the GTAP5 database (which base year is 1997), we adjust those elasticities to those given in Table S6, which are functions of income and price levels, to account for changes in economic environment relative to 2007.
The EPPA-Agriculture model captures the main critical channels of adaptation to climate impacts on agriculture. The land transformation functions allow for farmer’s answers at the extensive margin (land conversion among major uses, including deforestation and land abandonment). The nested production function in Figure S5 allows for adaptation in the intensive margin in several ways (land substitution by capital, labor, energy and inputs, as chemicals and materials). The household demand system allows substitution between food products due to changes in prices. Redistribution of crops on the available regional and global crop area and international trade complete the adaptation possibilities.

[image: ]Table S6. Income elasticities for agricultural and food products
Source: Reimer and Hertel (2004) with adjustments for changes in prices and income levels.

3. Scenarios Simulated in the EPPA6-Agriculture Model

We simulate several scenarios of climate change impact on crop yields, pasture yields and livestock productivity in the EPPA-Agriculture socio-economic model. The scenarios comprise regional climate impacts on yields from two major sources: IPCC review and from GGCMs. Those sources provide climate impacts on yields of four major crops: rice, maize, soybean and wheat (RMSW). We label RMSW those scenarios where just these four crops are impacted by climate change. We then take the average impacts on yields of those four crops and assume that all other crops would suffer such average climate impacts. We label these scenarios Crops. Finally, we extend the climate impacts to pasture yields and livestock productivity. We refer to these scenarios as Crops & Livestock. We also run a baseline (or business as usual – BAU) scenario, without any climate impact on yields. 
The climate impact on yields are simulated in the socio-economic EPPA-agriculture model as productivity shocks in the production function of each crop or livestock sector. The climate impacts on yields were obtained from two alternative sources. The first source is the Fifth Assessment Report of the IPCC (Porter et al, 2014) which reviewed impact assessment studies. The crop model reviewed in the IPCC report span a variety of crop models and climate scenarios with relatively few produced in some regions.  We collect from this review the median and range of crop response to climate by 2050 for each EPPA region for the four main crops. For this study, we distinguish two ranges of estimates for each crop: one for northern temperate regions; and a separate range for tropical and southern hemisphere regions. We then calculate the median estimate for each corresponding EPPA region. While it would be ideal to distinguish impacts for each EPPA region, the lack of estimates for some regions could make it appear that there was little uncertainty for some regions and crops only because the limited number of studies.
The second source of climate impacts on yields is from our own estimates using crop emulators of major GGCMs. Blanc (2017) developed statistical emulators of the major GGCMs. Two models, pDSSAT and GEPIC, are field-based models applied at the global scale level, while the three others, LPJ-GUESS, LPJmL and PEGASUS, are global ecosystem models integrating field-based crop model mechanisms and parameters (Müller et al. 2017). These models estimate crop yields at a fine resolution globally 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 limited to the four RMSW major crops. 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). 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 latitudinal 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 then estimate the median of 45 crop responses simulations for each region for the 2050s (five-year average for the period 2047-2052).	Table S7 briefly describes these scenarios.

Table S7. Scenarios simulated in EPPA-Agriculture.
	Scenario
	Climate Impact

	BAU
	No climate impacts.

	IPCC-RMSW
	Median regional impacts for rice, maize, soybean, and wheat as reported in the IPCC (Porter et al., 2014).

	GGCM-RMSW
	Median impacts for rice, maize, soybean, and wheat from 5 emulated GGCMs x 9 climate scenarios spanning climate uncertainties and varied spatial patterns.

	IPCC-Crops
	Average regional impacts for RMSW extended to all crops.

	GGCM-Crops
	Average regional GGCM impacts for RMSW extended to all crops.

	GGCM-Crops & Livestock
	Average regional GGCM impacts for RMSW extended to all crops and livestock.

	IPCC-Crops & Livestock
	Average regional IPCC impacts for RMSW extended to all crops and livestock.



4. Price Index

We calculate several alternative price indices in EPPA6-Agriculture. The price index shown in the paper in Figure 5 is the Walsh price index and was calculated by the formula:



where PW is the Walsh price index as a function of prices p and quantities q 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 to those displayed in Figure 5 of the paper.

5. Regional Impacts on Output from the Scenarios

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 affected. And, symmetrically, the yield shocks in regions with smaller direct impacts are dampened in terms of output. Differential regional yield shocks affects comparative advantage in crop production around the world. This is shown for selected important agriculture regions differentially affected by climate change including Latin America[footnoteRef:4], Africa, China, and the USA in Figure S6. Output changes for soybean in Africa, for example, reflect a slightly beneficial effect of climate change on this crop in the region, whereas all other regions are estimated to experience a yield decline under the IPCC scenarios. While the positive yield shock to the African region was only 2%, the output increase by as much as 10%. By contrast, under the GGCM positive and average climate impact scenarios, RMSW crops yields increase less than the average increase in yields in other regions. It leads 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.  [4:  Here Latin America includes all countries in the region (EPPA regions LAM, BRA and MEX).] 

All crops in China increase output under GGCM scenarios (Figure S6), which is due to yield changes in China generally better than the average yield changes in other regions. In the IPCC scenario, the yield impacts are negative but somewhat less negative than the average for other regions, and hence, in general, the output impacts are smaller than the global average, with soybean output increasing because the median yield estimate showed virtually no effect of climate change, better than in 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 significantly, with output decreases under IPCC scenario and increases under GGCM scenario. An exception is the Cattle sector output, which decreases when climate impacts are positive. This is because crop yields in China fare better than in other regions, so more production shifts to China, taking over pastureland and leading to a reduction in the cattle sector output. 
The Latin America region, currently responsible for a large share of major crops and meat products in the world, experiences an increase in output under the GGCM scenarios, except for maize (Figure S6). Notably, in the case of wheat, the Latin America region fares better than other regions (most due to favorable impacts in Mexico as shown in Figure 1 in the paper), and we observe a particularly large increase in output. In contrast, the IPCC scenarios generally imposes higher damages on crop yields in the Latin America region than in the rest of the world, and thus output declines are generally larger than at the global level. 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 scenario and loses it under IPCC scenario.
The USA results are almost directly the reverse of those 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 USA in these scenarios. Conversely, yields are less negatively affected in the USA in the IPCC scenarios than in most other regions of the world, and we thus see a gain in comparative advantage, and a smaller decrease in output than in the global average.
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Figure S6. Change in regional output index in 2050 relative to BAU, selected regions.

6. Land Use Trajectories in the BAU Scenario

Under the BAU scenario, with no climate impacts in yields, we project an increase of pastureland and cropland, fairly stable amounts of land in managed forests, and nearly equal decreases in natural grassland and natural forests (Figure S7). The additional 80Mha of cropland added between 2015 and 2040, while a substantial area, represents only a 5% increase from the current 1.6 billion ha. Cropland areas level off after 2040. Pasture areas expand by 119Mha by 2050, an 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 victims of these expansions, decreasing their amount by slightly more than 100Mha each, about 3% and 7%, respectively.

[image: ]
Figure S7. Global land use changes in the BAU scenario from 2015 to 2050 (Mha).

At the regional level, cropland expansion is the most intense in Africa and Latin America, while pasture areas are projected to increase the most in Asia, Latin America, the USA and Canada[footnoteRef:5] (Figure S8). Losses of natural forest and natural grass are almost entirely observed in Africa, Latin America and Asia. These land use trajectories through time in the BAU scenario ignore any possible climate impact on 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. [5:  The regions shown in Figures S8 and S9 follow further aggregation of EPPA-Agriculture original regions. Asia comprises EPPA regions JPN, RUS, ASI, KOR, IDZ, IND, MES and REA. Latin America: MEX, BRA and LAM. Europe: EUR and ROE. Oceania corresponds to the EPPA region ANZ, Canada and US comprises USA and CAN, Africa is the AFR region and China is the CHN region.] 


[image: ]
Figure S8. Regional cumulative (2015 to 2050) land use changes in the BAU scenario (Mha).

7. Regional Land Use Changes under Alternative Scenarios

[bookmark: _Hlk55664174]Regional land use changes play out fairly similarly to the results at the global level shown in Figure 5 in the main text, where impacts of the IPCC and GGCM scenarios on land use are close to the mirror image of one another due to the opposite directions of the climate impacts on yields, and the Crops & Livestock scenario reversing the land use change effect of RMSW and Crops scenarios (Figure S9). This reversing of results in the Crops & Livestock scenarios reflects the possibilities of land use changes among major uses as an adaptation mechanism. Under negative climate impacts (IPCC scenarios), this mechanism is under the most pressure and, given the higher income demand elasticities for livestock and meat products and negative yield impacts on pasture and livestock, pasture areas need to expand in all regions. Under positive climate impacts, there is a relief of the pressure on crop and pasture area, releasing cropland and pastureland to other uses, as reforestation. The largest land use changes are in Africa and Latin America—by total land area they are the 2nd and 3rd 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. To some degree the magnitudes of land use change we see among regions reflects the relative size of these regions. 

[image: ]Figure S9. Regional changes in cropland and pastureland use by 2050 compared to BAU (Mha).

8. Cross-category land use changes

Land use changes in EPPA-Agriculture allows tracking how much land is converted from one land use category to another. Table S8 presents the cross-category cumulative land use changes in all scenarios aggregated for major regions. Some general patterns can be identified. Under the BAU scenario there are some conversion of agricultural areas back to natural states in most developed countries and China, reflecting trends observed in recent decades. Larger conversion of natural areas to agriculture use are observed in Latin America, Africa and Asia, due to relatively lower costs of conversion and higher land supply elasticities. Among agricultural uses, pasture is converted to cropland in all regions, but conversion is much larger in Africa and Latin America, reflecting more intensification opportunities in those regions.  Under negative climate impacts on yields, we observe more conversion towards cropland and pasture, and the opposite happens under positive climate impacts on yields. 
In the BAU scenario, major land use changes in Africa, Latin America and Asia occur from natural areas to agricultural use, from pastures to cropland, and from managed forests to cropland and pastures. These changes are the consequence of higher land supply elasticities in developing countries, and the relatively lower costs of conversion in these regions. In China, Europe and North America the model projects only small changes among cropland and pasture areas, and some reforestation at the expenses of cropland or managed forests, reflecting model parameters (conversion costs and elasticities) calibrated to reproduce trends observed in recent decades. Under positive yield impacts from climate change (climate scenarios from GGCMs) there is less need for agricultural areas in Latin America, Africa and Asia than in the BAU scenario, which reduces all cross-category conversions. Similar changes occur in China, Europe and US and Canada.
Negative climate impacts on crop yields (IPCC_RMSW and IPCC crops scenarios) require higher conversion of forest and pasture areas into cropland in Latin America, Africa and Asia. In developed countries and China, it reduces conversion from cropland to pasture and natural forests and intensify conversion from pastures to cropland. As expected, these results reflect the need to expand cropland in all regions to compensate the negative impacts on crop yields.
If all crops and livestock sectors are negatively impacted (scenario IPCC Crops&Livestock), more cropland is converted to pasture in China, the Americas and Asia. Conversion from managed forests toward cropland and pastures is intensified in most regions, since it is cheaper to convert areas which were already cleared in the recent past than opening new areas. Less pasture is converted to cropland in China, Europe, Oceania, Asia and Africa, but the opposite is observed in North America and Latin America. It reflects a pattern of commodity specialization driven by comparative advantages under overall negative climate impacts. Finally, more natural forest and grassland are converted to other uses in Latin America and Asia, again due to higher land supply elasticities. 
Conversion among agricultural uses (managed forests, pastures and cropland) is usually more “flexible” or responsive among scenarios than conversion from natural areas to agricultural use. This pattern reflects the calibration of land supply elasticity to observed trends, whereas conversion among agricultural uses is mainly constrained by conversion costs alone. Also, because managed forests include recently deforested areas, it is usually less costly to convert these to an agricultural use than to clear new forest areas or investing in the soil improvement of less suitable grasslands areas.
[image: ]Table S8. Regional cumulative land use changes among land use categories from 2020 to 2050 (Mha).

9. Changes in the Intensive Margin

One of the climate adaptation channels captured in EPPA-Agriculture is the intensification of crop and livestock production through substitution of other inputs for land. We can compare the model results on changes in output per area to the climate yield shocks imposed to assess the relevance of the intensive margin as an adaptation option. Table S9 presents model results for impacts on crop yields and livestock productivity at global level relative to BAU in each scenario in 2050, and the initial shocks simulated in the model (calculated from Figure 1 and the initial land use at the regional level). Output per area grows less than the simulated positive climate shocks on yields, while negative climate shocks decrease output per area, but the intensification margin partially compensates the damage, resulting in yield losses which are much lower than the simulated shocks. The substitution of inputs for land is larger in the IPCC_Crops&Livestock scenario, since negative shocks on crop yields, pasture yields and livestock productivity are all worse than -9%, but the resulting damage on output per area is only -1.8% for crops and -10.1% for livestock. Positive climate shocks, in the other hand, reduce land scarcity and make it relatively less costly than other inputs, leading to yield gains that are lower than the simulated shocks.

[image: ]Table S9. Global climate shock simulated and resulting output/area relative to BAU in 2050.

10. Cumulative Emissions from Land Use Changes under Alternative Scenarios

EPPA-Agriculture includes estimates of carbon storage in different land types that vary regionally. As a result, conversion of land from one category to another will lead to a change in total carbon storage on land (vegetation plus soils), with greater storage implying carbon sequestration and less storage implying greater emissions of carbon to the atmosphere. A conversion from pastureland to cropland generally leads to more carbon storage on cropland as, according to our estimates, carbon stocks on cropland are higher than on pasture land. However, 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 IPCC Crops scenarios, which experience negative yields shocks, lead to lower net CO2 emissions compared to the BAU scenario (lower emissions from pasture and less in the carbon sink loss) (Figure S10). 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, in the GGCM RMSW and GGCM Crops scenarios, less cropland leads to more pasture and hence higher net CO2 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 (shown in Figure 6 in the main text and in Figure S9). The loss of carbon in what was managed forest is attributed to its new use as pasture in Figure S10. Relative to the BAU, the GGCM Crops & Livestock scenario has a fairly large increase in managed forest, coming from pasture and that shows up as a reduction in emissions from pasture.

[image: ]
Figure S10. Cumulative differences in emissions from land use (2020 to 2050) relative to BAU 
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.

Climate change impacts on land emissions are fairly complex and depend on the specific land transition. While one might expect the need for more cropland to lead to deforestation and greater emissions, if that cropland is instead created from pasture then this can result in lower emissions. On the other hand, if we fail to consider that livestock may also be directly affected by climate change—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 commodities if the goal is to understand the broader implications of climate change for the sector.
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Region Crops Livestock Food

AFR 0.63 1.05 0.89

ANZ 0.21 0.59 0.60

ASI 0.64 0.85 0.81

BRA 0.58 0.77 0.75

CAN 0.12 0.61 0.63

CHN 0.65 1.01 0.88

EUR 0.16 0.60 0.61

IDZ 0.67 0.99 0.88

IND 0.58 1.11 0.88

JPN 0.17 0.60 0.61

KOR 0.31 0.61 0.61

LAM 0.63 0.82 0.79

MES 0.63 0.83 0.80

MEX 0.50 0.71 0.70

REA 0.55 1.15 0.88

ROE 0.62 0.82 0.79

RUS 0.56 0.76 0.74

USA 0.08 0.65 0.67
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C F P NF C F P NF C F P NF C F P NF C F P NF C F P NF C F P

C 0.0 0.0 20.413.6 0.0 0.0 3.2 0.0 0.0 0.0 13.6 0.0 0.0 2.6 0.0 0.0 0.0 6.2 0.0 0.0 0.0 0.3 24.5 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 2.0 0.0 11.1 3.8 0.0 0.0 15.8 3.7 2.8 0.0 12.8 0.0 0.0 0.0 0.0 0.0 6.3 0.0 13.0 1.8 36.8 0.0 8.5

P 5.7 0.0 0.0 0.0 8.1 0.0 0.0 0.0 2.6 0.0 0.0 0.0 20.3 0.0 0.0 0.0 9.3 0.0 0.0 0.0 4.0 0.0 0.0 0.0 63.0 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 35.9 0.0 0.0 0.0 1.0 0.0 0.0 0.0 27.6 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.5 0.0 0.0 0.0 35.4 0.0 0.0 0.0 2.9 0.0 0.0 0.0 11.1 0.0 0.0 0.0 57.5

C 0.0 0.0 21.814.4 0.0 0.0 4.1 0.0 0.0 0.0 16.1 0.0 0.0 3.1 3.3 0.0 0.0 7.0 0.0 0.0 0.0 0.3 28.5 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 1.8 0.0 10.8 3.8 0.0 0.0 17.3 3.7 2.0 0.0 12.5 0.0 0.0 0.0 0.0 0.0 4.6 0.0 13.7 1.8 35.3 0.0 7.6

P 5.5 0.0 0.0 0.0 7.1 0.0 0.0 0.0 1.5 0.0 0.0 0.0 17.1 0.0 0.0 0.0 8.8 0.0 0.0 0.0 2.6 0.0 0.0 0.0 60.3 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 35.9 0.0 0.0 0.0 1.0 0.0 0.0 0.0 27.6 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.5 0.0 0.0 0.0 35.1 0.0 0.0 0.0 2.9 0.0 0.0 0.0 11.1 0.0 0.0 0.0 57.5

C 0.0 0.0 21.814.4 0.0 0.0 4.1 0.0 0.0 0.0 16.1 0.0 0.0 3.1 3.3 0.0 0.0 7.0 0.0 0.0 0.0 0.3 28.5 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 1.8 0.0 10.8 3.8 0.0 0.0 17.3 3.7 2.0 0.0 12.5 0.0 0.0 0.0 0.0 0.0 4.6 0.0 13.7 1.8 35.3 0.0 7.6

P 5.5 0.0 0.0 0.0 7.1 0.0 0.0 0.0 1.5 0.0 0.0 0.0 17.1 0.0 0.0 0.0 8.8 0.0 0.0 0.0 2.6 0.0 0.0 0.0 60.3 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 35.9 0.0 0.0 0.0 1.0 0.0 0.0 0.0 27.6 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.5 0.0 0.0 0.0 35.1 0.0 0.0 0.0 2.9 0.0 0.0 0.0 11.1 0.0 0.0 0.0 57.5

C 0.0 0.7 18.521.4 0.0 0.0 3.8 0.0 0.0 0.0 7.4 0.0 0.0 3.9 0.0 0.0 0.0 14.0 0.0 0.0 0.0 1.0 21.1 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 0.6 0.0 5.1 4.5 0.0 0.0 11.6 4.7 1.7 0.0 5.5 0.0 0.0 0.0 0.0 0.0 2.3 0.0 11.1 3.1 14.0 0.0 1.9

P 9.3 0.0 0.0 0.0 4.8 0.0 0.0 0.0 1.1 0.0 0.0 0.0 16.1 0.0 0.0 0.0 13.5 0.0 0.0 0.0 3.0 0.0 0.0 0.0 67.0 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.1 0.0 0.0 0.0 35.7 0.0 0.0 0.0 1.0 0.0 0.0 0.0 27.6 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 33.8 0.0 0.0 0.0 2.9 0.0 0.0 0.0 8.9 0.0 0.0 0.0 57.5

C 0.0 0.0 19.713.0 0.0 0.0 1.9 0.0 0.0 0.0 11.1 0.0 0.0 2.2 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.3 22.8 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 2.2 0.0 11.1 3.8 0.0 0.0 17.3 3.7 7.3 0.0 9.8 0.0 0.0 0.0 0.0 0.0 7.6 0.0 12.6 1.8 40.0 0.0 9.2

P 5.9 0.0 0.0 0.0 10.3 0.0 0.0 0.0 4.1 0.0 0.0 0.0 24.5 0.0 0.0 0.0 11.3 0.0 0.0 0.0 5.2 0.0 0.0 0.0 69.4 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 35.9 0.0 0.0 0.0 1.0 0.0 0.0 0.0 27.6 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.5 0.0 0.0 0.0 35.1 0.0 0.0 0.0 2.9 0.0 0.0 0.0 11.1 0.0 0.0 0.0 57.5

C 0.0 0.0 18.112.3 0.0 0.0 0.6 0.0 0.0 0.0 9.3 0.0 0.0 2.0 0.0 0.0 0.0 5.5 0.0 0.0 0.0 0.3 21.5 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 2.6 0.0 11.1 3.8 0.0 0.0 17.9 3.7 11.9 0.0 7.9 0.0 0.0 0.0 0.0 0.0 8.3 0.0 11.0 1.4 60.7 0.0 0.0

P 5.6 0.0 0.0 0.0 14.0 0.0 0.0 0.0 4.8 0.0 0.0 0.0 32.8 0.0 0.0 0.0 14.2 0.0 0.0 0.0 6.0 0.0 0.0 0.0 76.9 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.2 0.0 0.0 0.0 36.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 27.7 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.5 0.0 0.0 0.0 35.1 0.0 0.0 0.0 2.9 0.0 0.0 0.0 11.1 0.0 0.0 0.0 57.5

C 0.0 0.0 25.6 4.9 0.0 0.0 3.1 0.0 0.0 0.0 21.8 0.0 0.0 1.1 16.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 40.7 0.0 0.0 0.0 0.0

F 0.0 0.0 0.0 0.0 7.6 0.0 15.9 3.3 0.0 0.0 20.4 3.0 2.8 0.0 26.2 0.0 0.0 0.0 0.0 0.0 9.2 0.0 17.4 1.4 65.8 0.0 31.7

P 0.7 0.0 0.0 0.0 7.4 0.0 0.0 0.0 3.8 0.0 0.0 0.0 21.6 0.0 0.0 0.0 6.4 0.0 0.0 0.0 3.3 0.0 0.0 0.0 52.0 0.0 0.0

NF 0.0 2.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.2 0.0 0.0 0.0 36.3 0.0 0.0 0.0 1.4 0.0 0.0 0.0 27.7 0.0 0.0 0.0 57.3 0.0

NG 0.0 0.0 0.4 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.5 0.0 0.0 0.0 35.7 0.0 0.0 0.0 2.9 0.0 0.0 0.0 12.5 0.0 0.0 0.0 57.5
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Cropland yield Pasture yield

Livestock 

productivity Crop Livestock

GGCM_RMSW 4.0% - - 2.0% -0.7%

GGCM_Crops 7.8% - - 2.0% -0.7%

GGCM_Crops&Livestock 7.8% 8.5% 0.0% 3.6% 4.6%

IPCC_RMSW -4.8% - - -2.2% 0.7%

IPCC_Crops -9.8% - - -5.7% 2.0%

IPCC_Crops&Livestock -9.8% -10.5% -9.3% -1.8% -10.1%

Climate Shock Imposed in the Model Impact  on output/area
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2016-2019 2021-2025 2026-2030 2031-2035 2036-2040 2041-2045 2046-2050

AFR 3.1 4.2 4.6 4.3 4.0 3.7 3.4

ANZ 2.8 2.7 2.6 2.6 2.5 2.4 2.3

ASI 3.8 3.8 3.2 2.5 2.5 2.4 2.5

BRA 0.9 2.5 3.7 3.4 3.2 3.1 3.0

CAN 2.1 1.9 2.6 2.5 2.4 2.2 2.1

CHN 6.5 5.5 4.4 3.7 3.5 3.2 3.0

EUR 2.1 1.7 1.9 1.7 1.7 1.7 1.6

IDZ 5.3 5.3 3.7 3.4 3.0 2.4 2.5

IND 7.4 7.4 5.0 4.2 3.9 3.6 3.3

JPN 1.0 0.9 2.0 1.9 1.8 1.8 1.8

KOR 2.9 3.0 3.2 2.5 2.5 2.4 2.5

LAM 1.0 2.9 3.3 3.2 3.1 3.0 3.0

MES 2.9 3.1 3.2 3.1 2.9 2.8 2.7

MEX 2.6 3.1 3.3 3.2 3.1 3.0 3.0

REA 5.8 5.8 4.5 4.3 4.0 3.5 3.3

ROE 3.9 3.6 3.3 3.2 3.1 2.9 2.9

RUS 1.2 1.6 2.5 2.2 2.1 2.0 2.0

USA 2.2 1.9 2.3 2.1 2.0 1.8 1.8


