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Summary 

Land use in the United States (US) is driven by multiple forces operating at the global level, such 

as income and population growth, yield and productivity improvement, trade policy, climate 

change, and changing diets. Future land use has implications for biodiversity, run-off, carbon 

storage, ecosystem values, agriculture, and the broader economy. We investigate those forces in 

the US and their implications from a multisector, multisystem dynamics (MSD) perspective 

focused on understanding dynamics and resilience in complex interdependent systems. Historical 

trends show slight increases in grassland and natural forest areas and decreases in cropland. We 

project these trends to intensify under higher pressures for agriculture land and reduce under 

lower pressures, with no evidence of tipping points toward larger agricultural land abandonment 

or deforestation. However, US sectoral output and trade, fertilizer use, N2O and CH4 emissions 

from agriculture activities and CO2 emissions from land use changes are substantially impacted 

under several land use forcing scenarios. 
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1. Introduction 

Land use is changed in response to a variety of pressures, with implications for biodiversity, run-

off, carbon storage, ecosystem values, agriculture, and the broader economy. Drivers of land use 

changes include several demand and supply forces, such as increasing population and 

consumption together with economic and income growth,1–7 changing in diets,2,3,6,8,9 bioenergy 

demand,1,3,10,11 increase in yields,1–7,11–13 livestock intensification,8,14 changing international trade 

patterns,2,3,8,12,13 climate change,4,5 land-use regulation and land ownership,11,12 and 

environmental and climate policy.4,11,14 Consequences from land use changes are diverse and 

affect the overall productive capacity of land to sustain future supplies of both environmental 

services and primary products to the economies.1,9,15 

By far the largest type of land use in the world is agriculture. In the United States (US), agriculture 

covered 52% of total land areas as of 2012.16 By most accounts, the amount of land used for 

agriculture in general, and more specifically crops, rose rapidly in the US until about 1930, 

although data series from the early 1900’s and before need careful interpretation because 

definitions for land types changed.17 More recent data are more consistent, especially in the post-

World War II period. Since then, land use has been relatively stable over the US as a whole.  Rapid 

yield increases have allowed food production to expand while cropland areas have declined 

slightly. This has allowed significant areas of forest and natural lands to be maintained or 

expanded. However, total area in a land use type over a large area can hide significant changes 

in sub-regions. In the Northeast US, which was heavily farmed and logged in the 1700’s and 

1800’s, with consequently large carbon emissions, much land has returned to forest, whereas 

more land was converted to agriculture in the center of the country, and along with large 
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irrigation projects, in the West. Over the last 50 to75 years, even those transitions have been 

limited, land use patterns have been fairly static over much of the country. Cropland area has 

declined from a high of 155 million hectares (Mha) in the early 1930’s to 131Mha (including 

harvested, failed, summer fallow, and double-cropped areas). Grazing land had also declined 

from 267Mha in 1945 to 235Mha in the late 1990s, but has rebounded to 265Mha as of 2012.18 

However,  with a ~370% increase in urban area between 1949 and 2012,18 there’s a widespread 

perceptions of rapid land use change in the US. But with urban land covering only about 3% of 

the total US land area as of 2012,16 do these perceived changes come from the fact that most 

people live in cities and witness rapid expansion of urban and built-up areas? Or do these rapid 

land use change have the ability to challenge the status quo? Are we at, or near, a tipping point 

in land use in the US? Is it headed toward land abandonment with reforestation and 

reintroduction of wildlife in close proximity to urban areas, as happened in the Northeast US, or 

toward agricultural land expansion?  And given the importance of land use in terms of carbon 

storage, could the position of  the US as a net sink for carbon for the past decades (thanks to the 

reforestation of the East)19,20 change? 

Export-led agricultural growth in the US (and associated land use change) is subject to multiple 

forces operating at the global level, including income and population growth, trends in yield and 

productivity improvement, trade policy, climate change, and changing diets. There are debates 

and uncertainty about the general direction of these forces as it could affect land use globally 

and in the US.4 Conventional studies suggest relatively little change in cropland use in the near-

term to 2050.21,22 But others have asked whether these various forces operating globally are a 

perfect storm in the making.4  
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The term “tipping point” has been used in various research fields from climate change to business 

to describe a situation where a change in a forcer results is a greater than linear response in an 

outcome.23,24 We test this concept with land use change by evaluating whether multiple stressors 

lead to a greater than additive effect on land use change.  

In this study, we approach land use change questions from a multisector, multisystem dynamics 

(MSD) perspective focused on understanding dynamics and resilience in complex interdependent 

systems.25 We apply a widely used 18-region, global economic model expanded to include links 

to natural resources, including energy and land resources. It tracks changes in these resources, 

maintaining consistent accounts of both value and physical terms, and includes estimates of 

emissions of pollutants and greenhouse gases from industrial, energy, and land use 

sources.26,27,28 The scenarios are designed to capture the possible divergence in the strength of 

these global forces from the “BAU” projection based on a review of the literature. For a more 

complete discussion of the scenario design see Section 4, Experimental Procedures. We also 

consider the combined set of forces that together would put greatest pressure on the US land 

use (“more” scenarios) or put the least pressure on the US land use (“less” scenarios) as described 

in Table 1.  

 

(Table 1) 

 

2. Results  

We focus on implications for demand for land in the US, considering all complex 

interdependencies and dynamic relationships among domestic and global demographics, 
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climate, agriculture markets and economic systems. Figure 1 shows the changes in the major land 

use categories in the model for all scenarios in 2050 relative to the “BAU” scenario in the US.  

 

(Figure 1) 

 

Scenarios with “more” pressures on land use tend to increase the area of pastures and reduce 

the area of cropland or managed forests in 2050 relative to “BAU”. The “more all” scenario shows 

the most significant change in land use away from cropland and to pasture and grazing.  Including 

negative climate effects on livestock productivity, more rapid economic and population growth, 

and a greater bias toward meat consumption as income grows, have the strongest effects on land 

use transition from crops to pasture.  Notably, the total effect of compounding forces in “more 

all” and “less all” is far less than additive. If the individual forces were purely additive then, 

summing these reductions in cropland and managed forest across the seven separate “more” 

scenarios, we would expect a total net change of 77Mha compounding all of the forces.  Instead, 

the total net change in the “more all” scenario is only 43Mha. Compounding the multiple 

stressors dampens the individual effects because of growing resistance to further reductions in 

these land use categories, as demand for these commodities and opportunities for intensification 

on remaining land are exhausted. 

The various “less” scenarios show a consistent reduction in land use change trends from climate 

change, international trade, meat demand, constraints on yield, population and gross domestic 

product (GDP) growth. Compounding all these forces (scenario “less all”), land use changes are 

restricted to a 22Mha shift from pasture areas to cropland and managed forests by 2050. 
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Surprisingly, this increase in forest areas does not differ much from the forest increase in other 

scenarios, suggesting that returns to agricultural use and pasture areas are still more attractive 

in this scenario than the land abandonment to environmental and recreational uses. The overall 

results show broad resilience in patterns of land use, and no evidence of “tipping points” toward 

larger reforestation and afforestation in the US in the future, even under lower pressures on 

global food supply and demand. Similar to the “more” scenarios, the compounding of “less” 

forces for change (22Mha) is less than additive (67Mha). 

 

Projected land use change from 2012 to 2050 under most scenarios is on the same order as land 

use change during recent historical periods (Figure 2). In recent history, and in projections 

through 2050, we observe a decline in managed forest and declining or stable levels of cropland, 

with increasing grazing and pasture, and some increase in natural forest.  The “less” scenarios 

have total net changes in land use of ~5 to 25Mha.  The “more” scenarios have total net changes 

of ~30 to 65Mha, closer to the ~39 to 49Mha in the historical period.  In the historical period, 

newly designated park and wildlife areas contributed to the increase in natural forest area.  The 

projections do not include any new designations of such protected areas. 

(Figure 2) 

The land use change pattern in the US since late 1970’s shows a continuous decrease in cropland 

and forestland grazed areas (which we labelled as “managed forest” in Figure 2 for simplicity) 

and increase in pasture areas (grassland and pastures in the historical data) and total forestland, 

as well as other non-agricultural land uses. Other land use change including rural transportation 

areas, urban, and defense/industrial lands, increased in the historical period but remains a very 
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small share of land use.  We do not attempt to model changes in these uses and include them in 

the broader “Other” category with desert, tundra, and bare rock areas. Relative to total land area 

in various uses in the continental US, the historical and projected changes are relatively small 

suggesting a fairly resilient pattern of land use even in the face of significant pressure.  

The baseline scenario projects a fairly smooth continuation of historical trends with a net increase 

in natural forests from 2015 to 2050 of 3.55Mha, which may have relevant implications for 

biodiversity and soil protection, water regulation and carbon storage. The cropland contraction 

under the “BAU” scenario is consistent with other recent projections from the OECD and FAO, 

which projects a 2.87Mha decrease in cropland in North America by 2028.29 Projections generally 

see reductions in cropland use in developed countries through to 2050.2,28, 

One explanation for reforestation at the expense of cropland in particular, is the “forest transition 

theory” positing that with economic development a country transitions from a period of forest 

clearing under low income levels, to a reverse movement of agriculture land being abandoned 

with higher incomes.30,31 Such changes do not follow a given or deterministic pattern and are a 

consequence of several forces, as negative social and ecological impacts, fossil fuel substitution 

displacing wood-fuel, agricultural intensification, land-displacement through international trade, 

institutional and technological innovations, among others.32,33 However, some observers see the 

changing US land use patterns mostly as a geographic shift from cropping in the Eastern US to 

the West rather than a significant trend toward abandonment nation-wide.17 There is surprisingly 

little literature projecting grazing and pasture land or providing a theory for it. However, the 

change in diet toward more meat consumption with income growth in our “BAU” scenario, 

reflecting historical trends, is a likely source. Greater intensity of production on cropland through 
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improved yields has facilitated the reductions in cropland growth that we see according to several 

authors.4,3 There has also been an historical trend toward more intensity in livestock production 

with grainfed feedlot production replacing grazing and pasture. As noted earlier, that appeared 

to be a dominant force in the US through the late 1990’s with reductions in grazing and pasture 

areas.  Since then, the pattern has reversed, and our projections are consistent with this recent 

reversal in the trend.  Even a significant shift in the diets away from meat does not fully stop the 

shift from cropland to grazing land. The “less all” scenario eliminates the upward trend in grazing 

and pastureland but does not reverse it. 

Prices are an important indicator of the effects of competing markets forces (see Figure 3).  The 

“BAU” projections suggest very stable long run price trajectories for crops, which means no 

significant change in the relative scarcity of these products in the long run.  The trend is for slightly 

increasing prices for livestock and forestry products. As discussed in the literature, this reflects 

the faster income growth in emerging economies, together with the changes in diets, toward 

more consumption of protein from animal origins as income grows. Under the “less” scenarios, 

particularly with lower population and economic growth, prices of crops decrease in the future, 

while livestock prices increase less or are stable.  However, in the “more” scenarios, crop prices 

increase by up to 50% with more economic growth (less increase for other forces) and livestock 

prices increasing two- to threefold, again with economic growth having the biggest effect.  

Compounding the “more” stressors including negative climate impacts, constraints on improving 

crop yields, and higher preference for meat (scenario “more all”), leads to steep increases in 

commodity prices, especially for livestock commodities.  
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(Figure 3) 

 

Table 2 presents percent changes in the US sectoral output, imports and exports by 2050 in all 

scenarios, relative to those in the “BAU” scenario. Such changes capture the importance of the 

system dynamics approach, which considers the connections and feedbacks among 

interdependent and complex human and natural systems. Although our focus here is on future 

scenarios of land use changes, alternative assumptions about trade, climate impacts on yields, 

agriculture productivity, changing diets, and population and economic growth, will all affect the 

sectoral structure and composition of output throughout the economy, and shape relative 

competitiveness. Some of these forces and stressors (economic, population growth, and trade) 

affect all sectors. However, as implemented in this study, forces such as climate effects on crop 

and livestock productivity, yield growth, and meat demand have a direct effect on the agricultural 

sector and land use, while only indirectly affecting other parts of the economy through the 

agricultural sector’s demand for other inputs, or through shifting patterns of consumption due 

to changes in prices. Because the direct effect of some of these forces is mostly on agriculture, 

we see the strongest effects across all the scenarios in that sector. The US livestock sector 

experiences the most dramatic changes under the alternative scenarios, followed by the food 

sector. It means that the comparative advantage of these sectors may change completely 

depending on the scenario in place. Under the most pressing scenarios (“more all”), livestock 

production in the US increases by 55% compared to the “BAU” case and exports increase by 

520%. Food production and exports are also 69% and 279% higher respectively than in the “BAU” 

case. Crop production, however, does not increase, so its imports are 77% higher. The effects on 



 

10 
 

exports and imports in percentage terms may seem quite large, but modest changes in output or 

foreign net demand can lead to large swings in exports and imports, especially when exports are 

a relatively small share of output. That is the case with baseline exports from the livestock sector, 

which are very small and mainly in the form of meat and meat products through the food sector.  

While crop and food exports are six to seven times larger than livestock in the baseline, these 

results, however, highlight the comparative advantage of the US in the livestock sector. 

 

(Table 2) 

 

In terms of compounding stresses, we can, as was done earlier for land use change, compare the 

sum of changes for the “more” and “less” scenarios simulated independently to the “more all” 

and “less all” respectively to determine if the effects of multiple forces are more or less than 

additive. In this regard, we determined whether a scenario was labeled “more” or “less” 

depending on its impact on land use, our primary research question. That sorting does not 

necessarily hold when looking at other indicators. For example, less negative climate impact, 

yield constraint, and meat demand, each lead to increases in crop output in the US, while less 

population and economic growth lead to lower output of crops. While all of these contribute to 

less pressure on land, when we compound these forces, we might expect them to be partly 

offsetting. However, for crops output in the US, the “less all” has a bigger negative impact (-13%) 

than the sum of the two negative individual impacts.  Moreover, the sum of the individual impacts 

suggests a positive impact on output of 7%. This suggests fairly complex dynamics and 

interactions among these sectors, moderated through international trade.  Outside of the various 
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agriculture sectors, the output effect tends to be close to additive. The compounding effects on 

exports and imports are often more than additive, indicating that the bulk of adjusting to changes 

are through trade.  This is not a particularly surprising finding: if output falls, it is more likely that 

supply of domestic demand will come first and exports will fall more. Or vice versa, if domestic 

production rises, there is a limit to how much of that can be absorbed by domestic consumption, 

and so it is more likely that exports will rise disproportionately to the increase in output. 

Are there important agriculture-industry interactions?  One of the strongest connections, with 

an important industry-agriculture-environment link, is nitrogen fertilizer use. Various studies 

have identified this as an important strategy for increasing agricultural output per hectare under 

land scarcity,17 and have attributed as much as 77% of the growth in global crop production that 

occurred between 1961 to 2005 to increased fertilizer use.2 Although this strategy is well known 

since the “green revolution”, most of the world’s cropland is not heavily fertilized34 leaving  

further room for yields improvement. However, such intensification strategy brings 

environmental concerns including nitrous oxide (N2O) emissions and eutrophication of water 

bodies.35 Among other environmental concerns important in the US agriculture are methane 

emissions from livestock and CO2 emissions from land use change. In our analysis, the use of 

chemicals in agriculture increases by 92% from 2015 to 2050 in the “BAU” scenario. By 

comparison, crop output grows by 68% in the same period, which means an intensification in the 

use of these inputs per unit of output in the “BAU”. Figure 4 presents the simulated changes in 

demand for inputs from “Other Energy-intensive Industries”, which includes the chemicals and 

fertilizer production, by all agricultural and livestock sectors and its consequential changes in 

greenhouse gases (GHG) emissions, by the year 2050. The use of fertilizers and chemicals is 10% 
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to 20% lower under the “less” scenarios than in the “BAU”, with nitrogen emissions falling equally 

in both scenarios. However, under the “more” scenarios, fertilizers and chemicals use in 

agricultural sectors and N2O emissions increase by 20% or more. Methane emissions follow the 

same direction, but are more responsive both to lower and higher stressors on land use changes. 

They increase by more than 50% under the “more all” scenario.  The effects of the various forces 

on cumulative CO2 emissions from land use change between 2020 and 2050 are intermediate, 

increasing as much as 40% in the “more all” scenario, and decreasing by nearly 20% in the “less 

all” scenarios. For comparison purposes, we plot changes in non-land use change CO2 emissions 

(from fossil energy combustion and cement production). Those are less responsive than land use 

and agricultural-related emissions of N2O and CH4, which is not surprising given that the “more 

all” and “less all” scenarios include forces directly affecting the agriculture sector. But even with 

population and economic growth, which affects the energy and cement sectors directly, the 

effect on agriculture related emissions is greater. We can conclude that agricultural-related 

emissions appear more sensitive to these forces than emissions from these other sources. 

 

(Figure 4) 

 

3. Discussion 

There is a wide range of forces likely to affect land use change in agriculture in the US over the 

next few decades.  These include population and economic growth, changing climate, changing 

diets, the openness of international trade, and the outlook for yield improvements.  Land use in 

the US has been quite stable over the past several decades, and if anything, cropland area has 
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decreased, and more land areas turned into natural areas with additional protections as 

designated parks and wildlife reserves.  Some see the looming multiple forces as the “perfect 

storm” that could put tremendous new pressure on land use worldwide and in the US, while 

others have noted slowing population and economic growth rates, and thus project a reduction 

in pressure on land resources if yield improvements remain at historical rates. The available 

evidence and opinion on each of these forces varies widely.  Some see evidence of plateauing 

yields, significant yield and productivity loss from climate change, and continued transformation 

globally toward meat-heavy diets as poorer countries become wealthier.  Others see 

biotechnology as opening up nearly unlimited opportunity for productivity enhancement in 

agriculture, the rise of non-animal protein options and a move to more plant-based diets, and 

some studies of climate change see general yield improvements, with the CO2 fertilization effect 

on crops and longer growing seasons outweighing any negative effects of drought or extreme 

heat. 

The newly developing research area now referred to as MSD focuses on compounding forces and 

stressors, the interaction among sectors of the economy and various natural resource systems, 

and the vulnerability or resilience of systems to these compounding stressors. We developed a 

set of scenarios as deviations from a business-as-usual scenario that capture the range of results 

and views on these stressors.  The “BAU” scenario is in line with conventional views on agriculture 

development through 2050, similar in broad trends to projections by the OECD and FAO. We 

divided these deviations from “BAU” into two groups: one group that includes deviations from 

the baseline that would increase stress on US land use, and a second group where deviations 
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would reduce stress on US land use. We evaluated each of these deviations separately, and then 

all deviation together within each group.  

The somewhat surprising conclusion is that we did not find evidence of a strong tipping point 

toward large deforestation or toward land abandonment even in the scenarios that combined all 

the forces that would increase stress on land use in the US, or all the forces that would reduce 

stress. In the “BAU” scenario, we saw a continuation of recent trends in the US—slightly 

increasing areas in natural forest and a shift to somewhat less cropland and somewhat more 

pasture and grassland.  The “more” and “less” pressure scenarios affected the strength of this 

shift but did not reverse it, nor magnify it dramatically.  The scenarios considered in this study 

allowed us to construct a useful metric for assessing the effect of compounding forces in an MSD 

setting. We added together the change in a system (e.g., land use) from each of the separate 

scenarios, and compared that sum to the result when we included all forces together to see how 

the compounded effect compared to the additive effects. Compounded effects greater than the 

additive effects would indicate that the system is particularly sensitive to compound stressors, 

while compounded effects lower than the additive effects would indicate that the interactive 

forces in the system tend to mute the effects of individual forces when they occur together. For 

land use, we found that the compounding additional stressor forces were less than 30% of the 

additive effects, reflecting the basic resilience in land use trends to these forces. However, we 

observed other results with compounding effects greater than the additive effects: the effect on 

commodity prices and often on exports. We can trace these effects through all sectors of the 

economy and can similarly compare the compounding effects to the additive individual effects. 

However, one should note that:  (i) some of the simulated forces primarily affected the 
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agriculture sector directly, and there was limited transmission of the effects outside of the 

agriculture/land use sectors; (ii)  Other forces, such as population and economic growth, and 

openness of trade affected the entire economy, create a very different agriculture sector; (iii) 

Grouping deviations as either more or less pressure on land use, did not necessarily mean more 

pressure on other variables, so the multiple forces tended to work in opposite directions 

(although when compounded we saw a surprising effects in some cases). An example is crop 

output under the “less” stress group of effects. Adding the separate effects together would 

suggest an increase of crop output of 7%, but the compounded effect with all stresses together 

resulted in crop output decline of 13%. This represents a bigger decline in crop output than if we 

added together only those forces that separately had a negative effect on crop yield (10%).  This 

result highlights the dynamics and interactions in a complex system. Aside from this study, these 

simple metrics to determine if compounding forces are additive, less than additive or perhaps 

multiplicative, could be useful across the MSD field. 

We were also able to track the effect of these forces on emissions of key greenhouse gases.  While 

the relative resilience of land use patterns helped to limit the effect on CO2 emissions from land 

use change, the shifts from cropland to pasture and grazing land increased land use CO2 

emissions, more than offsetting the uptake from return to natural land—which was minimal.  At 

the same time, the intensification of crop production to make up for less land in deviations from 

“BAU” that put more stress on land, led to more fertilizer and chemical use, and more nitrous 

oxide emissions.  In general, the more stress on land deviations, the more pasture and grassland 

expansion, reflecting comparative advantage in the US in livestock production, which results in 

greater methane emissions from livestock. An important conclusion from the MSD perspective is 
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that in complex systems, apparent resilience in one system can shift the forces to other sectors 

and systems, with consequences for environmental and resource outcomes.  

 

The relative resilience of land use in the US to various stressors may seem somewhat surprising 

given the wide range of estimates for global and regional future land use in the literature5,12,21. 

Although results across studies are not easily comparable given the modeling set up, regional 

coverage, definition of land use categories, and scenario design approach, some broad numbers 

indicate differences or similarities. For example, a recent model comparison exercise evaluated 

global land use projections across six models under alternative socio-economic pathways 

(SSPs).12 Comparing alternative SSPs, each individual model estimated between -10% to +10% 

cropland changes in 2050 going from SSP2 to SSP1 or SSP3, and just one model achieves -20% 

and other +18% changes. Detangling the several drivers behind the SSPs, each individual driver 

(as GDP, population, productivity, and consumption preferences) impacts cropland result in a 

particular model by less than +5% or -5% in most cases, and in very few cases and models the 

range of results varies close to -10% or +10%. In our study, cropland area in 2050 varies 

from -21% to +9% in the US under multiple drivers (or stressors), and from -7% to +9% for 

individual drivers. At the global level, the range is much smaller, ranging from -4% to +5%. Our 

range of global land use estimates through 2050 are similar to this recent comparison project, if 

somewhat narrower.   

A further source of uncertainty in the projections is the value of fundament behavioral 

parameters in the model.  We tested the sensitivity of results to a range of values for the most 

important behavioral parameters governing land use change. These included: (i) the ability to 
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substitute non-land and land inputs, with greater substitution possibility leading to greater 

intensification of production on existing land and less need to convert more land (named as 

“intensification elasticity” here); (ii) the income elasticity for crops; (iii) the land supply elasticity; 

and (iv) the elasticity of substitution between environmental services from natural areas and 

other goods and services in the welfare function. These parameters are extensively discussed in 

the literature as key features in determining land use projections.4  

We change the aforementioned elasticities in the direction of potential higher cropland 

expansion. The intensification elasticity is reduced by 2/3, from 0.3 to 0.1, which is consistent 

with observed range of values for corn yield response to prices in the US.36 The income elasticity 

for crops is kept at the same level as the income elasticity for livestock products, reversing the 

decreasing trend documented in the literature.37,38 As a result, income elasticity for crops in the 

US is 0.66 by 2050 in this sensitivity test, instead of 0.24 in the baseline set up of the model. In 

the case of the land supply elasticity, we increase it five- to six-fold, following estimates for the 

US of 0.05 for a five year period and 0.28 for 50 years.39 The elasticity of substitution between 

environmental services from natural areas and other goods and services in the welfare function 

was calibrated to so that historical simulations matched recent trends in land use change, lacking 

direct estimation of such an elasticity in the literature. The baseline calibrated value (0.25) was 

doubled to 0.5 in the sensitivity test. 

The sensitivity results lead to changes in land use in the US of less than 5% for many of the 

parameters (Figure 5).  Some exceptions are: (i) under low intensification elasticities, changes in 

crop and pasture change substantially. In the “BAU” scenario, cropland decrease by 19% and 

pasture increase by 31% if there is limited room for substituting other inputs for land. These large 
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changes are inconsistent with historical trends, giving more credibility to higher values for the 

intensification elasticity; (ii) In the case of the rest of the world (ROW), the land use results are 

more sensitive to the assumptions on crop income elasticity. Higher income elasticities increased 

cropland area by as much as 29% in 2050 in the “more econ. Growth” scenario and reduce 

pastureland by 17%. In the case of other elasticities, most of them impact land use changes in 

ROW by less than 10%. An interesting observation from these tests has to do with natural forest 

and natural grass areas: the only parameter able to affect their results is the land supply elasticity, 

but only at the rest of the world. Higher land supply elasticities could decrease natural forest 

areas by 7% to 8% in 2050, and natural grass areas by 3% to 4%. 

 

(Figure 5) 

 

In summary, our sensitivity tests for the US and ROW show some relevant aspects of the 

agricultural economic modeling framework, which is the representation of farmer’s and 

consumer´s behavioral responses under land constraints and food scarcity. Crop and livestock 

intensification practices are common strategies which have increased output per unit area over 

time, notably when food prices trends show persistent rise. These responses are often ignored 

in agricultural models dealing primarily with bio-chemical-physical aspects. Under limited 

possibilities to increase yields by adding more inputs, higher economic growth would require 

larger areas to raise livestock and grow crops, as shown in our sensitivity tests under low 

intensification elasticity. As income rises, higher demand for crop and vegetables related to more 

sustainable diets in developed countries and among richer households can also impact the 
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projections of future land use trajectories. Otherwise, changes in land use have similar patterns 

in the US and ROW in all scenarios under alternative modeling assumptions. The most important 

parameter, which has been a debated response for many decades in the agricultural economics 

literature, is the intensity elasticity.  Annual data often shows little or no significant yield response 

to commodity price changes, yet within a few years after large price spikes there has typically 

been a large supply response, suggesting very different short-run and long-run dynamics.  As our 

focus is on the longer-term response, we lean toward a larger intensification elasticity.  Our main 

conclusions regarding the lack of clear tipping points on land use changes in the US in the next 

decades appears fairly robust, with the chance that changes could be greater if the intensification 

elasticity is, in fact, very low. 

 

4. Experimental Procedures 

4.1 Resource Availability 

Lead Contact 

Further information and requests for resources should be directed to and will be fulfilled by the 

Lead Contact, Angelo Gurgel (gurgel@mit.edu). 

Materials Availability 

This study did not generate new unique materials. 

Data and Code Availability 

The datasets and code supporting the current study have not been deposited in a public 

repository but are available from the Lead Contact on request. 

 

mailto:gurgel@mit.edu
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4.2 Multi-system dynamics modeling approach 

Since an initial workshop held in 2016, a new research community focusing on MSD is emerging.25  

An agreed definition and scope for the field is yet to be developed, but the focus is on 

environment-human interactions. Traditional modeling approaches aimed at understanding 

environmental problems and their potential solutions have typically focused on economics, 

separately from modeling the environment and physical resources. MSD recognizes that 

environment-human interactions are inevitably complex and interconnected and, therefore, to 

understand the behavior of these systems, the different modeling approaches need to be 

merged. The geographic scale and scope of these complex systems can be difficult to define 

because of global teleconnections in both earth and human systems, via for example the 

atmosphere, rivers, and oceans for earth systems, and via trade, communications, travel and 

population migration for human systems.  No man (or woman) is an island, and even an island is 

not isolated from the effects of changes across the globe.  

The dynamics of these complex systems is increasingly important. Standard approaches for 

addressing risks of extreme events consisted of looking at historical statistics to determine the 

100-year flood risk, or the frequency of droughts.  Even though such events have always been 

part of a complex interconnected earth system, if the system is variable but within unchanging 

bounds, then one need not understand the complex system—historical observation could tell 

you what you needed to know about the magnitude and frequency of extreme events.  But with 

human activity growing and overwhelming natural systems at local, regional, and global levels, 

historical statistics are no longer a guide to the future.  Human activity affecting environmental 
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systems that in turn have feedbacks on human systems means that these various systems are co-

evolving. 

Why be concerned with trying to understand the coevolution of these complex systems?  

Ultimately, it is to understand stabilities and instabilities in the systems—are there tipping 

points? What forces most affect patterns of development, recognizing interactions of human 

activity, the built environment and natural systems? By answering these questions, one can 

evaluate the resilience of these systems, and provide understanding of how to increase 

resilience. 

While there are a variety of diagrams that have been developed to bring together the concepts 

of multi-sector or multi-system dynamics, one example is provided in Figure 6.  The focus of MSD 

research includes decision-making frameworks, risks, stressors and influencers such as 

environmental, demographic and economic change, and other items in the outside ring. It 

includes consideration of various physical systems such as built infrastructure, natural resources, 

and material flows listed in the second ring as they interact with various socioeconomic sectors 

from energy, agriculture and transportation to manufacturing and services.  Finally, the goal of 

studying these complex linkages is to gain insights into vulnerabilities, tipping points, resilience, 

and responses to challenges we face in environment-human activity interactions. 

 

(Figure 6) 

 

The US Global Change Research Program from the outset recognized that systems were complex, 

multiple forcing and stressors were at play, multi-disciplinary approaches were needed, and local 
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and regional issues were connected to global processes. In that light, MSD is not a completely 

new idea, but a pulling together of critical concepts that have been found to be important, 

describing the unique community of multidisciplinary research that has evolved, and laying out 

the need to further develop these concepts. In the end, MSD questions risk requiring a model of 

everything. Clearly, boundaries are needed where some forces are exogenous.  But a minimum 

requirement is some representation of both the dynamics of physical systems and human 

systems and their interaction.  

Our exploratory effort aims to investigate the complex interdependent dynamics among multiple 

systems affecting land use prospects in the US in the next 30 years. We want to test if and under 

which conditions land use in the US may reach a “tipping point”, or whether land use in a mature 

economy such as the US is fairly stable.  Significant land use change can affect biodiversity, carbon 

storage, run-off, agricultural production and trade. To examine the potential for tipping points 

we use a multi-region, multi-sector model of the global economy with a detailed representation 

of agriculture sectors.  The economic model and data are integrated with physical land, energy, 

and emissions data. The model is able to capture multiple socio-economic and environmental 

drivers of agricultural and land markets and its interlinkages with the overall economy and land 

physical resources. It then can simulate the effect of different forces and stressors able to change 

current uses and trends of land, operating independently or jointly.  

 

4.3 Integrated multi-sector, multi system model of forces shaping the US land use.   

The 18 regions, global economic model is an extension of the MIT Economic Projection and Policy 

Analysis model, version 6, a recursive-dynamic computable general equilibrium (CGE) model of 
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the world economy.27,2,28 The economic data is sourced from the Global Trade Analysis Project 

Version 8 (GTAP 8) database.41 It provides the base information on social accounting matrices 

and the structure for regional economies, including bilateral trade flows and energy markets in 

physical units and is regularly updated from its original version.42,41  The extended version of the 

model represents 18 regions and 28 sectors.  It includes 11 crop and livestock sectors plus a 

forestry industry, and a number of primary factor inputs (see Table 3). Among them are both 

depletable and renewable natural capital inputs, as well as produced capital and labor. Among 

produced capital, EPPA treats cropland, pastures, and managed forest land as “produced” from 

natural capital of forest areas and grasslands. 

Besides the conventional economic accounts and sectoral data from GTAP, the model includes 

several alternative energy sectors and detailed transportation choices for households.43 Further 

disaggregation and parameterization of transport and electric power generation go beyond the 

GTAP base data, taking into account bottom-up engineering analysis of costs, fuel use, and 

conversion efficiency. The model associates GHG emissions (CO2, CH4, N2O, HFCs, PFCs, and SF6) 

and conventional air pollutant emissions (SO2, NOx, black carbon, organic carbon, NH3, CO, VOC) 

with various activities from the combustion of fuels, production cement, waste disposal, and 

agricultural activities. 44–47  

The model explicitly treats all inter-industry interactions and bi-lateral trade in goods. It considers 

domestic production, exports, imports, government expenditures, investment and household 

demand for final goods, and the ownership and supply of labor, capital and natural resources, 

assuring microeconomic and macroeconomic balances and consistencies. Supplemental accounts link 

physical quantities of energy (exajoules), emissions (tons), land use (hectares), population (billions of 
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people), natural resource endowments (exajoules, hectares) and efficiencies (energy 

produced/energy used) of advanced technology with the economic transactions. This treatment 

captures the physical depletion and use of natural resources, technical efficiencies and availability of 

renewable resources. Thus, for example, an increase in population, increases the demand for food 

and other goods, and at same time, the labor supply. These will cause a cascade of economic and 

environmental effects, from higher agricultural output and more demand for agricultural land, to 

changes in economic growth and international trade, which are fully accounted for and will lead to a 

new equilibrium in all markets and economies with a consequent impact on land use and natural 

resources. Similarly, changing population, trade openness, and crop yields will have cascading effects 

on food demand, economic growth, and other sectors of the economy. 

The model simulates historical economic trajectories recursively to the year 2010 and 2015, and 

then projects future economic pathways at 5-year intervals from 2015 to 2100. Historical and 

near-term economic development is benchmarked to IMF’s historical data and short-term GDP 

projections.48 The model is formulated using the mixed complementary problems (MCP) 

approach,49 and solved using the MPSGE subsystem in GAMS programming language.50 

Future projections 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. 

Sectors compete for the available flow of services from renewable resources 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. 
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The economic accounting of land-use in the model retains consistency with the supplemental 

physical accounts on land so that simulated changes in economic use of land translate into 

hectares of land, preserving total land are constraints in each region. The approach considers five 

broad land use categories: cropland, pasture, forest, natural forest and natural grass. Several 

world-scale data sources are reconciled for the purpose of this study. These include the “GTAP8 

Land Use and Land Cover Database,”2 which is built from FAOSTAT production data and 

additional cropland and pasture data.52 Data from the Terrestrial Ecosystem Model (TEM)53, using 

historical land use transitions,54 complements the land use database. Land and the 

transformation of natural lands into managed land types in physical terms is represented.27 The 

model considers that through land improvements (draining, tilling, fertilization, fencing) 

pastureland can be converted 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 

returned to “natural” grass or forest land. 

The land use transformation approach used in the model is well suited to longer term analysis 

where demand for some land uses could expand substantially. The approach 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.55 The CET approach also does not explicitly account for conversion costs. In addition, the 

CET approach does not retain consistent accounting of economic and physical units of land so 
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that you cannot translate a change in the quantity of land use in value terms to a physical change 

in hectares, 21 an important consideration in tracking land use emission. 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, the model 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 

observed over the last two decades. 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). The current version of the model is 

calibrated to a land supply value as reviewed in the literature.4 

Assuming equilibrium in the base year, conversion costs from one land use category to another 

as equal to the difference in value of these types, thus assuring “zero profit” conditions in the 

MCP equilibrium approach. One issue that arises is a value for natural forest and grassland that 

is not currently used. 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 on timber value on the land.56–58 

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 
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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 timber harvests of forest 

regrowth after the initial harvest of the standing stock.  

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 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 the model, 

introducing the natural forest value into the representative agent’s welfare function 

approximates this behavior. 

Cropland is an input in the production of each separate crop sector in the model (listed in Table 

4). Similarly, pastureland 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. 
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Some other features regarding land use changes relate to technological change affecting land 

productivity and specification of food and agricultural demand. Base parameterization 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.59,60,61 In addition to 

exogenous yield changes and land conversion, agricultural output can grow by intensification of 

land use through partial substitution of other 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,62,63 

which suggests an income elasticity of less than unity. This relationship is represented following 

the approach using a Stone-Geary preference system64, as described in detail elsewhere.65  

The model is able to represent several existing and future pressures on land use, and also the 

dynamics effects on conversion among alternative agricultural uses, intensification through the 

use of inputs and capital, and also possible land abandonment, allowing land to revert to natural 

forms. Scenario exploration analysis allow testing alternative assumptions about population and 

economic growth, yield and productivity growth, trade and tariffs, climate change, changing 

patterns of food demand and land supply behavior.  
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Some particular aspects of the economic behavior represented in the model are worth further 

discussion. A major review of global drivers of agricultural land changes identified how these can 

be summarized into a few economic parameters which, together, determine whether land used 

for agricultural purposes might increase or decrease.4 These include: an “elasticity of land 

supply”, which captures how much agricultural land would expand by conversion of other existing 

uses given an increase in agricultural land prices; an “intensification elasticity”, measuring how 

much farmers would increase the use of other inputs (capital, fertilizers, etc.) in response to rising 

prices for their agricultural products; and an “elasticity of demand”, determining how consumers 

would react to changes in prices of agricultural products. Together, these parameters will 

determine how much land will increase under changing conditions of the demand and supply of 

land, population and income growth, changes in diet patterns, yield and productivity changes 

due to research achievements, higher input uses or climate change, and so on. All these 

behavioral parameters are well captured in our socio-economic model and are tested by our 

exploratory scenarios. As an example, the model explicitly represents a land supply elasticity in 

the conversion of natural forests and natural grasslands to agricultural uses. A review of studies 

and backward calculations suggests this elasticity may be as low as 0.01 and as high as 0.28 in the 

US, depending on the time period and modeling issues considered.4 The base value we use for 

this parameter for the US is 0.05, consistent with estimated response for a 5-year time frame.39 

We test their upper long-term value of 0.28 later in a sensitivity analysis. 

 

4.4 Development of Forcing Scenarios 
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We designed a “business as usual” (BAU) and 16 alternative scenarios by varying the strength of 

various forces and stressors applied to all regions of the world which will likely influence land use 

in the world and the US. We vary the forcing strength in both directions, labeling as “less” those 

scenarios that may ease the pressure to expand land use areas for agricultural use or allow 

conversion back to natural vegetation, and labeling as “more” those scenarios that create greater 

pressure to convert natural lands to agricultural uses. These forcing changes include those listed 

in Table 1 in the main text, and expanded on here:  

a) trade barriers, inducing less trade under higher import tariffs, and more trade under lower 

barriers (scenarios “less trade” and “more trade”); 

b) climate impacts on crop yields and livestock productivity, considering average and median 

impacts from global gridded crop models (usually beneficial to crop yields), and a central value 

of crop yield impacts varying by region from the Intergovernmental Panel on Climate Change 

(IPCC) 5th Assessment report (most negatively affecting yields)66 (scenarios “less clim. imp. Crops” 

and “more clim. imp. Crops” in which climate impacts are assumed to affect only crops yields, 

and scenarios “less clim. imp. crops&livest.” and “more clim. imp. crops&livest.” for scenarios 

affecting crops and pastures yields and livestock productivity) described in greater detail 

elsewhere;28 Climate change impacts on crops and pasture yields are estimated using statistical 

emulators of five major Global gridded crop models (GGCMs)67,68. These emulators are used to 

estimate yields of four major crops—rice, maize, soybean and wheat—at a fine resolution 

globally under nine climate change scenarios. For each EPPA region and crop, we consider the 

median impact estimate for the 2050s (using a five-year average for the period 2047-2052). In 

the "less clim. imp. crops" scenario, the impact of climate change is extended to all crops by 
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applying the average impact of the four main crops to all other crops represented in EPPA in each 

region. In the “less clim. imp crops&livest.” scenario, these average impacts are extended to 

pasture.  Our climate impact scenarios do not include climate impacts on forest growth/yields (or 

on other sectors such as transportation or human health). Climate impacts on forest productivity 

are of key importance in determining the full potential of carbon storage, uptake and emissions 

from land systems.69–71   Here we chose to focus on the food system following the IPCC 5th 

Assessment report.66 

c) crop yields, assuming a higher rate of increase in exogenous crop yields under lower constraints 

to research and development and diffusion and the opposite under more constraints (scenarios 

“less yield constraint” and “more yield constraint”), upper and lower levels in agreement with the 

literature;61,72 

d) diets, changing the income elasticity of demand for meat in order to capture a decrease in the 

preferences for meat in developed countries and no further increase in preferences in developing 

countries, as also as the opposite trend (scenarios “less meat demand” and “more meat 

demand”);  

e) population growth, assuming a lower trend and a higher one (scenarios “less pop. growth” and 

“more pop. growth”);  

f) economic growth, testing both a lower and a higher GDP growth rate (scenarios “less econ. 

Growth” and “more econ. growth”);  

g) the combination of all drivers above, towards less pressure on agricultural land demand, or, 

conversely, towards more pressure on it (scenarios “less all” and “more all”). 
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All counterfactual scenarios assume changes in some parameter of the model from its initial 

calibration point. These cover most of the possible drivers and stressors affecting future land use 

changes discussed in the literature.4,12 To complement the analysis and test the robustness of 

our results, we also test some alternative parameters governing key behavioral supply and 

demand responses in the model, as the elasticity of land supply in the US and the world, the 

degree which farmers may intensify land use by adding more inputs, the demand income 

elasticity for crops,  and the preference of households for conservation of natural areas. We then 

verify how these alternative specifications of the model affect the land use projections in 2050 

at “BAU”, “more econ. growth” and “less econ. growth” scenarios. 
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Figures 

Figure 1. Land use changes in 2050 compared to “BAU” (Mha) in the US. 
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Figure 2. Share of land use in the historical period 1 and in the scenarios “BAU”, “Less All” and “More All” for the continental US. 

 

“Forestland grazed” category in 1 was mapped to Managed Forest in EPPA, “Forestland not grazed” was mapped to Natural Forest in 

EPPA, and “Grassland” was mapped as Pasture. Rural Parks and Wilderness areas were mapped to Natural Forest in EPPA. Natural 

Grass in EPPA was added to Pasture.  
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Figure 3. Global agricultural and food price indexes under alternative scenarios. 
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Figure 4. Changes (%) in agricultural use of fertilizers and chemical inputs, agricultural sources of 

N2O, CH4, cumulative (2020-2050) CO2 from land use change (LUC) and total CO2 from all sources 

in the US. 
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Figure 5. Changes in land use by 2050 in selected scenarios under alternative assumptions on key 

parameters. 
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Figure 6: Conceptualizing Multi System Dynamics  
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Tables 

Table 1. Scenarios (shocks applied to all regions of the model) 

Name Brief explanation 

BAU Baseline scenario 

less trade Less trade due to higher import tariffs globally (tariffs 50% higher) 

less clim. imp. crops Positive climate impacts on crop yields from GGCMs 

less clim. imp crops&livest. Positive climate impacts on crop and pasture yields from GGCMs 

less yield constraint Higher annual increase in crop yields (1.5% per year) 

less meat demand Changing diets toward lower income elasticity on meat demand 

less pop. growth Lower population growth (1% lower than “BAU”) 

less econ. growth Lower GDP growth (20% lower than “BAU”)) 

less all All "less" impacts together 

more trade More trade due to lower import tariffs globally (tariffs 50% lower) 

more clim. imp. crops Negative climate impacts on crop yields from IPCC local crop models 

more clim. imp crops&livest. Negative climate impacts on crop yields and livestock from IPCC local crop models 

more yield constraint Lower annual increase in crop yields (0.5% per year) 

more meat demand Changing diets toward higher income elasticity on meat demand 

more pop. growth Higher population growth (1% higher than “BAU”)) 

more econ. growth Higher GDP growth (20% higher than “BAU”)) 

more all All "more" impacts together 
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Table 2. Changes in the US output, exports and imports in 2050 relative to “BAU” (%) 

  Crop Livestock Food Fors&Lum Energy Intensive Ind. Other Industries 

  Output Export Import Output Export Import Output Export Import Output Export Import Output Export Import Output Export Import 

less trade 0 -2 -6 -2 -7 -8 -1 -12 -8 1 0 -3 -1 -8 -2 1 0 -5 
less clim. imp. crops 0 -4 -1 1 0 3 0 -2 0 0 0 0 0 0 0 0 0 0 
less clim. imp crops&livest. 2 -3 -10 -7 -27 -13 -1 -9 -2 0 -3 0 0 2 1 0 1 2 
less yield constraint 13 5 -24 -5 -34 -26 -1 -11 -4 1 -11 3 0 1 2 0 1 2 
less meat demand 2 2 -5 -12 -29 -19 -2 -9 -4 0 -1 0 0 1 1 0 1 1 
less pop. growth -4 -8 -29 -23 -44 -37 -23 -26 -22 -28 -30 -23 -27 -23 -21 -29 -26 -21 
less econ. growth -6 -23 -32 -25 -64 -56 -14 -27 -21 -13 -34 -15 -14 -16 -19 -14 -15 -21 
less all -13 -41 -52 -46 -92 -85 -34 -57 -43 -37 -57 -34 -38 -39 -36 -38 -35 -40 

sum of independent effects 7 -30 -107 -74 -204 -158 -42 -96 -61 -40 -79 -38 -41 -43 -38 -42 -38 -42 

more trade 0 2 8 2 7 10 1 14 12 -1 -2 4 4 20 3 -2 -2 6 
more clim. imp. crops 3 13 8 -2 -1 0 0 2 1 0 1 -1 0 -1 -1 0 0 -1 
more clim. imp crops&livest. 1 8 16 15 63 27 3 21 5 0 2 -1 -1 -4 -3 -1 -2 -3 
more yield constraint -10 -3 32 3 39 23 1 14 6 -3 6 -3 0 -2 -2 0 -1 -3 
more meat demand -1 -1 5 9 28 20 2 9 4 0 -1 1 0 -1 -1 0 -1 -1 
more pop. growth 4 7 44 26 65 48 29 35 28 37 47 28 36 30 25 37 32 23 
more econ. growth 7 36 78 54 222 143 21 58 38 15 61 22 16 18 27 16 16 30 
more all 1 81 215 55 520 341 69 279 131 47 97 85 57 59 49 57 43 46 

sum of independent effects 0 50 183 109 423 270 57 151 93 48 115 51 55 62 49 51 42 52 
                                      

  Energy Refined Oil Electricity Services Construction Transportation 

  Output Export Import Output Export Import Output Export Import Output Export Import Output Export Import Output Export Import 

less trade 0 1 -1 -1 -2 -2 0 0 0 0 1 -2 1 3 0 0 1 0 
less clim. imp. crops 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 
less clim. imp crops&livest. 1 2 3 -1 1 1 0 1 0 0 2 -1 0 2 0 0 3 1 
less yield constraint 1 3 4 -1 2 2 0 1 0 0 2 -1 0 3 0 0 4 1 
less meat demand 0 1 2 0 1 1 0 1 0 0 1 0 0 2 0 0 2 1 
less pop. growth -16 -31 -26 -15 -24 -25 -11 -38 -38 -24 -19 -16 -31 -30 -10 -25 -22 -21 
less econ. growth -13 -26 -22 -6 -18 -18 -7 -24 -20 -14 -9 -21 -13 -11 -8 -13 -10 -20 
less all -25 -46 -42 -16 -39 -37 -17 -50 -48 -35 -24 -33 -40 -34 -15 -34 -27 -36 

sum of independent effects -27 -50 -40 -23 -40 -40 -18 -58 -57 -38 -22 -41 -44 -31 -18 -37 -22 -38 

more trade 0 -2 0 1 1 1 0 0 1 0 -4 1 -1 -5 -1 0 -4 2 
more clim. imp. crops 0 -1 -1 0 -1 -1 0 0 0 0 -1 0 0 -1 0 0 -1 1 
more clim. imp crops&livest. -1 -4 -4 1 -3 -3 0 -1 -1 0 -3 -1 0 -5 -1 -1 -6 0 
more yield constraint -1 -4 -5 1 -3 -3 0 -2 -1 0 -2 0 0 -4 -1 0 -4 1 
more meat demand 0 -1 -2 0 -1 -1 0 0 0 0 -1 -1 0 -2 0 0 -2 1 
more pop. growth 20 40 35 17 35 33 27 36 36 32 23 20 43 38 11 32 25 31 
more econ. growth 16 36 32 6 28 26 14 20 18 16 3 38 15 5 10 13 0 44 
more all 31 54 43 31 52 46 47 51 53 53 14 60 64 12 25 43 -7 95 

sum of independent effects 33 65 57 26 57 52 41 53 54 48 15 57 57 27 19 43 9 79 
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Table 3. Regions, sectors and primary factor inputs.  

Regions Sectors Primary Factor Inputs 

United States Africa  Rice Coal 

D
e
p
le

ta
b
le

 

N
a
tu

ra
l 
C

a
p
it
a
l 

  Conventional Oil Resources 

Canada Middle East  Maize Crude Oil   Shale Oil 

Mexico Latin America  Soybean Refined Oil   Conventional Gas Resources 

JAPAN  Rest of Asia Wheat Gas   Unconventional Gas Resources 

Australia & New Zealand  Sugar Crops Electricity   Coal Resources 

Europe   Vegetables & Fruits Non-Metallic Minerals 

R
e
n
e
w

a
b

le
 

N
a
tu

ra
l 

C
a
p
it
a
l 

  Natural Forest 

Eastern Europe   Fiber plants Iron & Steel   Natural Grasslands 

Russia    Other crops Non-Ferrous Metals   Solar and Wind Resources 

East Asia   Bovine Cattle Other Energy-intensive Industries   Hydro Resources 

South Korea    Poultry and Pork Other Industries 

P
ro

d
u
c
e

d
 

C
a
p
it
a
l 

  Conventional Capital (Bldgs & Mach.)  

Indonesia   Other Livestock Construction   Cropland 

China    Forestry Other Services   Pasture and Grazing Land 

India   Wood Products Transport   Managed Forest Land 

Brazil    Food Products Ownership of dwellings   Labor 
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