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Executive Summary
Economics models used by California, the Environmental Protection Agency, and the EU
Commission all predict significant emissions from conversion of land from forest and
pasture to cropland in response to increased biofuel production. The models attribute all
supply response not captured by increased crop yields to land use conversion on the
extensive margin. The dramatic increase in agricultural commodity prices since the mid2000s seems ideally suited to test the reliability of these models by comparing actual land
use changes that have occurred since the price increase to model predictions. Countrylevel data from FAOSTAT were used to measure land use changes. To smooth annual
variations, changes in land use were measured as the change in average use across 2004
to 2006 compared to average use across 2010 to 2012. Separate measurements were made
of changes in land use at the extensive margin, which involves bringing new land into
agriculture, and changes in land use at the intensive margin, which includes increased
double cropping, a reduction in unharvested land, a reduction in fallow land, and a
reduction in temporary or mowed pasture. Changes in yield per harvested hectare were
not considered in this study. Significant findings include:
• In most countries harvested area is a poor indicator of extensive land use.
• Most of the change in extensive land use change occurred in African countries.
Most of the extensive land use change in African countries cannot be attributed to
higher world prices because transmission of world price changes to most rural African markets is quite low.
• Outside of African countries, 15 times more land use change occurred at the intensive margin than at the extensive margin. Economic models used to measure
land use change do not capture intensive margin land use changes so they will
tend to overstate land use change at the extensive margin and resulting emissions.
• Non-African countries with significant extensive land use changes include Argentina, Indonesia, Brazil, and other Southeast Asian countries.
• Given the lack of a definitive counterfactual, it is not possible to judge the consistency of model predictions of land use to what actually happened in each
country. Some indirect findings are that model predictions of land use change in
Brazil are too high relative to other South American countries; and model predictions of increasing extensive land use that are larger than what actually occurred
are consistent with actual land use changes only if cropland was kept from going
out of production rather than being converted from forest or pasture.
The contribution of this study is to confirm that the primary land use change response
of the world's farmers from 2004 to 2012 has been to use available land resources
more efficiently rather than to expand the amount of land brought into production.
This finding is not necessarily new and it is consistent with the literature that shows
the value of waiting before investing in land conversion projects; however, this finding has not been recognized by regulators who calculate indirect land use. Our
conclusion that intensification of agricultural production has dominated supply response in most of the world does not rely on higher yields in terms of production per
hectare harvested. Any increase in yields in response to higher prices would be an
additional intensive response.

Using Recent Land Use Changes to Validate
Land Use Change Models

In the mid-2000s prices for major agricultural commodities began a long, sustained increase. Prices increased dramatically due to growth in demand for food and biofuel
producers, underinvestment in agricultural infrastructure and technology, and poor growing
conditions in major producing regions. Figure 1 shows the percent change in inflationadjusted prices received by US producers for corn, soybeans, wheat, and rice relative to the
previous five-year average. 1 The predominance of negative changes shows that since 1960
average real prices for these commodities have dropped. These figures show that the
commodity price boom in the early 1970s resulted in the largest increase in real prices, but
the recent increase in prices since 2006 resulted in the longest sustained increase, especially
for corn and soybeans. For wheat and rice, real prices increased sharply in the mid-2000s
and have stayed high even though the year-over-year increases were not as long lasting as
for corn and soybeans. The magnitude of these real price increases after such a prolonged
and sustained period of flat or falling prices presents a unique opportunity to quantify how
world agriculture responds to incentives to produce more.
The United States, California, and the EU have enacted regulations based in part on
model predictions of agricultural supply response to price increases induced by increased
biofuel production. The model predictions of land use changes are called indirect land use
changes because the predicted changes are due to a modeled response to higher market
prices rather than a direct response to the need to grow more feedstock for biofuel
production. Thus, for example, the corn used to produce corn ethanol in the United States
was met by US corn production; however, the diversion of corn from other uses increased
corn prices and crop prices of other commodities that compete with corn for market share
and land. Because corn and other commodities are traded on world markets, prices in
other countries also increase. The response in the US and in other countries to these
higher prices is what the models measure.

1

Prices are average annual prices received by US farmers adjusted by the US CPI.
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Figure 1. Deviations in Real US Commodity Price Levels from Lagged Five-Year
Average Measuring World Land Use Changes
Some portion of the higher prices since the mid-2000s was caused by increased biofuel production. For example, Fabiosa and Babcock (2011) estimate that 36% of the corn
price increase from 2006 to 2009 was due to expanded ethanol production. Carter,
Rausser, and Smith (2010) estimate that 34% of the corn price increase between 2006 and
2012 was due to the US corn ethanol mandate. This implies that a portion of the actual
response of land use since this price increase is due to US ethanol production. Other
factors such as crop shortfalls and other sources of increased demand account for the rest
of the price increase.
Because indirect land use is a response to higher market prices, model predictions of
land use change should be similar whether the higher prices came from increased biofuel
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production, increased world demand for beef, or from a drought that decreased supply in
one or more major producing areas. This implies that the pattern of actual land use
changes that we have seen since the mid-2000s should be useful to determine the reliability and accuracy of the models that have been used to measure indirect land use. The
purpose of this paper is to look at what has happened over approximately the last 10 years
in terms of land use changes and to determine whether and how these historical changes
can provide insight into the reliability of model-predicted changes in land use. We
address the following questions in this paper:
• How has cropland changed around the world in approximately the
last 10 years?
• What were the major drivers of observed land use changes?
• When can actual land use changes be compared with model predictions?
• What can be said about the types of land that were actually converted?

How Has Harvested Area Changed Since 2004?
The most complete source of data on annual cropland is from the Statistics Division
of FAO (FAOSTAT), which measures annual harvested area by crop and country.
These data have been widely used to measure the impact of biofuel production on
expansion of land used in agriculture (Roberts and Schlenker 2013) and to calibrate
the land cover change parameter in the GTAP model (Taheripour and Tyner 2013).
Figure 2 shows the change in harvested land according to FAO. The data are
smoothed by calculating the change in harvested area as the average in 2010, 2011,
and 2012 minus the average in 2004, 2005, and 2006. The earlier period measures
harvested area before the large increase in price. The later period represents harvested area after prices had increased substantially. India, China, Africa, Indonesia
and Brazil had the largest increase in harvested land. These data seem to suggest
that these countries had the largest increase in land conversion; however, harvested
land is not equal to planted land. Harvested land will deviate from planted land
when a portion of planted land is not harvested and when a portion of land is double
or triple cropped.

4 / Using Recent Land Use Changes to Validate Land Use Change Models

Figure 2. Change in Harvested Land 2010–2012 Average Minus 2004–2006 Average
and Country’s Share of Total World Change
Source: FAOSTAT

Suppose that a portion of land that is planted to a first crop is not harvested and that a
portion of first crop land that is harvested in a country is double-cropped, which simply
means that a second crop is planted on land that was already planted to a crop in the same
year. 2 By definition, total harvested land, H, equals total harvested land from the first
crop, H1, plus total harvested land from the second crop, H2. Total harvested land from
the first crop equals total land planted to the first crop, P1 minus land that was planted but
not harvested, a1. Thus we have in any year t

P1,t =H t − H 2,t + a1,t

2

Throughout this article land the phrase double crop should be interpreted as two or more crops being
grown on a single parcel of land.
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For the purpose of greenhouse gas emissions from land use changes, it is most relevant to calculate the change in planted area between two time periods t = T and t = 0.
Thus, we have

P1,T − P1,0 = ( H T − H 0 ) − (H 2,T − H 2,0 ) + ( a1,T − a1,0 )
If second crop acreage has increased over time, then use of FAO data on total harvested land overstates land use change by this amount. If the change in first crop land that
is not harvested also increases over time, then at least some portion of this upward bias in
measuring land use change is overcome. If, instead, the amount of unharvested land has
decreased over time then the upward bias is increased. A more in-depth examination of
data available for a few countries gives insight into the extent to which use of FAO
harvested area data provides a good indication of land use changes.
United States

Figure 3 illustrates that reliance on harvested area as an indicator of land use change can
lead to a large bias, and shows annual changes in harvested and planted land to corn in

Figure 3. Annual Change in Harvested and Planted Corn Land in the United States
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the United States from 2011 to 2013. A widespread drought in the United States resulted in
an increase in the amount of planted land that was not harvested. Thus in 2012, use of
harvested land to measure land use change understates land use change, whereas in 2013, it
overstates land use change. Taking average changes over some time period will reduce the
impact of an outlier like 2012, but it will not eliminate it. Thus, use of 2012 harvested data in
the United States will tend to understate land use change relative to an earlier period and
overstate it relative to a later period. Because data on US planted land is available from
USDA’s National Agricultural Statistics Service, it makes much more sense to use these data
rather than FAO harvested land data.
Brazil

Brazil is another country that collects data on both harvested and planted land. 3 In addition,
Brazil collects data on land that is double cropped. Figure 4 shows total harvested land and
total harvested land from double cropped land. The axes have been set to the same scale to
show that a large proportion of the increase in Brazilian harvested land is a result of
increased double cropping. The change in total harvested land from 2004–2012 is 5.4

Figure 4. Brazil Harvested Land Data
3Brazilian

IBGE data is available at http://www.sidra.ibge.gov.br/bda/pesquisas/pam/default.asp?o=27&i=P
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million hectares. The change in double cropped land is 4.1 million hectares. Thus, more
efficient use of land accounts for 76% of the change in harvested land in Figure 4.
India

Figure 2 shows that India increased harvested area by 6.8% from 2004–2006 to 2010–
2012 which is 12.4 million hectares. Given India’s long agricultural history it seems
unlikely that so much land would be suitable for conversion to crops in such a relatively
short time. India collects data on both planted and harvested land as well as double
cropped land (India Ministry of Agriculture). Figure 5 shows that the variation in multiple crop area explains most of the variation in total planted area, which includes double
cropped area. Subtracting double cropped area from total planted area shows that net
planted area decreased by 147,000 hectares between 2004–2006 and 2010–2012. What
then accounts for the increase in harvested area? Figure 6 shows that the proportion of
planted area that is harvested has increased dramatically over this time period. An examination of previous years’ data shows that the wide gap between planted and harvested

Figure 5. Total Planted and Multiple Crop Area in India
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Figure 6. Total Planted and Harvested Area in India
area shown in Figure 6 from 2004 to 2006 was typical. For example, the 2004–2006 gap
averages 10.6 million hectares, and the gap from 1992 to 2000 averages 10.4 million
hectares. The average gap in 2010 and 2012 is 3.4 million hectares. Thus, an increase in
double cropped area accounts for about 3.5 million hectares of the increase in harvested
area, and a decrease in non-harvested area accounts for another 7 million hectares. Thus,
all of the increase is harvested area is accounted for by intensification of land use. One
reason why non-harvested area has increased so much is the 6 million hectare increase in
irrigated area from 2004 to 2011. More irrigation allows a greater proportion of planted
area to grow to maturity, thereby making it worth harvesting. In addition, India increased
support prices and input subsidies in the mid-2000s to combat stagnant growth in the
agricultural sector. These actions, combined with the expansion of irrigation, increased
the opportunity cost of not harvesting land.
China

FAO harvested area data shows an increase of 8% from 160 million hectares to 173 million
hectares from 2004–2006 to 2010–2012. Figure 2 in Cui and Kattumuri (2012) shows that
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total cultivated land in China dropped from about 130 to about 122 million hectares from
1996 to 2008. The four reasons cited for the loss of agricultural land are urbanization, natural
disasters, ecological restoration, and agricultural structural adjustment, with restoration and
urbanization accounting for about 80% of losses. Cui and Kattumuri (2012) claim that the
loss of agricultural land slowed down in 2004 and 2005 only because of “…stringent land
protection policies” (p. 14). Based on this conclusion, it seems that economic forces in China
were trying to reduce cultivated land, not increase it, in the mid-2000s. If correct, then it
seems highly unlikely that a significant portion of the increase in harvested area was caused
by an increase in the amount of land cultivated. If both FAO harvested area data and data
used by Cui and Kattumuri (2012) are correct, then at least 38 million hectares of harvested
area came from double cropped land in 2004–2006 and 51 million hectares of harvested area
came from double cropped areas in 2010–2012.
Sub-Saharan African Countries

Figure 2 shows that sub-Saharan African countries have been large contributors to
increases in harvested land. With some exceptions, much of African crop production is
carried out by small-scale producers without use of modern technologies. While differences exist between countries, typically most production is consumed domestically and
most commercial trade occurs between adjoining African countries (Minot 2010). SubSaharan African countries account for 34 of the top 50 countries in the UN data base in
terms of population growth rates in 2010. 4 The average population growth rates for these
34 countries in 2010 was 2.93%. Leliveld et al. (2013) show that food production in
Tanzania has just about matched population growth and that almost all of the food
production increase has been due to an increase in the amount of land planted. Although
it is possible to plant more than one crop in many African countries by developing
shorter-season varieties and better management (Ajeigle et al. 2010), a lack of access to
technology and capital is one defining characteristic of traditional agriculture in subSaharan Africa, so there is no evidence that double cropping is widely adopted. Thus, the
change in harvested land shown in Figure 2 for African countries is likely a better measure of the change in planted land than in other countries.
4

Population growth rates are available at
http://data.worldbank.org/indicator/SP.POP.GROW/countries?display=default

10 / Using Recent Land Use Changes to Validate Land Use Change Models

Indonesia

Figure 7 shows the change in area harvested from 2004–2006 to 2010–2012 for the top
eight crops and for all other crops in Indonesia according to FAOSTAT. As shown most
of the expansion has occurred in rice and palm oil fruit. Because perennial crops do not
generally produce more than one crop per year, the extent to which FAO harvested land
data overstates the change in planted land is limited. Adding the change in harvested land
of palm, rubber, coffee, coconuts, and cocoa together accounts for 54% of the change in
harvested area. According to USDA-FAS (2012) the availability of suitable rice-growing
land is severely restricted in Indonesia. Most of the increase in harvested rice area that
has been achieved has come about from investment in irrigation facilities that allow two
or three crops of rice to be planted on the same land rather than a single crop. The extent
to which intensification explains the 1.4 million hectare increase in rice harvested area
shown in Indonesia cannot be determined by harvested area data alone. However, given
that Indonesia is one of the world’s most densely populated countries, and 1.4 million
hectares represents a 12% increase in harvested production, it is unlikely that a significant
portion of this 1.4 million hectares is new land. According to USDA-FAS (2012) about

Figure 7. Change in Harvested Area by Crop for Indonesia as Reported by FAO
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50% of Indonesian rice area grew rice in both the rainy and dry seasons in 2011, which
implies that there is significant room for harvested area growth with greater irrigation.
Thus it is likely that most of the increased rice area in Indonesia is accounted for by
increased double and triple cropping.
Swastika et al. (2004) explain that most corn production in Indonesia is grown on
land that produces two crops. Corn is typically grown with tobacco, cassava, another corn
crop, or sometimes with rice. Given land constraints in Indonesia and the significant
expansion of palm oil production, which has been accomplished by converting forestland
and cropland (Susanti and Burgers 2013; Koh and Wilcove 2008), it is likely that a
significant portion of the corn production increase came about by increasing double
cropped area.

An Alternative Measure of Land Use Change
Use of harvested area to measure land use change can lead to a large bias in estimates of
how much land has been converted to crops from other uses. While this may be an
obvious point, it is too often missed in analysis of land use changes. Reliable countryspecific data, such as in the United States, that can measure the change in net planted area
should be used when available. Where it is not available, land cover data can be used. For
global coverage FAOSTAT data on arable land and land planted to permanent crops are
available. The FAO definition of arable land is “the land under temporary agricultural
crops (multiple-cropped areas are counted only once), temporary meadows for mowing or
pasture, land under market and kitchen gardens, and land temporarily fallow (less than
five years). The abandoned land resulting from shifting cultivation is not included in this
category.” 5 This definition is different than the common meaning of arable land—land
that is capable of producing a crop rather than land that is actually in crop production.
Adding FAO’s measure of arable land to land that is in permanent crop provides a
measure of land use that is appropriate to use in determining the amount of new land that
has been brought into production. Figure 8 reproduces Figure 2 using this measure with
the exception of the United States, for which USDA’s NASS planted area data is used.
For the United States, total planted area of principal field crops minus double crop area is
5

http://faostat.fao.org/site/375/default.aspx
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used instead of FAOSTAT data because FAOSTAT reports a 9 million hectare loss in
total cropland because of a sharp reduction in temporary pasture.
The implications of Figure 8 are strikingly different than Figure 2. Furthermore the
Figure 8 data is much more consistent with the country-specific data in China, India,
Brazil, Indonesia, and Africa. Figure 8 data suggest that the net change in global cropland
over this period is 24 million hectares. African countries increased cropland by 20 million
hectares. Other countries with more than a million-hectare increase include Argentina,
Indonesia, Brazil, Rest of Southeast Asia, Rest of South Asia, and South and Other
Americas. Countries with significant reductions in cropland include the EU, Canada,
China, Russia, and South Africa.

Figure 8. Change in Arable Land Plus Permanent Crops: 2004–2006 to 2010–2012
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The data in Figures 2 and 8 can be used to determine the relative importance of land
use changes at the intensive and extensive margin. Intensive margin changes are changes
in double cropped area and a reduction in land that is available to plant but that is not
harvested. The total change in harvested area in Figure 2 is the sum of extensive changes
and intensive changes to land use. Thus, intensive changes equal the total change in
harvested area from Figure 2 minus the changes in cropland given in Figure 8. 6 Both
intensive and extensive changes are shown in Figure 9. Countries are sorted from the left
according to their level of extensive acreage changes.
Most of the change in land use in African countries and Argentina is at the extensive
margin. Most or all of the response in the developed world, India, China, South Africa, and
the rest of Asia is at the intensive margin. The response in Indonesia and Brazil is mixed.

Major Drivers of Recent Land Use Changes
Broadly speaking, the land use changes shown in Figure 9 are consistent with a model of
the world in which countries that have available land to convert to agriculture will have
relatively more extensive land use change than countries that have long histories of
agricultural development and limitations on available land. Thus, one major driver of
recent land use changes is the availability of land to convert to agriculture. Most developed countries, along with China and India, have little land available, however, countries
in Africa and South America have abundant land resources. There are striking differences, however, in land use indicated by Figure 9 that must be due to other drivers.
Growing demand for soybean imports was a major driver of land use decisions in
Argentina, Brazil and the United States. The increased demand for soybeans resulted
mainly from China’s decision to meet its domestic needs for soybeans through imports
rather than domestic production. This decision freed up resources in China to devote to
production of other commodities and led to much higher soybean area in Argentina,
Brazil, and the United States. Higher demand for high-protein foods in China and other
developing countries increased the demand for soybean meal.

6One

other use of this measure as an indicator of the amount of land that is used in agriculture is OECDFAO (2014) when total agricultural land is discussed.
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Figure 9. Extensive and Intensive Land Use Changes: 2004–2006 to 2010–2012
Increased demand for vegetable oils for food production, cooking, and biodiesel increased the demand for soybean oil.
Brazil responded to this increased soybean demand by expanding soybean area, however, a second crop of corn was planted on a good portion of expanded soybean acreage.
This expansion in double cropping reduced the amount of corn area planted to the first crop
of corn. Thus, Brazil expanded at both the extensive and intensive land use margins.
Argentina also expanded soybean area, but it did so at the extensive margin rather
than by intensifying land use. The prime soybean production areas in Argentina are
farther south than in Brazil, which shortens the time period available for double cropping.
However, a second crop of soybeans can be planted in Argentina after winter wheat is
harvested in December. One explanation for a lack of intensification is that Argentine
area planted to wheat has declined from about 6 million hectares in 2005 to 3.6 million
hectares in 2012. This decline simply means that there is less land available for double
cropping soybeans after wheat. Therefore, if soybean area needs to increase, less wheat
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land means less land available for double cropping, thus, soybean first crop area by
definition must increase. The decline in wheat area has been mainly driven by government policy interventions in the form of export taxes and export subsidies that were
implemented in a way that favored soybeans over corn and wheat (Nogues 2011). This
suggests that government policy is what caused a lack of an intensive land use response
in Argentina, in contrast to the significant intensive response shown in Figure 9 in Brazil
and other South American countries.
As discussed, Indonesian expansion of palm production was accomplished at least in
part at the extensive margin. This expansion resulted from increased investment drawn to
the industry due to higher profit margins caused by higher prices and higher yields. The
higher prices resulted from an overall increase in demand for vegetable oil, driven by
increased demand for food production, cooking oil, biodiesel, and other uses. The data
show that Indonesian expansion of rice and corn harvested area was done at the intensive
margin because the area devoted to perennial crops in Figure 7 is greater than the total
extensive expansion shown in Figure 9.
Sugarcane and soybeans account for nearly all of the land expansion in Brazil. Increased sugarcane production was used to meet growing demand for sugar and to meet
growing domestic demand for ethanol. The number of flex vehicles in Brazil grew by 20
million from 2005 to 2012. If all of these vehicles used ethanol, Brazilian consumption of
ethanol in 2012 would have exceeded 24 billion liters just from these vehicles, and
additional consumption would have come from the 15 million gasoline vehicles in Brazil.
Actual consumption in Brazil was about 18 billion liters. 7 These figures demonstrate that
the growth in sugarcane area was primarily driven by the Brazilian government policy
that increased the sales of flex vehicles in Brazil. The expansion in Brazilian soybean
area was driven by increased world demand for soybean imports, which was mainly
driven by China, as previously discussed. The ability to plant a second crop of corn after
soybean due to adoption of shorter-season soybeans and agronomic advances reduced the
amount of new land that was needed to accommodate this expansion.

7

All figures on Brazilian vehicle numbers and ethanol consumption were obtained from UNICA:
http://www.unicadata.com.br/?idioma=2
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In China, India, and most of the developed world, agricultural land resources are limited. Limited land resources means that expansion at the extensive margin is costly
relative to expansion at the intensive margin. Thus, we see a large response in both China
and India at the intensive margin rather than the extensive margin. Cui and Kattumuri
(2012) argue that Chinese intensification would have been even greater but for the
government policy objective of maintaining a minimum of 120 million hectares of land in
agriculture. India’s intensification was facilitated by government investment in irrigation
facilities and price subsidies that increased agricultural profitability (OECO-FAO 2014).
The lack of a large extensive response in Ukraine, Russia, and other FSU countries is
somewhat surprising given the availability of land. The lack of response at the extensive
margin could be due to a lack of investment in the agricultural sectors of these countries.
How much of the changes in land use shown in Figure 9 can be attributed to high commodity prices cannot be known precisely without observing an alternative history in which
the run-up in commodity prices did not occur. Economic theory suggests that some portion of
the changes in Figure 9 came about because of high prices in those countries where high
world prices were transmitted to farmers. However, some of the changes in land use would
have occurred even if prices had remained constant at their 2004–2006 levels.
The extent to which extensive expansion in African countries was caused by high
world prices is likely small for the simple reason that higher world prices were not
transmitted to growers in many African countries. Minot (2010) concludes that domestic grain prices in Tanzania bear little relationship to world prices. In a more complete
study, Minot (2011) studies price transmission in multiple markets in Ethiopia, Ghana,
Uganda, Zambia, Mozambique, Tanzania, Kenya, South Africa, and Malawi. Of the 62
markets studied, he found that only 13 showed a statistically significant long-run
relationship with world prices. He found some evidence of a linkage in large urban
centers and in coastal markets, which is consistent with markets in cities and in coastal
ports being more integrated with world markets. However, given his overall findings,
these limited linkages to world prices did not find their way through to rural areas
where most crops are grown. With such weak evidence supporting price transmission to
rural areas one can conclude that the main driver of land expansion in many African
countries was not higher world prices.
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Empirical Measures of Land Use Changes
Aggregating land use changes across all countries, the aggregate world extensive change
was a net increase of 24 million hectares from 2004–2006 to 2010–2012. The aggregate
world intensive land use change was 49.1 million hectares. Thus, across all countries,
more intensive use of existing land was double the change from more extensive use of
land. Outside of African countries, the aggregate intensive change in land use was almost
15 times as large as extensive changes. This wide disparity between more intensive use of
land and more extensive use means that the reliability of current models used to estimate
indirect would be dramatically increased if they were modified to account for non-yield
intensification of land use.
The recent historical changes in land use can provide some guidance about the effect
of dramatically higher prices on land use change over an eight-year period. An estimate
of the amount of extensive land use change that can be attributed to higher commodity
prices can be made under fairly restrictive assumptions.
First is assuming that land use change at the extensive margin due to high prices is
zero in those countries or regions in Figure 9 that had negative extensive changes. This
assumption implies that the forces that caused countries to lose agricultural land during
this time would have caused the same amount of loss even without the high prices.
Clearly, it would seem that at least some land in these countries was kept in production
from the high prices, so this assumption understates land use change at the extensive
margin. From a greenhouse gas perspective, this assumption is equivalent to saying that
the net amount of carbon sequestration that would have occurred on land that was kept in
production by high prices in these countries is negligible.
Second is assuming that all the extensive margin changes in Figure 9 in countries
and regions that have positive changes are due to high world prices. This too is an
extreme assumption because some land would have been brought into production even if
commodity prices had not increased. Thus this assumption overstates the response of land
use at the extensive margin.
If we include extensive changes in Africa, then world extensive land use changes
equals 41.2 million hectares, which represents a 2.68% increase over the average level of
land in production in 2004–2006. If we assume that the extensive land use changes in

18 / Using Recent Land Use Changes to Validate Land Use Change Models

Africa were primarily caused by internal domestic food demand from growing populations and income, and they would have occurred even without high world commodity
prices, then the extensive land use increase equals 20.7 million hectares or 1.35%.
It is instructive here to make a rough estimate of the response of the world extensive margin to aggregate higher commodity prices. The average real prices of corn,
soybeans, wheat, and rice received by US farmers increased by 123%, 85%, 59%, and
47% respectively in 2010–2012 relative to 2004–2006. A simple average of these price
increases is 78%. With this real price increase, the elasticity of the world extensive
margin is 0.034 if African extensive response is included, and 0.017 if the African
extensive response is not included.
Similarly, if the intensive response in countries and regions where the response is
negative is set to zero, then the aggregate intensive response to high prices is 49.1
million hectares if we attribute all the intensive response to higher prices. Without the
African country response, the aggregate response is 47.2 million hectares. The resulting elasticities of intensive response are 0.041 and 0.039. Thus, if we attribute all the
African extensive land use changes to high prices, then the world intensive elasticity
is 19% higher than the extensive elasticity. If none of the African response is attributed to higher prices than the non-African intensive elasticity is almost three times as
great as the extensive response.
These rough estimates demonstrate that the primary land use change response of the
world’s farmers in the last 10 years has been to use available land resources more efficiently rather than to expand the amount of land brought into production. This finding is
not new and is consistent with the literature that finds significant option value in waiting
to convert land (Song et al. 2011). OECD-FAO (2009) recognized that intensive land use
change has been the driving force behind higher production levels, however, this finding
has not been recognized by regulators who calculate indirect land use. Note that our
measure of more efficient land use does not include higher yields in terms of production
per hectare harvested. Any increase in yields would be an additional intensive response.
Rather the intensive response measured here is due to increased multiple cropped area, a
reduction in unharvested planted area, a reduction in fallow land, and a reduction in
temporary pasture. Because greenhouse gas emissions associated with an intensive
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response are much lower than emissions caused by land conversions (Burney, Davis, and
Lobell 2010), ignoring this intensive response overstates estimates of emissions associated with land use change because most of the land use change that has occurred is at the
intensive rather than extensive margin.

Comparison of Actual Land Use Changes with Model Predictions
Model predictions of land use change from increased biofuel production are conceptually
appealing. This is because the effects of higher biofuel production on land use are measured in isolation—the effects of everything else that influences agriculture are held
constant. Thus, the effects of biofuel production alone can, at least conceptually, be
measured. The way that the models assume increased production impacts land use is
through higher prices. Thus, if the actual changes in land use in Figure 9 were the result
of a response to the large increase in commodity prices that actually occurred, then it
seems reasonable to compare model predictions to the actual changes that occurred.
However reasonable this seems, we simply do not know with certainty what land use
changes would have occurred without the increase in commodity prices. What needs to
be compared to model predictions is the difference in land use with the commodity price
increase relative to what it would have been without the commodity price increase.
What information then can be gleaned from a comparison of model predictions with
actual changes? At one extreme, if none of the observed changes in extensive land use
were the result of high prices, then we know that indirect land use is not empirically
important because land use changes are caused by other forces. At the other extreme, if
extensive land use would have stayed constant at base period levels if prices had not
increased then all of the observed changes resulted from high prices. In this case it would
be valid to judge the accuracy of model predictions with observed changes, because both
would be caused by price responses. Reality likely falls somewhere in between these two
extremes in that land use in 2012 would have been different than in 2004 even without
the price increase, and that at least some portion of the observed changes we see can be
attributed to higher prices. Taheripour and Tyner (2013) use observed land use changes
as a guide to selection of a key model parameter in GTAP in an attempt to reconcile
model predictions with observed changes. Hence, they assume that observed changes in
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land use are a useful guide to determine how the GTAP model should predict how land
use changes in response to a change in commodity prices.
The two most widely used international models used in the United States to predict
land use changes associated with increased biofuel production are GTAP and FAPRI
(Gohin 2014). Both models allowed crop yields to respond to higher prices, and neither
model allowed land use intensity, as measured here, to increase. Given that the primary
way that non-African countries have increased effective agricultural land was through
intensification, both models have an upward bias in their predictions of land use change
at the extensive margin in non-African countries. 8
Figure 10 shows the predicted increases in cropland from the FAPRI model that was
used by the Environmental Protection Agency to determine greenhouse gas emissions

Figure 10. Predicted Land Use Change in EPA “All Biofuel” Scenario: Hectares and
Share of World Total

8

One way that production per unit of agricultural land can increase in the GTAP model is through its yield
elasticity, therefore at least some of the upward bias in GTAP’s prediction of extensive land use changes is
offset by using a yield elasticity value that is higher than can be supported empirically.
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associated with land use changes from increased biofuels. What is illustrated is the
difference between EPA’s “Control Case” that includes levels of biofuels in the RFS and
EPA’s “AEO Reference Case,” which contains lower levels of biofuels (EPA 2010). This
scenario simulated increases in many different biofuels including biodiesel made from
vegetable oil and waste greases, corn ethanol, sugarcane ethanol, and cellulosic ethanol.
How these land use changes were calculated is that the FAPRI predictions of land use in
the AEO Reference Case were subtracted from the predictions in the Control Case. The
total predicted world change in land use is 1.45 million hectares.
What is striking about Figure 10 is the concentration of predicted land use change in
Brazil and the United States. These two countries account for almost 75% of the total
predicted change in land use, with Brazil alone accounting for more than half of all
change in the world at the extensive margin. In the AEO Reference Case total cropland in
Brazil is increasing, thus the predicted increase in area must come from conversion of
land that would have been devoted to other uses.
The first valid comparison that can be made between the CARD-FAPRI model prediction and what actually occurred is that the predicted land use change in Brazil due to
higher prices is far too high relative to land use changes that actually occurred at the
extensive margin in Argentina and other South American countries. As shown in Figure 9
Argentina and other South American countries together increased land use at the extensive margin by almost four times as much as did Brazil. The CARD-FAPRI model results
used by EPA predicted almost no land use change in Argentina and other South American countries due to higher prices. It is notable that the CARD-FAPRI model predicted
that growth in Brazil cropland from 2002 to 2009 would be about 9.1 million hectares,
whereas Argentina’s growth would be 3.7 million hectares in the Reference Case. Thus,
the larger increase in agricultural area in Argentina that actually occurred cannot be
attributed to the model being right about predicting a larger baseline increase in Argentina than in Brazil. The first conclusion one can draw from this comparison is that the
CARD-FAPRI model dramatically over-predicted land use change in Brazil relative to
Argentina and other South American countries.
The CARD-FAPRI prediction that the United States would account for about 18% of
the world’s increase in extensive land use seems inconsistent with the large changes that
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occurred in African countries and Argentina. The only way that the US land use prediction
is consistent with the historical record is if cropland in the United States would have
dropped by a large amount in the absence of the large price increase. The CARD-FAPRI
model predicted that US crop area would decline in both the Reference and Control Cases.
The CARD-FAPRI model includes some South African production and a limited
number of other crops in a limited number of African countries. The CARD-FAPRI
model implicitly assumes that most of African agricultural production of major crops is
isolated from world markets. As discussed above if this isolation is in fact a correct
characterization of African agriculture, then the large land use changes in African countries shown in Figure 9 would have occurred even without the high commodity prices.
The only other conclusion that can be drawn regarding African countries is that the
CARD-FAPRI model underpredicts land use changes there to the extent that land use in
African countries responded to world prices.
The commodity price increases that led to the Figure 10 predicted changes in land
use were a 3.1% increase in corn prices and a 0.8% increase in soybean prices. These
simulated price changes are dwarfed by the actual price changes that have occurred as
shown in Figure 1. The FAPRI model prediction of a small increase in extensive land use
in Japan and the EU due to small changes in price seems inconsistent with the fact that
land use in Japan has been largely unchanged over the last 10 years and the EU has
experienced a decline in land use. Again, it is not possible to know the extent to which a
small increase in world commodity prices would have kept a small amount of land in
production in the EU.
The small model-predicted change in Indonesia in extensive land use is generally consistent with observed changes if we assume that no changes would have occurred except for
the higher market prices that actually occurred and not from government development
priorities.
Figure 11 shows predicted land use changes by the GTAP model. 9 GTAP predicts
that 38% of land use changes occur in the United States. As discussed, although

9

GTAP model predictions of land use changes associated with biofuels vary across publications. Figure 11
land use change predictions were taken from Hertel et al. (2009) which were published about the same time
that California’s Air Resources Board was making their determination of greenhouse gas emissions from
land use change that relied on GTAP model predictions. For the purposes of this paper, we assume that the
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Figure 11. GTAP Predictions of Indirect Land Use Change from Corn Ethanol
Source: Hertel et al. (2009)
this seems like a large over-prediction of the US contribution, it is not possible to say this
prediction is inconsistent with the recent historical data given that we cannot observe
what land use would have been without the price increase. However, for this prediction to
be true, the fairly small price increase simulated by GTAP would have kept a sizeable
amount of land in production in the United States.
As with the CARD-FAPRI model, GTAP over-predicts the land use change for Brazil relative to other Latin American countries assuming that the baseline in Hertel et al.
(2009) shows Brazil’s area increasing more than agricultural area in the rest of Latin
America. This baseline level of data was not available for inspection but GTAP’s baseline was developed using 2001 data that incorporates land use changes that occurred in
previous years. Brazil’s agricultural land was expanding in this prior period, so it is
reasonable to assume that Brazil’s land use in the baseline was increasing more than in
Figure 11 land use changes are consistent with those used by California. There exist many GTAP-based
estimates of land use change due to biofuels. An alternative estimate was provided by Tyner (2010). First
and Second Generation Biofuels: Economic and Policy Issues, Presented at the Third Berkeley Bioeconomy Conference, June 24, 2010, http://www.berkeleybioeconomy.com/
wpcontent/uploads//2010/07/TYner%20Berkeley%20June%202010.pdf.

24 / Using Recent Land Use Changes to Validate Land Use Change Models

other South American countries. This would imply that the predicted change in Brazil
relative to the rest of Latin America is too large.
Despite the large discrepancies between model predictions and the actual land use
changes that have occurred since 2004 it simply is not possible to conclude with certainty
that the model predictions have been proven wrong and should be disregarded. For example, the Hertel et al. (2009) prediction that large land use changes from output price
increases resulting from US corn ethanol production would occur in the United States,
Europe, and Canada seems inconsistent with the fact that cultivated land decreased in the
EU and Canada and stayed constant in the United States despite price changes that were
many times larger than those predicted by the model. However, it could be that the amount
of actual land reduction that would have occurred in the EU and Canada would have been
much larger without the commodity price boom and that if actual land use changes were
calculated relative to what would have happened without the price impact then the GTAP
model predictions would be consistent with what we observe. Thus, without being able to
observe the alternative history that did not contain the commodity price boom, it is not
possible to conclude with certainty that the model predictions are wrong. As Babcock
(2009) pointed out, economists who run models to predict future land use changes are in
the enviable position that skeptics of the predictions will find it difficult to use the actual
land use change data to prove that the model predictions were wrong. However the historical record of land use changes can be used to provide insight into the types of land that
were converted assuming that the model predictions are correct.

Using the Historical Record to Guide Estimates of Land Conversion
Table 1 below presents some GTAP results that were used by California’s Air Resources
Board to calculate CO2 emissions associated with land conversion due to corn ethanol
production. By regressing emissions on the amount of land converted, it is possible to
obtain a rough estimate of how each of the four land conversions affect estimated emissions separately. Table 2 provides the regression results.
An increase in land conversion increases GTAP’s estimates of emissions. Conversion of a million hectares of forest increases emissions much more than conversion of
pasture. How to interpret these coefficients is that a one million hectare increase in, for
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Table 1. GTAP Model Predictions of Land Conversion and Associated GHG
Emissions
Forest Converted
Pasture Converted
a
Scenario
U.S.
ROW
U.S.
ROW
LUC Emissions
million hectares
gCO2e/MJ
A
0.70
0.34
1.04
1.96
33.6
B
0.36
0.01
0.79
1.53
18.3
C
0.82
0.64
1.19
2.83
44.3
D
0.81
0.08
1.31
2.34
35.3
E
0.48
0.52
0.66
1.35
27.1
F
0.46
0.27
1.00
2.10
27.4
G
0.40
0.15
0.92
2.18
24.1
Source: Provided by staff at the Renewable Fuels Association
aROW means Rest of World

Table 2. Impact on CO2 Emissions of a Million Hectare Increase in Land Conversion
Land Type
Converted
Impact on Emissions
gCO2e/MJ
US Pasture
6.17
ROW Pasture
3.08
US Forest
22.69
ROW Forest
14.41
Source: Estimated from Table 1.

example, US pasture to crops, leads to a 6.17 increase in emissions measured by grams
CO2 per MJ of gasoline energy replaced by corn ethanol. Across all seven scenarios the
average prediction of forest conversion in the United States is 0.58 million hectares.
Multiplying 0.58 by 22.69, which is the coefficient relating conversion of forest to
emissions, results in an estimate of the average contribution of US forest conversion to
the final CO2 emission number. The result is that GTAP estimates that conversion of US
forests contributes 13.06 gCO2/MJ or 43% of total estimated emissions.
As shown in Figure 8, US cropland did not appreciably increase at the extensive
margin in response to higher prices on average in 2010–2012 relative to 2004–2006. 10 As
10 A more detailed examination of US data is provided in the next section, which shows there is some
evidence of an increase in planned area to be planted from 2007 to 2013. The 2004–2006 and 2010–2012
time periods were used to make US data consistent with available data for other countries.
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discussed in the previous section, it is not possible to conclude whether the GTAP model
prediction that US cropland would be 1.6 million hectares higher due to higher prices is
inconsistent with what actually happened, because it could be that US cropland would
have declined from 2004 to 2012 if the higher prices had not occurred. For example, if
US cropland would have declined by 5 million hectares if the high prices had not occurred, then the GTAP prediction that 1.6 million of these hectares would have been kept
in production is consistent with the historical record. More formally, a necessary condition for consistency of the model prediction of an increase in US cropland due to higher
prices is that US cropland would have declined by at least the amount of the model
prediction were it not for the higher prices that actually occurred.
So suppose that there would have been a 5 million hectare decline in US cropland were
it not for the higher prices and the GTAP prediction is correct that 1.6 million hectares of
this land would have been kept in production because of higher prices caused by corn
ethanol production. This means that the type of land converted to accommodate biofuels
was not forest or pastureland but rather cropland that did not go out of production. Calculation of foregone carbon sequestration depends on what would have happened to the
cropland if it did not remain in crops which, in turn, depends on where the cropland is
located and the potential alternative uses. The magnitude of the change in estimated CO2
emissions from cropland that is prevented from going out of production relative to forest
that is converted to cropland is potentially large. For example, from Table 2, converting
one million hectares of grassland instead of forest would reduce land-based CO2 emissions
by 11.3 gCO2e/MJ in the rest of the world and by 16.5 gCO2e/MJ in the United States. If
foregone carbon sequestration is less than the amount of carbon lost from converting
pasture to crops then the magnitude of the emission reduction would be larger.
The countries in Figure 8 that either had negligible or negative extensive land use
changes should be presumed to not have converted pasture or forest to crops in response
to biofuel-induced higher prices. Rather, the presumption should be that any predicted
change in land used in agriculture came from cropland that did not go out of production.
From Figure 11 this would include Canada, the EU, Russia, the Ukraine, and India.
The countries in Figure 8 that had significant extensive land increases cannot be presumed to have only kept cropland in production because of biofuels. Whether the
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expanded cropland due to the portion of the actual price increase attributable to biofuels
expansion came from cropland that would have gone out of production or from pasture is
an accounting decision. For these countries that expanded extensive land use, the historical pattern of where in the country the land use expansion occurred provides insight into
the type of land that was converted to crops.
Brazil is one country that expanded extensive land use and has data on where this
expansion occurred. Figure 12 shows each state’s share of extensive land use change in
Brazil measured by the change in the 2010–2012 average from the 2010–2012 average. 11
Not surprisingly extensive land use increased the most in Mato Grosso. Expansion of
sugarcane area in Sao Paulo explains its increase. The states of Goias, Maranhao,

Figure 12. State Share of Brazil’s Change in Extensive Land Use from 2004–2006 to
2010-2012.
11Only

land that was planted to crop was considered in calculating each state’s share of extensive land use
change. The cropland planted data comes from the IBGE website:
http://www.sidra.ibge.gov.br/bda/acervo/acervo9.asp?e=c&p=PA&z=t&o=11. Total planted cropland in
Brazil is less than FAOSTAT data on arable land plus permanent crops that was used to determine
extensive and internsive land use changes in Figure 10 and 11.
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Tocantins, and Piaui all have large land areas in the vast Brazilian Cerrado biome which
has also seen large-scale development (The Economist). Rondonia is the only state in the
Amazon biome that shows an increase in cropland. Where cropland has expanded in
Brazil (and in other countries where data allows) can be used as a guide to determine if
model predictions of the type land converted are accurate.

A More Detailed Look at US Extensive Area Data
Figure 13 shows what has happened to one measure of US cropland from 1993 to 2013.
This measure is area planted to US principle crops as measured by USDA-NASS, less
double cropped harvested area, plus fallow cropland. This measure reached its peak in
1996. In 2007, this measure increased after a long downturn, suggesting some impact of
higher prices. However, in 2010 it fell below 130 million hectares before increasing in
2011 and 2012. It is somewhat surprising that total land in agriculture has not increased
more than indicated since 2006 because land enrolled in the Conservation Reserve

Figure 13. US Cropland Since 1993
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Program (CRP) declined by 4 million hectares from 2007 to 2013. One explanation for a
lack of response in this measure of land use could be an increase in area that is reported
as prevented planting area.
The US crop insurance program creates an incentive for farmers to report area that
they had planned to plant but were not able to due to adverse weather. This land is called
prevented planted acres. Farmers who buy crop insurance receive a crop insurance
payment on these acres. Aggregate data on the amount of prevented planted acres can be
added to the Figure 13 data to measure how much land US farmers intend to plant each
year. Data on the area designated as prevented planting area are available since 2007. 12
Figure 14 shows the change in CRP land since 2007 (grey line), the change in US
cropland since 2007 (blue line calculated from Figure 13), and the change in intended
planted land since 2007 (orange line). It is striking how close the change in intended

Figure 14. CRP Land Showing up as Increased Prevented Planting Acres

12

Prevented planting has been part of the US crop insurance program before 2007 but data on total area
designated as prevented planting are not readily available.
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planted land is to the reduction in CRP, and it is also striking how little of the land that is
no longer enrolled in CRP shows up as land in production.
What can be concluded from this more detailed examination of extensive land use in
the United States is that the data seem to indicate a reversal of a long-term trend of
declining total US cropland since 1996 beginning in 2007—the first crop planted in
response to significantly higher prices for US corn and soybeans. The large reduction in
land enrolled in CRP is much greater than the amount of land that is reported as being in
productive use in crop production. This suggests that there is an abundance of
ex-CRP land that is available for planting or that a large proportion of ex-CRP land has
not yet been available for crop production and is being reported as having been prevented
from being planted. The data are consistent with any increase in extensive land use since
prices increased in 2006 as coming from a stock of available land that had been planted to
crops previously or from land that was enrolled in CRP. This finding is consistent with
USDA (2013), which found that the only net contributor to US cropland from 2007 to
2010 was a reduction in CRP land. There was no net increase in cropland from conversion of forests, from conversion of urban land, or from conversion of pasture.

Conclusions
That countries primarily responded to higher world prices by intensifying land use rather
than by converting land from forests and pastures should not be surprising. Many countries, such as China and India, simply do not have available land to bring into agriculture.
In countries with land suitable for crops, the investment and other transaction costs of
developing new land make the process quite costly relative to the cost of increasing the
intensity of land use. In addition, the value of waiting to invest in land conversion projects is large, which leads to a significant delay in land conversions.
The pattern of recent land use changes suggests that existing estimates of greenhouse
gas emissions caused by land conversions due to biofuel production are too high because
they are based on models that do not allow for increases in non-yield intensification of
land use. Intensification of land use does not involve clearing forests or plowing up
native grasslands that lead to large losses of carbon stocks.
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The recent data on land use changes reveals the importance of policy in determining
land use decisions. In Argentina, higher export taxes and quotas on corn and wheat
relative to soybeans caused soybean area to increase and wheat area to decrease. The
drop in wheat area limits the availability of land on which soybeans can be double
cropped which means that expansion of soybeans can only take place by replacing
existing crops or by expanding onto new lands. In Brazil, increased enforcement of laws
restricting clearing of forests and the resulting drop in the rate of deforestation is consistent with Brazil expanding land use at both the intensive and extensive margin.
It might be argued that recent data are a poor indicator of what we should expect to
happen if more time passes because supply response is always larger in the long-run than
in the short-run. Land conversion takes time but the time gap used here to measure land
use change is long enough to allow a significant amount of change to happen. In addition,
the incentive to expand agricultural supply between 2006 and 2012 was as strong as any
period since at least 1960. Furthermore, if the recent sharp declines in commodity prices
continue then the incentive to expand supplies in the future will be muted.
We plan on extending our analysis of land use changes by attempting to develop a
statistical model to explain more systematically why some countries expanded land use
more at the extensive margin and others expanded more at the intensive margin. Such a
model could provide better insights into the role that policy, price transmission, and
resource availability plan in determining agricultural supply response. Improved understanding could be useful to future attempts at estimating greenhouse gas emissions caused
by extensification of agricultural production.
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