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ABSTRACT: The approximately 100 million tonne per year increase in the use of
corn to produce ethanol in the U.S. over the past 10 years, and projections of greater
future use, have raised concerns that reduced exports of corn (and other agricultural
products) and higher commodity prices would lead to land-use changes and,
consequently, negative environmental impacts in other countries. The concerns have
been driven by agricultural and trade models, which project that large-scale corn
ethanol production leads to substantial decreases in food exports, increases in food
prices, and greater deforestation globally. Over the past decade, the increased use of
corn for ethanol has been largely matched by the increased corn harvest attributable
mainly to increased yields. U.S. exports of corn, wheat, soybeans, pork, chicken, and
beef either increased or remained unchanged. Exports of distillers’ dry grains (DDG, a
coproduct of ethanol production and a valuable animal feed) increased by more than an
order of magnitude to 9 million tonnes in 2010. Increased biofuel production may lead
to intensiﬁcation (higher yields) and extensiﬁcation (more land) of agricultural activities. Intensiﬁcation and extensiﬁcation have
opposite impacts on land use change. We highlight the lack of information concerning the magnitude of intensiﬁcation eﬀects
and the associated large uncertainties in assessments of the indirect land use change associated with corn ethanol.

■

consider only direct eﬀects. However, it has been suggested5−8
that indirect land-use changes need to be included in life cycle
assessments of the environmental impacts of biofuels and that
this turns a modest beneﬁt into a large penalty.9 For example,
some have argued5 that corn ethanol production will reduce
food exports from what they would have been without ethanol
production leading to deforestation in other nations. The issue
of whether it is appropriate to include such indirect eﬀects is
controversial10 and not the focus of the present study.
Recently, Kim and Dale11 reported the results of an empirical
assessment of the evidence for land-use change associated with
the production of corn ethanol in the U.S. Kim and Dale11
found that biofuel production in the U.S. from 2002 to 2007 is
not signiﬁcantly correlated with changes in croplands for corn
plus soybean in regions of the world which are U.S. trading
partners. Kim and Dale11 conclude that there was no
discernible empirical evidence for indirect land use change
associated with corn ethanol production. O’Hare et al.12 argue
that the methodology used by Kim and Dale was ﬂawed
because a correlation (or lack thereof) between two factors in a

INTRODUCTION
Concerns related to climate change and energy security
combined with a desire to provide support for rural
communities has led to a substantial increase in the global
production of biofuels. The U.S. production of ethanol
increased by an order of magnitude over the past 15 years,
reached 13 billion gallons (49 billion liters) in 2010, and grew
at 15−20% per year over the last two decades.1 Most ethanol
produced in the U.S. is made from corn sugars. In 1990, the
production of ethanol required processing approximately 3% of
the corn harvest, but in 2010 that ﬁgure was 37%. The U.S.
Renewable Fuel Standard calls for the use of 36 billion gallons
(136 billion liters) of biofuel by 2022 with a maximum of 15
billion gallons of corn ethanol (more could be produced but it
would not count toward meeting the standard). Continued
growth in biofuel production is likely, although given the
research and development eﬀorts on second-generation biofuels
such as cellulosic ethanol, biobutanol, and algae-based fuels, the
future contribution of corn ethanol is unclear.
When computed on a gCO2 equivalent per MJ of fuel
produced basis, life-cycle assessments of the greenhouse gas
(GHG) emissions associated with corn ethanol use in
transportation typically report a modest (approximately 20%)
beneﬁt compared to conventional reformulated gasoline.2−4 It
is standard practice in such comparative life cycle analyses to
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higher yields) but that most of the short-term response reﬂects
other yield response factors (more intensive land use,
investment in new equipment, moving corn onto best land,
increase in soy-corn or corn−corn rotation at expense of other
low-yield management systems, weather variability). This is
complex and diﬃcult to represent accurately in models.

system with many interacting factors can not be used to
indicate (or counter-indicate) causation. O’Hare et al. argue
that it is not possible to draw any inferences from the empirical
data presented by Kim and Dale.11 Kline et al.13 commented on
the need to use scientiﬁc analysis to assess policy eﬀects and
speciﬁcally to improve assumptions used for modeling.
The issue of indirect land use change associated with biofuel
production in general, and corn ethanol production in
particular, is of great interest to the scientiﬁc, regulatory, and
business communities and, as noted above, is highly
contentious. Prior to the recent ramp-up of corn ethanol
production the discussions of the potential impacts on
agricultural exports were by necessity based purely on
theoretical evidence gathered using agricultural and trade
modeling approaches. Now in 2012, we have an extensive
record of agricultural data for the U.S. that includes the past
decade in which a very large increase in corn ethanol
production occurred. It seems natural to examine the historical
trends in agricultural productivity and exports for insight into
factors relevant to indirect land use change. Furthermore it
seems reasonable to compare and contrast the actual observed
behavior of the agricultural/international trade system to
expectations based on previous modeling studies.
Our analysis covers the time period up through 2010 and
focuses on agricultural productivity, corn ethanol production,
and agricultural exports from the U.S. We do not seek to prove,
or disprove, the existence of indirect land use change. We
highlight the fact that the increased use of corn for ethanol in
the U.S. was essentially matched by the increased corn harvest
over 2000−2010. Increased yield per acre achieved through
genetic improvements/hybrid plant breeding was the major
factor14 and increased acreage was a minor factor in the
increased corn harvest. We document that over the past decade:
(i) there has been no discernible change in land-use within the
U.S., (ii) exports of corn, wheat, soybeans, pork, chicken, and
beef have increased or remained unchanged, and (iii) exports of
distillers' dry grains have increased by approximately 10 fold.
Whether, or not, there has been any signiﬁcant indirect land
use change associated with corn ethanol production requires
modeling studies in which two cases (ethanol production or no
ethanol production) are considered. We argue that a minimum
requirement of future modeling studies is that in the ethanol
production case the models reproduce the historical trends of
corn, wheat, soybeans, pork, chicken, beef, and DDG exports
over the past 10−15 years. As with all modeling studies, the
consistency of model output to experimental observations
needs to be examined carefully. Furthermore, the input
assumptions need to be critically evaluated in light of the
historical record. We argue that future models need to better
account for increased yields in the U.S. and the rest of the
world resulting from improvements in agricultural technology,
which may have been driven by biofuel production in the U.S.
This is important because, by deﬁnition, such increased yields
and additional corn production within the U.S. carry a zero land
use change burden. Furthermore, increased yields and additional corn production outside the U.S. resulting from
improvements in agricultural technology, if driven by biofuel
production within the U.S., would lead to a decrease in land use
outside the U.S. and hence a negative (favorable) land use
change burden. Finally, we note agronomy research and
development has a long time frame. It is possible that the
recent demand growth for fuel ethanol could engender
signiﬁcant long-term technological dividends (lower costs,

■

METHODOLOGY
The United States Department of Agriculture Foreign
Agricultural Service (USDA-FAS) maintains a detailed online
database15 for the global production, import, and export of
agricultural commodities. Data on the USDA-FAS Web site
extend back to 1960, are updated on a monthly basis, and can
be used to investigate trends in U.S. exports or imports of
agricultural products. The United States Energy Information
Administration (EIA) provides a monthly review of energy
statistics1 including the production of fuel ethanol. Fuel ethanol
in the U.S. is produced from corn with one bushel (0.035 m3)
producing approximately 2.8 gallons (10.6 L) of ethanol and a
signiﬁcant amount of residual protein-rich DDG used to feed
livestock. 16 Hence, we can use the EIA ethanol production data
to estimate the volume of the corn crop used for ethanol
production. We use the USDA and EIA data to provide an
overview of historical ethanol production and agricultural
exports. We compare and contrast the historical record with
predictions from models used to investigate indirect land use
change.

■

RESULTS
Figure 1 shows U.S. corn ethanol production and corn, wheat,
soy, chicken, and pork exports through 2010.15 Relative to
exports, U.S. imports of these commodities are of minor
importance and are not considered here. Whereas ethanol
production has increased considerably, there was little, or no,

Figure 1. U.S. corn ethanol production (ﬁlled blue diamonds, righthand scale) and exports (left-hand scale) of corn (ﬁlled circles), wheat
(open circles), soybeans (open triangles), chicken (open squares),
pork (open diamonds), beef (inverted open triangles), and distillers'
dried grains (DDG, ﬁlled stars). Data source: USDA 2011 http://
www.fas.usda.gov.
6380
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export levels and the fraction exported peaked in the 1980s,
whereas soybean exports actually increased in the 2000s.
Taking the 2000s as the period where corn ethanol production
grew most signiﬁcantly, it is diﬃcult to discern in Figure 1 a
negative impact in terms of export trends of corn, soy, wheat,
chicken, pork, or beef. The large increase in corn exports in the
1970s was attributable to strong demand in Russia, Japan, and
Europe. 19
As seen from Figure 3, the total area of corn harvested in the
past decade increased slightly from that in previous decades

discernible change in the exports of corn and wheat over the
past decade, and exports of soybeans, chicken, and pork have
increased signiﬁcantly. Beef exports in 2010 recovered to their
pre-2004 levels after import bans ended. Despite the fact that
the amount of corn used to produce ethanol over the period
2000−2010 increased by approximately 100 million tonnes per
year, annual corn exports have remained essentially unchanged
at approximately 50 million tonnes (Figure 1).
Distiller’s dry grains (DDG) are a coproduct of ethanol
production and are a valuable animal feed. The nutritional value
of DDG as an animal feed is substantial with each tonne
displacing approximately 1.2 tonnes of corn.17 Along with corn
ethanol production there has been a large increase (approximately 30 million tonnes17) in the production of DDG in the
U.S. over the past 10−15 years, and as shown in Figure 1 there
has been a large increase in the exports of DDG. The increased
DDG exports cause a reduction in the amount of animal feed
that would otherwise need to be produced outside the U.S. (or
within the U.S. if exporting other animal feeds). A reduction in
demand for animal feed produced outside the U.S. if driven by
biofuel demand within the U.S. results in a negative indirect
land use change associated with U.S. corn ethanol production.
Figure 2 shows the annual U.S. corn harvest, exports, and use
in ethanol production (calculated assuming 2.8 gallons (10.6 L)

Figure 3. Area harvested in the US for corn (ﬁlled circles), wheat (gray
triangles), soybeans (open diamonds), oats (gray squares), barley
(open triangles), and the total of corn + wheat + soybeans + oats +
barley (stars). Data source: USDA 2011 http://www.fas.usda.gov. The
land area decrease from 1985 to 1990 reﬂects changes in the
Conservation Reserve Program which went from 5 to 40 million acres
over that time frame.

with the area of wheat harvested declining back to levels typical
of the 1960s. The harvested area of oats and barley declined in
the past decade consistent with the long-term trend over the
past 50 years. No trend in the total harvested area of the major
cereal crops (corn, soy, wheat, oats, and barley) can be
discerned indicating no overall increase in the land devoted to
cultivation of grain crops in the U.S. The large increase in the
corn harvest over the past decade shown in Figure 2 mainly
reﬂects increases in the yield per acre18 achieved through
genetic improvements/hybrid plant breeding and improved
agricultural practices. The use (lb/acre) of nitrogen and
phosphorus fertilizer has been stable since 1980.20 When
normalized to yield (lb fertilizer/lb corn), the use of nitrogen,
phosphorus, and potash fertilizer has decreased by 35%, 60%,
and 50% respectively between 1970 and 2005 for U.S. farms. 4
Over the last 20 years, there is no signiﬁcant correlation
between corn exports and ethanol production in the U.S.
Obviously, correlation (or lack thereof) is not proof of
causation (or lack thereof). While the available export and
production data for grains, meat, and ethanol do not appear to
support the hypothesis that U.S. production of corn ethanol has
inﬂuenced food (meat and grain) exports up to 2010, neither
do they rule it out. It is conceivable that in the time period
2000−2010 the use of corn to make ethanol masked one, or
more, eﬀects that would otherwise have led to a substantial

Figure 2. Corn harvested (ﬁlled symbols), exported (gray symbols)
and used to produce ethanol (open symbols) in the U.S. Data source:
USDA 2011 http://www.fas.usda.gov. Drought reduced the corn crop
in 1983 and 1988.

of ethanol per bushel and 56 lbs (25 kg) corn per bushel). The
corn harvest has steadily trended upward over the past 50 years,
increasing at approximately 2% per year. The increased use of
corn for ethanol in 2000−2010 was matched by the increased
harvest over the same period (many other adjustments
occurred simultaneously in the domestic livestock, grain, and
feed markets18). As seen in Figure 2, corn exports reached a
plateau in the 1980s and have remained relatively steady in
terms of absolute amounts, declining in terms of the exported
share of total production. Of course, one could argue that
without the ethanol production exports would have risen, but
no such increase in exports took place in the 1980s or 1990s
with similar increases in yields in percent terms. Further, wheat
6381
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increase in corn exports. If such eﬀect(s) are operative, they
presumably were either not present or they themselves were
masked by other eﬀects in the decades of the 1980s and 1990s
when increase corn yields did not lead to increase exports of
corn (Figure 2).

■

DISCUSSION
There have been a number of peer reviewed modeling
studies,5,7,9,8 which have reported a range of indirect land use
change impacts associated with corn ethanol production in the
U.S. Unfortunately, none of the modeling studies make a direct
comparison of the results from the model with recent historical
data.
Searchinger et al.5 reported the ﬁrst, the most cited, and
arguably the most inﬂuential study of indirect land use changes
associated with corn ethanol production. Searchinger et al. used
a global agricultural model to estimate the impact on U.S.
exports of a 56 billion liter increase (to 112 billion liters) in
corn ethanol production by 2016 and predicted declines
(compared to what they would have been otherwise) in exports
of corn, wheat, soybeans, pork, and chicken by 62%, 31%, 28%,
18%, and 12% respectively or 38.5, 8.1, and 6.4 million tonnes
in absolute terms for corn, wheat, and soybeans, respectively. It
is clear from Figure 1 that the increase of 43 billion liters (from
6 to 49 billion liters) in corn ethanol production from 2000 to
2010 was not accompanied by a decline in agricultural exports.
Searchinger et al. noted that as a result of biofuel production
farmers will try to boost yields through improved agricultural
practices but that reduced crop rotations and greater reliance
on marginal lands would depress yields. Searchinger et al.
assumed that historical growth trends in yields would continue
but that the positive and negative eﬀects of biofuel production
would cancel and that none of the increased yield would be
attributable to biofuel production. Many of the assumptions in
the study by Searchinger et al. have been questioned by other
researchers (e.g., see Wang and Haq21).
Hertel et al.7 conducted a modeling study to assess the
indirect land use changes associated with an increase in corn
ethanol production from 6.6 × 109 to 56.7 × 109 liters (1.7 to
15 × 109 gallons). The magnitude of the increase in ethanol
production modeled by Hertel et al. is very similar to the
increase in production from 1.6 × 109 to 13 × 109 gallons,
which occurred from 2000 to 2010 as shown in Figure 1. In
response to the ethanol expansion, the model employed by
Hertel et al.7 predicts a net increase of 0.41% in the coarse grain
yield in the U.S. and a 17% decrease in coarse grain exports
from what they would have been in the absence of the ethanol
expansion. Corn comprises the vast majority (approximately
91%7) of coarse grains and for simplicity we drop the
distinction between coarse grains and corn in the rest of this
article. As seen from Figure 4, the yield of corn in the U.S.
increased by approximately 15% (from approximately 8.5 to 10
tonne hectare−1) in 2000−2010. There is approximately a
factor of 40 diﬀerence between the 0.41% increase in yield
predicted in response to ethanol expansion in the modeling
study by Hertel et al.7 and the approximately 15% increase in
the historical record.
In modeling studies such as that reported by Hertel et al, 7
the goal is to separate the impact of increased biofuel
production from all other eﬀects in the agricultural system.
Given that there are other factors in addition to biofuel
production that impact yield increases, it is not surprising that
there is a diﬀerence between the modeled and observed

Figure 4. Average yields of corn in the US (circles), the rest of the
world (triangles), and the world (open diamonds). Data source:
USDA 2011 http://www.fas.usda.gov.

behavior. However, the magnitude of the diﬀerence (approximately 40 fold) is noteworthy given the fact that the major
market for the increased corn production over the past 10−20
years has been ethanol production.
As discussed above, the increase in corn used for ethanol
production over the past 10−15 years has been largely matched
by the increased harvest over the same period. The increased
harvest has been driven mainly by improved yield per acre and,
to a lesser extent, by increased acreage. Improvements in yield
are attributed to genetic improvements/hybrid plant breeding
and to improved crop management in approximately equal
measure.22 Assessing the fraction of the observed yield
improvements which is attributable to interest in corn ethanol
production driven by energy security, oil price, and biofuel
mandates over the past 10−15 years is critical to assessing
indirect land use changes. As discussed above, ethanol
production has been the major market for the increased corn
production. In 2010, the average price for corn was $3.83 per
bushel23 and the value of the additional 100 million tonnes of
corn grown for ethanol production was approximately $15
billion.
In simple terms, two arguments can be made for the eﬀect of
biofuel production on corn yields. The ﬁrst argument is that the
increased market for corn for ethanol production over the past
10−15 years has had no contribution to increased agricultural
yields. Some support for this argument could be taken from
Figure 4, which shows that there was no discernible change
(within the scatter of the data) in the historical trend of
increased corn yields within the U.S. over the past 10−15 years.
This argument although appealing in its simplicity is not
logically sound as there are many factors other than the
increased demand for biofuels operating in the complex
agricultural system (population growth, dietary trends,
economic growth [or lack thereof], energy price ﬂuctuations,
international export/import policy changes, cropping practices,
weather variability, ...) . Conducting a bivariate analysis and
observing a correlation (or lack thereof) between yields and any
single factor (e.g., ethanol production) does not prove (or
disprove) a causal link. This argument suﬀers from the same
logical deﬁciency as the argument that the lack of change in
6382
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(improved soil management, irrigation, fertilizer use, farm
machinery) from the U.S. To the extent that improved
practices adopted in the rest of the world were developed in
the U.S. in response to interest in increased corn ethanol
production, there exists a potential for signiﬁcant impacts,
conceivably even leading to negative land-use change impacts in
the future. While we do not argue that there is proof that such
negative indirect land use changes eﬀects have occurred, we do
argue that such eﬀects are plausible and need to be considered
in future assessments.
Unlike the situation a decade ago, we now have detailed
historical data concerning the production and exports of
agricultural products from the U.S. during a time of great
expansion of the U.S. biofuel industry. Inspection and analysis
of actual historical data provides an important perspective,
which is often lacking in discussions of indirect land use change
associated with biofuel production. Corn ethanol production
has increased by an order of magnitude over the past 15 years
but U.S. exports of corn, wheat, soybeans, pork, chicken, and
beef have either increased or remained unchanged. Exports of
distillers’ dry grains (DDG, a coproduct of ethanol production
and a valuable animal feed) have increased by more than an
order of magnitude. Further work is needed to reﬁne the
agricultural models used to estimate indirect land use change so
they reproduce the historical record of increased agricultural
exports and ethanol production observed over the past 15
years. The contribution of increased ethanol production to
increased crop yields and the degree to which agronomy
research and development in the U.S. inﬂuences crop yields in
the rest of the world both now and in the future (agronomy
improvements take a long time to diﬀuse into the global system
and require signiﬁcant capital investment in developing
countries) is an important factor which has received little
research attention. Given the large gap in crop yields in the U.S.
and the rest of the world (Figure 4) there is a signiﬁcant
opportunity for decreasing the indirect land use impacts of
biofuel production in the U.S. by intensiﬁcation (higher yields)
rather than extensiﬁcation (more land) of agricultural activities
outside the U.S. The lack of information concerning the
magnitude of intensiﬁcation eﬀects renders assessments of the
indirect land use change associated with corn ethanol highly
uncertain.

corn exports over the past 10−15 years proves that there was
no indirect land use change. The second argument is that the
increased market for corn for ethanol production over the past
10−15 years has had some contribution to agricultural yields.
We would argue that, given the additional approximately $15
billion market for corn noted above, basic economic arguments
of supply and demand require that there has been some
contribution of increased biofuel production to increased
agricultural yields. Given the size of the corn ethanol market,
the scale of corn ethanol production allowed in RFS2, and the
interest in research and development of improved hybrids and
improved agronomy practices, it is implausible that ethanol
production has had no contribution to increased corn yields.
Assessing the precise contribution of increased biofuel
production to increased agricultural yields both in the U.S.
and in the rest of the world is a very complex task and beyond
the scope of the present study. In the models used by
Searchinger et al. and Hertel et al., it was either assumed, or
computed, that biofuel production had little or no contribution
to an increase in corn yields. There have been few published
studies and little discussion in the literature concerning the
contribution of increased biofuel production in the U.S. to
increased agricultural yields both in the U.S. and potentially in
the rest of the world.
To place the magnitude of the importance of a correct
accounting of the impact of biofuel production on crop yields
into perspective, we can oﬀer the following simple calculations
based on the following data over the past 15 years: (i)
additional 12 billion gallons of ethanol made annually requiring
increased corn use by approximately 100 million tonnes (Figure
1), (ii) approximately 30 million tonne increase in production
of DDG (i.e., approximately 30% yield of DDG during
processing of corn for ethanol17), (iii) 1 tonne of DDG
displaces approximately 1.2 tonnes of corn as animal feed,17
(iv) approximately 30 million hectares harvested for corn in
U.S. (Figure 3), (v) approximately 160 million hectares
harvested for corn in the world,15 (vi) observed yield increases
in the U.S. and globally were approximately 2 and 1 tonne per
hectare (Figure 4). To cover the approximately 100 million
tonne increase in corn used for ethanol in the U.S. over the last
15 years and recognizing the 30% yield of DDG would require
an approximately 0.4 tonne per hectare [(100 − (30*1.2))/160
= 0.4] increase in the global average corn yield, less than that
observed in both the US and globally in the same time period.
If we assume no contribution of biofuel production to
increased corn yields then, all other factors being equal, there
would be indirect land use change associated with increased
U.S. corn ethanol production (to compensate for the loss of
100 million tonnes of corn). If we assume that biofuel
production was responsible for all of the increased corn yields
observed in the U.S. but none of the increased yield observed in
the rest of the world, then, all other factors being equal, there
would be a small indirect land use change associated with U.S.
corn ethanol (to compensate for the loss of 4 million tonnes of
corn equivalent [100 − (30*1.2) − (30*2)]). If we assume that
biofuel production was responsible for all of the increased corn
yields observed in the U.S. and some of the increased yield
observed in the rest of the world, then, all other factors being
equal, there would be negative indirect land use change
associated with U.S. corn ethanol production.
Given the disparity in yields between the U.S. and rest of
world shown in Figure 4, there would appear to be substantial
opportunities for diﬀusion of improved agronomy practices
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