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Abstract
Although the United States has pursued rapid development of corn ethanol as a matter of
national biofuel policy, relatively little is known about this policy’s widespread impacts on
agricultural land conversion surrounding ethanol refineries. This knowledge gap impedes policy
makers’ ability to identify and mitigate potentially negative environmental impacts of ethanol
production. We assessed changes to the landscape during initial implementation of the
Renewable Fuel Standard v2 (RFS2) from 2008 to 2012 and found nearly 4.2 million acres of
arable non-cropland converted to crops within 100 miles of refinery locations, including 3.6
million acres of converted grassland. Aggregated across all ethanol refineries, the rate of grassland
conversion to cropland increased linearly with proximity to a refinery location. Despite this
widespread conversion of the landscape, recent cropland expansion could have made only modest
contributions to mandated increases in conventional biofuel capacity required by RFS2.
Collectively, these findings demonstrate a shortcoming in the existing ‘aggregate compliance’
method for enforcing land protections in the RFS2 and suggest an alternative monitoring
mechanism would be needed to appropriately capture the scale of observed land use changes.
1. Introduction

With passage of the Energy Independence and Security
Act of 2007 (EISA), the United States embarked on an
ambitious program of biofuel development. Prior to
EISA, the Energy Policy Act of 2005 set out modest
increases for U.S. biofuel production under the
Renewable Fuel Standard, from four billion gallons
(Bgal) in 2006 to 7.5 Bgal by 2012 [1]. Under EISA, an
expansive Renewable Fuel Standard version 2 (RFS2)
committed the U.S. to development of a 36 Bgal per
year capacity by 2022 [1].

The RFS2 schedule sets annual standards for total
renewable fuel volume, to be met by a portfolio of
conventional and advanced biofuels, with an initial
focus on increasing conventional biofuel production
from nine Bgal in 2008 to a 15 Bgal per year level by
2015. Note, the conventional biofuel standard does not
© 2017 IOP Publishing Ltd
explicitly apply to ethanol refined from corn starch,
but instead requires a 20% decrease in lifecycle
greenhouse gas emissions compared to gasoline,
regardless of feedstock type [2]. However, the market
dominance of corn ethanol has meant that the
conventional biofuel mandate operates, in practice,
as a corn ethanol standard.

As an energy policy, EISA was intended to reduce
U.S. dependence on foreign oil. As environmental
policy, it was designed to reduce the global warming
impact of the transportation sector. However, the
immediate greenhouse-gas benefit of biofuels largely
disappears if feedstock production promotes counter-
acting land use change that releases carbon stocks
sequestered within previously untilled soils. The
resulting carbon debts may take several decades to
reverse [3–5]. Therefore, in order to prevent this
unintended consequence of biofuel development,
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EISA requires that lands eligible for feedstock
production must have been ‘cleared or cultivated’
prior to the law’s enactment in December, 2007 [2].

Tasked with enforcing EISA’s land protection
provision, the U.S. Environmental Protection Agency
(EPA) initially proposed feedstock recordkeeping and
reporting requirements for refineries, but following
public comment adopted a fundamentally less
restrictive final rule termed ‘aggregate compliance’
[2]. Within this framework, EPA compiled national
crop-area statistics from the U.S. Department of
Agriculture (USDA) to define a 402 million acre
baseline of agricultural land eligible for feedstock
production in 2007. If this baseline is exceeded in
subsequent years, EPA must implement feedstock
recordkeeping and reporting. If a lower, 397-million
acre threshold is exceeded, EPA must re-evaluate the
aggregate compliance approach [2]. In fact, in 2010—
the year aggregate compliance took effect—EPA
reported an agricultural land area of 398 million
acres, and committed to performing the required
methodological assessment in the coming year [6].
However, we find no public record of those findings.

Based on USDA crop and land cover statistics, EPA
subsequently reported that U.S. cropland area fell to
392 million acres in 2011 [7] and 384 million acres in
2012 [8]. By contrast, a number of independent
studies found substantial conversion of non-cropland
to crop production using moderate resolution
(30–56 m), satellite-based land cover data [9–12]
during a period when conventional ethanol output
doubled under RFS2. This apparent contradiction
suggests that aggregate compliance may not be an
effective enforcement mechanism if it cannot detect
land use conversion potentially stimulated by the
biofuels industry at the spatial scales where change is
occurring and relevant.

Using a recently developed data set from Lark et al
[12] we provide a comprehensive assessment of land
cover/land use change (LCLUC) surrounding ethanol
refineries as RFS2 was initially implemented from
2008–2012. Given limited production of advanced
biofuels during this period, our focus was solely on
conventional corn ethanol (hereafter, weuse ‘ethanol’ to
mean conventional ethanol refined from corn starch).
First, we evaluated land-use impacts of RFS2 in
aggregate, analogous to EPA’s aggregate compliance
framework, but targetedwithin100mileneighborhoods
surrounding all actively producing refineries. Next, we
assessed spatially explicit rates of change, emphasizing
the ethanol industries’ geography and proximity to
underutilized feedstock potential in the Midwest and
Great Plains, primarily on grasslands—including both
native prairie and introduced grassland types. Finally,
we considered policy implications of our results.

Under EISA reporting requirements, the EPAmust
submit triennial reports to the U.S. Congress
summarizing the environmental impacts of biofuels.
In its initial report in 2011, the agency identified the
2

expansion of corn cultivation onto lands enrolled in
the Conservation Reserve Program (CRP) or used as
pasture (both essentially grassland conversions) as the
most important source of negative environmental
impacts potentially arising from ethanol development
[13]. Whether feedstock demand would be met
through cropland expansion or by intensification of
corn production on existing cropland was identified as
a key uncertainty [13]. However, a second triennial
report was not submitted in 2014. Following
investigation of this omission, EPA’s Inspector General
recently concluded: ‘Not having required reporting
and studies impedes the EPA’s ability to identify,
consider, mitigate and make policy makers aware of
any adverse impacts of renewable fuels’ [14]. The
present study aims to help address this gap.
2. Methods
2.1. Refinery locations and feedstock draw areas
Locations of all active ethanol refineries as of 2009
(n ¼ 173), using corn as a sole feedstock, were
obtained from the National Biorefineries Database
[15]. The U.S. ethanol industry is largely centered in
theMidwest Corn Belt (figures 1(a) and (b)). A second
grouping of refineries spans the Ogallala Aquifer
(figure 1(b)), which is a critical source of irrigation
water from Nebraska to Texas facing unsustainable
groundwater withdrawals [16]. Remaining plants are
widely dispersed (figure 1(b)). Relative to this
distribution, the majority of U.S. corn production
occurs within 50 miles of an ethanol refinery. For
example, 49% of the 2008 corn crop (by area) was
located less than 25 miles from a refinery, 28% at
25–50 miles, 9% at 50–75 miles, and 3% at
75–100 miles (figure 1). Less than 12% of the 2008
corn crop was grown more than 100 miles from a
refinery.

Most ethanol refineries have limited on-site
storage capacity. In order to maintain feedstock
supplies year-round, they typically pay a five to 20 cent
per bushel premium over corn prices offered by local
grain elevators [17]. Transportation costs generally
dictate that a corn producer must be within a 50 mile
radius of an ethanol refinery to benefit from this
premium [18, 19]. Hence, we defined the basic
feedstock draw area for the ethanol industry as a 50
mile radius surrounding all refineries (figure 1(c)).
Significant price effects have also been observed as far
as 100 miles from refineries [17], therefore we defined
a maximum national draw area at a 100 mile radius
(figure 1(c)).

2.2. Change detection
Agricultural LCLUC surrounding refineries was
analyzed from a data set previously assembled by
Lark et al [12]. Using the USDA Cropland Data Layer
[20] from 2008–2012, they identified generalized
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Figure 1. (a) U.S. land cover from the 2008 Cropland Data Layer. The Corn Belt occupies the north-central U.S. and is largely
comprised of a mixture of corn (yellow) and soybean (dark green) cultivation. (b) Locations of refineries (blue stars) actively
producing corn ethanol as of 2009 (n¼ 173). Outline of Ogallala Aquifer in red. (c) Concentric regions surrounding ethanol refineries
at distances of 25, 50, 75, and 100 miles.
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crop and non-crop categories at 56 m resolution. The
generalized crop class included row crops (corn,
soybeans, sorghum, cotton, potatoes, peanuts, sugar
beets, etc.), small grains (wheat, barley, oats, rice,
millet, rye), oilseeds (canola, sunflower, safflower),
pulses (dried peas, edible beans, lentils, chickpeas),
legume hay (alfalfa, clover) and various fruits and
vegetables [12]. The non-crop category encompassed
forest, shrubland, wetland, open water, native prairie,
improved grassland (pasture, hay), and developed land
[12]. The resulting five-year image time series of
binary classifications was then used to identify four
categories of change/no-change over that interval: (1)
Non-cropland converted to cropland; (2) Cropland
reverted to non-cropland; (3) Stable cropland; and (4)
Stable non-cropland. See Lark et al [12] for details.

2.3. Accuracy assessment
Preliminary pixel-level accuracy assessment showed a
98% overall accuracy of the Lark et al [12] data set
(table S1 available at stacks.iop.org/ERL/12/044001/
mmedia). The conversion of non-cropland to crop-
land was mapped correctly over 70% of the time.
Critically, for purposes of this study, conversion was
identified with a very small positive bias, 3%,
indicating that the Lark et al [12] data set accurately
predicted the true area converted to cropland,
nationwide. However, cropland reversion to non-
cropland was over-predicted with a large positive bias,
125% (table S1), introducing the likelihood of under-
3

predicting net cropland change (conversion minus
reversion).

2.4. Bias correction
A 125% bias implies that gross reversion in the Lark
et al [12] data set was 2.25 times greater than actual
reversion, nationwide. Assuming this bias was
relatively uniform spatially, we corrected for it by
dividing the area of cropland reversion, at a given
spatial scale, by 2.25 (multiplication by 0.44). Next, the
remaining area (.56 of the uncorrected total) was re-
assigned to the stable cropland category. Figure S1
shows the effect of uniformly de-biasing cropland
reversion at 3.5 mile resolution, first plotting original
reversion rates as quintiles (figure S1(a)) and then
mapping bias-corrected reversion rates using the same
legend (figure S1(b)). Note the resultant shift toward
values less than 2.4%, and generally less than 0.8%
(figure S1(b)).

Next, we compared net cropland change (conver-
sion minus reversion) using uncorrected vs. de-biased
reversion totals, also at a 3.5 mile scale, nationally
(figure S2). In some cases, bias correction reversed the
sign of net cropland change, i.e. from net cropland
losses to net gains. More generally, it tended to
neutralize the magnitude of those losses. For example,
net cropland losses in northern and eastern North
Dakota based on original reversion totals (figure S2
(a)) were largely neutralized by bias correction (figure
S2(b)). A comparable effect was found in the southern
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half of the Ogallala Aquifer (figure S2). However, these
types of reversals were comparatively rare. Most
importantly, de-biasing did not fundamentally alter
the overall pattern of net cropland increases surround-
ing ethanol refineries (figure S2).

Aggregate effects of uniform bias correction within
neighborhoods surrounding ethanol refineries are
summarized in figure S3. While aggregate reversion
rates were substantially reduced, as expected (figure S3
(c)), the effect of bias correction on net conversion
rates was less pronounced; in general, reducing rates
by a half percentage point relative to uncorrected net
conversion rates (figure S3(d)).

2.5. Source lands
As a basic measure of land suitability, the Natural
Resources Conservation Service (NRCS) Land Capa-
bility Classification (LCC) system [21] was used. LCC
data were extracted from the NRCS Soil Survey
Geographic database (SSURGO) [21]. In order to
maintain a degree of uniformity across the U.S.
agricultural landscape, LCLUC analyses were confined
to those lands classified as ‘arable’ (LCC classes I-IV).
Previously identified change areas from Lark et al [12]
were overlain on the arable lands layer, with
intersections between the two retained for further
analysis. This overlay eliminated 12% of the cropland
expansion identified in the original Lark et al [12] data
that occurred on land defined as non-arable by the
NRCS.

The types of potentially-arable land cover under-
going conversion to cropland were identified by
overlaying the 2006 National Land Cover Database
(NLCD) [22] on change areas. From the 2006 NLCD,
four generalized classes were assembled: grassland,
forest, shrubland, and wetland. The generalized
grassland class merged two NLCD classes: grass-
land/herbaceous and pasture/hay. Notably, the NLCD
does not distinguish undisturbed grassland (native
prairie) ineligible for feedstock production under EISA
from eligible grassland types including introduced
grass pasture, introduced grass hay, and idle cropland
planted to grasses under the Conservation Reserve
Program (CRP). In addition, the NLCD pasture/hay
class represents a combination of grass pasture, grass
hay, and leguminous hay, predominantly alfalfa [22].
However, alfalfa is identified as a distinct crop type by
the Cropland Data Layer, and Lark et al [12] included
alfalfa in their generalized cropland class. Given that
alfalfa was not a component of non-crop to crop
conversion events, we assumed that alfalfa land cover
embedded within the NLCD was eliminated by the
overlay operation with change areas, the end result
being a generalized class composed of a combination
of grass-dominated cover types.

In terms of land available for additional crop
production, our 100 mile national draw region
encompassed nearly 223 million acres of arable non-
cropland in 2008 (table S2). In addition, 8.7 million
4

acres of feedstock-eligible CRP land left the program
from 2009–2012 [12].

With respect to grassland likely ineligible for
feedstock production, the U.S. Geological Survey’s
Gap Analysis Program (GAP) indicates nearly
30 million acres of short-, mixed-, and tall-grass
prairie in North- and South Dakota, combined, as of
2001 [23]. Note that 100° W longitude represents an
approximate climatological limit for non-irrigated
corn production in the Dakotas. East of the 100th
Meridian, the 2001 GAP product shows 1.7- and 4.4
million acres of tall- and mixed grass prairie,
respectively [23]. In Kansas, temperate grassland
covers more than a third of the state, with grassland
stature (type) declining along an aridity gradient from
east to west [23]. By comparison, native prairie covers
less than 1.5% of Iowa and Missouri, combined [23].

2.6. Aggregate analysis
AggregateLCLUCasa functionofdistance fromethanol
refineries was analyzed within 25 mile concentric
increments surrounding refineries (figure 1(c)).
Within each increment, non-cropland conversion and
cropland reversion were summed and rates of change
were normalized relative to the area of arable non-
cropland or cropland, respectively, present in 2008. For
the four generalized land cover classes, conversion to
cropland was summed over each increment and
normalized relative to the potentially arable area in
each class in 2008. Initial crops following conversion
were determined from the Cropland Data Layer for the
year individual conversion events occurred. Rates of net
cropland change were calculated by subtracting gross
reversion from gross conversion, normalized by
cropland area in 2008. Net change in grassland, forest,
shrubland, and forest categories was based on non-crop
land cover types identified by the CDL in the year
cropland reversion occurred.

2.7. Spatially explicit analysis
LCLUC rates were calculated similarly at a spatial
resolution of 3.5 mile grid cells for arable land across
the entire U.S. Intermediate between farm- and county
scales, we found that 3.5-mile grid cells captured
important sub-county variability while smoothing
farm-scale noise. Recently, Motamed et al [24] also
used gridded CDL data to assess LCLUC across the
ethanol sector over a comparable time period
(2006–2010). They found aggregating the CDL at
6.2 mile resolution enabled identification of annual
changes in crop selection at sub-county scales [24].
3. Results
3.1. Aggregate change
Aggregated across the U.S. ethanol sector, the four-
year conversion rate of arable non-cropland to
cropland was highest within 25 miles of refineries
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Figure 2. Aggregate rates of change between arable non-cropland and cropland (2008–2012) plotted as a function of proximity to
ethanol refineries. Distance intervals as in figure 1(c). (a) On the primary axis (black bars), relative conversion rates normalized by
2008 non-cropland area. On the secondary axis (white bars), relative rates of cropland reversion to non-cropland normalized by 2008
cropland area. (b) Gross conversion (primary axis, black bars) and reversion (secondary axis, white bars), both in 106 acres. (d ) On the
primary axis (black bars), net conversion (conversion minus reversion), normalized by 2008 non-cropland area. On secondary axis
(white bars), net conversion in 106 acres.
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(2.7%) and declined linearly to 1.2% at 75–100 mi.
(figure 2(a)). To test the statistical significance of the
observed proximity effect, we compared it with a null
model assuming a fixed conversion rate within
100 miles of refineries (spatially-invariant, random
conversion of arable land at the overall 0–100mile rate,
1.9%). By the Cochrane-Armitage test for linear
trends across ordered categories [25, 26] the aggregate
effect of refinery locations was highly significant (x2(3)
¼ 444 994, p << 0.01). Outside our 100-mile draw
region, the conversion rate fell to 0.55%. At the state
level, gross conversion was concentrated (in order) in
Kansas, South Dakota, North Dakota, Missouri, and
Iowa (table S2).

In the opposite direction, the reversion of cropland
to non-cropland increased significantly (x2(3)¼
305 886, p << 0.01) as a function of distance from
refineries (figure 2(a)). Corresponding net conversion
rates were generally a half percentage point smaller
than gross conversion rates (figures 2(a) and (c)).
More than 100 miles from refineries, the reversion rate
increased to 1.3%.

In total, we found nearly 2.7 million acres of
arable non-cropland converted to cropland within a
50 mile radius of refineries, our minimum national
draw area (note that change totals should be treated
5

as slightly conservative given that analysis was
restricted to arable lands; see Methods). Initial crops
post conversion included mainly corn and soybeans
(figure 3). At distances of 50–100 miles from
refineries, an additional 1.5 million acres of cropland
expansion were found. However, more than 50% of
newly-converted land at this distance was planted to
crops other than corn or soybeans, mostly small
grains. Outside 100-mile neighborhoods, the fraction
of new land planted to corn or soybeans dropped
below 20% (figure 3). These declines may reflect an
indirect LCLUC effect where increased corn/soy
production at closer proximity to refineries drove
conversion at greater distances to meet demand for
displaced crops. Alternatively, it may signal that the
ethanol industry is operating close to climatic limits
for corn cultivation, namely on the northern and
western edges of the Corn Belt, beyond which small
grains are better adapted to more arid climates and/or
shorter growing seasons.

Land-use transitions involving grassland domi-
nated observed change (figures 4 and 5). Within 25
miles of ethanol refineries, 5.7% of arable grassland
was converted to cropland (figure 4(a)). Aggregate
grassland conversion rates declined significantly as a
function of distance from refineries (x2(3) ¼ 164 604,
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p<< 0.01) while reversion rates increased significantly
(x2(3)¼ 211 678, p<< 0.01). Net grassland conversion
rates tended to be 0.25 percentage points smaller than
corresponding gross conversion rates (figure 4(a)).

Within the 100-mile national draw area, 0.9
million acres of arable grassland was converted to
cropland in the Dakotas, followed by Missouri,
Kansas, and Iowa (table S4). These five states also
experienced the largest net losses of grassland
(table S6). Cropland reversion to grassland occurred
mostly in Great Plains states other than South Dakota
(table S6). Among major ethanol-producing states,
only South Dakota experienced substantial grassland
conversion (135 000 acres) outside 100 mile neighbor-
hoods (table S5).

Forest, shrubland, and wetland conversion rates
also declined with increasing distance from refineries
(figures 4(b�d )). Gross cropland reversion to forest
and shrubland was minimal (figures 5(b�c)), as would
be expected over such a short time interval, and may
largely reflect classification errors. At 50–100 miles
from refineries, a small (< 12 000 acres) net increase in
wetland occurred (figure 5(d)).
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3.2. Potential ethanol production from cropland
expansion
From LCLUC totals, we estimated the potential
contribution of cropland expansion toward meeting
the 4.2 Bgal per year increase in ethanol blending
mandated by RFS2 from 2008–2012. U.S. farmers
frequently grow corn and soybeans in rotation as a
means to control insect pests and plant pathogens.
Therefore, we assumed 50% of land converted to corn
or soybeans would be available for feedstock produc-
tion in subsequent years; i.e. 887 000 acres within
50 miles of refineries, plus another 358 000 acres at
50–100 miles distance. Given a ten-year (2005–2014)
average U.S. corn yield of 151.7 bushels per acre [27]
and a conversion efficiency of 2.76 gallons per bushel
for first-generation corn ethanol [28], observed
cropland expansion within 50 miles of refineries
could generate on the order of 0.37 Bgal of ethanol per
year. Increasing the national draw area to 100 miles
raises potential ethanol capacity to 0.53 Bgal per year,
12.4% of the conventional biofuel mandate.

Others have found that the intensity of corn
production increased under RFS2 as farmers sup-
planted traditional corn/soy rotation with continuous-
corn production [29, 30]. As an upper bound on
potential ethanol capacity generated from recent
conversion, suppose that all land initially planted to
corn or soybeans represents the pool of new cropland
available for feedstock production. Assuming the entire
pool is dedicated to continuous-corn production, the
7

maximum contribution to ethanol production would
be double the estimates for corn/soy rotation from
above. Thus, we estimate that direct LCLUC from
2008–2012 could contribute, at most, less than 25% of
themandated increases in conventionalbiofuel capacity
over that period.

3.3. Spatially explicit change
Within 3.5 mile grid cells, normalized rates of change
were calculated by dividing the area converted
(2008–2012) by the arable non-cropland area available
in 2008 (figure 6(a)). Conversion of non-cropland to
cropland surrounding ethanol refineries generally
reflected this availability (figure 6(b)). For example,
within the industry’s core production areas in Iowa,
Minnesota, Illinois, and Indiana, where arable non-
cropland is rare (figure 6(a)), relative conversion rates
were generally low (figure 6(b)). Outside core
production areas, both the availability of arable
non-cropland surrounding refineries, and its rate of
conversion, tended to increase (figure 6). Importantly,
the spatial pattern in figure 6(b) shows that aggregate
results (figures 2–5) were largely determined by
change around the ethanol industry’s periphery. This
can be seen in state-level totals from Iowa where
aggregate conversion rates increased moving away
from core refineries (table S2).

In the Dakotas, where an estimated 25% of the
pre-settlement extent of mixed grass prairie remains
unplowed [31], four-year conversion rates commonly
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exceeded 7.8% across what was the largest expanse of
cropland expansion found (figure 7). From there,
elevated conversion rates extended into northeast
Nebraska and southern Iowa. Slightly lower rates on
the Corn Belt’s southern margin coincided with a line
of refineries from Missouri to Kentucky. Similarly,
cropland expansion paralleled refineries across the
Corn Belt’s northern margin in Minnesota and
Wisconsin and between the two core production
regions in Iowa/Minnesota and Illinois/Indiana.

Along the Ogallala Aquifer, elevated conversion
rates in western Kansas, Oklahoma and Texas
coincided with areas experiencing groundwater
depletion rates ranging from 5%–20% per decade
[16]. In western Kansas, where remnant shortgrass
prairie is concentrated [23], conversion rates gener-
ally exceeded 12.1%, the most intense hotspot of
change found (figure 7). Outside the Ogallala Aquifer
and Corn Belt regions, cropland expansion sur-
rounding isolated ethanol refineries was relatively
8

localized, with the exception of western New York
(figure 6(b)).

Rates of cropland reversion to non-cropland were
consistently low surrounding ethanol refineries,
generally less than 0.6% (figure 8(a)). Conversely,
net cropland change rates, upwards of 9.4%,
accentuated expansion around the margins of the
Corn Belt (figure 8(b)). Along the Ogallala Aquifer, net
increases occurred at slightly lower rates (2%–9.4%)
and mainly in the region’s southern half (figure 8(b)).

Not surprisingly, the spatial pattern of grassland
conversion rates (figure 9(a)) closely resembled that
for all non-cropland (figure 8(b)). Surrounding
ethanol refineries, rates of cropland reversion to
grassland were uniformly low, with a patchy
distribution of higher values elsewhere (figure 9
(b)). In turn, net grassland loss rates were highest
around the margins of the Corn Belt, namely in the
Dakotas, and in the Southern Great Plains (figure 9
(c)). Elevated net loss rates covering much of western
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New York were unexpected (figure 9(c)). In some
areas where relative conversion rates were high (figure
9(a)), rates of net grassland loss were comparatively
low to neutral, e.g. in western Iowa (figure 9(c)).
Given limited availability of unutilized arable land in
western Iowa (figure 6(a)), low reversion rates across
landscapes with high cropland cover were apparently
sufficient to offset grassland losses. A similar
phenomenom was found in northwest Minnesota
and along parts of the Corn Belt’s northern margin.
Within core ethanol producing areas, net grassland
change was generally neutral to positive (figure 9(c)),
further emphasizing the contrast between core and
peripheral refineries.

Spatially explicit forest, shrubland, and wetland
conversion rates revealed important regional differ-
ence in sources of new cropland other than grassland
(figure 10). Expansion along the Corn Belt’s northern
margin, and in western New York, involved all three
classes. While forest conversion occurred broadly in
the eastern half of the U.S., including along the Corn
Belt’s southern margin, relative conversion rates were
low (figure 10(a)). As a result, gross forest loss
within 100 miles of refineries was relatively modest
(94 000 acres) with less than half that amount (43 000
acres) occurring beyond 100 miles. Note, forest with
no prior history of cultivation is ineligible for
feedstock production under EISA; this may explain,
in part, its limited conversion. Isolated, higher rates of
9

forest conversion in the Central Plains (figure 10(a))
likely involved the clearing of shelterbelts; trees
planted to control erosion or shelter farmsteads from
prevailing winds. Shrubland conversion occurred
largely in southwest North Dakota and the Texas-
and Oklahoma Panhandles (figure 10(b)). In southern
Iowa and northern Missouri, mixed conversion of
grassland, shrubland, and forest (figures 9 and 10)
likely reflected the clearing of oak savannah or similar
mixed landscapes. Very high rates of wetland
conversion (>16.5%) were found in the Prairie
Pothole Region of eastern South Dakota and parts
of North Dakota (figure 10(c)).
4. Discussion

Our study represents the second comprehensive
assessment of land-use impacts across the ethanol
industry. The first, by Motamed et al [24], analyzed
the effect of feedstock demand from a slightly different
perspective—that of increases in corn acreage and
total cultivated area rather than specific land-use
transitions. We interpreted countervailing trends in
aggregate rates of conversion vs. reversion (figure 2(a))
as evidence that farmers closer to refineries had a greater
incentive, as a group, to increase and maintain land in
crop production. However, we did not consider
potential effects of other explanatory variables. After
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controlling for climate, soils, and terrain factors
expected to influence land use decisions, Motamed
et al [24] found that the positive effect of neighborhood
refinery capacity on corn acreage increases remained
statistically robust. This stimulative effect was strongest
in areas where corn acreage and cultivated areawere low
to begin—also around the margins of the Corn
Belt. However, they did not consider the types of
non-cropland brought into production. In combina-
tion, our results and thoseofMotamed et al [24] provide
corroborating evidence that accelerated ethanol devel-
opment under RFS2 was an important driver of recent
grassland losses.

At the same time, potential ethanol capacity
attributable to cropland expansion was modest. This
industry-wide result was consistent with state-level
findings from Kansas, over a comparable time period
(2007�2009) [30]. There, corn intensification sur-
rounding ethanol refineries, due to crop switching and
an increase in continuous-corn production, was five-
times greater, by area, than expansion of corn onto
10
new cropland [30]. With respect to uncertainties
surrounding feedstock sourcing, as acknowledged in
EPA’s first triennial report [13], our results are
consistent with an argument that U.S. ethanol
development has been achieved more so by corn
intensification—including crop switching, yield
improvements, and continuous-corn production—
than by corn extensification [32].

However, implementation of RFS2 was accom-
panied by substantial changes in U.S. corn utilization
that also likely played an important role in meeting
the conventional biofuel mandate. For example, as
the percentage of harvested corn dedicated to ethanol
increased from 25% in 2008, to 43% by 2012, average
annual corn prices rose from $4 to $7 per bushel [33].
High prices stimulated corn production, internation-
ally, reducing U.S. competitiveness in global markets.
Consequently, the export share of U.S. output
declined by 50% between 2008 and 2012 [33]. Over
the same period, rising prices contributed to a 20%
reduction in corn used for animal feed, offset in large
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part by substitution of ethanol by-products (distillers’
grains) [33].

4.1. Indirect land-use change
Nearly one-third of all non-cropland conversion,
nationwide, occurred outside our 100-mile national
draw area (table S3, figure 6(b)), concentrated in
Oklahoma, Texas, Montana and South Dakota
(table S3). These Great Plains states are characterized
by extensive livestock- and small-grain production
(figure 1(a)) as well as an abundance of potentially
arable land (figure 6(a)). There, Lark et al [12] found a
preponderance of grassland conversion to winter
wheat from 2008–2012, with additional conversion to
alfalfa and barley in eastern Montana, and to oats in
central Texas. This broader LCLUC may have simply
been a general reaction to high commodity prices.
From 2008–2012, prices of wheat, barley, and oats
increased in tandem with corn due to cross-price
effects and other market interactions [33]. Alternately,
specific transitions to wheat, barley, oats, and alfalfa in
areas where cattle ranching is a dominant land use may
represent an adaptation to high corn prices where
distillers’ grains are not a viable alternative.

Such an indirect land-use change effect of ethanol
production has not been considered by others, but
anecdotal evidence suggests its’ potential. For exam-
ple, grazing cattle on winter wheat prior to feedlot
finishing is a common practice in the southern Great
Plains [34]. When the spread between wheat and corn
prices falls to a ratio near 1.25:1, substitution of wheat
for corn in feedlot cattle rations becomes economical,
as occurred in 2011 when rising corn prices outpaced
wheat [35]. In the northern Great Plains (Montana
and North Dakota) barley is a common livestock feed
valued for its flexibility; it can be grazed, hayed, or
harvested for grain [36]. However, barley is planted in
spring, as opposed to winter wheat planted in autumn.
Recently, the Montana Agricultural Experiment
Station released a winter wheat cultivar bred expressly
for feeding cattle during the early-season period before
barley becomes sufficiently mature [37].

Outside the Great Plains, we found extensive
conversion of non-cropland in the eastern U.S. (figure
6(b)), primarily to corn and soybeans [12]. Although
relative conversion rates were uniformly low across the
region (figure 6(b)), they were associated with
relatively high rates of net cropland change in a
number of areas (figure 8(b)). In the Southeast, where
the U.S. poultry industry is concentrated, cropland
expansion from North Carolina to Mississippi (figure
6(b)) coincided with the largest concentration of
grain-consuming animal units (GCAUs)—a standard-
ized measure of animal feed requirements across a
range of species—outside the Mid-West [38]. Given
vertical integration of the industry, poultry processors
typically operate feed-processing facilities, as well.
Perhaps, in response to high input costs, poultry
processors increased their sourcing of feed grains,
12
locally, with farmers benefiting from a lower corn/soy
basis, or entering into direct contracts with feed mills,
and bringing new land into cultivation, accordingly. In
the Mid-Atlantic region, cropland expansion from
Virginia to New York (figure 8(b)) coincided with
intermediate concentrations of GCAUs [38].

International, indirect land use-change (ILUC)
effects of U.S. ethanol production have been
controversial and extensively studied [39]. Compara-
tively limited attention to domestic ILUC effects has
focused on the substitution of distillers’ grains in
confined animal feeding operations [40, 41]. Interest-
ingly, we observed approximately ten-times less forest
conversion to cropland (figure 5(b)) than projected by
these models [40, 41], but two-times more grassland
conversion (tables S4, S5). In sum, our results suggest,
at least anecdotally, that further attention should be
given to potential ILUC associated with spatially
diffuse adaptations to higher feed costs beyond the
substitution of ethanol by-products.

4.2. Aggregate compliance
By focusing on 100 mile neighborhoods surrounding
refinery locations, we found evidence of a significant
land-use response to RFS2. Grassland conversion
occurred largely in South Dakota, North Dakota, and
Kansas, states where unplowed native prairie is
extensive [23, 31]. However, given limitations of
available satellite-based land cover data, we were
unable to separate the conversion of native prairie
ineligible for feedstock production from conversion of
eligible grassland types (introduced pasture, hay, and
CRP lands). Nonetheless, we note that EPA’s aggregate
compliance approach is based, in essence, on indirect
evidence of potential feedstock sourcing from ineligi-
ble land. Under this standard of evidence, we contend,
our results show that aggregate compliance, as
implemented at a national scale, is not responsive
to LCLUC relevant to EISA’s land protection provision
occurring at finer spatial scales.

EPA findings of no significant impact under RFS2
followed from an 18 million acre decline in U.S.
cropland area reported from 2007–2012, based on
USDA data [8]. In 2012, the USDA Agricultural
Census found a comparable 16.7 million acre drop in
total cropland from the preceding census in 2007
[42]. However, closer inspection of the 2012
Agricultural Census shows this net loss was largely
explained by a 23 million acre decrease in ‘cropland
pasture’ offset, in part, by a 9.3 million acre increase
in planted cropland (harvested cropland þ failed
cropland) [42].

Cropland pasture represents the pasture phase of
longer-term crop rotations, and is treated as a
component of total cropland area by USDA.
Therefore, land-use transitions between cropland
pasture and cropland (in either direction) have no
net impact on total cropland area reported by USDA.
In our analysis, cropland pasture returning to
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cultivation was captured by transitions between arable
grassland and cropland (figure 9), encompassing
5.2 million acres of grassland conversion to cropland
(tables S4, S5), 1.2 million acres of cropland reversion
to grassland, and a net loss of 4.0 million acres of
arable grassland, nationally (tables S6, S7). If lands
classified as non-arable are included, grassland
conversion from 2008–2012 totaled 5.7 million acres,
of which Lark et al [12] estimated 75% had been
cultivated at least once in the preceding 20 yr.

Clearly, the magnitude of land-use transitions
between grassland and cropland that we found, albeit
over one less year, fell well short of the level of activity
involving cropland pasture as reported in the 2012
Agricultural Census. Notably, the preceding 2007
Agricultural Census found a similarly large, 25
million acre reduction in cropland pasture from
2002–2007, accompanied by a 28 million acre decline
in total cropland [43]. However, according to the
USDA Economic Research Service (ERS), both
results from the 2007 census were largely explained
by a methodological change in which land identified
as cropland pasture in 2002 was re-classified as
‘permanent pasture and range’ in 2007 [44].
Permanent pasture and range is not considered a
component of total cropland by USDA. Consequent-
ly, the 28 million acre decline in total cropland
reported by the 2007 Agricultural Census was largely
an artifact of a change in land-use interpretation
rather than actual land-use change, ERS conclud-
ed [44].

In thedescriptionofmethods employedby the2012
Agricultural Census, we find no mention of potential
complications related to estimating the area of cropland
pasture from land owner surveys [42]. From our
reading of the 2012Census, reconciling our results with
USDA figures would require an unexpected level of
cropland-pasture conversion to non-agricultural land
uses, substantial re-classification to permanent pasture
and range, or some combination thereof. Given the
apparent absence of an EPA re-assessment of aggregate
compliance in 2010, it is clearly important to resolve
these discrepancies.

In order to reduce the risk of feedstock sourcing
from ineligible grasslands, we suggest revisiting
EPA’s original proposal requiring ethanol refineries
to conduct feedstock recordkeeping and reporting.
Nonetheless, as we show, these risks are likely not
evenly distributed across the ethanol industry.
Feedstock certification and monitoring may be
unjustified within core ethanol producing regions
where relative conversion rates were minimal but more
appropriate in the Dakotas and western Kansas where
conversion risks are higher (figure 9). For example, a
refinery under construction in Onida, South Dakota
[45] will expand ethanol production (and thus
feedstock demand) nearly 100 miles west in the state,
with a potential feedstock draw area dominated by
grassland (figure 11).
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4.3. Broader impacts on the extensive margin
In agricultural economics, the ‘extensive margin of
cropland use’ refers to agricultural lands that tend to
move in and out of cultivation depending on
economic factors. Beyond normal market forces,
land use on the extensive margin is also responsive to
national policies supporting cultivation vs. conserva-
tion, e.g. RFS2 vs. CRP. From 1982–1997, widespread
deintensification of U.S. agriculture, mainly in the
Southern Plains and around the margins of the Corn
Belt, resulted in more than 72 million acres of
cultivated land reverting to pasture, hay, and CRP,
with net cropland losses totaling nearly 50 million
acres [46]. From 1998–2007, deintensification slowed
in the Corn Belt as cropland reversion to non-
cultivated uses was balanced by nearly equal amounts
of pasture, hay, and CRP returning to cultivation
[47].

Our analysis from 2008–2012 showed an abrupt
reversal of this equilibrium on the Corn Belt’s extensive
margin, less so along the Ogallala Aquifer (figure 8(b)).
Much of this reversal was likely land formerly enrolled
in CRP. For example, from 2010–2013 nearly 0.9
million acres of CRP grassland was converted to
cropland in the upper Mid-West [48]. Where conser-
vation-oriented federal policy once supported land-use
de-intensification, biofuel policy appears to be driving
re-intensification.

Studies projecting outcomes of various bioenergy
scenarios typically assign feedstock production to
marginal lands [49–53]. From these projections,
broader impacts of RFS2 can be inferred. For
example, the observed conversion of a mixture of
land cover types around the Corn Belt’s periphery
(figure 9 and 10) represents a reduction in landscape
heterogeneity. Under a corn-intensive biofuel scenar-
io, comparable landscape homogenization reduced
projected bird species diversity regionally [49], with
the highest levels of risk corresponding with elevated
conversion rates around the margins of the Corn Belt
(figures 8(b)). Increased soil erosion and fertilizer
runoff have been documented in corn-intensive
scenarios [50, 51], particularly in southern Iowa and
northern Missouri [51] where we found rapid
cropland expansion (figure 8(b)). In fact, this region
was formerly extensively cropped, but previously
reverted to pasture and perennial hay due to soil and
terrain limitations [54].

Lastly, with respect to forward looking climate-
change mitigation, grassland conversion to produce
corn feedstock incurs the opportunity costs of not
waiting to realize the net carbon advantages of
second generation cellulosic biofuels [52, 53],
development of which has lagged beyond EISA’s
original goals [55]. These costs may be much
larger than perhaps anticipated by policy makers.
For example, Ahlering et al [5] estimate that
conversion of just 10% of unprotected grasslands
in the Dakotas (520 000 acres) could incur social
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costs approaching $430 million due to emissions
from converted soils and foregone carbon
sequestration.
5. Conclusions

Our study highlights the land use change that occurred
during the initial build-out of conventional biofuel
capacity following passage of the Energy Indepen-
dence and Security Act of 2007, and shows the
majority of new croplands capable of producing
feedstocks came from grasslands at the fringe of the
Corn Belt within close proximity of refineries. More
recently, as conventional biofuel production
approached the 15 Bgal per year cap, U.S. gasoline
consumption actually declined [55]. Concerns regard-
ing the transportation sector’s ability to absorb a
higher biofuel mandate, the so-called ‘blend wall’, led
the EPA to revise downward the conventional biofuel
standards for 2014–2016 [55]. However, actual ethanol
production substantially exceeded those revisions,
contributing to foreign ethanol exports totaling more
than 0.8 Bgal in both 2014 and 2015 [56].
14
EPA has since increased the conventional biofuel
standard to 15 Bgal for 2017 [57]. If ethanol exports
continue to grow, actual production at 16 Bgal per year
appears feasible. Given that peripheral refineries are
well-positioned to utilize an under-developed feedstock
potential on Mid-West grasslands (figures 6 and 11),
annual ethanol production at this level—beyond that
originally envisioned by EISA—might reasonably be
expected to drive additional grassland conversion.

While recent adjustments to the RFS2 schedule
have centered on ethanol demand, the EPA is
statutorily empowered to also consider environmental
impacts of biofuel production as a basis for revision,
but has not done so to date [14]. As the EPA’s
Inspector General recently concluded, the absence of
required studies and reporting has impeded the
agency’s ability to make such mid-course adjustments
[14]. Our study helps quantify and characterize the
extent of ethanol feedstock-related land use change
around refineries, offering new insights into the scale
of landscape transformation and the potential for
associated environmental impacts.

The conventional phase of U.S. biofuel develop-
ment has now reached maturity. This achievement of a
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15 Bgal per year capacity coincided with widespread
perturbation perturbation of U.S. agricultural land-
scapes [10, 12] and global agricultural markets [58].
Absent an effective monitoring program, this initial
effort to mitigate global warming by an ambitious
intervention in energy delivery systems has been
plagued by fundamental uncertainties surrounding
policy outcomes [39] and perhaps, avoidable scientific
and public controversy [59]. As U.S. biofuel develop-
ment moves into its advanced, cellulosic phase—an
even more ambitious intervention in ecosystem
functioning—our hope is that significant, up-front
investments are made in comprehensive monitoring
and related assessment and validation of the underly-
ing scientific foundation (biological, physical, and
socio-economic) on which successful climate-change
mitigation should be based.
Acknowledgments

CKW received support from the NSF Macrosystems
Biology Program (NSF-EF 1544083) and from the
National Wildlife Federation.
References

[1] Schnepf R and Yacobucci B D 2013 Renewable Fuel
Standard (RFS): Overview and Issues Congressional
Research Service 7–5700 R40155, Washington, DC (www.
ifdaonline.org/IFDA/media/IFDA/GR/CRS-RFS-Overview-
Issues.pdf) (Accessed: 13 March 2017)

[2] U.S. Environmental Protection Agency 2010 Regulation of
fuels and fuel additives: changes to renewable fuel standard
program Fed. Regist. 75 14669–20

[3] Fargione J, Hill J, Tilman D, Polasky S and Hawthorne P
2008 Land clearing and the biofuel carbon debt Science 319
1235–38

[4] Gelfand I et al 2011 Carbon debt of conservation reserve
program (CRP) grasslands converted to bioenergy
production Proc. Natl Acad. Sci. USA 108 13864–69

[5] Ahlering M, Fargione J and Parton W 2016 Potential
carbon dioxide emission reductions from avoided grassland
conversion in the northern Great Plains Ecosphere 7 e01625

[6] U.S. Environmental Protection Agency 2010 Regulation of
fuels and fuel additives: 2011 renewable fuel standards Fed.
Regist. 75 76790–30 (www.gpo.gov/fdsys/pkg/FR-2010-12-
09/pdf/2010-30296.pdf)

[7] U.S. Environmental Protection Agency 2012 Regulation of
fuels and fuel additives: 2012 renewable fuel standards Fed.
Regist. 77 1320–58 (www.gpo.gov/fdsys/pkg/FR-2012-01-09/
pdf/2011-33451.pdf)

[8] U.S. Environmental Protection Agency 2013 Regulation of
fuels and fuel additives: 2013 renewable fuel standards Fed.
Regist. 78 49794–30 (www.gpo.gov/fdsys/pkg/FR-2013-08-
15/pdf/2013-19557.pdf)

[9] Johnston C A 2013 Wetland losses due to row crop expansion
in the dakota prairie pothole region Wetlands 33 175–82

[10] Wright C K and Wimberly M 2013 Recent land use change
in the Western Corn Belt threatens grasslands and wetlands
Proc. Natl Acad. Sci. USA 110 4134–39

[11] U.S. Department of Agriculture, Farm Service Agency 2013
Cropland Conversion (www.fsa.usda.gov/FSA/webapp?area=
newsroom&subject=landing&topic=foi-er-fri-dtc) (Accessed:
15 July 2016)
15
[12] Lark T J, Salmon J M and Gibbs H K 2015 Cropland
expansion outpaces agricultural and biofuel policies in the
United States Environ. Res. Lett. 10 044003

[13] U.S. Environmental Protection Agency 2011 Biofuels and
the Environment: First Triennial Report to Congress Office
of Research and Development, National Center for
Environmental Assessment, Washington, DC; EPA/600/
R-10/183 F. (https://cfpub.epa.gov/ncea/biofuels/recordisplay.
cfm?deid=235881) (Accessed: 4 August 2016)

[14] U.S. Environmental Protection Agency, Office of Inspector
General 2016 EPA Has Not Met Certain Statutory
Requirements to Identify Environmental Impacts of
Renewable Fuel Standard (www.epa.gov/sites/production/
files/2016-08/documents/_epaoig_20160818-16 p 0275.pdf)
(Accessed: 4 August 2016)

[15] Open Energy Information Wiki 2015 National Refineries
Database (http://en.openei.org/datasets/dataset/national-
biorefineries-database) (Accessed: 20 July 2016)

[16] Haacker E M, Kendall A D and Hyndman D W 2016 Water
level declines in the high plains aquifer: predevelopment to
resource senescence Groundwater 54 231–42

[17] McNew K and Griffith D 2005 Measuring the impact of
ethanol plants on local grain prices Rev. Agric. Econ. 27
164–80

[18] U.S. Department of Agriculture 2007 Ethanol
Transportation Backgrounder: Expansion of U.S. Corn-Based
Ethanol from the Agricultural Transportation Perspective
Agricultural Marketing Service, Washington, DC (www.ams.
usda.gov/sites/default/files/media/Ethanol%20Transportation
%20Backgrounder.pdf) (Accessed: 20 July 2016)

[19] Mueller S and Copenhaver K 2009 Determining the Land
Use Impact of Two Midwestern Corn Ethanol Plants
University of Illinois Chicago (www.erc.uic.edu/assets/pdf/
twoplantlucstudyEPASubmissionv3.pdf) (Accessed: 12
December 2015)

[20] Boryan C, Yang Z, Mueller R and Craig M 2011 Monitoring
U.S. agriculture: the USDA, national agricultural statistics,
cropland data layer program Geocarto Intl. 26 341–58

[21] U.S. Department of Agriculture, Natural Resources
Conservation Service 2015 Soil Survey Geographic
(SSURGO) Database (http://soildatamart.nrcs.usda.gov)
(Accessed: 20 July 2016)

[22] Fry J et al 2011 Completion of the 2006 national land cover
database for the conterminous United States Photogramm.
Eng. Rem. Sens. 77 858–64 (www.mrlc.gov/nlcd2006.php)
(Accessed: 13 March 2017)

[23] U.S. Geological Survey Gap Analysis Program (GAP) 2011
National Land Cover, Version 2 (https://gapanalysis.usgs.
gov/gaplandcover/data/) (Accessed: 7 December 2016)

[24] Motamed M, McPhail L and Williams R 2016 Corn area
response to local ethanol markets in the United States: a
grid cell level analysis Am. J. Ag. Econ. 98 726–43

[25] Cochran W G 1954 Some methods for strengthening the
common chi-squared tests Biometrics 10 417–51

[26] Armitage P 1955 Tests for linear trends in proportions and
frequencies Biometrics 11 375–86

[27] National Agricultural Statistics Service 2016 Crop
Production Historical Track Record (http://usda.mannlib.
cornell.edu/MannUsda/viewDocumentInfo.do?documentID=
1593) (Accessed: 28 March 2016)

[28] U.S. Department of Agriculture 2016 2015 Energy Balance
for the Corn-Ethanol Industry (www.usda.gov/oce/reports/
energy/2015EnergyBalanceCornEthanol.pdf) (Accessed: 28
March 2016)

[29] Plourde J D, Pijanowski B and Pekin B K 2013 Evidence for
increased monoculture cropping in the Central United
States Agr. Ecosys. Env. 165 50–9

[30] Brown J C et al 2014 Ethanol plant location and
intensification vs. extensification of corn cropping in Kansas
Appl. Geogr. 53 141–8

[31] Samson F B, Knopf F L and Ostlie W 2004 Great plains
ecosystems: past, present, and future Wildlife Soc. Bull. 32
6–15

www.ifdaonline.org/IFDA/media/IFDA/GR/CRS-RFS-Overview-Issues.pdf
www.ifdaonline.org/IFDA/media/IFDA/GR/CRS-RFS-Overview-Issues.pdf
www.ifdaonline.org/IFDA/media/IFDA/GR/CRS-RFS-Overview-Issues.pdf
https://doi.org/10.1126/science.1152747
https://doi.org/10.1126/science.1152747
https://doi.org/10.1073/pnas.1017277108
https://doi.org/10.1002/ecs2.1625
http://www.gpo.gov/fdsys/pkg/FR-2010-12-09/pdf/2010-30296.pdf
http://www.gpo.gov/fdsys/pkg/FR-2010-12-09/pdf/2010-30296.pdf
http://www.gpo.gov/fdsys/pkg/FR-2012-01-09/pdf/2011-33451.pdf
http://www.gpo.gov/fdsys/pkg/FR-2012-01-09/pdf/2011-33451.pdf
http://www.gpo.gov/fdsys/pkg/FR-2013-08-15/pdf/2013-19557.pdf
http://www.gpo.gov/fdsys/pkg/FR-2013-08-15/pdf/2013-19557.pdf
https://doi.org/10.1007/s13157-012-0365-x
https://doi.org/10.1073/pnas.1215404110
www.fsa.usda.gov/FSA/webapp?area=newsroom&x0026;subject=landing&x0026;topic=foi-er-fri-dtc
www.fsa.usda.gov/FSA/webapp?area=newsroom&x0026;subject=landing&x0026;topic=foi-er-fri-dtc
https://doi.org/10.1088/1748-9326/10/4/044003
http://https://cfpub.epa.gov/ncea/biofuels/recordisplay.cfm?deid=235881
http://https://cfpub.epa.gov/ncea/biofuels/recordisplay.cfm?deid=235881
http://www.epa.gov/sites/production/files/2016-08/documents/_epaoig_20160818-16 p 0275.pdf
http://www.epa.gov/sites/production/files/2016-08/documents/_epaoig_20160818-16 p 0275.pdf
http://en.openei.org/datasets/dataset/national-biorefineries-database
http://en.openei.org/datasets/dataset/national-biorefineries-database
https://doi.org/10.1111/gwat.12350
https://doi.org/10.1111/j.1467-9353.2005.00219.x
https://doi.org/10.1111/j.1467-9353.2005.00219.x
http://www.ams.usda.gov/sites/default/files/media/Ethanol%20Transportation%20Backgrounder.pdf
http://www.ams.usda.gov/sites/default/files/media/Ethanol%20Transportation%20Backgrounder.pdf
http://www.ams.usda.gov/sites/default/files/media/Ethanol%20Transportation%20Backgrounder.pdf
http://www.erc.uic.edu/assets/pdf/twoplantlucstudyEPASubmissionv3.pdf
http://www.erc.uic.edu/assets/pdf/twoplantlucstudyEPASubmissionv3.pdf
https://doi.org/10.1080/10106049.2011.562309
http://soildatamart.nrcs.usda.gov
www.mrlc.gov/nlcd2006.php
http://https://gapanalysis.usgs.gov/gaplandcover/data/
http://https://gapanalysis.usgs.gov/gaplandcover/data/
https://doi.org/10.1093/ajae/aav095
https://doi.org/10.2307/3001616
https://doi.org/10.2307/3001775
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1593
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1593
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1593
http://www.usda.gov/oce/reports/energy/2015EnergyBalanceCornEthanol.pdf
http://www.usda.gov/oce/reports/energy/2015EnergyBalanceCornEthanol.pdf
https://doi.org/10.1016/j.agee.2012.11.011
https://doi.org/10.1016/j.apgeog.2014.05.021
https://doi.org/10.2193/0091-7648(2004)32[6:GPEPPA]2.0.CO;2
https://doi.org/10.2193/0091-7648(2004)32[6:GPEPPA]2.0.CO;2


Environ. Res. Lett. 12 (2017) 044001
[32] Babcock B A 2015 Extensive and intensive agricultural
supply response Ann. Rev. Res. Econ. 7 333–48

[33] Riley P 2015 Interaction between ethanol, crop, and
livestock markets, In U.S. Ethanol: An Examination of
Policy, Production, Use, Distribution, and Market
Interactions Office of Energy Policy and New Uses, Office of
the Chief Economist, U.S. Department of Agriculture
(www.usda.gov/oce/energy/index.htm) (Accessed: 7
December 2016)

[34] Bryant M H et al 2009 Effect of growing beef replacement
heifers on wheat pasture before and during breeding on
reproductive performance Selk Research Report (file:///C:/
Users/ckwright/Downloads/2009%20Selk%20Research%
20Report%20(2).pdf) (Accessed: 12 January 2017)

[35] Wessler B 2011 Impacts of wheat/corn price parity on
cattle feeding Drovers/Cattlenetwork (www.cattlenetwork.com/
cattle-news/latest/Impacts-of-wheatcorn-price-parity-on-
cattle-feeding-120122574.html) (Accessed: 12 January 2017)

[36] Blake T, Blake V C, Bowman J G P and Abdel-Haleem H
2010 barley feed uses and quality improvement, In Barley:
Production, Improvement, and Uses ed S E Ullrich (Oxford,
UK: Wiley-Blackwell)

[37] Cash S D et al 2009 Registration of ‘Willow Creek’ forage
wheat J. Plant Registrations 3 185–90

[38] Denicoff M and Riley P 2015 Managing the U.S. corn
transportation and storage systems U.S. Ethanol: An
Examination of Policy, Production, Use, Distribution, and
Market Interactions Office of Energy Policy and New Uses,
Office of the Chief Economist, U.S. Department of
Agriculture (www.usda.gov/oce/energy/index.htm)
(Accessed: 7 December 2016)

[39] Ahlgren S and Di Lucia L 2014 Indirect land use changes of
biofuel production—a review of modeling efforts
policy developments in the European Union Biotech.
Biofuels 7 35

[40] Taheripour F, Hertel T Wand Tyner W E 2011 Implications
of biofuels mandates for the global livestock industry:
a computable general equilibrium model Ag. Econ. 42 325–42

[41] Elliott J et al 2014 A spatial modeling framework to
evaluate domestic biofuel-induced potential land use
changes and emissions Env. Sci. Tech. 48 2488–96

[42] U.S. Department of Agriculture, National Agricultural
Statistics Service 2014 2012 Census of Agriculture: United
States Summary and State Data (www.agcensus.usda.gov/
Publications/2012/Full_Report/Volume_1, _Chapter_1_US/
usv1.pdf) (Accessed: 20 July 2016)

[43] U.S. Department of Agriculture, National Agricultural
Statistics Service 2009 2007 Census of Agriculture: United
States Summary and State Data (www.agcensus.usda.gov/
Publications/2007/Full_Report/Volume_1, _Chapter_1_US/
usv1.pdf) (Accessed: 20 July 2016)

[44] Nickerson C, Ebel R, Brothers A and Carriazo F 2011
Major Uses of Land in the United States, 2007 EIB-89, U.S.
Department of Agriculture, Economic Research Service
(www.ers.usda.gov/publications/eib-economic-information-
bulletin/eib89.aspx) (Accessed: 20 July 2016)
16
[45] Nixon L 2015 Wheat land becomes corn country in central
SD Capital Journal (www.capjournal.com/news/wheat-land-
becomes-corn-country-in-central-sd/article_38455ac2–4232-
11e5–8891-a7917cca94c6.html) (Accessed: 20 July 2016)

[46] Lubowski et al 2006 Environmental Effects of Agricultural
Land-Use Change: The Role of Economics and Policy U.S.
Department of Agriculture Economic Research Service
Report Number 25, Washington, DC (www.ers.usda.gov/
webdocs/publications/err25/17582_err25fm_1_.pdf)
(Accessed: 13 March 2017)

[47] Claassen R, Carriazo F, Cooper J C, Hellerstein D and
Ueda K 2011 Grassland to cropland conversion in the
Northern Plains U.S. Department of Agriculture Economic
Research Service Report Number 120, Washington, DC
(www.ers.usda.gov/webdocs/publications/err120/
7477_err120.pdf) (Accessed: 13 March 2017)

[48] Morefield P E, LeDuc S D, Clark C M and Iovanna R 2016
Grasslands, wetlands, and agriculture: the fate of land
expiring from the conservation reserve program in the
midwestern United States Environ. Res. Lett. 11 094005

[49] Meehan T D, Hurlbert A H and Gratton C 2010 Bird
communities in future bioenergy landscapes of the upper
midwest Proc. Natl Acad. Sci. USA 107 18533–8

[50] Donner S D and Kucharik C J 2008 Corn-based ethanol
production comprises goal of reducing nitrogen export by
the Mississippi River Proc. Natl Acad. Sci. USA 105 4513–8

[51] Langpap C and Wu J 2011 Potential environmental impacts
of increased reliance on corn-based bioenergy Environ. Res.
Econ. 49 147–71

[52] Qin Z, Dunn J B, Kwon H, Mueller S and Wander M N
2016 Influence of spatially dependent, modeled soil carbon
emission factors on life-cycle greenhouse gas emissions of
corn and cellulosic ethanol Glob. Change Biol. Bioenergy 8
1136–49

[53] Davis S C et al 2012 Impact of second-generation biofuel
agriculture on greenhouse-gas emissions in the corn-
growing regions of the U.S. Front. Ecol. Env. 10 69–74

[54] Laingen C and Craig C 2011 Adding another notch to
America’s corn belt Focus on Geography 54 60–69

[55] U.S. Environmental Protection Agency 2015 Renewable fuel
standard program: standards for 2014, 2015, and 2016 and
biomass-based diesel volume for 2016 Fed. Regist. 80 33100–53

[56] U.S. Energy Information Agency 2016 U.S. ethanol exports
exceed 800 million gallons for second year in a row (www.
eia.gov/todayinenergy/detail.cfm?id=25312) (Accessed: 20
July 2016)

[57] U.S. Environmental Protection Agency 2016 Renewable Fuel
Standard Program: Standards for 2017 and Biomass-Based
Diesel Volume for 2018 (www.epa.gov/sites/production/files/
2016-11/documents/rfs-2017-annual-rule-frm-2016-11-23.
pdf) (Accessed: 30 November 2016)

[58] Wright B 2014 Global biofuels: key to the puzzle of grain
market behavior J. Econ. Pers. 28 73–98

[59] Searchinger T et al 2008 Use of U.S. croplands for biofuels
increases greenhouse gases through emissions from land-use
change Science 319 1238–40

https://doi.org/10.1146/annurev-resource-100913-012424
http://www.usda.gov/oce/energy/index.htm
http://file:///C:/Users/ckwright/Downloads/2009%20Selk%20Research%20Report%20(2).pdf
http://file:///C:/Users/ckwright/Downloads/2009%20Selk%20Research%20Report%20(2).pdf
http://file:///C:/Users/ckwright/Downloads/2009%20Selk%20Research%20Report%20(2).pdf
http://www.cattlenetwork.com/cattle-news/latest/Impacts-of-wheatcorn-price-parity-on-cattle-feeding-120122574.html
http://www.cattlenetwork.com/cattle-news/latest/Impacts-of-wheatcorn-price-parity-on-cattle-feeding-120122574.html
http://www.cattlenetwork.com/cattle-news/latest/Impacts-of-wheatcorn-price-parity-on-cattle-feeding-120122574.html
https://doi.org/10.3198/jpr2008.12.0715crc
http://www.usda.gov/oce/energy/index.htm
https://doi.org/10.1186/1754-6834-7-35
https://doi.org/10.1111/j.1574-0862.2010.00517.x
https://doi.org/10.1021/es404546r
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1, _Chapter_1_US/usv1.pdf
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1, _Chapter_1_US/usv1.pdf
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1, _Chapter_1_US/usv1.pdf
http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1, _Chapter_1_US/usv1.pdf
http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1, _Chapter_1_US/usv1.pdf
http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1, _Chapter_1_US/usv1.pdf
http://www.ers.usda.gov/publications/eib-economic-information-bulletin/eib89.aspx
http://www.ers.usda.gov/publications/eib-economic-information-bulletin/eib89.aspx
http://www.capjournal.com/news/wheat-land-becomes-corn-country-in-central-sd/article_38455ac2&x2013;4232-11e5&x2013;8891-a7917cca94c6.html
http://www.capjournal.com/news/wheat-land-becomes-corn-country-in-central-sd/article_38455ac2&x2013;4232-11e5&x2013;8891-a7917cca94c6.html
http://www.capjournal.com/news/wheat-land-becomes-corn-country-in-central-sd/article_38455ac2&x2013;4232-11e5&x2013;8891-a7917cca94c6.html
www.ers.usda.gov/webdocs/publications/err25/17582_err25fm_1_.pdf
www.ers.usda.gov/webdocs/publications/err25/17582_err25fm_1_.pdf
www.ers.usda.gov/webdocs/publications/err120/7477_err120.pdf
www.ers.usda.gov/webdocs/publications/err120/7477_err120.pdf
https://doi.org/10.1088/1748-9326/11/9/094005
https://doi.org/10.1073/pnas.1008475107
https://doi.org/10.1073/pnas.0708300105
https://doi.org/10.1007/s10640-010-9428-8
https://doi.org/10.1111/gcbb.123333
https://doi.org/10.1111/gcbb.123333
https://doi.org/10.1890/110003
https://doi.org/10.1111/j.1949-8535.2011.00027.x
http://www.eia.gov/todayinenergy/detail.cfm?id=25312
http://www.eia.gov/todayinenergy/detail.cfm?id=25312
http://www.epa.gov/sites/production/files/2016-11/documents/rfs-2017-annual-rule-frm-2016-11-23.pdf
http://www.epa.gov/sites/production/files/2016-11/documents/rfs-2017-annual-rule-frm-2016-11-23.pdf
http://www.epa.gov/sites/production/files/2016-11/documents/rfs-2017-annual-rule-frm-2016-11-23.pdf
https://doi.org/10.1257/jep.28.1.73
https://doi.org/10.1126/science.1151861

	Recent grassland losses are concentrated around U.S. ethanol refineries
	1. Introduction
	2. Methods
	2.1. Refinery locations and feedstock draw areas
	2.2. Change detection
	2.3. Accuracy assessment
	2.4. Bias correction
	2.5. Source lands
	2.6. Aggregate analysis
	2.7. Spatially explicit analysis

	3. Results
	3.1. Aggregate change
	3.2. Potential ethanol production from cropland expansion
	3.3. Spatially explicit change

	4. Discussion
	4.1. Indirect land-use change
	4.2. Aggregate compliance
	4.3. Broader impacts on the extensive margin

	5. Conclusions
	Acknowledgements
	References


