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Over 13 million ha of former cropland are enrolled in the US Conservation Reserve Program (CRP), providing well-recognized biodiversity, water quality, and carbon (C) sequestration beneﬁts that
could be lost on conversion back to agricultural production. Here
we provide measurements of the greenhouse gas consequences of
converting CRP land to continuous corn, corn–soybean, or perennial
grass for biofuel production. No-till soybeans preceded the annual
crops and created an initial carbon debt of 10.6 Mg CO2 equivalents
(CO2e)·ha−1 that included agronomic inputs, changes in C stocks,
altered N2O and CH4 ﬂuxes, and foregone C sequestration less
a fossil fuel offset credit. Total debt, which includes future debt
created by additional changes in soil C stocks and the loss of substantial future soil C sequestration, can be constrained to 68 Mg
CO2e·ha−1 if subsequent crops are under permanent no-till management. If tilled, however, total debt triples to 222 Mg CO2e·ha−1
on account of further soil C loss. Projected C debt repayment periods under no-till management range from 29 to 40 y for corn–
soybean and continuous corn, respectively. Under conventional tillage repayment periods are three times longer, from 89 to 123 y,
respectively. Alternatively, the direct use of existing CRP grasslands
for cellulosic feedstock production would avoid C debt entirely
and provide modest climate change mitigation immediately. Incentives for permanent no till and especially permission to harvest CRP
biomass for cellulosic biofuel would help to blunt the climate impact of future CRP conversion.
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rojections of reduced fossil fuel availability and increasing
appreciation of the environmental impacts of fossil fuel use
have stimulated interest in renewable energy sources from agricultural crops (1, 2), which would likely lead to the expansion of
cropland to satisfy new production demands (3). A likely side effect of cropland expansion is an increase in greenhouse gas
(GHG) emissions due to land-use conversion (4, 5). In the United
States, ∼13 × 106 ha of former cropland are in the Conservation
Reserve Program (CRP) (6) but this amount is subject to change
as CRP and additional acreage now unmanaged will increasingly
be converted to biofuel crops in response to the current US ethanol mandate (7). Modeled estimates of the carbon cost (C debt)
of converting CRP grassland to agriculture have ranged from ∼30
to 200 Mg CO2 equivalents (CO2e)·ha−1, requiring from 3 to >50 y
to repay depending on GHG emissions following conversion vs.
the net production of biofuels to offset fossil fuel use (fossil fuel
offset credit) (4, 8–10). However, the lack of direct measurements
of GHG ﬂuxes during conversion of CRP lands makes such estimates highly uncertain.
Here we report a full GHG accounting during the year of conversion of a 22-y-old CRP perennial grassland dominated by
smooth brome grass (Bromus inermis) to a no-till soybean (Glycine
max) system. No-till soybean is a recommended breakout crop for
CRP conversion because of weed control and soil carbon conservation advantages. Our analysis includes all major components of
the C balance including the CO2e costs of agricultural inputs such
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as fuel, fertilizer, herbicides, seeds, and other agronomic inputs;
changes in C storage as measured by net ecosystem CO2 exchange
adjusted for grain C; and net ecosystem ﬂuxes of the greenhouse
gases N2O and CH4. We credit the C balance with a fossil fuel
offset credit based on biodiesel yield from soybeans grown at the
converted sites and published life cycle comparisons of fossil vs.
biodiesel production (11–13) (SI Text), which include coproduct
credits. To calculate the C debt payback time we project forward
from the conversion year using the life cycle analysis (LCA) of
biofuel and fossil fuel production and long-term county crop yields,
together with data for soil GHG ﬂuxes and soil carbon from nearby
ﬁelds on the same soil series studied for a decade or more.
We consider ﬁve contrasting scenarios for subsequent management: continuous corn and corn–soybean rotations, each either tilled or in permanent no-till. A ﬁfth scenario is CRP
grassland harvested for cellulosic ethanol production. We recognize that only a small fraction of US soils are today in permanent no-till and that even a single tillage event can rapidly destroy
an accumulated soil C beneﬁt (14, 15). We present the permanent
no-till scenario as a best-practice option, agronomically realistic
with the proper incentives (16). Likewise, using the grassland for
cellulosic ethanol production will not be practical without nearby
bioreﬁneries that can accept cellulosic feedstocks. Nevertheless,
such scenarios are important for framing potential outcomes in
light of ongoing policy discussions.
Results and Discussion
The largest ﬁrst-year C cost of CRP conversion to no-till soybean
is the change in ecosystem C stocks as measured by net ecosystem
CO2 exchange (NEE) (deﬁned here as positive for net C emission
to the atmosphere and negative for net C sequestration from the
atmosphere) (Fig. 1A and Table 1). Over the course of 2009,
emissions in excess of photosynthetic uptake totaled 9.60 ± 0.35
Mg CO2e·ha−1 (NEEadj; Table 1 and Eq. 1), which represents
a net loss of ecosystem C for the conversion year. Additionally,
the converted ﬁelds emitted a substantial amount of N2O (Fig.
1B and Table S1), which contributed another 2.10 ± 0.58 Mg
CO2e·ha−1 to the net GHG balance. Methane oxidation, on the
other hand, was negligible, on the order of −0.008 ± 0.005 Mg
CO2e·ha−1 (Table S1). GHG farming costs were also minor: the
total CO2e cost of fuel, fertilizer, pesticides, and seeds summed to
0.10 Mg CO2e·ha−1 (Table S2 and SI Text for details). The direct
ﬁrst-year carbon cost of conversion was thus 11.80 ± 0.68 Mg
CO2e·ha−1 (Fig. 2).
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Fig. 1. Cumulative ﬂuxes of greenhouse gases from the studied systems. (A) Average cumulative NEE from three CRP grasslands converted to no-till soybean
(red line) compared with a CRP grassland reference site (black line) during 2009. Positive values indicate net CO2 emission from the ecosystems. Gray areas show
the SD of cumulative NEE. Herbicide was ﬁrst applied to the CRP grassland on day of year (DOY) 125; soybeans were sown on DOY 160 and harvested on DOY
310. (B) Average cumulative emissions of N2O (N2O − N g·ha−1; solid symbols) and CH4 (CH4 − C g·ha−1; open symbols) at the study sites during the 2009 growing
season. Black lines and symbols represent the CRP reference site and red lines and symbols represent converted sites. Error bars are quadratic sums of component
SEs (n = 3 replicate ﬁelds for converted CRP and n = 4 replicates within one ﬁeld for reference CRP; see SI Text for details). Note different units in A and B.
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in the absence of conversion, have reached a saturation soil C
concentration of ∼30 g C·kg−1 as for nearby soils of the same
series (22). Other estimates of foregone soil C sequestration
for conservation lands range from ∼27 (10) to 104 (23) Mg
CO2e·ha−1. Foregone soil C sequestration thus makes one of the
largest contributions to overall C debt.
Summing both conversion year (Fig. 2) and future debt as
discussed above brings the total C debt for CRP land converted to
no-till agriculture to 68 ± 7 Mg CO2e·ha−1, with 9.6 Mg CO2e·ha−1
from decomposing soil and plant carbon during the conversion
year, 2.1 Mg from changes in N2O and CH4 ﬂuxes, 0.1 Mg from
farming activities, −3.7 Mg of conversion year fossil fuel offset
credit, 2.5 Mg of foregone C sequestration during the year of
conversion, 8.9 Mg of future brome grass decomposition, and
49 Mg of foregone future soil C sequestration.
Our calculation of C debt is higher than Piñeiro et al.’s estimate
for conversion of CRP land (∼30 Mg CO2·ha−1 ) (10) and similar
to Fargione et al.’s (69 Mg CO2·ha−1) (9), even though our conversion entailed no-till management and thus conserved a substantial amount of soil C that was estimated to have been oxidized
in the earlier studies. As well, our measurement is lower than that
estimated by Searchinger et al. (4) for conversion of native
grassland with its higher soil C content (111–200 Mg CO2·ha−1).
Were our ﬁelds tilled rather than under no-till management
during the conversion year, our debt would be substantially
higher, as described below.
The time it takes for a biofuel cropping system to produce
enough GHG savings to offset the GHGs emitted due to conTable 1. Net ecosystem exchange (NEE) for the year 2009 in CRP
grasslands converted to no-till soybean and in an unconverted
reference site
Mg CO2e·ha−1·y−1

CRP converted grassland
CRP reference*

NEE

Cbio

NEEadj

5.18 (0.30)
−2.97 (0.97)

4.43 (0.01)
—

9.60 (0.35)
−2.97 (0.97)

NEE is measured by eddy covariance adjusted for harvested grain respired
off site (Cbio) to provide NEEadj (Eq. 1) (mean ± SEM, n = 3 replicate sites
except as noted). NEE as deﬁned here is positive when the net ﬂux is to the
atmosphere.
*One replicate, error propagated by quadratic sum of component errors (17).
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To this initial conversion cost an additional 2.50 ± 0.98 Mg
CO2e·ha−1 of foregone sequestration must be added. This is the
amount of carbon that would have been sequestered during the
conversion year by soil and plants in the converted sites had they
been left unconverted and is based on the net greenhouse gas
balance of the reference site (Fig. 2, Inset). This value includes the
net amount of CO2e captured by the reference site, measured as
the cumulative annual NEE (−2.97 ± 0.97 Mg CO2e·ha−1; Fig. 1A
and Table 1) less emitted N2O (0.46 ± 0.10 Mg CO2e·ha−1) and
methane (0.009 ± 0.022 Mg CO2e·ha−1) (Fig. 1B and Table S1).
The total ﬁrst-year carbon cost thus sums to 14.31 ± 0.86
Mg CO2e·ha−1.
Against this initial cost can be credited 3.66 ± 0.08 Mg
CO2e·ha−1 or 227 g CO2e·MJ−1 for avoided fossil fuel C use
following biodiesel production. To determine this fossil fuel offset
credit we used published results of life cycle analyses and models
to estimate the CO2 displaced both by direct production of soybean biodiesel and by coproduct allocations based on mass and
energy allocation methods (11) (SI Text). This method brings the
net ﬁrst-year carbon cost of conversion to 10.65 ± 0.79 Mg
CO2e·ha−1 (Fig. 2 and Table S3).
In addition to ﬁrst-year carbon costs are two additional sources of C loss that will contribute to overall debt. The ﬁrst is CO2
that will be emitted in the years following conversion from the
eventual decomposition of grass biomass killed during the conversion year. This estimate is based on the conservative assumption that ∼33% of brome grass biomass fully decomposed
during the conversion year (Table S4 and SI Text), yielding CO2e
that is already included in NEE measurements. The remaining
8.92 ± 0.22 Mg CO2e·ha−1 would then decompose in subsequent
years less a very small percentage that would be expected to
become sequestered in passive soil carbon pools.
A second and substantially larger future cost is the loss of soil
C sequestration in the converted sites that would have continued
to have been sequestered had those sites not been converted. We
estimate future foregone soil C sequestration to add an additional C debt equivalent to the difference in soil C concentration
between the preconverted sites and the saturation C content of
area soils of the same series in late successional, unmanaged
ecosystems (18–21). We thus expect that future soil C sequestration would have been 49 ± 7 Mg CO2e·ha−1 (Tables S5 and
S6 and SI Text) on the basis of current soil concentrations of
25.5 g C·kg−1 for the Ap (surface) horizon that would eventually,
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Fig. 2. Conversion year GHG impact for Conservation Reserve Program (CRP) ﬁelds converted to no-till soybeans in 2009. NEEadj includes the net release of soil
and grain C in the converted site and the net capture of soil C in the reference site. Not shown for the converted sites is foregone C sequestration, which is
equivalent to the net GHG impact for the reference site, shown in the Inset. Also not shown is future debt created by the subsequent decomposition of CRP
biomass (8.9 Mg CO2·ha−1) and future foregone soil C sequestration (49 Mg CO2·ha−1). Error bars are quadratic sums of component SEs (see SI Text for details).

version is the C debt payback time. Payback time for a given debt
depends on subsequent agricultural management practices and
biofuel production offset credits. To bracket the range of times
for a realistic range of grain-based production systems in our
area we estimate payback times under four different rotation and
tillage scenarios: continuous corn vs. corn–soybean rotations,
each with either tillage or permanent no-till soil management. A
ﬁfth scenario is harvesting the CRP grassland directly for cellulosic ethanol production.
We base our estimates on long-term results from nearby
experiments, as well as on average agricultural grain yields from
2007 to 2009 for Kalamazoo County, Michigan (7.7 ± 0.8 Mg·ha−1·
y−1 and 2.5 ± 0.2 Mg·ha−1·y−1 for corn and soybean, respectively,
at standard moisture contents) (Table S6). Under all four grainbased scenarios we assume grain is used for ethanol (corn) or
biodiesel (soybeans). Additionally we assume that 17% of continuous corn residues are removed for the production of cellulosic ethanol and no residues are removed from corn–soybean
rotations. These rates of stover removal leave sufﬁcient corn residue to maintain (but not build) long-term soil carbon stores:
5.2 Mg·ha−1·y−1 for continuous corn and 7.8 Mg·ha−1·y−1 for corn–
soybean rotations in southwest Michigan (24, 25).
Fossil fuel offset credits account for fossil fuel CO2 emissions
displaced by both direct production of renewable energy and
feedstock coproducts. We used published results of life cycle
analysis (LCA) and models (11–13) to estimate fossil fuel offset
credits of 194 and 33 g CO2e·MJ−1 for biodiesel from soybeans
and ethanol from corn grain, respectively (SI Text). For cellulosic
ethanol from stover and CRP grasses we used the GREET
model (GREET 1.8d.0) (11) to estimate fossil fuel offset credits
of 101 and 90 g CO2e·MJ−1, respectively (SI Text).
If postconversion-year management were permanent no-till
continuous corn, we estimate that our system’s C debt of 68 Mg
CO2·ha−1 could be repaid within 40 ± 11 y (Table 2, Table S6, and
SI Text). Including a no-rotation yield penalty of 10% of harvestable biomass (26, 27) (cf. ref. 16), our estimate of a 40-y payback
time for no-till continuous-corn ethanol is somewhat shorter than
Fargione et al.’s (8) estimate of 48 y. This result is in part due to
our assuming no additional soil C loss on the basis of no-till results
at nearby sites (22) vs. their assuming loss of all CRP-accumulated
soil C due to tillage. Our estimate would be substantially shorter
without the inclusion of foregone future soil C sequestration, as in
13866 | www.pnas.org/cgi/doi/10.1073/pnas.1017277108

Fargione et al. (8), i.e., an additional loss of ∼49 Mg CO2e·ha−1
(Table S5 and SI Text) that must also be repaid.
If subsequent management were a corn–soybean rotation under permanent no-till, we estimate that our system’s C debt of 68
Mg CO2·ha−1 would require 29 ± 5 y to repay (Table 2). This
faster payback is because the corn–soybean rotation produces
higher average fossil fuel offset credits (301 ± 35 g CO2·MJ−1·y−1
for bioethanol plus biodiesel averaged over 2 y vs. 232 ± 43 g
CO2e·MJ−1·y−1 for bioethanol from continuous corn; calculated
by Eq. 3, Eq. S5, and Eq. S6) (SI Text). Annual net CO2e balances
are −2.37 ± 0.36 and −1.69 ± 0.44 Mg CO2e·ha−1·y−1 for corn–
soybean and continuous corn, respectively (Table S6 and SI Text).
Tillage, for either rotation scenario, increases the payback
time substantially. Were the subsequent agricultural systems to
be tilled following our no-till conversion year, the payback times
would be ∼123 and 89 y for the continuous corn and corn–soybean rotations, respectively (Table 2 and Table S6). This payback
time is two to four times longer than those estimated by Piñeiro
et al. (∼30 y) (10) and Fargione et al. (48 y) (9) and is closer to
that estimated by Searchinger et al. (167 y) (4), which, unlike
others, including ours, also includes the cost of indirect land-use
change. Our longer payback time is because tillage will cause the
complete oxidation of the soil carbon pool accumulated under
CRP management (25) (Table S5), much of which will be released
during the ﬁrst 2–3 y of initial tillage (15). This will add considTable 2. Carbon debt payback times under different scenarios
of conversion of Conservation Reserve Program (CRP) grassland
to annual cropping systems at a site in southwest Michigan
Carbon debt payback time: years
Agronomic management
Continuous corn
Corn–soybean rotation

Conventional tillage

Permanent no-till

123 (43)
89 (26)

40 (11)
29 (5)

The management system noted follows a ﬁrst-year conversion of grassland to no-till soybeans as noted in Fig. 1. Projections are based on observations made during the establishment year plus projections of historical
productivity and greenhouse gas ﬂuxes from nearby sites under conventional
tillage and permanent no-till rotations. Carbon debt payback times include
coproduct offsets (SI Text). SEs (in parentheses) are based on the propagation
of errors associated with the various components of carbon debt.
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222 Mg CO2·ha−1 depending on postconversion tillage management. Payback times likewise depend on tillage: Shorter payback
times are achievable only with permanent no-till, for which 29–
40 y would be required if subsequent rotations were no-till corn–
soybean or no-till continuous corn, respectively. If managed with
conventional tillage, the repayment period triples to 89–123 y,
respectively. The direct use of unconverted CRP grasslands for
cellulosic feedstock production, on the other hand, would avoid C
debt entirely and provide signiﬁcant climate change mitigation
immediately. Policy incentives for permanent no-till would help
to attenuate the climate impact of future CRP conversion and
permission to harvest CRP biomass for cellulosic biofuel would
provide a net climate beneﬁt.
Materials and Methods
Experimental sites were located in southwest Michigan, in the northeastern
part of the US Corn Belt (Fig. S1). The experiment is part of the Great Lakes
Bioenergy Research Center (GLBRC) and located at the W. K. Kellogg Biological Station (KBS) Long-Term Ecological Research (LTER) site (www.lter.
kbs.msu.edu; 42° 24’ N, 85° 24’ W, and 288 m above sea level). Mean annual
air temperature is 9.7 °C and annual precipitation is 920 mm, evenly distributed throughout the year. Soils are well-drained Typic Hapludalfs developed on glacial outwash (32).
Three CRP ﬁelds (13–19.5 ha; Fig. S1) were converted to no-till soybeans in
spring 2009. Glyphosate was applied at a rate of 0.5 kg active compound·ha−1
[Touchdown HiTech (N-(phosphonomethyl); Syngenta Agro] at day of year
(DOY) 125, with subsequent no-till planting of glyphosate-tolerant soybeans
at DOY 160 with a seed drill; there was no further soil disturbance. Glyphosate-tolerant soybeans are a recommended break crop for CRP lands
because perennial grasses can be effectively controlled with herbicide
applications throughout the growing season as needed. All three ﬁelds had
been in USDA-contracted CRP grasslands since 1987, as was an additional 9-ha
ﬁeld used as a reference site; before CRP enrollment the ﬁelds were in corn–
soybean production for at least 50 y and in other corn–small grain rotations
since ﬁrst farmed in the 1800s. During CRP enrollment all sites were planted
with monocultures of smooth brome grass (Bromus inermis) (33), maintained
following the USDA criteria for CRP lands (www.fsa.usda.gov/FSA/).
Measurements and Calculations of Net Ecosystem CO2 Exchange. The turbulent
exchange of CO2 between the canopy and the atmosphere was measured
throughout 2009 using the eddy covariance (EC) technique (Fig. 1) (34–36).
The EC system consisted of a LI-7500 open-path infrared gas analyzer (Li-Cor
Biosciences), a CSAT3 three-dimensional sonic anemometer, and a CR5000
data logger (Campbell Scientiﬁc). The LI-7500 was calibrated every 4 mo in
the laboratory with National Oceanic and Atmospheric Administration precision CO2 standards.
The 30-min mean ﬂux of CO2 was computed as the covariance of vertical
wind speed and the concentration of CO2 after removing spikes in raw data
(>6 SDs) and correcting sonic temperatures for humidity and pressure (37),
with additional correction of the coordinate system with the planar ﬁt
method. The correction algorithm uses the formulation of ref. 38 in the
planar ﬁt coordinate system (39), which was deﬁned from the entire year’s
mean wind data in all studied sites. The correction was performed using the
EC processor software package available at http://research.eeescience.utoledo.
edu/lees/. The 30-min mean ﬂuxes were corrected for ﬂuctuations in air density using the Webb–Pearman–Leuning expression (40), including the term for
the warming of the infrared gas analyzer above air temperature (41).
The resulting NEE of CO2, compiled at 0.5-h intervals, was averaged across
the three converted ﬁelds to estimate the annual C ﬂux for each ﬁeld. We
compared this C ﬂux with the ﬂux of the unconverted (reference) CRP ﬁeld.
The C debt calculations were based on these NEE estimates of replicate plots
(Table 1).
For the estimation of the C debt of the CRP land conversion we calculated
adjusted NEE (NEEadj; Mg CO2e·ha−1·y−1) (Table 1) from measured NEE (Mg
CO2e·ha−1·y−1) plus harvested grain or biomass C (Cbio; Mg CO2e·ha−1·y−1):
NEEadj ¼ NEE þ Cbio :

[1]

Carbon in the grain or grass biomass, representing organic C removed in
soybean or grass harvest, was calculated as
Cbio ¼ fc × Y;

[2]

where Cbio is the measured C fraction in soybean grain (0.53 ± 0.05 g C·g−1
dry mass) and the C concentration in brome grass [0.44 ± 0.00 g C·g−1 dry
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erably to the system’s carbon debt, increasing payback time accordingly: Soil C differences between our CRP sites and nearby
historically tilled ﬁelds under continuous cultivation indicate that
at least 4.2 kg C·m−2 to 1-m depth (Table S5) will be lost; oxidation of this amount of soil C is equivalent to ∼153 Mg CO2e·ha−1
of additional debt.
Thus, if the biofuel production entails annual tillage, the system’s resulting carbon debt will triple from 68 ± 7 Mg CO2e·ha−1
for no-till conversion to 222 ± 56 Mg CO2·ha−1, not including the
additional debt associated with the increase in N2O emissions
likely to occur following tillage (15). Tillage of CRP lands thus
creates substantial local C debt—not repayable for almost a century if subsequent crops are used for biofuel and never repaid if
intermittently tilled and used for food crop production. Irrespective of future crop use, policies to protect CRP carbon on
conversion should be a national priority to avoid further atmospheric CO2 loading.
An alternative to converting CRP grasslands to annual crops
for biofuel production is to use these lands to produce perennial
crop biomass for cellulosic biofuel feedstocks (5, 28). The
aboveground net primary production of our unfertilized reference site was 3.86 Mg dry mass·ha−1 in 2009 (Table S4). This dry
biomass is sufﬁcient to produce between 17 ± 1 and 25 ± 1
GJ·ha−1 of cellulosic ethanol depending on harvest efﬁciencies
(55–83%) (29, 30), resulting in fossil fuel offset credits between
1.53 ± 0.05 and 2.31± 0.08 Mg CO2e·ha−1 (Table S6).
Additionally, the soil C sequestration potential of our sites is
6.97 Mg CO2e·ha−1·y−1 (to 1 m depth) on the basis of the rate of
soil C accumulation over 22 y at our CRP reference site (Table
S5). This potential will diminish over time, eventually to nil as soil
C concentrations reach equilibrium (21). After this point, our
CRP land would provide a continuous GHG mitigation capacity
of at least 2.33 Mg CO2e·ha−1·y−1 from fossil fuel offset credits
and lower N2O emissions, together with other ecosystem services
(Tables S1, S3, and S6 and SI Text). This mitigation could be
signiﬁcantly greater were the ﬁelds fertilized or coplanted to
legumes to increase productivity (so long as N2O production does
not increase substantially as a result) or were they replanted
without tillage to a more productive species mix (5, 31). Additionally, cellulosic biofuel crops could be grown on land less or not
suitable for food crops—a criterion for CRP lands, thus avoiding
food vs. fuel competition for highly productive land as well as the
GHG emissions associated with indirect land use change (4),
whereby land elsewhere is converted to agricultural production to
offset the loss of food production where biofuels are newly grown.
Estimation of net CO2e emissions per unit of biofuel energy
produced (GHG emission intensity; Eq. S4) allows comparison of
the environmental impacts of different energy sources (12). We
estimate that production of 1 MJ of biofuel energy from CRP
conversion to grain-based biofuel crops would emit 661 g CO2e
(Table S7) during the year of conversion alone. This GHG impact
is seven times higher than the emissions from an equivalent
amount of fossil fuel-derived gasoline, including production, distribution, and combustion (94 g CO2e·MJ−1) (12). Even with the
establishment of a no-till continuous-corn system, the GHG impact of biofuel production will stay very high, 1148 g CO2e·MJ−1 in
the ﬁrst year and decreasing thereafter until the C debt of conversion and foregone C sequestration are repaid, and only after
that would it stabilize at −39 g CO2e·MJ−1. During this same period, the use of CRP lands for cellulosic biofuel feedstock production from perennial grassland would result in a consistently
negative GHG emission intensity of −121 to −137 g CO2e·MJ−1
of energy produced (Table S7), although at a lower energy yield
(17 ± 1 to 26 ± 1 GJ·ha−1 for CRP biomass vs. 60 ± 10 GJ·ha−1 for
continuous corn grain; Table S7) in the absence of improved
cellulosic crop varieties and management to provide better yields.
Overall, our results show that no-till conversion of CRP
grassland to an annual bioenergy crop will create a C debt of 68–

biomass (SI Text)], and Y is soybean grain or grass yields (Mg·ha−1·y−1)
(for detailed information on soybean and grass yields see Table S6). For use
in Eq. 1, Cbio is recalculated to CO2.
The fossil fuel offset credit is deﬁned here as the sum of all potential
avoided CO2 emissions due to the displacement of production and combustion of fossil fuels or their coproducts by biofuels. We used results of
published life cycle analyses and models for calculation of fossil fuel and coproduct offset credits (11–13). For fossil fuel offset credits associated with
biodiesel we used published results from comparison of life cycle analyses by
the GREET model (11). The fossil fuel offset credits estimated in this study sum
to 7.60 kg CO2e·kg−1 of biodiesel, or 193.9 g CO2e·MJ−1, using a biodiesel
energy content of 34.5 MJ·L−1 and a density of 0.88 g·mL−1 (42, 43) (SI Text).
For the conversion year we added an additional 33.0 g CO2e·MJ−1 to the offset
due to lower than assumed in GREET agricultural inputs to our site (SI Text).
For corn grain ethanol, avoided CO2e emissions were calculated from
a comparison of life cycle analyses of ethanol and petroleum gasoline.
Gasoline emits 94 g CO2e·MJ−1 of petroleum gasoline produced, distributed,
and combusted (12), whereas the cost of bioethanol is 61.3 g CO2e emissions
per MJ produced and distributed (calculated from the comparison between
BESS, EBAMM, and GREET models) (12, 13), for an ethanol fossil fuel offset
credit of 32.7 g CO2e·MJ−1. For cellulosic ethanol we used results of GREET
(11), which show for our systems that production of 1 MJ of cellulosic ethanol will offset 90 and 101 g CO2e, for ethanol produced from grasses and
stover, respectively (SI Text). To calculate energy produced from ethanol we
used average corn yields (Table S6), harvestable biomass from the unconverted CRP site (Table S4), and ethanol energy content [lower heating
value (LHV)] assumed to be 21.1 MJ·L−1 bioethanol. We assumed a bioreﬁnery yield of 0.43 L bioethanol·kg−1 dry corn grain and 0.38 L bioethanol·kg−1 dry corn stover and grass biomass (GREET) (44).
The energy-equivalent amounts of fossil fuel use avoided due to the use of
biofuels were calculated using LHV energy contents (34.5 and 21.1 MJ·L−1 for
biodiesel and bioethanol, respectively) and the speciﬁc densities of each
fuel (42, 43),

feedstocks; Y is a factor accounting for fuel-speciﬁc density; and Biofuelenergy
is biofuel energy content (MJ·L−1 fuel).
Soil GHG Emission Measurements and Farming C Costs. We measured soil N2O
and CH4 ﬂuxes in four replicate locations in each of the studied ﬁelds during
the 186-d growing season. Biweekly ﬂuxes were measured with static
chambers (45) placed within the footprint of the eddy covariance towers
(see SI Text for detailed information about methods). We calculated CO2e of
soil GHG emissions using a 100-y global warming potential (GWP) time horizon as recommended by the Intergovernmental Panel on Climate Change
(IPCC) (46). Other C costs were based on detailed information documenting
actual farming practices in these systems in the year of conversion (Table S2).
For all systems, contributions of farming practices to the net C balance (in
Mg CO2e·ha−1·y−1) were based on our agronomic practices, which are typical
of the region, and standard conversion factors for the production costs of
fertilizers, herbicides, and ﬁeld fuel use (Table S2).
Calculation of GHG Balances for Scenarios. For the no-till and conventional
tillage scenarios (SI Text), we used the average yields of either corn or soybeans for the years 2007–2009 in Kalamazoo County, Michigan (47). For
estimation of CO2e emissions associated with production of biodiesel and
corn ethanol from feedstocks, we used published results of LCAs (SI Text)
(11–13, 45). For scenarios with conventional tillage, we assumed soil C losses
to the level of nearby agricultural sites (Table S5). We estimated conversion
year foregone sequestration as the cumulative annual CO2e balance of the
reference site. For scenarios with no-till management, we assumed that soils
maintain soil C at the levels of the conversion year (Table S5). In the calculation of payback times for all scenarios, we included potential loss of future
soil C sequestration by CRP lands (SI Text).

where DM is biomass yield as dry matter (kg·ha−1·y−1; Tables S4 and S6); X is
the conversion factor for biofuel production from grain, stover, or cellulosic
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