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A G R I C U L T U R E

Management controls the net greenhouse gas 
outcomes of growing bioenergy feedstocks 
on marginally productive croplands
Virginia L. Jin1*, Marty R. Schmer1, Catherine E. Stewart2, Robert B. Mitchell3,  
Candiss O. Williams4, Brian J. Wienhold1, Gary E. Varvel1†, Ronald F. Follett2†,  
John Kimble4†, Kenneth P. Vogel3†

Bio-based energy is key to developing a globally sustainable low-carbon economy. Lignocellulosic feedstock pro-
duction on marginally productive croplands is expected to provide substantial climate mitigation benefits, but 
long-term field research comparing greenhouse gas (GHG) outcomes during the production of annual versus 
perennial crop-based feedstocks is lacking. Here, we show that long-term (16 years) switchgrass (Panicum virgatum L.) 
systems mitigate GHG emissions during the feedstock production phase compared to GHG-neutral continuous 
corn (Zea mays L.) under conservation management on marginally productive cropland. Increased soil organic 
carbon was the major GHG sink in all feedstock systems, but net agronomic GHG outcomes hinged on soil nitrous 
oxide emissions controlled by  nitrogen (N) fertilizer rate. This long-term field study is the first to demonstrate that 
annual crop and perennial grass systems respectively maintain or mitigate atmospheric GHG contributions during 
the agronomic phase of bioenergy production, providing flexibility for land-use decisions on marginally produc-
tive croplands.

INTRODUCTION
Renewable energy from biomass plays a critical role in limiting 
global warming (1), where management decisions are key to biofuel 
sustainability and climate change mitigation potential (2–4). To date, 
there has been a lack of long-term data on the effects of management 
decisions and environmental variability on bioenergy system sustain-
ability (4–6), specifically during the agronomic phase of feedstock 
production. Bioenergy feedstock production is expected to require 
substantial land area, highlighting the importance of predicting land 
use and ecosystem service impacts (4, 6–9). Converting uncultivated 
native ecosystems to intensively managed agricultural systems leads 
to significant carbon losses directly through burning or microbial 
decomposition of soil organic matter or by triggering indirect land 
use changes (5, 7, 9, 10). In contrast, biofuel feedstock production 
on marginally productive agricultural lands (3) and targeted landscape 
placement (11, 12) have been identified as strategies that avoid the 
food-versus-fuel conflict while conferring climate mitigation and 
other ecosystem service benefits (6–9).

Global estimates of marginally productive land are highly variable, 
ranging from 0.1 billion to 1.1 billion ha (13, 14). Estimates of marginally 
productive land in the United States alone are similarly variable and 
range from 59 million to 127 million ha (13, 15), with ~20 million ha 
identified as suitable for perennial grasses as dedicated bioenergy 
feedstocks (16). While there are many different criteria for “marginal 
land,” here, we define cropland as “marginally productive” when histori-
cal crop yields are 25% below the regional average (17). A sufficient 
land base of marginally productive cropland exists in the U.S. Corn 

Belt to support a perennial bioenergy system with minimal impacts to 
productive cropland (2, 18). The U.S. Corn Belt is also a primary source 
for crop residues for cellulosic bioenergy and bioproduct manufac-
ture, particularly corn (Zea mays L.) stover, which is currently used 
for livestock grazing, feed, and bedding (19).

In recent years, cropland expansion in the U.S. Central Plains 
region has occurred most rapidly on land less suitable for cultivation 
(20), foreshadowing increases in land-use competition between annual 
row crops and future bioenergy grass production on marginally 
productive land (3, 20). Transition of marginal lands from intensively 
managed annual row crop systems to dedicated perennial cellulosic 
production systems, however, is expected to yield greater climate 
benefits through fossil fuel offsets, gains in soil organic carbon (SOC), 
and avoided greenhouse gas (GHG) emissions (4, 6–8, 18). The lack 
of long-term field data, however, poses major constraints to validating 
modeled GHG outcomes and associated errors for both annual and 
perennial bioenergy production systems (6, 21).

Here, we present results for different N fertilizer management and 
harvest strategies on the long-term (16 years) GHG emissions during 
the production phase of annual and perennial bioenergy feedstocks 
on marginally productive croplands. This study is the longest running 
systems-level field experiment reporting data that compares annual 
and perennial bioenergy feedstock production at an operationally 
relevant management scale (17, 22–26). This site is representative of 
marginally productive croplands targeted for dedicated bioenergy grass 
production in the U.S. Corn Belt. Here, we report crop yields, SOC 
change over 16 years (0- to 30-cm depth), direct GHG emissions from 
soils as nitrous oxide (N2O) and methane (CH4) over 7 years, and esti-
mated emissions from management operations (i.e., fuel use) and agro-
chemical manufacturing (i.e., herbicides; ammonium nitrate or urea 
fertilizer) to calculate GHG emissions during the agronomic phase of 
corn and switchgrass (Panicum virgatum L.) production.

Treatments compared included three levels of N fertilizer (0, 60, and 
120 kg N ha−1 year−1) in (i) a no-tillage (hereafter “no-till”) continuous 
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corn system with ~60% stover removal, (ii) a continuous switchgrass 
system (cultivar “Cave-in-Rock”) harvested post-killing frost, and 
(iii) a rotational switchgrass system [cultivar “Trailblazer” followed 
by a 2-year transition period in soybean (27) and then cultivar “Liberty” 
until present] harvested post-killing frost. We also evaluated stover 
removal impacts on no-till corn by measuring 0% stover removal at 
the near-optimal corn N rate at this site (120 kg N ha−1 year−1). The 
rotational switchgrass system represents the likely real-world manage-
ment scenario where switchgrass is replaced every ~10 years as im-
proved cultivars become available.

Previous life cycle assessments for this site using the GREET 
(Greenhouse Gases, Regulated Emissions, and Energy Use in the 
Transportation) model indicated that management practices resulted 
in large variation in petroleum offset potential but that both corn and 
switchgrass bioenergy systems resulted in near-term net GHG reduc-
tions (17). Although not a full life cycle assessment (i.e., no accounting 
of fossil fuel use for transportation, production of useful coproducts, 
and indirect land use change), here, we incorporate primary data 
from measured field-scale biomass yields, SOC, and direct gas emis-
sions instead of relying on modeled data to evaluate the GHG out-
comes during the production phase of these bioenergy feedstock 
systems.

RESULTS
Crop yields
Yields of corn grain, stover (i.e., nongrain biomass before stover 
harvest), and total aboveground biomass were similarly affected by 
the main effects of year and N treatment. Specifically, the lowest yields 
occurred in 2002 and 2012, corresponding with severe drought years. 
The highest yields occurred in 2004 and 2015. Grain, stover, and total 
biomass yields increased with N rate, with no differences between 
stover retained versus removed at the highest N rate (Fig. 1). Across 
all N levels, stover removal rates averaged 59 ± 3% of nongrain bio-
mass (2000–2017). Total aboveground biomass yields did not differ 
between continuous or rotational switchgrass systems but increased 

with N rate (Fig. 1). Fertilizer effects on switchgrass varied from 
year to year, with fertilizer addition boosting switchgrass yield by 
four- to fivefold in 2012 and 2013 (0 versus 60 kg N ha−1 year−1).

SOC changes
Both annual and perennial systems maintained or gained SOC in surface 
soils after 16 years (Table 1 and fig. S1). Accrual rates varied, with no 
statistical differences in crop type or N management (overall mean, 
0.8 ± 0.1 Mg C ha−1 year−1) and were lower than rates measured after 
9 years of treatment (1.3 ± 0.2 Mg C ha−1 year−1) (21). No-till corn with 
stover removal maintained SOC levels over time and gained SOC when 
no stover was removed (0.7 Mg C ha−1 year−1). All switchgrass systems, 
except rotational switchgrass with no fertilizer, showed significant SOC 
gains (0.9 to 1.3 Mg C ha−1 year−1).

Soil GHG emissions
Soil CH4 fluxes were negligible compared to N2O emissions and not 
affected by year, crop, or N rate (overall mean, 0.19 ± 0.03 kg CH4-C 
ha−1 year−1). Soil CH4 fluxes, however, were included as total 
non-CO2 emissions for calculations of net GHG outcomes during 
the agronomic phase of feedstock production (below). For all 
production systems, direct emissions of N2O varied during the year 
(fig. S2). Total annual N2O emissions did not differ from zero for 
most years in the fertilizer rates of 0 and 60 kg N ha−1 year−1, but 
most systems released N2O in the rate of 120 kg N ha−1 year−1 
(Fig. 2). Background N2O emissions (i.e., 0 kg N ha−1 year−1) were 
not different between cropping systems or years, with an overall site 
mean of 0.47 kg N2O-N ha−1 year−1. Soil N2O emissions were higher 
in the continuous versus rotational switchgrass system, and both 
systems showed significant interannual variability in N2O effluxes 
not apparent in no-till corn. Stover removal at the high N rate de-
creased mean annual N2O emissions by 23% compared to stover 
retention. Emission factors (EFs) for N2O over all systems increased 
from 1.1 ± 0.2% at 60 kg N ha−1 year−1 to 1.9 ± 0.2% at 120 kg 
N ha−1 year−1. Stover removal decreased EF compared to stover re-
tained (2.2  ±  0.5% versus 3.2  ±  0.6%) at the rate of 120  kg 
N ha−1 year−1. The greatest cropping system differences in EFs 

Fig. 1. Mean dry matter (0% moisture) yields for annual and perennial crops. 
Uppercase letters indicate N rate differences in corn yields, where stover was removed 
except in 120Nr (stover retained). Corn SE bars are for total aboveground biomass. 
Lowercase letters indicate N rate differences in total aboveground biomass for 
switchgrass systems. DM, dry matter.

Table 1. Rates of change in SOC in surface soils, 1998–2014 (mean ± SE).  

Change in SOC stocks, 1998–2014†

Fertilizer N*
No-till 

continuous 
corn

Continuous 
switchgrass

Rotational 
switchgrass

kg N ha−1 year−1 Mg C ha−1 year−1

0 – 0.9 ± 0.6‡ 0.3 ± 0.1

60 0.2 ± 0.3 1.1 ± 0.1‡ 1.0 ± 0.2‡

120 0.5 ± 0.3 1.1 ± 0.3‡ 1.3 ± 0.5‡

120 + R§ 0.7 ± 0.4|| – –
Site mean (all N, all crops) 0.8 ± 0.1

*No stock changes were measured in continuous corn under 0 kg N 
ha−1 year−1.     †Equivalent soil mass approximates top 30 cm of soil 
(4133 Mg/ha). There were no significant differences between crop type 
or N rate (P > 0.10).     ‡Mean rate was significantly different from zero 
(P ≤ 0.05).     §“+R” indicates stover retention (0% removal) in continuous 
corn only.     ||Mean rate was marginally significant from zero (P = 0.10).

D
ow

nloaded from
 https://w

w
w

.science.org on July 08, 2024



Jin et al., Sci. Adv. 2019; 5 : eaav9318     18 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 6

occurred at 120 kg N ha−1 year−1, where EFs from the continuous 
switchgrass system (5.0 ± 0.8%) were higher than the rotational 
switchgrass system (1.1 ± 0.4%) for 2012 to 2016.

Production phase net GHG outcomes
After aggregating 16-year SOC changes, soil non-CO2 GHG emis-
sions (i.e., N2O and CH4), and emissions from fuel use and agro-
chemical manufacturing (table S1), net agricultural emissions 
from no-till corn systems were GHG neutral (i.e., not significantly 
different from zero; 0.3 to 1.6 Mg CO2 eq ha−1 year−1) and higher 
than both switchgrass systems (−3.1 to 1.1 Mg CO2 eq ha−1 year−1) 
(Fig. 3 and table S2). Changes in SOC accounted for 35% of 
gross emissions in corn and 66 to 70% of gross emissions in 
switchgrass, and direct N2O emissions accounted for 40% of 

gross emissions from corn and 22 to 23% of gross emissions in 
switchgrass (table S2).

DISCUSSION
Our results showed that (i) perennial bioenergy systems are net 
GHG sinks compared to annual bioenergy systems and (ii) no-till 
continuous corn systems were GHG neutral over the long term on 
this marginally productive cropland site in the U.S. Corn Belt. Net 
GHG sink strength in both annual and perennial production sys-
tems was controlled by SOC gains. Soil C gains are expected when 
converting marginally productive croplands to bioenergy grasses 
(11, 12, 22, 26–29), and our long-term SOC accrual rates in switch-
grass systems were consistent with regional on-farm assessment (29). 
Although corn stover biomass (and presumably plant input into the 
soil) was intermediate relative to switchgrass yields at 0 and 60 kg 
N ha−1 year−1, SOC accrual rates in continuous corn systems were 
almost half the SOC accrual rate for switchgrass grown with no 
N fertilizer. Retaining corn stover marginally improved SOC gains, 
consistent with a recent meta-analysis reporting SOC maintenance 
or gains in corn systems regardless of stover removal (28), which 
contrasted with removal-related losses in an earlier review (30). 
Nonetheless, the maintenance or storage of SOC at this site under 
continuous corn with and without stover removal, respectively, was 
attributed to the higher C storage capacity of these degraded soils 
(i.e., low initial SOC levels) plus the adoption of no-till manage-
ment (22, 24, 26). For all systems studied here, plant roots were the 
principal inputs for building SOC stocks, with N fertilizer rate as a 
key determinant for maximizing belowground inputs in both crop 
types (26).

The mitigation outcome for agronomic phase GHGs, however, 
was determined by the magnitude of direct N2O emissions. Cumu-
lative annual soil N2O emissions increased with N rate, where the 
mean EF (i.e., the amount of total fertilizer N lost as N2O) for the 
middle N rate (60 kg N ha−1 year−1) approximated to 1% across all 
cropping systems and matched the Intergovernmental Panel on Climate 
Change (IPCC) Tier 1 assumptions for N2O released from fertilizer 
(31). When the fertilizer rate doubled, EFs in all cropping systems 

Fig. 2. Total annual direct emissions at annual fertilizer rates. (A) 0, (B) 60, and 
(C) 120 kg N ha−1 year−1. Hatched bars indicate no significance from zero (P ≤ 0.05). 
In (C), different letters indicate significant differences in annual N2O emissions in 
switchgrass only. ND, no data.

Fig. 3. Total and net GHG emissions from the agronomic production phase.  
Net GHG emissions: closed symbols. Significance from zero for net GHG emissions 
is indicated by †P ≤ 0.10 and *P ≤ 0.05.

D
ow

nloaded from
 https://w

w
w

.science.org on July 08, 2024



Jin et al., Sci. Adv. 2019; 5 : eaav9318     18 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 6

increased, similar to nonlinear increases with fertilizer rate observed 
in other studies (32, 33) but in contrast to the linear function assumed 
by IPCC Tier 1. The effect of stover removal on EF compared to 
stover retained (2.2 ± 0.5% versus 3.2 ± 0.6%), however, did match 
the IPCC Tier 1 assumption that 1% of emissions are derived from 
crop residue N (31). The overall reduction in direct emissions with 
stover removal is consistent with a regional stover management 
study in the U.S. Corn Belt (23).

Under the high N rate, mean EFs were five times higher in the 
continuous switchgrass system versus the rotational system for 
2012 to 2016. This was expected for 2010 to 2013 when no N was 
added during the transitional soybean crop and rotational switch-
grass establishment years. In contrast, the continuous switchgrass 
system experienced long-term accrual of soil and plant N, resulting 
in disproportionately high emissions of N2O in 2014 to 2017 because 
fertilizer was applied far in excess of plant demand (26). A recent 
meta-analysis identified the optimum N rate for switchgrass be-
tween 30 and 60 kg N ha−1 year−1 (34), similar to observations pre-
sented above and previously (22, 26).

Our results support the view that SOC stock changes and soil 
N2O emissions associated with N fertilizer management dominate 
system GHG balances (2, 4, 5, 12). Specifically, we found that although 
SOC stock change was the major GHG sink in all bioenergy feed-
stock systems, net agricultural GHG outcomes hinged on the mag-
nitude of direct N2O emissions. For corn, greater SOC storage with 
stover retention was offset by higher direct N2O emissions, resulting 
in similar net GHG-neutral outcomes under both residue manage-
ment practices. In continuous switchgrass, disproportionate N2O 
emissions due to excess N application (120 kg N ha−1 year−1) com-
pletely offset SOC gains, making this perennial system net GHG 
neutral instead of a GHG sink. Although we used SOC changes in 
only the top 30 cm of soil, more than 50% of SOC storage occurs 
deeper than 30 cm at this site (22) and in many biofuel production 
systems (28). Using earlier SOC data from this site, Schmer et al. 
(25) demonstrated in a full biofuel life cycle comparison that system 
GHG emissions differed by as much as 154% between near-surface 
SOC versus near- plus subsurface SOC changes using the GREET 
model, highlighting the importance of subsurface SOC changes in 
system GHG outcomes (22, 28).

Although it is unclear whether increasing the carbon efficiency 
of landscapes will translate to reduced system GHG emissions from 
the bioenergy production chain as a whole (10), continued high input 
costs and low commodity prices for corn grain in the United States 
signal opportunities for returning perennials to marginally produc-
tive croplands to meet future energy challenges and help limit global 
warming below 2°C (1). As the lignocellulosic industry is still in de-
velopmental stages, our findings here confer greater management 
flexibility in the selection of crops to use on marginally productive 
landscapes in the U.S. Corn Belt. Using conservation practices (i.e., 
no-till) and rotating annual and perennial systems could provide 
near-term GHG-neutral options, with stronger longer-term climate 
mitigation possibilities when cellulosic feedstocks become a viable 
revenue source.

MATERIALS AND METHODS
Site description and experimental design
Experimental design, agronomic management operations, and soil 
sampling methods were described previously (22, 24). Briefly, the 

field study was established in 1998 at the University of Nebraska’s 
Eastern Nebraska Research and Extension Center near Ithaca, 
NE (41.2°N, 96.4°W). Soils at the site consisted of Yutan silty clay loams 
(a fine-silty, mixed, superactive, mesic Mollic Hapludalf), Tomek 
silt loams (a fine, smectitic, mesic Pachic Argiudoll), and Filbert silt 
loams (a fine, smectitic, mesic Vertic Argialboll), comprising 47, 35, 
and 18% of the study area, respectively (35). While these soil map 
units typically fall into nonirrigated land capability classes 1 (few 
limitations restricting cultivation) and 2 (some limitations requiring 
moderate conservation practices) (35), the study site itself was geolog-
ically underlain with Platte River sands (36), which appeared as shallow 
as ~50-cm soil depth in various site areas, contributing to this site’s 
historically marginal crop production (<25% of the regional average). 
The site was previously cropped in sorghum [Sorghum bicolor (L.) 
Moench] and soybean [Glycine max (L.) Merr.] under conventional 
disk-tillage practices.

The study was established in a randomized complete block split-split 
plot design (n = 3), where main plot sizes were 0.3 ha to accommo-
date commercial equipment use. Main plots were cropping system 
(no-till corn, continuous switchgrass, and rotational switchgrass), 
and subplots were N fertilizer rate (0, 60, and 120 kg N ha−1 year−1). 
Sub-sub plots were harvest treatments, which were initiated in 2001, 
and a subset of harvest treatments was used in the present study to 
best represent likely producer practices: (i) in no-till corn, stover 
removal at all N rates plus no stover removal at the optimal N rate 
of 120 kg N ha−1 year−1 and (2) in switchgrass, post-killing frost harvest. 
The 0 kg N ha−1 year−1 treatment in corn began in 2010 as a nested 
treatment within the 60 N ha−1 year−1 subplot to quantify back-
ground GHG emissions and calculate N2O EFs (31).

The no-till corn and continuous switchgrass treatments were in 
place since the beginning of the study. Corn stover removal treat-
ments began in 2000. The rotational switchgrass treatment included 
11-years of the Trailblazer cultivar, followed by a 2-year transition 
period in soybean, and then a 2-year establishment period for the 
bioenergy cultivar Liberty. The 2-year establishment period accounted 
for initial stand failure of Liberty in the first year due to severe 
drought in 2012, and this cultivar continues at present.

Crop yield measurement
For continuous corn, total aboveground biomass, grain and stover 
yields at physiological maturity, and stover removal rate measured 
from 2000 to 2017 (18 years) for the 60 and 120 kg N ha−1 year−1 
treatments. Total aboveground biomass, grain, and stover yields 
were measured in the 0 kg N ha−1 year−1 from 2010 to 2017 (8 years). 
Stover removal rates were determined for nongrain biomass removed 
after grain harvest relative to stover biomass at physiological maturity 
(22, 24). For the continuous switchgrass system (cultivar Cave-in-
Rock), total aboveground biomass was measured from 1998 to 2017 
(20 years). The rotational switchgrass system included 17 years 
of yield data from cultivars Trailblazer (1998–2009) and Liberty 
(2013–2017). In this system, yields were not included for the transitional 
soybean crop (2010–2011), and there was no measurable yield for 
Liberty in 2012 because of stand failure during this establishment year 
when historical drought occurred. Additional management and bio-
mass measurement description was previously reported (22, 24, 26).

SOC change measurement
Soil samples were collected in July 1998 (baseline) and sampled pe-
riodically, with only the baseline and latest collection in April 2014 
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presented here. SOC stocks and changes over time were calculated 
on an equivalent soil mass basis that approximated the top 30 cm of 
soil (mass, 4133 Mg ha−1) (26). No soil sampling was conducted in 
the 0 kg N ha−1 year−1 treatment in no-till corn. Sampled soils were 
2-mm sieved, and identifiable plant materials (i.e., litter and roots) 
were hand-picked from the soil before total C and N analysis. Soil 
sampling and analysis methods were previously reported (22, 26), 
and the same methods were used for the April 2014 collection.

Soil GHG emission measurement
Soil GHG emissions (N2O and CH4) were measured for crop years 
2011 to 2017 using static vented chambers following the U.S. Depart-
ment of Agriculture–Agricultural Research Service (USDA-ARS) 
Greenhouse Gas Reduction through Agricultural Carbon Enhancement 
network (GRACEnet) protocols, as described in (37). Over 7 crop years, 
~3800 individual measurements were taken in 126 sampling events. 
Total annual emissions for each N2O and CH4 were estimated by 
linear interpolation of flux rates between sampling dates, then,  
using the trapezoidal integration method (37). EFs for N2O in the 
60 and 120 N ha−1 year−1 treatments were calculated as the percent 
of fertilizer N emitted as N2O minus background emissions (i.e., 
0 kg N ha−1 year−1).

Production phase net GHG calculations
Although not a full life cycle assessment (i.e., no accounting of 
transportation fossil fuel use, useful coproducts, or indirect land use 
change), we approximated net GHG emissions for the agronomic 
phase of biofuel feedstock production (1998 to 2014) as the total 
non-CO2 soil GHG emissions, plus total fuel usage from agronomic 
operations and fertilizer manufacturing (table S1), minus total SOC 
stock changes (37). For crop years 1998 to 2010, when no GHG 
measurements occurred, annual direct emissions were estimated as 
the 7-year mean of measured 2011–2017 emissions. This assump-
tion was supported by similar means and variations in growing season 
air temperature (May to October) and annual precipitation between 
the GHG measurement period (2011–2017) and nonmeasurement 
period (1998–2010) (table S3). Actual direct GHG values were used 
in calculations for crop years 2011 to 2014.

Changes in SOC from the 60 N ha−1 year−1 treatment in no-till 
corn was used to calculate net agricultural GHG emissions for the 
0 kg N ha−1 yr−1 treatment in no-till corn. The 4 years involved in 
the rotational switchgrass system between cultivars (i.e., 2-year 
transition in unfertilized soybean plus 2 years for Liberty switch-
grass establishment) were included in the calculation of net GHG 
emissions from the rotational switchgrass system. Sixteen-year 
changes in SOC stocks and net agricultural GHG emissions were 
divided by 16 to annualize rates (Mg CO2 eq ha−1 year−1). A positive 
or negative net value indicated that the system was a GHG source or 
sink, respectively. Relative contributions of fuel use/manufacturing, 
direct emissions, and SOC change were calculated as percentages of 
gross GHG fluxes for each cropping system.

Statistical analyses
Crop yields, annual direct GHG emissions, and EFs were analyzed 
as a split plot design with repeated measures using the GLIMMIX 
procedure of SAS (24). Data were transformed for normality when 
necessary. Fixed main treatment effects were year, cropping system 
(crop), and N(crop), where replicate and replicate*N(crop) were 
considered random effects, and the repeated measure was year. 

Changes in SOC and net agricultural GHG emissions were analyzed 
with the fixed main treatment effects of cropping system (crop) and 
N(crop), with same random effects terms defined previously. Treatment 
means were determined to be different from zero by LSMEANS signif-
icance. Multiple comparisons between significant treatment responses 
were evaluated with Bonferroni-adjusted P values in the LSMEANS 
statement.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaav9318/DC1
Fig. S1. Total 16-year change in SOC stocks in surface soils (1998–2014).
Fig. S2. Environmental conditions and soil N2O emissions for crop years 2012–2017.
Table S1. Annual energy requirements and GHG emissions for off-site agrochemical 
manufacturing and field agronomic operations.
Table S2. Net GHG outcomes for the agronomic phase of biofuel feedstock production over 
16 years of management.
Table S3. Mean daily air temperatures and precipitation inputs (1998–2017) for the growing 
season (May 1 to October 31) and for crop year (May 1 to April 30).
References (38–40)
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