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Abstract
Cellulosic biofuels are intended to improve future energy and climate security. Nitrogen (N) fertilizer
is commonly recommended to stimulate yields but can increase losses of the greenhouse gas nitrous
oxide (N2O) and other forms of reactiveN, including nitrate.Wemeasured soil N2O emissions and
nitrate leaching along a switchgrass (Panicum virgatum)high resolutionN-fertilizer gradient for three
years post-establishment. Results revealed an exponential increase in annualN2O emissions that each
year became stronger (R2>0.9, P<0.001) and deviated further from the fixed percentage assumed
for IPCCTier 1 emission factors. Concomitantly, switchgrass yields became less responsive each year
toN fertilizer. Nitrate leaching (and calculated indirect N2O emissions) also increased exponentially
in response toN inputs, but neithermethane (CH4)uptake nor soil organic carbon changed
detectably. Overall, N fertilizer inputs at rates greater than crop need curtailed the climate benefit of
ethanol production almost two-fold, from amaximummitigation capacity of−5.71±0.22Mg
CO2e ha

−1 yr−1 in switchgrass fertilized at 56 kg N ha−1 to only−2.97±0.18MgCO2e ha
−1 yr−1 in

switchgrass fertilized at 196 kg N ha−1.MinimizingN fertilizer use will be an important strategy for
fully realizing the climate benefits of cellulosic biofuel production.

1. Introduction

The global production of biofuels has increased
dramatically in response to calls for greater energy
security and climate change mitigation. In the US,
legislationmandates production of 136 billion liters of
ethanol biofuel by 2022 with a growing fraction from
cellulosic sources (US Congress 2007). Cellulosic
biofuels offer the potential for greater environmental
benefits compared to grain based biofuels (Tilman
et al 2006, Robertson et al 2008, 2011). Switchgrass
(Panicum virgatum), a perennial grass native to North
America, is among the most promising cellulosic
biofuel crops due to its ability to grow onmarginal and
erosive lands, sequester soil carbon (Liska and Cass-
man 2008), reduce nitrogen (N) leaching (Smith

et al 2013), and be grownwith relatively little fossil fuel
input (McLaughlin andAdamsKszos 2005).

Switchgrass is often considered an inherently
N-thrifty plant, especially when managed for biomass
production (Parrish and Fike 2005). Nevertheless,
multiple studies have documented a productivity
response to added N, with most reporting maximum
yields at N rates between 56 and 202 kg N ha−1 (Vogel
et al 2002, Mulkey et al 2006, Mooney et al 2009,
Nikièma et al 2011). In a recent on-farm experiment
(Schmer et al 2008), farmers fertilized switchgrass at
rates up to 212 kg N ha−1.

Although N fertilizer can increase biomass pro-
duction, added N increases the greenhouse gas (GHG)
contributions of biofuel production substantially: not
only through the production, transportation, and
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distribution of the fertilizer itself, but also through fer-
tilizer-induced microbial emissions of nitrous oxide
(N2O), a GHG with a global warming potential ∼300
times that of carbon dioxide (CO2) (Solomon
et al 2007) and a major cause of stratospheric ozone
depletion (Portmann et al 2012). Moreover, fertilizer
N lost to the environment as nitrate ( )-NO3 leads to
indirect emissions of N2O elsewhere in downstream
surface waters (Beaulieu et al 2011) as well as to degra-
ded water quality (Robertson and Vitousek 2009).
Additionally, well-aerated soils are a globally sig-
nificant sink for atmospheric methane (CH4), and
ammonium ( )+NH4 from N fertilizers can competi-
tively inhibit microbial CH4 oxidation in soils (Gul-
ledge and Schimel 1998, LeMer andRoger 2001).

Earlier studies have noted the potential for N ferti-
lizer inputs to substantially reduce and even eliminate
the climate benefit of food crops grown for biofuels
(Crutzen et al 2007, Mosier et al 2009, Smith
et al 2012). While Erisman et al (2010) further noted
that this is unlikely to be the case for purpose-grown
cellulosic crops because of their lower N fertilizer
needs, perennial nature, and higher C:N ratios in har-
vested biomass, this has not yet been empirically
tested.

Here we test the potential for N fertilization to sig-
nificantly reduce the climate changemitigation benefit
of cellulosic biofuels. We present results from a 3 yr
experiment to investigate direct and indirect N2O
emissions, CH4 uptake, -NO3 leaching, soil organic
carbon (SOC) accumulation, and biomass production
in recently established switchgrass under eight differ-
ent N fertilizer rates. Our analysis allows an evaluation
of the impact of N fertilization on the net GHG bal-
ance of switchgrass grown as a cellulosic biofuel
feedstock.

2.Methods

The experiment was conducted at a site in southwest
Michigan USA, in the northeastern portion of the US
Corn Belt. The Switchgrass N Rate Experiment is part
of the Great Lakes Bioenergy Research Center
(GLBRC) and located at the Kellogg Biological Station
Long-term Ecological Research Site (www.lter.kbs.
msu.edu; 42°23′N, 85°22′W, elevation 284 m asl).
Precipitation averages 1005 mm yr−1 with an average
snowfall of ∼1.3 m. Mean annual temperature is
10.1 °C ranging from a monthly mean of −3.8 °C in
January to 22.9 °C in July (NCDC 2013). Soils are
mesic Typic Hapludalfs of Kalamazoo loam developed
on glacial outwash (Robertson and Hamilton 2015).
Prior to establishing the experiments, soil
pH (0–25 cm depth) was 7.47±0.04 (mean±stan-
dard error, n=12 plots), bulk density (BD) was
1.24±0.04 g cm−3, total N was 1.25±0.09 g kg−1

soil, and SOC was 10.2±0.74 g kg−1 soil (http://
data.sustainability.glbrc.org/).

Switchgrass (variety Cave-in-Rock) was planted at
a seeding rate of 7.84 kg ha−1 on 11 July, 2008, after
tillage to a depth of 25 cm. Plots were established on
land that had been in alfalfa, corn, and occasional soy-
bean production for preceding decades. Eight fertiliza-
tion treatments (0, 28, 56, 84, 112, 140, 168, and
196 kg N ha−1) were established in switchgrass plots
(4.5×6 m) arranged in a randomized complete block
design with four replicate blocks, for a total of 32
experimental plots. Nitrogen fertilizer was applied
once per year in 2009–2011: granular 46% urea was
broadcasted on 17 June, 2009, and liquid 28% urea
ammonium nitrate was sprayed on 10 May, 2010, and
16 May, 2011. Biomass was harvested in late fall
annually on each plot using a John Deere 7330 tractor
with a plot harvester (Wintersteiger Inc., Salt Lake
City, UT) and HarvestMaster HM800 Plot Harvest
Data System (Juniper Systems Inc., Logan, UT). Dry
matter percentage was determined by oven-drying
subsamples from harvested plots at 50 °C until a con-
stantweight. Harvest height was∼10 cm.

2.1. N2O andCH4 sampling
N2O and CH4 fluxes were measured using a static
chamber—gas chromatography approach (Ruan and
Robertson 2013) from May to December in
2009–2011. We measured fluxes 2–3 times per week
during the growing season to capture the temporal
dynamics of N2O and CH4 fluxes as influenced by
fertilization and precipitation, and then measured
fluxes every 2 weeks after mid-September. A vented
chamber (28 cm diameter×26 cm height) equipped
with a detachable lid and septum was installed in each
treatment plot for a total of 32 chambers. Chamber
baseswere inserted into the soil∼5 cm for the duration
of the study. Vegetation inside (but not surrounding)
chambers was clipped to maintain plant heights lower
than chamber heights. During flux samplings, cham-
berswere tightly sealedwith the lid and then headspace
gas samples were collected four times with a 10 ml
syringe at approximately 15 min intervals. Samples
were stored over-pressurized in 5.6 ml glass vials
(Labco Ltd,HighWycombe,UK). Gases were analyzed
within three days by gas chromatography (Hewlett
Packard 5890 Series II, Rolling Meadows, IL, USA).
Gases were separated on a Porapak Q column (1.8 m,
80/100mesh) at 80 °C; CH4was analyzed with a flame
ionization detector at 300 °C and N2O was analyzed
with a 63Ni electron capture detector at 350 °C.

2.2. Soil water-filled pore space (WFPS%),
inorganicN, andNO3

− leaching
At each gas sampling event we measured soil temper-
ature, gravimetric water content, and inorganic N
( +NH4 and )-NO3 concentrations at 0–25 cm depth.
Soil gravimetric water content (GWC, g water g−1 dry
soil) was determined by oven-drying soil at 60 °C for
48 h until constant mass. Soil BD was measured three
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times during each growing season using a fixed-
volume soil core (123 cm3) for each treatment plot.
WFPS%was calculated as

( ) ( )
=

´
´- -

% WFPS 100%
GWC g g BD g cm

soil porosity
,

1 3

where soil porosity=1−[BD (g cm−3)/particle
density (g cm−3)]. Soil particle density was assumed to
be the standard 2.65 g cm−3.

For measuring +NH4 and -NO ,3 three 10 g soil
samples (4 mm sieved) were extracted with 100 ml of
1MKCl. Filtrates from soil extracts were analyzed col-
orimetrically on a Flow Solution IV autoanalyzer (OI
Analytical, College Station, TX,USA).

Nitrate leaching below the root zone (1.0 m depth)
was determined by measuring concentrations in soil
pore water and then multiplying concentrations by
downward water percolation (drainage) from the
overlying soil. The study site has no detectable over-
land runoff because of its highly permeable soils. Soil
pore water was sampled at weekly to fortnightly inter-
vals (except when the ground was frozen) using low-
tension porous ceramic cup samplers (Eijkelkamp
Agrisearch Equipment, California, USA) installed at a
45° angle from the soil surface. The collected and fil-
tered (1 μm nominal pore size; Pall A/E) water sam-
ples were analyzed for -NO3 using a Dionex 600 ion
chromatograph. Previous work at this site (Syswerda
et al 2012) has shown that -NO3 dominatesN leaching
with negligible leaching of +NH4 or dissolved
organicN.

Percolation of water from the root zone was mod-
eled at a daily time step using the systems approach for
land use sustainability model well-calibrated for KBS
soils (Basso and Ritchie 2015), which accounts for
management practices, water balance, soil organic
matter change, nitrogen and phosphorus dynamics,
heat balance, and plant growth and development. The
soil water balance module is based on CERES models
(Ritchie et al 1998) with revisions for infiltration, soil
water export (Suleiman and Ritchie 2004), evapora-
tion (Suleiman and Ritchie 2003), and runoff. Daily
leaching losses of nitrate were estimated from mod-
eled water percolation plus linear interpolation of the
measured nitrate concentrations.

2.3. SOC sampling
One intact soil core (7.6 cm diameter×100 cm
depth) was taken from each of the 32 experimental
plots in June 2008 and May 2013 with a hydraulic
sampler (Geoprobe model 540MT, Salina, KS). Each
core was then cut into three profile segments: 0–25 cm
(to represent the Ap layer), 25–50 cm (E layer), and
50–100 cm (Bt layer) (Syswerda et al 2011). Each
segment was sieved (4 mm), oven-dried, and weighed
for BD. Dry soil samples were then finely ground in a
roller mill and three 10 mg samples were analyzed for
C using a Costech elemental combustion system

(Costech Analytical Technologies, Valencia,
California).

2.4. NetGHGbalance
To estimate the global warming impact (GWI) of
GHG fluxes, we multiplied fluxes of CH4 and N2O by
their 100 yr horizon global warming potential factors
of 25 and 298, respectively, to yield CO2 equivalents
(CO2e) (Solomon et al 2007).

We assumed that all CO2 taken up from the
atmosphere as net primary production by switchgrass
was stored in harvested biomass and SOC. SOC
change in CO2e was calculated as the product of the
difference of SOC (Mg ha−1 yr−1) over the 4 yr study
and the conversion factor of C toCO2 (44/12).

Fossil fuel offset credit (Mg CO2e ha
−1 yr−1) is

defined as the avoided CO2 emissions due to the dis-
placement of fossil fuel use by biofuels during produc-
tion, transportation, distribution, combustion, and
coproducts allocation (Plevin 2009). Avoided CO2e
emissions were calculated from a comparison of life
cycle analyses of petroleum gasoline versus ethanol
from switchgrass. Gasoline releases 94 g CO2e per MJ
petroleum gasoline produced, distributed, and com-
busted (Farrell et al 2006, Wang et al 2012). Net CO2e
emissions per MJ of switchgrass ethanol were calcu-
lated as the product of net CO2e emissions
(Mg CO2e ha

−1) from ethanol production, transpor-
tation, distribution and combustion and the total
energy equivalent of biomass yield (MJ ha−1). Net
CO2e emissions were calculated using the GREET
model (Huo et al 2009) to calculate fossil fuel offset
credits for the fossil fuel CO2 emissions that would be
displaced by the production of both ethanol and bior-
efinery coproducts (Farrell et al 2006, Gelfand
et al 2013), with all farming inputs equal to 0. Farming
inputs were calculated separately using actual values
from the study site as presented in table S3. Total
energy equivalent (MJ ha−1)was calculated as the pro-
duct of harvestable dry-weight biomass (Mg ha−1),
biorefinery ethanol yield (380 l Mg−1 biomass)
(Schmer et al 2008, Gelfand et al 2011) and ethanol
energy content (21.1 MJ l−1; low heating value)
(Gelfand et al 2011, 2013). Finally, the fossil fuel offset
credit (Mg CO2e ha

−1) was calculated as the product
of the CO2e difference from life cycle analyses of
petroleum gasoline and ethanol from switchgrass
(gCO2eMJ−1) and the ethanol energy content.

2.5.Data analysis
Cumulative fluxes of gases over annual periods were
calculated by linear interpolation of daily fluxes
between sample days. Data were analyzed using the
PROC MIXED procedure in SAS 9.2 (SAS Institute,
Cary, NC, USA). Treatmentmeans were compared for
significance using t-tests at α=0.05 level. The
relationships between daily N2O emissions and envir-
onmental factors such as soil temperature, soil

3

Environ. Res. Lett. 11 (2016) 064007



moisture, and soil total N were assessed by multiple
linear regressions (stepwise) using PROC REG. Quad-
ratic-plateau curves for switchgrass yields versus N
fertilization rates were calculated using PROC NLIN,
with switchgrass yields at successive fertilizer rates
weighted by the inverse of its rank order along the N
gradient (1/1 to 1/8). To determine the relationship
between annual N2O emissions or leached nitrogen
and N fertilization rate we performed exponential
regression using PROC NLIN and linear regression
using PRPC REG. Likelihood ratio-based R2-values,
the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC), were calculated
for both linear and exponential models. Higher values
of R2 and lower values of AIC and BIC indicated better
models.

3. Results and discussion

Switchgrass yields were responsive to N fertilizer in
2009, but were less responsive in 2010 and 2011
(figure 1). Based on a quadratic plateau model
(R2

2009=0.86, P<0.01; R2
2010=0.69, P<0.01;

R2
2011=0.21, P<0.05), maximum yields of 4.2, 8.9

and 10.6 Mg ha−1 yr−1 occurred at 147 kg N ha−1 in
2009, at 72 kg N ha−1 in 2010, and at only
34 kg N ha−1 in 2011, respectively. Yields for 2010 and
2011 are consistent with average regional yields of
8.7±4.2 Mg ha−1 yr−1 for post-establishment
switchgrass (Wullschleger et al 2010).

We observed an exponential increase in annual
N2O emissions with increasing N fertilization rates in
each year (figure 2). The AIC and the BIC values were
consistently lower for the exponential model for each

study year and as well for all 3 years together: for indi-
vidual years AIC and BIC values for the linear model
were 52%–121% and 76%–173% higher than those
for the exponential model, respectively (table S1).
Additionally, R2 values for the exponential model
(0.90–0.94) were consistently higher than were R2

values for the linearmodel (0.84–0.88) (table S1).
From 2009 to 2011, mean daily N2O emissions

ranged from 1.28±0.14 g N ha−1 d−1 in the low
(0 kg N ha−1) fertilization treatment to 25.8±1.9 g
N ha−1 d−1 in the high (196 kg N ha−1) fertilization
treatment (figure S1). The maximum daily N2O emis-
sion was 270±25 g N ha−1 d−1 in the highest N
treatment and the minimum daily emission was
undetectable in treatments that received less than
56 kg N ha−1 yr−1. Most of the fertilizer-associated
N2O emissions occurred within 40 days following
fertilization, coincident with soil wetting by rainfall.
N2O emissions were strongly correlated with soil
inorganic N concentrations (mgN kg−1) and % soil
WFPS (N2O emission=−34.8+0.83×inorganic
N+81.9×WFPS, R2=0.48, n=2112, P<0.001).
At all soil inorganicN levels,N2O emisisonswere highly
dependent onWFPS (figure S2).

Modeled soil water drainage was 275, 399 and
515 mm yr−1 in 2009, 2010 and 2011, respectively,
representing 37%, 39% and 46% of annual precipita-
tion. Annual -NO3 leaching rates ranged from
2.65±1.29 kg N ha−1 yr−1 for unfertilized switch-
grass to 56.0±2.7 kg N ha−1 yr−1 for switchgrass
fertilized at 196 kg N ha−1, and also increased expo-
nentially (table S2) in response to increasing N inputs,
with no significant difference in the increase among
years (figure 3).

Figure 1. Switchgrass yields in response toN fertilization for the first three harvest years (2009–2011); standswere not harvested in
their establishment year (2008). Error bars represent standard errors of themeans (n=4 replicate plots).
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The exponential increases in N2O emissions and
-NO3 leaching are likely due to surplus soil N at levels

above which plant N demands are met, resulting in
more available N for the nitrifiers and denitrifiers that
produce N2O, as well as for leaching. The exponential
increase for N2O also implies that the N2O emission
factor used for most national GHG inventories (De
Klein et al 2006) varies with N fertilizer rate, in agree-
mentwith other recent studies for annual crops but yet
untested for perennial crops (Shcherbak et al 2014). In
this study the emission factor increased from 0.6% to
2.1% across the range of addedN (figure 4). A constant
emission factor, as called for by IPCC Tier 1 metho-
dology (De Klein et al 2006), would underestimate 3

year N2O emissions by 30% at lower levels of N fertili-
zer and up to 107%at higher levels.

Mean daily CH4 uptake rates ranged from
−1.49±0.31 to −0.82±0.27 g CH4-C ha−1 d−1

across all eight fertilizer levels (figure S3). There were
no significant N treatment differences detected
(P>0.1), although mean CH4 uptake rates in highly
fertilized soils (>56 kg N added ha−1)were only 55%–

74% of those in the unfertilized treatment. We also
found no significant SOC accumulation in any of our
N treatments over the 3 year study period (figure S4).
Likely this is due to lost soil C on conversion of the
field to switchgrass in 2008, although spatial variability
makes it difficult to detect SOC change in fewer than

Figure 2.Exponentially increasing annualN2O emission in response to increasingN fertilization rates for thefirst three harvest years
(2009–2011) (P<0.001, bands represent 95% confidence intervals).

Figure 3.Exponentially increasing annual -NO3 leaching in response to increasingN fertilization rates for the first three harvest years
(2009–2011) (R2=0.74,P<0.0001, band represents 95% confidence intervals).
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10 years in many soils (Kravchenko and Robert-
son 2011), including ours (Syswerda et al 2011).

We combined our field measurements with pub-
lished carbon costs for agricultural inputs (Robertson
et al 2000, Farrell et al 2006, Schmer et al 2008, Gelfand
et al 2011, 2013) to estimate overall GWI in units of
CO2 equivalents (CO2e) for each of our N treatments
(table S3). Measurements of -NO3 loss allow us to

include a major portion of indirect N2O production,
missing from most empirical GWI assessments. Esti-
mated indirect N2O emissions from the loss of leached

-NO3 ranged from 22.1±7.8 for unfertilized switch-
grass to 157±12.3 kg CO2e ha

−1 yr−1 for switchgrass
fertilized at 196 kg N ha−1. Calculated 3 year averages
of fossil fuel offsets for our eight N treatments ranged
from −4.84±0.12 Mg CO2e ha

−1 yr-1 in our

Figure 4.Relationships between soil N2O emission factors (%ofN fertilizer input that was ultimately emitted asN2O) andN
fertilization rates for thefirst three harvest years (2009–2011), including linear regression fits.

Figure 5.Annual global warming impacts (GWI; based on overall GHGbalances) for switchgrass production across theN fertilizer
gradient. (a)GWI components including fossil fuel offset credits for displacement of gasoline by biofuel; (b)netGWI.GHG emissions
from agricultural inputs include farmmachinery, switchgrass seed production, andN fertilizer production, transportation and
distribution. IndirectN2O emissions represent N2Oproduced off-site by leached -NO .3 DirectN2O andCH4fluxes are fromfield
measurements during 2009–2011. CH4 uptake rates were negligible and are not visible in the graph. Error bars represent standard
errors based on n=4 replicate plots.
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unfertilized treatment to −6.42±0.38 Mg CO2e
ha−1 yr−1 in our treatment with the highest yield per
unitN added (56 kg N ha−1) (figure 5(a)).

Including all GHG sources and credits in the GWI
analysis, each N treatment shows net climate change
mitigation (i.e., negative net CO2e), with maximum
net mitigation capacities as high as −5.71±0.22Mg
CO2e ha

−1 yr−1 in the treatment fertilized at
56 kg N ha−1 (figure 5(b)). However, at fertilization
rates above 56 kg N ha−1 net mitigation decreased
monotonically with each increment of added N to
only −2.97±0.18 Mg CO2e ha

−1 yr−1 for the
196 kg N ha−1 treatment (figure 5(b)).

Greater N2O emissions in N fertilized compared to
non-fertilized switchgrass has been noted in Nova Sco-
tia Canada (Wile et al 2014), Nebraska USA (Schmer
et al 2012), northern Michigan USA (Nikièma
et al 2011), and southernMichigan andWisconsinUSA
(Oates et al 2016). Two studies Nikièma et al (2011) and
Wile et al (2014) included three fertilizer rates, and
while N2O responses were in some site years consistent
with an exponential response, three rates are insuffi-
cient to statistically test for nonlinearity. We are not
familiar with anyN leaching studies that have tested the
effects of fertilizer rates on nitrate loss in switchgrass or
any other perennial biofuel crop.

That the mitigation potential of switchgrass ferti-
lized at high N rates is only about half of its mitigation
potential at yield-optimizing N rates points to a sig-
nificant challenge for realizing the environmental
potential of cellulosic biofuels. Knowledge of and care-
ful management for crop N needs appear to be crucial.
In many cases, such as for the maturing switchgrass
crops in this study, fertilizer needs may be close to nil:
some varieties of switchgrass are known to be unre-
sponsive to fertilizer N (Christian et al 2002), pre-
sumably because of a high N use efficiency and/or the
presence of other N acquisition mechanisms, possibly
including biological Nfixation.

4. Conclusions

Breeding for low N needs, and then fertilizing only as
needed—if at all—to meet these needs will be an
important strategy for meeting the full climate mitiga-
tion benefits of cellulosic biofuels. In the meantime,
incentives to grow N-conserving crop varieties and to
apply as little fertilizer N as necessary will be needed to
meet the climate benefit claims of this emerging
industry (Robertson et al 2008). Incentives to reduceN
fertilizer use would have an additional advantage of
reducing unnecessary N pollution of ground- and
surface waters and lowering the cost of biofuel crop
production.

Acknowledgments

We thankMBarrows, S Bohm, P Jasrotia, K Kahmark,
C McMinn, E Robertson, J Simmons, S Sippel,
S VanderWulp and many others for assistance in
the field and lab. We also thank A N Kravchenko,
A J M Smucker, and I Gelfand for helpful comments
on an earlier version of the manuscript and J Schuette
and C Kremer for help with figures. Financial
support was provided by the US DOE Office of
Science (DE-FCO2-07ER64494) and Office of Energy
Efficiency and Renewable Energy (DE-ACO5-
76RL01830), the National Science Foundation LTER
Program (DEB 1027253), and Michigan State
University AgBioResearch.

References

Basso B andRitchie J T 2015 Simulating crop growth and
biogeochemical fluxes in response to landmanagement using
the SALUSmodelThe Ecology of Agricultural Landscapes:
Long-TermResearch on the Path to Sustainability ed
SKHamilton et al (NewYork: OxfordUniversity Press)
pp 252–74 (http://lter.kbs.msu.edu/wp-content/uploads/
2015/04/Basso-and-Ritchie-Ch10-Simulating-crop-
growth-and-biogeochemical-fluxes-SALUS-model-KBS-
long-term-ecological-research-LTER-site-volume-synthesis-
book-2015.pdf)

Beaulieu J J et al 2011Nitrous oxide emission fromdenitrification in
stream and river networks Proc. Natl Acad. Sci. USA 108
214–9

ChristianDG, RicheAB andYatesNE 2002The yield and
composition of switchgrass and coastal panic grass grown as a
biofuel in Southern EnglandBioresour. Technol. 83 115–24

Crutzen P J,Mosier AR, SmithKA andWiniwarterW2007N2O
release from agro-biofuel production negates global warming
reduction by replacing fossil fuelsAtmos. Chem. Phys. Discuss.
7 11191–205

DeKleinC,NovaR SA,Ogle S, SmithKA, Rochette P,Wirth TC,
McConkey BG,Mosier A andRypdal K 2006 2006 IPCC
Guidelines forNational Greenhouse Gas Inventories. Volume 4.
Agriculture, Forestry andOther LandUse edH SEggleston et al
(Kanagawa, Japan: Institute forGlobal Environmental
Strategies (IGES)) pp 1–54

Erisman JW,GrinsvenH, Leip A,Mosier A andBleeker A 2010
Nitrogen and biofuels; an overview of the current state of
knowledgeNutrient Cycling Agroecosystems 86 211–23

Farrell A E, Plevin R J, Turner BT, Jones AD,O’HareMand
KammenDM2006 Ethanol can contribute to energy and
environmental goals Science 311 506–8

Gelfand I, Sahajpal R, ZhangX, IzaurraldeCR,Gross KL and
RobertsonGP 2013 Sustainable bioenergy production from
marginal lands in theUSMidwestNature 493 514–7

Gelfand I, Zenone T, Jasrotia P, Chen J,Hamilton SK and
RobertsonGP 2011Carbon debt of conservation reserve
program (CRP) grasslands converted to bioenergy
production Proc. Natl Acad. Sci. USA 108 13864–9

Gulledge J and Schimel J P 1998 Low-concentration kinetics of
atmospheric CH4 oxidation in soil andmechanismof +NH4

inhibitionAppl. Environ.Microbiol. 64 4291–8
HuoH,WangM, BloydC and PutscheV 2009 Life-cycle assessment

of energy use and greenhouse gas emissions of soybean-
derived biodiesel and renewable fuels Environ. Sci. Technol.
43 750–6

KravchenkoAN andRobertsonGP 2011Whole-profile soil carbon
stocks: the danger of assuming toomuch from analyses of too
little Soil Sci. Soc. Am. J. 75 235–40

7

Environ. Res. Lett. 11 (2016) 064007

http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Basso-and-Ritchie-Ch10-Simulating-crop-growth-and-biogeochemical-fluxes-SALUS-model-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Basso-and-Ritchie-Ch10-Simulating-crop-growth-and-biogeochemical-fluxes-SALUS-model-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Basso-and-Ritchie-Ch10-Simulating-crop-growth-and-biogeochemical-fluxes-SALUS-model-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Basso-and-Ritchie-Ch10-Simulating-crop-growth-and-biogeochemical-fluxes-SALUS-model-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Basso-and-Ritchie-Ch10-Simulating-crop-growth-and-biogeochemical-fluxes-SALUS-model-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://dx.doi.org/10.1073/pnas.1011464108
http://dx.doi.org/10.1073/pnas.1011464108
http://dx.doi.org/10.1073/pnas.1011464108
http://dx.doi.org/10.1073/pnas.1011464108
http://dx.doi.org/10.1016/S0960-8524(01)00201-2
http://dx.doi.org/10.1016/S0960-8524(01)00201-2
http://dx.doi.org/10.1016/S0960-8524(01)00201-2
http://dx.doi.org/10.5194/acpd-7-11191-2007
http://dx.doi.org/10.5194/acpd-7-11191-2007
http://dx.doi.org/10.5194/acpd-7-11191-2007
http://dx.doi.org/10.1007/s10705-009-9285-4
http://dx.doi.org/10.1007/s10705-009-9285-4
http://dx.doi.org/10.1007/s10705-009-9285-4
http://dx.doi.org/10.1126/science.1121416
http://dx.doi.org/10.1126/science.1121416
http://dx.doi.org/10.1126/science.1121416
http://dx.doi.org/10.1038/nature11811
http://dx.doi.org/10.1038/nature11811
http://dx.doi.org/10.1038/nature11811
http://dx.doi.org/10.1073/pnas.1017277108
http://dx.doi.org/10.1073/pnas.1017277108
http://dx.doi.org/10.1073/pnas.1017277108
http://dx.doi.org/10.1021/es8011436
http://dx.doi.org/10.1021/es8011436
http://dx.doi.org/10.1021/es8011436
http://dx.doi.org/10.2136/sssaj2010.0076
http://dx.doi.org/10.2136/sssaj2010.0076
http://dx.doi.org/10.2136/sssaj2010.0076


LeMer J andRoger P 2001 Production, oxidation, emission and
consumption ofmethane by soils: a reviewEur. J. Soil Biol. 37
25–50

LiskaA J andCassmanKB2008Towards standardizationof life-cycle
metrics for biofuels: greenhouse gas emissionsmitigation and
net energy yield J. BiobasedMater. Bioenergy2 187–203

McLaughlin S B andAdamsKszos L 2005Development of
switchgrass (Panicum virgatum) as a bioenergy feedstock in
theUnited StatesBiomass Bioenergy 28 515–35

MooneyDF, Roberts RK, English BC, TylerDDand Larson J A
2009Yield and breakeven price of ‘Alamo’ switchgrass for
biofuels in TennesseeAgronomy J. 101 1234–42

Mosier AR,Crutzen P J, SmithKA andWiniwarterW2009Nitrous
oxide’s impact on net greenhouse gas savings frombiofuels:
life-cycle analysis comparison Int. J. Biotechnology 11 60–74

MulkeyVR,OwensVNand LeeDK2006Management of
switchgrass-dominated conservation reserve program lands
for biomass production in SouthDakotaCrop Sci. 46 712–20

NCDC (National ClimaticData Center) 2013 Summary ofMonthly
Normals 1981–2010,Gull Lake Biology Station,MI,USA
(http://ncdc.noaa.gov/cdo-web/search)

Nikièma P, RothsteinD,MinD-HandKappC J 2011Nitrogen
fertilization of switchgrass increases biomass yield and
improves net greenhouse gas balance in northernMichigan,
USABiomass Bioenergy 35 4356–67

Oates LG,DuncanD S,Gelfand I,MillarN, RobertsonGP and
JacksonRD2016Nitrous oxide emissions during
establishment of eight alternative cellulosic bioenergy
cropping systems in theNorthCentral United StatesGlob.
Change Biol. Bioenergy 8 539–49

ParrishD J and Fike JH 2005The biology and agronomy of
switchgrass for biofuelsCrit. Rev. Plant Sci. 24 423–59

Plevin R J 2009Modeling corn ethanol and climate: a critical
comparison of the BESS andGREETmodels J. Ind. Ecology 13
495–507

PortmannRW,Daniel J S andRavishankara AR2012 Stratospheric
ozone depletion due to nitrous oxide: influences of other
gasesPhil. Trans. R. Soc.B 367 1256–64

Ritchie J T 1998 Soil water and plant stressUnderstandingOptions
for Agricultural Production edGYTsuji et al (Dordrecht,
TheNetherlands: Kluwer Academic) pp 41–54

RobertsonGP et al 2008 Sustainable biofuels redux Science 322
49–50

RobertsonGP andHamilton SK 2015 Long-term ecological
research in agricultural landscapes at theKellogg Biological
Station LTER site: conceptual and experimental framework
The Ecology of Agricultural Landscapes: Long-TermResearch
on the Path to Sustainability ed SKHamilton et al (NewYork:
OxfordUniversity Press) pp 1–32 (http://lter.kbs.msu.edu/
wp-content/uploads/2015/04/Robertson-Hamilton-Ch1-
Conceptual-and-experimental-framework-KBS-long-term-
ecological-research-LTER-site-volume-synthesis-book-
2015.pdf)

RobertsonGP,Hamilton SK,DelGrosso S J andPartonWJ2011
Thebiogeochemistry of bioenergy landscapes: carbon,
nitrogen, andwater considerationsEcological Appl. 211055–67

RobertsonGP, Paul E A andHarwoodRR 2000Greenhouse gases
in intensive agriculture: contributions of individual gases to
the radiative forcing of the atmosphere Science 289 1922–5

RobertsonGP andVitousek PM2009Nitrogen in agriculture:
balancing the cost of an essential resourceAnnu. Rev.
Environ. Resour. 34 97–125

Ruan L andRobertsonGP 2013 Initial nitrous oxide, carbon
dioxide, andmethane costs of converting conservation
reserve program grassland to row crops under no-till versus
conventional tillageGlob. Change Biol. 19 2478–89

SchmerMR, LiebigMA,Hendrickson J R, TanakaDL and
Phillips R L 2012Growing season greenhouse gas flux from
switchgrass in the northern great plainsBiomass Bioenergy 45
315–9

SchmerMR,Vogel K P,Mitchell R B and Perrin RK 2008Net
energy of cellulosic ethanol form switchgrass Proc. Natl Acad.
Sci. USA 105 464–9

Shcherbak I,MillarN andRobertsonGP 2014Globalmetaanalysis
of the nonlinear response of soil nitrous oxide (N2O)
emissions to fertilizer nitrogenProc. Natl Acad. Sci. USA 111
9199–204

SmithCM,DavidMB,Mitchell CA,MastersMD,
Anderson-Teixeira K J, Bernacchi C J andDeLucia EH 2013
Reduced nitrogen losses after conversion of row crop
agriculture to perennial biofuel crops J. Environ. Qual. 42
219–28

SmithKA,Mosier AR,Crutzen P J andWiniwarterW2012The
role ofN2Oderived from crop-based biofuels, and from
agriculture in general, in Earth’s climatePhil. Trans. R. Soc.
London Biol. Sci. 367 1169–74

Solomon S et al (ed) 2007Climate Change 2007: The Physical Science
Basis (NewYork: CambridgeUniversity Press)pp 19–91

SuleimanA andRitchie J T 2003Modeling soil water redistribution
during second-stage evaporation Soil Sci. Soc. Am. J. 67
377–86

SuleimanA andRitchie J T 2004Modifications to theDSSAT
vertical drainagemodel formore accurate soil water
dynamics Soil Sci. 169 745–57

Syswerda S P, Basso B,Hamilton SK, Tausig J B andRobertsonGP
2012 Long-termnitrate loss along an agricultural intensity
gradient in the uppermidwest USAAgric. Ecosyst. Environ.
149 10–9

Syswerda S P, CorbinAT,MokmaDL,KravchenkoANand
RobertsonGP 2011Agriculturalmanagement and soil
carbon storage in surface versus deep layers Soil Sci. Soc. Am.
J. 75 92–101

TilmanD,Hill J and LehmanC 2006Carbon-negative biofuels from
low-input high-diversity grassland biomass Science 314
1598–600

USCongress 2007 Energy Independence and Security Act of 2007
(https://gpo.gov/fdsys/pkg/BILLS-110hr6enr/pdf/BILLS-
110hr6enr.pdf)

Vogel K P, Brejda J J,Walters DT andBuxtonDR2002 Switchgrass
biomass production in theMidwest USA: harvest and
nitrogenmanagementAgronomy J. 94 413–20

WangM,Han J, Dunn J B, CaiH and Elgowainy A 2012Well-to-
wheels energy use and greenhouse gas emissions of ethanol
from corn, sugarcane and cellulosic biomass forUS use
Environ. Res. Lett. 7 045905

WileA,BurtonDL, SharifiM,LynchD,MainMand
PapadopoulosYA2014Effect of nitrogen fertilizer application
rate onyield,methane andnitrous oxide emissions from
switchgrass (PanicumvirgatumL) and reed canarygrass
(Phalaris arundinaceaL)Can. J. Soil Sci.94129–37

Wullschleger SD,Davis E B, BorsukME,GundersonCA and
Lynd LR 2010 Biomass production in switchgrass across the
United States: database description and determinants of yield
Agronomy J. 102 1158–68

8

Environ. Res. Lett. 11 (2016) 064007

http://dx.doi.org/10.1016/S1164-5563(01)01067-6
http://dx.doi.org/10.1016/S1164-5563(01)01067-6
http://dx.doi.org/10.1016/S1164-5563(01)01067-6
http://dx.doi.org/10.1016/S1164-5563(01)01067-6
http://dx.doi.org/10.1166/jbmb.2008.402
http://dx.doi.org/10.1166/jbmb.2008.402
http://dx.doi.org/10.1166/jbmb.2008.402
http://dx.doi.org/10.1016/j.biombioe.2004.05.006
http://dx.doi.org/10.1016/j.biombioe.2004.05.006
http://dx.doi.org/10.1016/j.biombioe.2004.05.006
http://dx.doi.org/10.2134/agronj2009.0090
http://dx.doi.org/10.2134/agronj2009.0090
http://dx.doi.org/10.2134/agronj2009.0090
http://dx.doi.org/10.2134/agronj2010.0087
http://dx.doi.org/10.2134/agronj2010.0087
http://dx.doi.org/10.2134/agronj2010.0087
http://dx.doi.org/10.2135/cropsci2005.04-0007
http://dx.doi.org/10.2135/cropsci2005.04-0007
http://dx.doi.org/10.2135/cropsci2005.04-0007
http://ncdc.noaa.gov/cdo-web/search
http://dx.doi.org/10.1016/j.biombioe.2011.08.006
http://dx.doi.org/10.1016/j.biombioe.2011.08.006
http://dx.doi.org/10.1016/j.biombioe.2011.08.006
http://dx.doi.org/10.1111/gcbb.12268
http://dx.doi.org/10.1111/gcbb.12268
http://dx.doi.org/10.1111/gcbb.12268
http://dx.doi.org/10.1080/07352680500316433
http://dx.doi.org/10.1080/07352680500316433
http://dx.doi.org/10.1080/07352680500316433
http://dx.doi.org/10.1111/j.1530-9290.2009.00138.x
http://dx.doi.org/10.1111/j.1530-9290.2009.00138.x
http://dx.doi.org/10.1111/j.1530-9290.2009.00138.x
http://dx.doi.org/10.1111/j.1530-9290.2009.00138.x
http://dx.doi.org/10.1098/rstb.2011.0377
http://dx.doi.org/10.1098/rstb.2011.0377
http://dx.doi.org/10.1098/rstb.2011.0377
http://dx.doi.org/10.1126/science.1161525
http://dx.doi.org/10.1126/science.1161525
http://dx.doi.org/10.1126/science.1161525
http://dx.doi.org/10.1126/science.1161525
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Robertson-Hamilton-Ch1-Conceptual-and-experimental-framework-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Robertson-Hamilton-Ch1-Conceptual-and-experimental-framework-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Robertson-Hamilton-Ch1-Conceptual-and-experimental-framework-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Robertson-Hamilton-Ch1-Conceptual-and-experimental-framework-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://lter.kbs.msu.edu/wp-content/uploads/2015/04/Robertson-Hamilton-Ch1-Conceptual-and-experimental-framework-KBS-long-term-ecological-research-LTER-site-volume-synthesis-book-2015.pdf
http://dx.doi.org/10.1890/09-0456.1
http://dx.doi.org/10.1890/09-0456.1
http://dx.doi.org/10.1890/09-0456.1
http://dx.doi.org/10.1126/science.289.5486.1922
http://dx.doi.org/10.1126/science.289.5486.1922
http://dx.doi.org/10.1126/science.289.5486.1922
http://dx.doi.org/10.1146/annurev.environ.032108.105046
http://dx.doi.org/10.1146/annurev.environ.032108.105046
http://dx.doi.org/10.1146/annurev.environ.032108.105046
http://dx.doi.org/10.1111/gcb.12216
http://dx.doi.org/10.1111/gcb.12216
http://dx.doi.org/10.1111/gcb.12216
http://dx.doi.org/10.1016/j.biombioe.2012.05.026
http://dx.doi.org/10.1016/j.biombioe.2012.05.026
http://dx.doi.org/10.1016/j.biombioe.2012.05.026
http://dx.doi.org/10.1016/j.biombioe.2012.05.026
http://dx.doi.org/10.1073/pnas.0704767105
http://dx.doi.org/10.1073/pnas.0704767105
http://dx.doi.org/10.1073/pnas.0704767105
http://dx.doi.org/10.1073/pnas.1322434111
http://dx.doi.org/10.1073/pnas.1322434111
http://dx.doi.org/10.1073/pnas.1322434111
http://dx.doi.org/10.1073/pnas.1322434111
http://dx.doi.org/10.2134/jeq2012.0210
http://dx.doi.org/10.2134/jeq2012.0210
http://dx.doi.org/10.2134/jeq2012.0210
http://dx.doi.org/10.2134/jeq2012.0210
http://dx.doi.org/10.1098/rstb.2011.0313
http://dx.doi.org/10.1098/rstb.2011.0313
http://dx.doi.org/10.1098/rstb.2011.0313
http://dx.doi.org/10.2136/sssaj2003.3770
http://dx.doi.org/10.2136/sssaj2003.3770
http://dx.doi.org/10.2136/sssaj2003.3770
http://dx.doi.org/10.2136/sssaj2003.3770
http://dx.doi.org/10.1097/01.ss.0000148740.90616.fd
http://dx.doi.org/10.1097/01.ss.0000148740.90616.fd
http://dx.doi.org/10.1097/01.ss.0000148740.90616.fd
http://dx.doi.org/10.1016/j.agee.2011.12.007
http://dx.doi.org/10.1016/j.agee.2011.12.007
http://dx.doi.org/10.1016/j.agee.2011.12.007
http://dx.doi.org/10.2136/sssaj2009.0414
http://dx.doi.org/10.2136/sssaj2009.0414
http://dx.doi.org/10.2136/sssaj2009.0414
http://dx.doi.org/10.1126/science.1133306
http://dx.doi.org/10.1126/science.1133306
http://dx.doi.org/10.1126/science.1133306
http://dx.doi.org/10.1126/science.1133306
https://gpo.gov/fdsys/pkg/BILLS-110hr6enr/pdf/BILLS-110hr6enr.pdf
https://gpo.gov/fdsys/pkg/BILLS-110hr6enr/pdf/BILLS-110hr6enr.pdf
http://dx.doi.org/10.2134/agronj2002.0413
http://dx.doi.org/10.2134/agronj2002.0413
http://dx.doi.org/10.2134/agronj2002.0413
http://dx.doi.org/10.1088/1748-9326/7/4/045905
http://dx.doi.org/10.4141/cjss2013-058
http://dx.doi.org/10.4141/cjss2013-058
http://dx.doi.org/10.4141/cjss2013-058
http://dx.doi.org/10.2134/agronj2010.0087
http://dx.doi.org/10.2134/agronj2010.0087
http://dx.doi.org/10.2134/agronj2010.0087


Supplementary data 
 

1 
 

Supplementary data for “Nitrogen fertilization challenges the 
climate benefit of cellulosic biofuels” 

Leilei Ruan1, 2,3, Ajay K Bhardwaj2,5, Stephen K Hamilton1,2,4, and G Philip Robertson1,2,3* 

 

1 W.K. Kellogg Biological Station, Michigan State University, Hickory Corners, MI 49060 USA  

2 Great Lakes Bioenergy Research Center, Michigan State University, East Lansing, MI 48824 USA 

3 Dept. of Plant, Soil, and Microbial Sciences, Michigan State University, East Lansing, MI 48824 USA  

4 Dept. of Integrative Biology, Michigan State University, East Lansing, MI 48824 USA 

5 Current address: Central Soil Salinity Research Institute, Indian Council of Agricultural Research, 

Karnal, Haryana 132001 India 

 

Contains: 

Supplementary tables S1-S3 

Supplementary references 

Supplementary figures S1-S4  

                                                 
* Corresponding author: robert30@msu.edu; 269.671.2267 

 



Supplementary data 
 

2 
 

Supplementary tables 

Table S1. Model comparisons for the response of annual N2O emissions to N fertilization rate. AIC = 
Akaike information criterion and BIC = Bayesian information criterion. In this comparison the best model 
has the lowest criteria; % AIC and % BIC represent the percentage increases for the linear models 
compared with the better exponential models that are indicated with “√”. 

Year Model R2 AIC % AIC BIC % BIC 

2009 Linear 0.88 -3.02 52% 1.37 173% 

Exponential 0.90 -6.3 √ -1.87 √ 

2010 Linear 0.84 43.7 90% 48.1 76% 

Exponential 0.91 23.0 √ 27.4 √ 

2011 Linear 0.86 54.0 121% 58.4 103% 

Exponential 0.94 24.4 √ 28.7 √ 

All 3 yr Linear 0.73 176 13.5% 184 12.9% 

Exponential 0.75 155 √ 163 √ 
 

 

Table S2. Model comparisons for the response of annual N leaching to N fertilization rate. See Table S1 
legend for further information. 

Year Model R2 AIC % AIC BIC % BIC 

2009 Linear 0.60 174 1% 178 1% 

Exponential 0.65 172 √ 176 √ 

2010 Linear 0.73 182 4% 185 4% 

Exponential 0.80 175 √ 178 √ 

2011 Linear 0.65 190 15% 194 14% 

Exponential 0.87 166 √ 170 √ 

All 3 yr Linear 0.64 547 4% 554 4% 

Exponential 0.74 525 √ 532 √ 
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Table S3. Estimation of CO2-equivalent emissions associated with switchgrass for cellulosic biofuel crop 
production. GWI = Global warming impact. 

GWI componenta Mg CO2e ha-1 yr-1 Data source 

Seedsb  0.014 See footnote b 

Planting 0.013 Gelfand et al 2013 

N fertilizer productionc 4.5 × X × 0.001 Robertson et al 2000 

N fertilizer application 0.026 Gelfand et al 2013 

Harvesting (baling) 0.019 Gelfand et al 2013 

Direct N2O emissions Field data This study 

Indirect N2O emissionsd Leaching N × 0.75% This study and IPCC 2006 N2O indirect 
emission factor (De Klein et al 2006) 

CH4 uptake Field data This study 

SOC change Field data This study 

Fossil fuel offset creditse Field data and GREET This study 
a Phosphorus and potassium fertilizers were not applied in our study, nor were herbicides, insecticides or lime. 
b Calculation for seed production (Mg CO2e ha-1 yr-1): 

Switchgrass seeds production energy, 43.8 MJ kg-1, was based on the analysis of Schmer et al. (2008). In order 
to convert energy (MJ kg-1 yr-1) to carbon emissions (Mg CO2e ha-1), we assumed that energy used in seed 
production consisted of a 50, 20, and 30% mix of fuel oil, natural gas, and electricity, respectively (Börjesson 
1996). We also used energy conversion factors of 0.094 kg CO2e MJ-1 (Farrell et al 2006), 0.056 kg CO2e MJ-1 

(Farrell et al 2006), and 0.21 kg CO2e MJ-1 (EPA 2014) for the conversion of gasoline, natural gas and 
electricity to carbon emissions, respectively. As a result: 
Fuel: 43.8 MJ kg-1 × 50% × 0.094 kg CO2e MJ-1 = 2.06 kg CO2e kg-1  
Natural Gas: 43.8 MJ kg-1 × 20% × 0.056 kg CO2e MJ-1 = 0.49 kg CO2e kg-1  
Electricity:  43.8 MJ kg-1 × 30% × 0.21 kg CO2e MJ-1 = 2.73 kg CO2e kg-1  
Total carbon emissions (kg CO2e kg-1) = Fuel + natural gas + electricity = 5.28 kg CO2e kg-1  
The seeding rate in our study is 7.84 kg ha-1. Therefore,  
Total carbon emissions (Mg CO2e ha-1) = 5.28 kg CO2e kg-1 × 7.84 kg ha-1× 0.001 Mg kg-1 = 0.04 Mg CO2e ha-1 

Since it is a perennial grass, switchgrass does not need to be seeded annually. Therefore, we averaged this value 
over the study period (3 yr), i.e., 0.014 Mg CO2e ha-1 yr-1. 

c Based on Robertson et al. (2000), 4.5 kg CO2e released per kg of N produced and transported to field crops; X is 
the N fertilization rate (kg N ha-1 yr-1); 0.001 is the conversion factor from kg to Mg. 

d Leaching N data from the field experiment in this study. 
e GREET (Huo et al 2009) was used to calculate fossil fuel offset credits for different yields from each N 

treatment, with all farming inputs set to 0 as noted in Methods. Offset credits include co-product credits, which 
for lignocellulosic biomass includes lignin, used to generate electricity. 
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Supplementary figures 

 

Figure S1. Mean daily N2O emissions May to December for the first three harvest years (2009-2011) 
following establishment in 2008 across the eight fertilization treatments. Error bars omitted for clarity 
(n=4 replicate chambers per treatment).   
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Figure S2. Relationship of daily N2O emission to soil water content (water-filled pore space) at 0–25 cm 
depth across several levels of soil inorganic nitrogen (KCl-extractable NO3

- + NH4
+) during the first three 

harvest years (2009-2011). Bands show 95% confidence intervals around linear regression fits to the data 
(data points not shown); all fits are significant at α=0.05. 

 
 
 

 

 

Figure S3. Average daily CH4 uptake rates in each switchgrass N fertilization treatment for May to 
December for the first three harvest years (2009-2011). Error bars represent standard errors of the mean 
(n=4 replicate plots). There are no significant differences among treatments (α=0.05). 
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Figure S4. Soil carbon concentrations at depths of 0-25, 25-50, and 50-100 cm across the N fertilization 
gradient. Error bars represent standard errors based on n=4 replicate plots. Bars to the left of the dashed 
line represent samples taken in 2012 versus those taken at the outset of the experiment in 2008 (to the 
right side of dashed line). There are no significant differences among treatments (α=0.05). 
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