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Carbon-Negative Biofuels
from Low-Input High-Diversity
Grassland Biomass
David Tilman,1* Jason Hill,1,2 Clarence Lehman1

Biofuels derived from low-input high-diversity (LIHD) mixtures of native grassland perennials can
provide more usable energy, greater greenhouse gas reductions, and less agrichemical pollution per
hectare than can corn grain ethanol or soybean biodiesel. High-diversity grasslands had increasingly
higher bioenergy yields that were 238% greater than monoculture yields after a decade. LIHD
biofuels are carbon negative because net ecosystem carbon dioxide sequestration (4.4 megagram
hectare−1 year−1 of carbon dioxide in soil and roots) exceeds fossil carbon dioxide release during
biofuel production (0.32 megagram hectare−1 year−1). Moreover, LIHD biofuels can be produced on
agriculturally degraded lands and thus need to neither displace food production nor cause loss of
biodiversity via habitat destruction.

Globally escalating demands for both
food (1) and energy (2) have raised
concerns about the potential for food-

based biofuels to be sustainable, abundant, and
environmentally beneficial energy sources. Cur-
rent biofuel production competes for fertile
land with food production, increases pollution
from fertilizers and pesticides, and threatens
biodiversity when natural lands are converted
to biofuel production. The two major classes of
biomass for biofuel production recognized to
date are monoculture crops grown on fertile
soils (such as corn, soybeans, oilseed rape,
switchgrass, sugarcane, willow, and hybrid
poplar) (3–6) and waste biomass (such as straw,
corn stover, and waste wood) (7–9). Here, we
show the potential for a third major source of
biofuel biomass, high-diversity mixtures of
plants grown with low inputs on agriculturally
degraded land, to address such concerns.

We performed an experiment on agricul-
turally degraded and abandoned nitrogen-poor
sandy soil. We determined bioenergy produc-
tion and ecosystem carbon sequestration in 152
plots, planted in 1994, containing various
combinations of 1, 2, 4, 8, or 16 perennial
herbaceous grassland species (table S1) (10).
Species composition of each plot was deter-
mined by random draw from a pool of species.
Plots were unfertilized, irrigated only during

establishment, and otherwise grown with low
inputs (10). The 16-species plots are the high-
est diversity, or the LIHD (low-input, high-
diversity), treatment. All plots were burned in
early spring to remove aboveground biomass
before growth began. Soil samples, collected
before planting in 1994 and again in 2004,
determined carbon sequestration in soil. Plots
were sampled annually from 1996 to 2005 for
aboveground biomass production.

Annual production of aboveground bio-
energy (i.e., biomass yield multiplied by energy
released upon combustion) (10) was an ap-
proximate log function of planted species num-
ber (Fig. 1A). On average for the last 3 years of
the experiment (2003–2005), 2-, 4-, 8-, and 16-
species plots produced 84%, 100%, 157%, and
238% more bioenergy, respectively, than did
plots planted with single species. In a repeated
measures multivariate analysis of variance,
annual bioenergy production was positively
dependent on the number of planted species
(F1, 155 = 68.4, P < 0.0001), on time (F9, 147 =
8.81, P < 0.0001), and on a positive time-by-
species number interaction (F9, 147 = 11.3, P <
0.0001). The interaction occurred because
bioenergy production increased more through
time in LIHD treatments than in monocultures
and low-diversity treatments, as shown by the
ratio of bioenergy in LIHD (16 species) plots to
those in 8-, 4-, 2-, and 1-species plots (Fig. 1B).

The gross bioenergy yield from LIHD
plots was 68.1 GJ ha−1 year−1. Fossil energy
needed for biomass production, harvest, and
transport to a biofuel production facility was
estimated at 4.0 GJ ha−1 year−1 (table S2).

Different biofuel production methods capture
different proportions of bioenergy in deliver-
able, usable forms (Fig. 2) (10). Cocombus-
tion of degraded land LIHD biomass with coal
in existing coal-fired electric generation facili-
ties would provide a net gain of about 18.1 GJ
ha−1 as electricity (11). Converting LIHD bio-
mass into cellulosic ethanol and electricity is
estimated to net 17.8 GJ ha−1 (12). Conver-
sion into gasoline and diesel synfuels and
electricity via integrated gasification and com-
bined cycle technology with Fischer-Tropsch
hydrocarbon synthesis (IGCC-FT) is estimated
to net 28.4 GJ ha−1 (10, 13). In contrast, net
energy gains from corn and soybeans from
fertile agricultural soils are 18.8 GJ ha−1 for
corn grain ethanol and 14.4 GJ ha−1 for
soybean biodiesel (14). Thus, LIHD biomass
converted via IGCC-FT yields 51% more
usable energy per hectare from degraded in-
fertile land than does corn grain ethanol from
fertile soils. This higher net energy gain results
from (i) low-energy inputs in LIHD biomass
production because the crop is perennial and is
neither cultivated, treated with herbicides, nor
irrigated once established and likely requires
only phosphorus replacement fertilization be-
cause nitrogen is provided by legumes; (ii) the
more than 200% higher bioenergy yield
associated with high crop biodiversity; and
(iii) the use of all aboveground biomass, rather
than just seed, for energy. LIHD biofuels also
provide much greater net energy outputs per
unit of fossil fuel input than do current biofuels
[net energy balance (NEB) ratios of Fig. 2].
Fertile lands yield about 50% more LIHD
biomass (and bioenergy) than our degraded
soils (15, 16).

Annual carbon storage in soil was a log
function of plant species number (Fig. 1C).
For 1994–2004, there was no significant net
sequestration of atmospheric CO2 in mono-
culture plots [mean net release of CO2 of 0.48 ±
0.44 Mg ha−1 year−1 (mean ± SE)], but, in
LIHD plots, there was significant soil sequestra-
tion of CO2 (2.7 ± 0.29 Mg ha−1 year−1). Soil
carbon storage occurred even though all above-
ground biomass-based organic matter was re-
moved annually via burning. Periodic resampling
of soils in a series of prairie-like agriculturally
degraded fields found C storage rates similar to
those of the LIHD treatment and suggested that
this rate could be maintained for a century (17).
The observed annual rate of change in soil C at
a particular soil depth declined with depth (P =
0.035), suggesting that an additional 5% more
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C may be stored in soils deeper than we mea-
sured (below 60 cm depth).

In 2004, after 10 years of growth, atmo-
spheric CO2 sequestration in roots was a log
function of plant species numbers (Fig. 1D).
On an annual basis, 0.62 Mg ha−1 year−1 of
atmospheric CO2 was sequestered in roots of
species grown in monocultures, and 160%
more CO2 (1.7 Mg ha−1 year−1) was captured
in roots of 16-species plots. Multiple regres-
sion showed that root CO2 sequestration
(Mg ha−1 of CO2) increased as a log function of
plant species number (S), as a log function of
time (Year), and their interaction {Croot = –1.47 +
6.16log10(S) + 9.64log10(Year) + 9.60[log10(S) –
0.613][log10(Year) – 0.782] where Year = 3
for 1997, the first time roots were sampled;
overall F3, 1260 = 191, P < 0.0001; for log10(S),
F1, 1260 = 398, P < 0.0001; for Year, F1, 1260 = 148,
P = 0.0001; for S × Year, F1, 1260 = 27.3, P =
0.0001}. This regression suggests that most
root carbon storage occurred in the first decade
of growth; during the second decade, roots of
16-species plots are projected to store just 22%
of C stored during the first decade. Measure-
ments at greater depths in 10 LIHD plots sug-
gest that 43% more C may be stored in roots
between 30 and 100 cm.

LIHD plots had a total CO2 sequestration
rate of 4.4 Mg ha−1 year−1 in soil and roots
during the decade of observation. Trends sug-
gest that this rate might decline to about 3.3
Mg ha−1 year−1 during the second decade be-
cause of slower root mass accumulation. In

contrast, the annual rate of CO2 sequestration
for monocultures was 0.14 Mg ha−1 year−1 for
the first decade and projected to be indis-
tinguishable from zero for subsequent decades.

Across their full life cycles, biofuels can be
carbon neutral [no net effect on atmospheric

CO2 and other greenhouse gases (GHG)], car-
bon negative (net reduction in GHG), or carbon
sources (net increase in GHG), depending on
both how much CO2 and other greenhouse
gases, expressed as CO2 equivalents, are re-
moved from or released into the atmosphere

Fig. 1. Effects of plant diversi-
ty on biomass energy yield and
CO2 sequestration for low-input
perennial grasslands. (A) Gross
energy content of harvested
aboveground biomass (2003–
2005 plot averages) increases
with plant species number. (B)
Ratio of mean biomass energy
production of 16-species (LIHD)
treatment to means of each
lower diversity treatment. Di-
verse plots became increasingly
more productive over time. (C)
Annual net increase in soil
organic carbon (expressed as
mass of CO2 sequestered in
upper 60 cm of soil) increases
with plant diversity as does (D)
annual net sequestration of
atmospheric carbon (as mass
of CO2) in roots of perennial
plant species. Solid curved lines
are log fits; dashed curved lines
give 95% confidence intervals
for these fits.

Fig. 2. NEB for two food-based biofuels (current biofuels) grown on fertile soils and for LIHD biofuels
from agriculturally degraded soil. NEB is the sum of all energy outputs (including coproducts) minus the
sum of fossil energy inputs. NEB ratio is the sum of energy outputs divided by the sum of fossil energy
inputs. Estimates for corn grain ethanol and soybean biodiesel are from (14).
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during crop growth and how much fossil CO2

is released in biofuel production. Both corn
ethanol and soybean biodiesel are net carbon
sources but do have 12% and 41% lower net
GHG emissions, respectively, than combustion
of the gasoline and diesel they displace (14). In
contrast, LIHD biofuels are carbon negative,
leading to net sequestration of atmospheric
CO2 across the full life cycle of biofuel pro-
duction and combustion (table S3). LIHD
biomass removed and sequestered more atmo-
spheric CO2 than was released from fossil fuel
combustion during agriculture, transportation,
and processing (0.32 Mg ha−1 year−1 of CO2),
with net life cycle sequestration of 4.1 Mg ha−1

year−1 of CO2 for the first decade and an
estimated 2.7 to 3 Mg ha−1 year−1 for subse-
quent decades. GHG reductions from use of
LIHD biofuels in lieu of gasoline and diesel
fuel are from 6 to 16 times greater than those
from use of corn grain ethanol and soybean
biodiesel in lieu of fossil fuels (Fig. 3A).

LIHD biofuel production should be sustain-
able with low inputs of agrichemicals, as in our
study. Legumes in LIHD plots can supply nitro-
gen (18). In our experiment, total soil nitrogen
of LIHD plots increased 24.5% (P < 0.001)
from 1994–2004, but monoculture total soil
nitrogen was unchanged (P = 0.83). However,
some amount of N fertilization may be useful in
dry habitats that lack efficient N-fixing species.
Application of P or other nutrients may be
needed if initially limiting or to replace nutrient
exports (Fig. 3B). Production may be sustainable
with low pesticide use, because plant disease
incidence and invasion by exotic species are low
in high-diversity plant mixtures (Fig. 3C) (19).

Switchgrass (Panicum virgatum), which is
being developed as a perennial bioenergy crop,

was included in our experiment. Switchgrass
monocultures can be highly productive on fer-
tile soils, especially with application of pesti-
cides and fertilizer (20, 21). However, on our
infertile soils, switchgrass monoculture bio-
energy [23.0 ± 2.4 GJ ha−1 year−1 (mean ± SE)]
was indistinguishable from mean bioenergy of
monocultures of all other species (22.7 ± 2.7
GJ ha−1 year−1) and yielded just a third of the
energy of LIHD plots (10).

How much energy might LIHD biomass
potentially provide? For a rough global estimate,
consider that about 5 × 108 ha of agriculturally
abandoned and degraded land producing bio-
mass at 90 GJ ha−1 year−1 (22) could provide, via
IGCC-FT, about 13% of global petroleum con-
sumption for transportation and 19% of global
electricity consumption (2). Without accounting
for ecosystem CO2 sequestration, this could
eliminate 15% of current global CO2 emissions,
providing one of seven CO2 reduction “wedges”
needed to stabilize global CO2 (23). GHG
benefits would be larger if LIHD biofuels were,
in general, carbon negative, as might be expected
if late-successional native plant species were
used in LIHD biomass production on degraded
soils [e.g., (17)].

The doubling of global demand for food
and energy predicted for the coming 50 years
(1, 2) and the accelerating use of food crops
for biofuels have raised concerns about bio-
diversity loss if extant native ecosystems are
converted to meet demand for both food and
biofuels. There are also concerns about envi-
ronmental impacts of agrichemical pollution
from biofuel production and about climate
change from fossil fuel combustion (14, 24–26).
Because LIHD biomass can be produced on
abandoned agricultural lands, LIHD biofuels

need neither compete for fertile soils with food
production nor encourage ecosystem destruction.
LIHD biomass can produce carbon-negative
biofuels and can reduce agrichemical use com-
pared with food-based biofuels. Moreover, LIHD
ecosystem management may provide other
ecosystem services, including stable production
of energy, renewal of soil fertility, cleaner ground
and surface waters, wildlife habitat, and recre-
ation (18, 19, 24, 27, 28). We suggest that the
potential for biofuel production and carbon
sequestration via low inputs and high plant
diversity be explored more widely.
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Fig. 3. Environmental ef-
fects of bioenergy sources.
(A) GHG reduction for com-
plete life cycles from bio-
fuel production through
combustion, representing
reduction relative to emis-
sions from combustion of
fossil fuels for which a
biofuel substitutes. (B) Fer-
tilizer and (C) pesticide
application rates are U.S.
averages for corn and soy-
beans (29). For LIHD bio-
mass, application rates are
based on analyses of table
S2 (10).
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Materials and Methods 
 
Experimental Design: We controlled the number of plant species in 168 plots, each 9 m x 9 m, in 
a 7 ha field at Cedar Creek Natural History Area, Minnesota, USA. Plots were randomly chosen 
for seeding with 1, 2, 4, 8, or 16 perennial grassland/savanna species. Composition of each plot 
was randomly chosen from a set of 18 perennials: four C4 grasses, four C3 grasses, three 
herbaceous and one woody/shrubby legume, four non-legume herbaceous forbs, and two savanna 
oak species (Table S1). Plots received 10 g m-2 of seed in May 1994 and 5 g m-2 in May 1995, 
with seed mass divided equally among species. Treatments were maintained by weeding 3 or 4 
times annually, with low-diversity treatments having much more weedy biomass removed than 
high-diversity treatments (S1). Plots received low inputs (i.e., no fertilization, irrigation only 
during initial establishment, and herbicide only to prepare area for initial planting). Plots were 
burned annually in spring before growth began. Additional experimental design details have been 
published previously (S2). Plots were sampled annually in early August for aboveground living 
plant biomass by clipping, drying, and weighing four parallel and evenly spaced 0.1 x 3.0 m 
vegetation strips per plot from 1996–1999 and four 0.1 x 6.0 m strips per plot from 2000–2005. 
Different locations were clipped each year. For most plots, including the LIHD plots, burning 
effectively removed all aboveground biomass; however, fire did not carry through woody 
monocultures nor through low-diversity woody-dominated plots. In contrast, annual burning 
removed aboveground woody biomass, and essentially removed woody species, from 
multispecies plots, making aboveground biomass a good measure of annual production of these 
herbaceous plots. Because this paper focuses on yearly biomass and energy production by 
herbaceous perennial species, and because woody biomass accumulated over many years in plots 
through which fire did not carry and is thus not a measure of annual production, monocultures of 
woody species and low-diversity plots dominated by woody species are not included in analyses, 
leaving 152 plots with data on annual herbaceous biomass and energy production (30, 28, 29, 30 
and 35 replicates, respectively, of 1-, 2-, 4-, 8-, and 16-species treatments). 
 
 Two plots were planted in 1994 as switchgrass (Panicum virgatum) monocultures, in 
which only one became well-established, despite re-seeding switchgrass in both plots in 1995. 
Two additional plots originally planted to contain two species (switchgrass and a second species) 
effectively became switchgrass monocultures by the last five years of the study because the other 
species comprised less than 2% of total plot biomass. We used 2003–2005 average harvested 
biomass for these three plots to estimate monoculture bioenergy production by switchgrass. 
 

We measured organic carbon in the soil in 50 plots that were a randomly chosen subset of 
1-, 4-, and 16-species plots. Soils were sampled at 3 depths (0-20 cm; 20-40 cm; 40-60 cm) for 
each of four sites per plot both before plots were planted in 1994 and again in 2004. Soils were 
sieved to remove roots. Soil sequestration or release of carbon was determined as the change 
(ΔC), at each soil depth, in the soil organic C of each plot from 1994–2004. These ΔC values 
were then summed over the three soil depths and divided by the lapsed time to give the annual net 
rate of carbon storage or release. Root mass was sampled in all 152 plots using twelve soil cores 
per plot (5 cm diameter by 30 cm deep), collected in mid-August just after biomass sampling. 
Soil cores were placed on a fine mesh screen and a gentle spray of water was used to rinse soil 
from roots. Roots were dried, any residual soil on dried samples was removed, then roots were 
weighed to obtain root mass per area. An additional subset of 10 plots planted to 16 species was 
sampled for roots from 0-30 cm depth, 30-60 cm depth, and 60-100 cm depth to estimate root 



mass below 30 cm in high diversity plots. Based on numerous measurements, we estimate C 
content of root biomass as 40% C by mass. 
 
Net Energy Balance of Prairie Biomass: Energy inputs for growing, harvesting, and transporting 
prairie biomass are estimated assuming standard agricultural practices on a 240 ha farm (Table 
S2). We divide over 30 years one-time energy inputs for establishing prairie, including fossil fuel 
energy use for initial spraying, planting, and mowing, and the energy required to produce the 
farm machinery used on the farm, the herbicides applied to prepare the seed bed, and the seed 
planted to give the prairie. We estimate annual energy inputs, including fossil fuel use for 
mowing, baling, and fertilizing, fossil fuel use for transporting hay bales from fields to their point 
of end use, and energy for sustaining the farm households. We estimate total energy inputs in 
prairie biomass production at 4.01 GJ ha-1 yr-1 for a biomass yield of 3,682 kg ha-1 yr-1, which has 
been demonstrated on highly-degraded Cedar Creek soils. Harvesting prairie biomass in mid-
September might both yield greater biomass and decrease ecosystem loss of N, P, and other 
nutrients. For an estimated fertile prairie yield of 6,000 kg ha-1 yr-1 (S3, S4), total energy inputs 
are 4.64 GJ ha-1 yr-1. With 18.5 MJ kg-1 released upon combustion (S5), the gross prairie energy 
output is 68.1 and 111.0 GJ ha-1 yr-1 for degraded and fertile prairie, respectively.  

 
Biomass Conversion to Usable Energy: We model three scenarios for utilizing prairie biomass 
for bioenergy. Biomass can be co-fired with coal in existing facilities at low levels to generate 
electricity with little loss of efficiency (e.g., a 0.5% decrease in overall efficiency with a 95% 
coal/5% biomass blend as compared to 100% coal) (S6, S7). Average U.S. coal electricity 
production efficiency in 2004 was 32.9% (S8); therefore, we assume biomass may be converted 
to electricity at 32.4% efficiency. 
 

Biomass may also be converted to ethanol via cellulose digestion to sugars followed by 
fermentation and distillation. This yields ethanol at a rate of 0.255 L kg-1of dry biomass, 
simultaneously generating electricity equal to 9.2% of the energy output of ethanol (S9). This 
overall efficiency of 32.0% was demonstrated using corn stover and is supported by a similar 
study that estimated 38% efficiency when converting hybrid poplar to ethanol while noting an 
efficiency of approximately 34% would be achieved with switchgrass (S10). 

 
Biomass may also be gasified and converted to both synfuel and electricity 

simultaneously via high-pressure Fischer-Tropsch liquid synthesis integrated with gas turbine 
combined cycle electric power generation. There are many proposed variations on this process 
that provide different estimated efficiencies of energy capture in synfuels and electricity. The 
process-dependent ranges of overall efficiency from four studies are from 42.4% to 46.2% (S11), 
from 41.6% to 51.5% (S12), from 32% to 50% (S13), and, for a highly optimized process, 57.3% 
(S14). Here we use the average efficiency for this process as estimated by these four studies, 
47.6%. The relative amounts of liquid fuels and electricity can vary depending upon the 
specifications and input parameters of the conversion facility; therefore, for illustrative purposes 
only, we assume that an average of 53% of the net power output is realized in the liquid fuels and 
47% is in electricity (S13), and that 62% and 38% of the liquid fuels produced are diesel and 
gasoline, respectively (S14). 

 
Greenhouse Gas (GHG) Savings: We consider the total life cycle GHG savings from producing 
and using biomass to generate various biofuels and electricity (Table S3). GHG savings results 
both from displacing fossil fuels and from the net GHG sink on the prairie land itself. To estimate 



net GHG savings, we subtract from this amount the total life cycle GHG release from the fossil 
fuels used to produce prairie biomass and transport it to its point of end use. 
 
Fertilizer Application: Legumes in high-diversity species mixtures may eliminate the need for 
nitrogen fertilization (e.g., in our experiment, total soil nitrogen increased 24.5% in LIHD plots 
from 1994–2004). To replace phosphorus, which constitutes 0.2% of the mass of dry biomass 
(S15) annually harvested, we estimate phosphorus fertilizer would be added at a rate of 7.4 kg ha-

1 yr-1 on degraded prairie and 12.0 kg ha-1 yr-1 on fertile prairie. 



Table S1. The 18 perennial native prairie species planted in this experiment.  Species are listed in 
order of decreasing biomass as measured in 16-species plots from 2002–2005. 
 

Species Functional type 

Lupinis perennis Legume 

Andropogon gerardi C4 grass 

Schizachyrium scoparium C4 grass 

Sorghastrum nutans C4 grass 

Solidago rigida Forb 

Amorpha canescens Woody legume 

Lespedeza capitata Legume 

Poa pratensis C3 grass 

Petalostemum purpureum Legume 

Monarda fistulosa Forb 

Achillea millefolium Forb 

Panicum virgatum C4 grass 

Liatris aspera Forb 

Quercus macrocarpa Woody 

Koeleria cristata C3 grass 

Quercus elipsoidalis Woody 

Elymus canadensis C3 grass 

Agropyron smithii C3 grass 



Table S2. Estimated annual energy inputs for growing and harvesting prairie biomass. 
 

Annual energy use (MJ ha-1)  
Energy input Degraded prairie Fertile prairie 

Prairie species seed* 134 103 

Fossil fuel for planting and harvesting† 543 543 

Farm capital and machinery‡ 188 188 

Pesticide/fertilizer production and distribution§ 103 146 

Sustaining farm household|| 1,864 1,864 

Fossil fuel use for transporting biomass¶ 1,174 1,796 

Total 4,006 4,640 
 
* We assume that producing seed for planting prairies requires twice the energy used to produce 

prairie biomass, and that two or three hectares can be planted from the seeds harvested from 
each hectare of degraded or fertile prairie, respectively. We divide this total energy input over 
an assumed 30 year life of the prairie. 

 
† We assume 30.5 L ha-1 of diesel are used in the first year for spraying, disking, planting, and 

mowing (S16), and that diesel releases 36.6 MJ L-1. We distribute this total energy input over a 
30 year life of the prairie. Annual fuel use for mowing, baling, and fertilizing is 13.8 L ha-1. 

 
‡ We estimate the weight of equipment used in production (i.e., boom sprayer, tandem disk, no-

till drill, rotary mower/conditioner, hay merger, large rectangular baler, 75 hp tractor, 130 hp 
tractor, pull spreader, loader, and bale spike) to be 3.6 × 104 kg. We assume for purposes of 
calculating the embodied energy of each piece of machinery that it consist entirely of steel and 
that it takes 25 MJ kg-1 to produce steel (S17, S18) with an additional 50% for assembly (S19). 
We distribute this over a 30 year life of the prairie and a 240 ha size of the farm. 

 
§ We assume a first year 2.24 kg ha-1 application rate of glyphosate, which requires 475 MJ/kg to 

produce and distribute (S20). We divide this energy input over an assumed 30 year life of the 
prairie. We assume phosphorus fertilizer, which takes 9.2 MJ/kg to produce and transport 
(S21), is applied every three years at a rate of 7.4 kg ha-1 yr-1 on degraded prairie and 12.0 kg 
ha-1 yr-1 on fertile prairie to replace phosphorus removed in harvested biomass. 

 
|| The 2004 U.S. per capita energy use was 3.58 × 105 MJ (S22, S23). We assume household size 

of 2.5 people (S24), 50% of farm household labor devoted to farming (S25), and a 240 ha farm. 
 
¶ We estimate 24 and 38 L ha-1 of diesel is used to move bales onto and off of tractor trailers for 

degraded and fertile prairies, respectively (S16). We assume bales weigh 680 kg, each tractor 
trailer can haul 27 bales, and bales are transported an average of 40 km to their point of end 
use. With an average fleet efficiency of 2.2 km/L (S26), 36.4 L of diesel are used in a single 
round trip to haul the bales produced on 4.9 ha of degraded prairie or 3.0 ha of fertile prairie.



Table S3. Greenhouse gas (GHG) sequestration (positive values) or release (negative values) 
from LIHD bioenergy sources (kg CO2 equivalent ha-1). All three delivered energy sources 
created from LIHD biomass are carbon negative biofuels because net GHG reductions exceed 
the release of fossil GHG during biomass production, harvesting, transport, and processing.* 

 
GHG reductions or releases on prairie† 

Biomass use 
CO2 soil/root 
sequestration 

N2O 
emissions

CH4 
mitigation 

GHG release 
from 

biomass 
production‡ 

GHG 
avoided by 
displacing 

fossil fuels§ 

Net GHG 
reduction from 

bioenergy 
production 

Electricity 4,033 -160 150 -324 6,389 10,088 

Ethanol 4,033 -160 150 -324 2,465 6,164 

Synfuel 4,033 -160 150 -324 5,926 9,626 
 
 
* Although we have data on biomass production on fertile soils for prairie, we do not have 

comparable data on LIHD carbon storage in such soils, and thus do not present this case in this 
table. 

 
† Values are from (S27). 
 
‡ This includes diesel used for producing prairie seed, planting and harvesting, and transporting 

bales. Diesel life cycle GHG emissions are 3.01 × 103 g CO2 eq. L-1 (S28). We also include 
GHG release in pesticide production, sustaining farm households, and producing farm capital 
and machinery by assuming they require use of an amount of diesel equivalent to the energy 
expenditure of these inputs. 

 
§ This value is the amount of fossil fuels each use of biomass displaces (energy equivalent) 

multiplied by the life cycle GHG emissions of the displaced fossil fuels. We assume ethanol 
displaces gasoline (life cycle GHG emission = 96.9 g CO2 eq. MJ-1) (S28), biomass-generated 
electricity displaces coal-generated electricity (life cycle GHG emission = 289.5 g CO2 eq. MJ-

1) (S29), and synfuel displaces 38% gasoline and 62% diesel (life cycle GHG emission = 82.3 g 
CO2 eq. MJ-1) (S14, S28). 
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Comment on “Carbon-Negative
Biofuels from Low-Input High-Diversity
Grassland Biomass”
Michael P. Russelle,1* R. Vance Morey,2 John M. Baker,1
Paul M. Porter,3 Hans-Joachim G. Jung1

Tilman et al. (Reports, 8 December 2006, p. 1598) argued that low-input high-diversity
grasslands can provide a substantial proportion of global energy needs. We contend that their
conclusions are not substantiated by their experimental protocol. The authors understated the
management inputs required to establish prairies, extrapolated globally from site-specific
results, and presented potentially misleading energy accounting.

Tilman et al. (1) reported that biofuels
derived from diverse mixtures of native
grassland perennials can provide greater

energy yields and environmental benefits than
monoculture grown on fertile soils. We agree
that growing herbaceous perennial species on
land of marginal value for agriculture is de-
sirable for several reasons, but we take issue
with the authors’ contention that low-input high-
diversity (LIHD) prairie can provide a substan-
tial contribution to our nation’s energy needs.
We argue that their experimental results do not
substantiate their conclusions and that the
authors overstated the global importance of their
results.

Tilman et al. suggest that LIHD plantings
could provide a sustainable source of harvest-
able biomass for fuel production, but they re-
ported sample yields from an experiment in
which nearly all the biomass was burned in situ,
not harvested. Although several plant nutrients
are lost from burned vegetation as gases or par-
ticulates, most cations are returned to the soil
(2). With mechanical harvest, all nutrients are re-
moved. Although legumes can replace nitrogen,
nutrient replacement will be an important require-
ment for many marginal, and especially acidic,
soils if yields are to be sustained. Limestone
additions would be required to maintain symbi-
otic N2 fixation on soils with poor pH buffering
capacity. Liming represents a major energy in-
put (3, 4).

More seriously, the experimental approach
of Tilman et al. is a form of double accounting
with respect to carbon. The authors estimated
harvestable biomass from small samples taken
in late summer, then burned the remaining bio-

mass on the plots the following spring [see
supporting online material for (1)]. Combus-
tion of this sort is incomplete, so some, if not
most, of the soil C sequestration they measured
is almost certainly due to charcoal additions
that would not have occurred with harvest for
biofuel production. Burning also has multiple,
and often unpredictable, effects on prairie plant
ecology. In general, burning reduces the pres-
ence of woody species in mixed stands, as the
authors observed (1), but also helps control
other undesirable species and may increase
root biomass, tillering, soil temperature, and
nitrification (2). With the exception of the de-
cline in woody species, these benefits would
not accrue with mechanical harvest of herba-
ceous perennials.

Tilman et al. (1) also ignored the difficulty
of establishing and maintaining stands of native
prairie species. Species composition was main-
tained artificially in the Cedar Creek plots with
hand-weeding four times per year [see support-
ing online material for (5)], a practice that would
be impossible in a commercial biomass produc-
tion system. Because phenology differs among
plant species, timing of biomass removal will
influence species survival and composition of
the grassland through interspecific competition.
For instance, switchgrass, one of the dominant
North American tallgrass prairie species, re-
quires 6 weeks of regrowth to persist if har-
vested during the growing season (6). Resulting
alterations in species dominance could affect
grassland productivity and yield resilience under
stress. Thus, the yields reported by Tilman et al.
and their assumption of a 30-year useful stand
life may need to be reconsidered. In temperate
climates, delaying harvest until after a killing
frost in the fall would avoid the problem of in-
terspecific competition during late summer
regrowth, but it would also remove protective
winter cover of great value for wildlife.

Tilman et al. base most of their report (1) on
one experiment, yet extrapolate their results
globally. The experiment was conducted at one

site in central Minnesota, USA, on soils that
have low soil organic C, low water-holding ca-
pacity, and relatively shallow groundwater. The
authors then estimated the amount of energy
that might be provided by LIHD biomass, as-
suming 5 × 108 ha of “abandoned and degraded
land.” This land area, attributed to (7), derives
from studies estimating the potential for refor-
estation of degraded lands primarily in the tropics
(8). However, we are not aware of large areas
of “abandoned and degraded” agricultural lands
in temperate regions of the globe that would
permit establishment of large-scale LIHD bio-
mass prairies without affecting food production,
as the authors claim. In the entire United States
for example, there are only about 1.5 × 107 ha
of land classified as idle cropland (9), and a
substantial fraction of that area is in regions
too arid to support the annual biomass yields
projected in (1). We contend that, rather than
attempt to make global calculations, the authors
should have limited their interpretations to sim-
ilar soil and climatic conditions in the United
States, on clearly identified land where these
practices could be implemented.

Finally, Tilman et al. make the misleading
claim that LIHD biomass from degraded infer-
tile land would produce more usable energy
per hectare than corn grain ethanol from fertile
soils [figure 2 in (1)]. The biofuel energy out-
put (GJ ha−1) for corn grain ethanol is four times
as large as either of the two LIHD alternatives
that include biofuel outputs. It also appears that
most of the energy for the conversion process
for LIHD biofuels, but not corn grain ethanol,
was assumed to come from biomass co-products.
Co-products from corn grain ethanol can pro-
vide all of the conversion energy (10), and
applying them as conversion energy rather than
co-product energy credit to their net energy
balance ratios [figure 2 in (1)] results in a net
energy of more than 50 GJ ha−1 for corn grain
ethanol, with corresponding reductions in green-
house gas emissions. Alternatively, using only
half the corn stover produced from each hectare
of corn grain that is used for ethanol production
could provide all the energy required for distil-
lation, or at least as much cellulosic ethanol as a
hectare of LIHD prairie, thereby substantially
improving the energy balance of corn-based eth-
anol. To be meaningful, net energy and green-
house gas emission comparisons among biofuel
systems must be based on consistent assump-
tions about conversion technologies.

Alternative energy based on biomass has
captured public attention, and considerable re-
sources are being devoted to research, develop-
ment, and implementation. There is potential
for substantial environmental benefit, but also
for unproductive expenditure. Many agree that
no single biomass feedstock or product will
suffice because of the disparate economic, en-
vironmental, edaphic, climatic, technological,
and logistical factors involved. We suggest
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that the results and conclusions presented by
Tilman et al. be treated with appropriate caution
until they have been subjected to more rigorous
examination.
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Response to Comment on “Carbon-
Negative Biofuels from Low-Input
High-Diversity Grassland Biomass”
David Tilman,1* Jason Hill,1,2 Clarence Lehman1

We discovered that biofuels from low-input high-diversity mixtures of native perennial prairie
plants grown on degraded soil can provide similar bioenergy gains and greater greenhouse
gas benefits than current corn ethanol produced from crops grown in monoculture on fertile soil
with high inputs. Russelle et al.’s technical concerns are refuted by a substantial body of research
on prairie ecosystems and managed perennial grasslands.

Russelle et al. (1) raise several technical
concerns that lead them to question our
conclusions about the energetic and

environmental advantages of biofuels derived
from diverse mixtures of native perennial prairie
plant species over biofuels from high-input an-
nual food crops such as corn (2). The nature of
their comments suggests that research results
well known in ecology may be less familiar to
those outside the discipline. Indeed, our approach
stands in marked contrast to that of conventional
high-input agriculture. Each of their concerns,
addressed below, is refuted by published studies
of the ecology of high-diversity grasslands, and
none of them has substantive effect on our orig-
inal conclusions.

Russelle et al. (1) question the ability of low-
input high-diversity (LIHD) prairie biomass to
grow sustainably with low nutrient inputs. U.S.
corn, in contrast, requires substantial inputs:
148 kg/ha of nitrogen, 23 kg/ha of phospho-
rus, and 50 kg/ha of potassium annually (3).
Leaching and erosional nutrient losses are much
lower for perennial grasslands than for annually
tilled row crops such as corn; hence, much lower
inputs are needed. Moreover, we recommended
harvesting prairie biomass when senescent in late
autumn because this would “both yield greater
biomass and decrease ecosystem loss of N, P, and
other nutrients” [supporting online material for
(4)]. Replacing nutrients removed by harvest-
ing would require about 4 kg/ha of P and 6 kg/ha
of K, should they be limiting (5, 6). LIHD mix-
tures needed no N fertilization because N fixa-
tion by legumes more than compensated for N
exports in harvested biomass. Also, unlike some
cultivated legumes, our native legumes grow
well and fix N on acidic soils without liming
(7). Moreover, several studies have shown that
biomass yields of high-diversity grasslands are

sustainable with low inputs. Annual hay yields
from high-diversity Kansas prairie (8) showed
no declines over 55 years despite no fertilization.
Similarly, hay yields increased slightly during 150
years of twice-annual biomass removal in high-
diversity unfertilized plots of the Park Grass
experiment (9, 10). In total, nutrient inputs suf-
ficient to sustain LIHD biomass production are
an order of magnitude lower than for corn.

We showed that the dense root mass of LIHD
prairie led to high rates of soil carbon seques-
tration (2). Russelle et al. (1) express concern that
fire may have caused carbon storage through
charcoal formation. However, published studies
show that annual accumulation of charcoal car-
bon in frequently burned grasslands was <1% of
our observed rate of soil carbon accumulation
(11, 12). Similarly, fire had no effect on soil
black carbon levels in a 6-year study of mixed-
grass savanna (13). The concern about effects of
late autumn mowing versus burning is also un-
founded. Annual mowing and burning have sim-
ilar effects on prairie biomass production (14, 15),
and mowing does not cause prairie yields to
decrease (8).

We proposed using mixtures of native prairie
perennials for biofuels in part because, contrary
to the assertion of Russelle et al. (1), such mix-
tures are easily established and require low or
no inputs for maintenance. Indeed, prairie read-
ily reestablishes itself from seed and displaces
exotic plant species during natural succession
on many degraded agricultural lands in the
Great Plains (16). Prairie restoration, such as
on the 6000 ha restored recently in Minnesota
by The Nature Conservancy, is performed using
agricultural machinery, not manual labor as
Russelle et al. suggest. Our hand-weeding was
done to maintain monoculture and low-diversity
treatments. In contrast, the LIHD treatment led
to rapid competitive displacement of exotic weedy
and pasture species. LIHD plots were striking-
ly resistant to subsequent plant invasion and
disease (17, 18). In portions of LIHD plots for
which weeding had been stopped for 3 years,
only 1.7% of total biomass came from invaders,

which themselves were mainly native prairie
perennials, and this invasion did not impact en-
ergy production.

Our one-sentence “rough global estimate” of
the energy LIHD biomass might potentially pro-
vide was brief, but well-supported and conserv-
ative. As to our estimated land base, 9 × 108 ha
of global agricultural lands have been degraded
so as to have “great reductions” in agricultural
productivity, and an additional 3 × 108 ha are
“severely degraded” and offer no agricultural
utility (19, 20). A review of 17 studies found a
median value of 7.1 × 108 ha of degraded land
available globally for biofuel production (21).
Our suggestion of 5 × 108 ha is 30% lower and
is therefore a conservative estimate

In our experiment (2), severely degraded land
planted to LIHD mixtures had biomass pro-
duction that was 46% as much as its native
biome, temperate grassland (22). To be conserv-
ative, we assumed that LIHD mixtures of na-
tive species planted on degraded land would
produce 20% less than we observed, i.e., just 37%
of the average of its native biome (22). Weight-
ing this LIHD production estimate by the global
area for each biome produced our estimate of
90 GJ ha−1 year−1 globally and of degraded lands
potentially providing—through the integrated gas-
ification combined cycle (IGCC)/Fischer-Tropsch
process—about one-seventh of the global trans-
portation and electricity demand. We stand by
that estimate. Further, we urge that the energy
and carbon sequestration potential of low-input
high-diversity mixtures of locally native plant
species be explored for degraded lands around
the world.

Our energy accounting was thorough and
correct. We reported actual energy balances for
U.S. corn ethanol and soybean biodiesel as cur-
rently produced (both of which cause net in-
creases in greenhouse gases), and we compared
them to three ways that LIHD prairie biomass
might be used to produce carbon-negative bio-
fuels (i.e., biofuels that, in total for their life cy-
cle, decrease greenhouse gas levels). We showed
that these new carbon-negative biofuels could
provide similar or greater net energy gains per
hectare than current biofuels.

The concerns of Russelle et al. (1) are refuted
by a thorough consideration of the published
literature. As to current biofuels, we agree that
the energy and greenhouse gas benefits of corn
ethanol could be improved, but we disagree
about methods. First, burning the high-protein
co-product of corn ethanol production to power
ethanol production facilities, as Russelle et al.
suggest, seems unwise because greater protein
production is required to meet global nutritional
needs. Burning this protein is not an industry
standard, nor is it discussed in any recent etha-
nol energy balance reviews (23, 24). Second,
harvest and use of corn stover (the senescent
stalks and leaves of corn plants) to power etha-
nol plants would likely cause soil organic
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carbon levels to fall, and increase both carbon
dioxide release and soil erosion. A better alter-
native would be powering corn ethanol plants
with LIHD biomass, likely by gasification. If
done properly, the ethanol produced could be
carbon-neutral and have a markedly higher net
energy gain than current corn ethanol.

The world’s energy and climate problems
are likely to be solved only by a combination of
approaches and technologies, including wind
and solar energy, increased energy efficiency,
and renewable biofuels (25). Our research found
that biofuels from LIHD biomass grown on de-
graded lands have substantial energy and green-
house gas advantages over current U.S. biofuels.
Moreover, LIHD production of renewable en-
ergy on agriculturally marginal lands could help
ameliorate what might otherwise be an escalat-
ing conflict between food production, bioenergy
production, and preservation of the world’s re-

maining natural ecosystems. LIHD biofuels merit
further exploration.
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