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Abstract

One potentially significant impact of growing biofuel crops will be the sequestration or

release of carbon (C) in soil. Soil organic carbon (SOC) represents an important C sink in

the lifecycle C balances of biofuels and strongly influences soil quality. We assembled

and analyzed published estimates of SOC change following conversion of natural or

agricultural land to biofuel crops of corn with residue harvest, sugarcane, Miscanthus x
giganteus, switchgrass, or restored prairie. We estimated SOC losses associated with land

conversion and rates of change in SOC over time by regressing net change in SOC

relative to a control against age since establishment year. Conversion of uncultivated

land to biofuel agriculture resulted in significant SOC losses – an effect that was most

pronounced when native land was converted to sugarcane agriculture. Corn residue

harvest (at 25–100% removal) consistently resulted in SOC losses averaging 3–8 Mg ha�1

in the top 30 cm, whereas SOC accumulated under all four perennial grasses, with SOC

accumulation rates averaging o1 Mg ha�1 yr�1 in the top 30 cm. More intensive harvests

led to decreased C gains or increased C losses – an effect that was particularly clear for

residue harvest in corn. Direct or indirect conversion of previously uncultivated land for

biofuel agriculture will result in SOC losses that counteract the benefits of fossil fuel

displacement. Additionally, SOC losses under corn residue harvest imply that its

potential to offset C emissions may be overestimated, whereas SOC sequestration under

perennial grasses represents an additional benefit that has rarely been accounted for in

life cycle analyses of biofuels.
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Introduction

As biofuel production expands globally, it is critical to

understand the environmental consequences of culti-

vating biofuel crops (Renewable Fuels Agency, 2008).

One potential impact of biofuel deployment is the

storage or release of soil organic carbon (SOC). SOC

sequestration is an important component in the life

cycle of biofuel production (Ney & Schnoor, 2002; Adler

et al., 2007) and may be key in determining the green-

house gas (GHG) reduction potential of biofuels relative

to fossil fuels. Additionally, increases in SOC produce a

host of other advantages including increased produc-

tivity and crop quality, improved water and nutrient

retention, decreased runoff of both sediment and pol-

lutants, and increased soil biodiversity (Lal, 2004).

Thus, an understanding of changes in SOC under

biofuel crops is essential for thorough cost–benefit

analyses of biofuels.

SOC contributes substantially to the global carbon (C)

cycle, with global storage in the top meter estimated at

1500–1600 Pg C (Jobbágy & Jackson, 2000; Lal, 2004),

which is more than two times the amount stored in

either vegetation or the atmosphere. The capacity of

soils to store organic C is influenced by several vari-

ables. Because the rate of decomposition relative to

production is low in cold and wet climates (Austin,

2002; Allen et al., 2005), SOC storage tends to be greatest
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there (Trumbore, 1997; Jobbágy & Jackson, 2000; Fissore

et al., 2008). SOC also is correlated with soil clay content

because clay minerals protect organic matter from mi-

crobial oxidation through the formation of organo-

mineral complexes ( Jobbágy & Jackson, 2000). Main-

tenance of soil structure in any soil type strongly

influences soil C residence times, and thus management

and disturbance can lead to substantial losses of soil C.

Frequent disturbance to the soil (i.e., tillage) exposes

protected organic matter and increases the rate of

decomposition, resulting in lower steady-state SOC

storage (e.g., Grandy & Robertson, 2007; David et al.,

in press). Vegetation type and root architecture contri-

bute to soil C maintenance as well ( Jobbágy & Jackson,

2000; De Deyn et al., 2008; Fissore et al., 2008). SOC

concentration generally decreases as a power function

of depth, and its vertical distribution is affected by

factors such as climate, soil texture, and vegetation type

– with generally deeper distribution of SOC in grass-

lands than in forests ( Jobbágy & Jackson, 2000).

Changes in SOC, which are of primary interest

because of their potential to sequester or release CO2

(e.g., Trumbore, 1997), occur as a result of changes in

any of the above variables. There is considerable con-

cern that increasing global temperatures will stimulate

decomposition and release soil C (e.g., Davidson &

Janssens, 2006; Friedlingstein et al., 2006); however, land

use changes have more immediate potential to affect

global SOC storage (Trumbore, 1997). Conversion of

native ecosystems to crops causes substantial losses of

SOC (averaging about 30%), which is most rapid im-

mediately following land conversion (Davidson & Ack-

erman, 1993; Guo & Gifford, 2002; Murty et al., 2002;

West et al., 2004; Zinn et al., 2005; De Deyn et al., 2008;

David et al., in press), probably stabilizing within the

first several decades of cultivation (David et al., in

press). Overall, approximately 55–78 Gt C have been

released from soil as a result of land conversion during

the postindustrial era (Lal, 2004). Conversely, SOC

accumulates upon conversion of cultivated land to

secondary forest, grassland, or pasture (Potter et al.,

1999; Knops & Tilman, 2000; Guo & Gifford, 2002; West

et al., 2004; Grandy & Robertson, 2007). Because grass-

lands tend to have high SOC, conversion of native

ecosystems to pasture generally does not release SOC,

and sometimes results in modest SOC sequestration

(Fisher et al., 1994; Guo & Gifford, 2002; Murty et al.,

2002; Osher et al., 2003; Zinn et al., 2005).

While many studies have quantified changes in SOC

under potential biofuel crops, results are variable and

have yet to be synthesized into a coherent picture. Here,

we review changes in SOC under five biofuel cropping

systems with potential for widespread, long-term de-

ployment: (1) corn (Zea mays L.) with residue harvest,

which is touted in the United States as a potential

source of cellulosic feedstock for biofuel production

(Kadam & McMillan, 2003; Sheehan et al., 2003); (2)

sugarcane (Saccharum spp. L.), a perennial grass that

may be harvested several years in a row without

replanting and has been used extensively for ethanol

production in Brazil since the 1970s; (3) Miscanthus

[Miscanthus x giganteus Greef et Deu ex. Hodkinson et

Renvoize (Hodkinson & Renvoize, 2001)], a large and

productive perennial grass used as an energy crop in

Europe (Lewandowski et al., 2000); (4) switchgrass

(Panicum virgatum L.), a large perennial grass native to

North America selected by the US Department of En-

ergy as a model energy crop (McLaughlin & Adams

Kszos, 2005); and (5) restored native grasslands (North

America), which have been promoted for their low

input requirements and environmental benefits (Tilman

et al., 2006). We employ a paradigm in which controls

(adjacent land of the previous land use type) do not

necessarily reflect baseline SOC; rather, we allow for the

possibility of a land conversion effect (Fig. 1), as an

initial loss frequently occurs upon conversion of forest

or grassland to agriculture (Davidson & Ackerman,

1993; West et al., 2004). If SOC accumulates following

this loss, positive net changes in SOC will occur only

after this loss is repaid (‘SOC payback time’). Here, we

attempt to quantify the land conversion effect, SOC

accumulation rate, and SOC payback time (when ap-

plicable) for the five above-mentioned crops.
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Fig. 1 Schematic diagram of the models used to analyze net

changes in soil organic carbon (SOC) relative to controls. The

forced-intercept model, which assumes that the control repre-

sents the baseline from which changes in SOC deviate, repre-

sents the most common method of calculating rates of change in

SOC. We focus instead on the free-intercept model, which allows

for the possibility of a land conversion loss followed by SOC

accumulation. This model uses a regression of net change in

SOC relative to the control as a function of time to calculate a

SOC accumulation rate and an intercept, which differs from the

control when there is a land conversion effect.
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Methods

In the spring of 2008, we searched the literature (any

publication date) using ISI Web of Science for studies

quantifying the change in soil C following crop estab-

lishment (Tables 1 and A1). We selected studies accord-

ing to the following criteria: (1) SOC was measured in

fields of at least two known ages, one of which was a

control – either a pre-establishment measurement or

nearby land whose land use matched the pre-establish-

ment land use; (2) following removal of roots from the

soil, total SOC was measured by either dry combustion

or dichromate oxidation; (3) SOC was expressed as a

concentration (SOCc; e.g., g C kg�1 soil, %) for a known

depth increment or on an area basis (SOCa; e.g., Mg C

ha�1, g m�2) to a given depth. For each profile, we

summed changes in SOCa from each depth increment

to yield a single value representing the entire depth

profile sampled. Bulk density values were used to con-

vert between concentration- and area-based estimates of

SOC. When bulk density (rb) was not reported, it was

calculated using the following adaptation of the Adams–

Stewart model (Adams, 1973; Tranter et al., 2007)

rb ¼
100

%OM=rOM þ 100�%OM=rm

ð1Þ

Here, %OM is the percent organic matter, organic

matter bulk density (rOM) is assumed to be 0.224 g cm�1

(Rawls et al., 2004), and mineral bulk density (rm) is

estimated as a function of sand content (%) and depth

(cm; Tranter et al., 2007):

rm ¼ 1:35þ 0:0045 � sand� 0:00006 � ð44:7sandÞ2

þ 0:06 � logðdepthÞ:
ð2Þ

Because the model requires SOC concentration as an

input variable [Eqn (1)], bulk density could not be

calculated for studies that reported SOC on an area

basis only.

Data were analyzed in two ways. First, we

calculated SOCa accumulation rates and land conver-

sion effects for each site separately (treatments

separated). Rates of change in SOCa were calculated

using two models, which we term ‘forced-intercept’ and

‘free-intercept’ (Fig. 1). Forced-intercept models

represent the most common method of calculating rates

of change in SOC; the rate is simply the difference

in SOC between a crop of given age and a control

divided by the crop age (or, when multiple ages are

measured, rate is the slope of a linear regression that

includes the control). This forced-intercept model as-

sumes a linear change in SOC through time, and there-

fore will underestimate rates of SOC change if there is a

land conversion loss (Fig. 1). The advantage of this

model, however, is that it requires only a control and

a crop of one age – which are by far the most commonly

available data (Table 1). For the subset of sites with

more than one age (Table 1), we applied the free-

intercept model, which allowed the intercept of the

SOC–time relationship to differ from the control (Fig.

1). Specifically, the rate of change in SOCa was calcu-

lated as the slope of a linear regression between SOCa

and age. We then compared the intercept of this rela-

tionship with the control. A one-sided t-test was used to

assess whether this ratio was o1, indicating that a land

conversion loss occurred. Additionally, we compared

rates calculated using the forced- and free-intercept

models.

Second, combining data from all sites, we used ANOVA

models (type III SS) to describe both percentage change

in SOCc (% change relative to the control) and net

changes in SOCa (Mg C ha�1) as a function of age

(years). As the intercept was allowed to differ from

Table 1 Data set characteristics by crop

n

No.

of

sites

No.

of

studies

Previous

land

uses

Age (years):

range

(median)

Profile depth

(cm): max

(median)

%

harvested

%

fertilized

%

clay:

median

Corn w/residue removal 15 5 3 Agriculture 2.5–11 (2.5) 60 (10) 100 100 20

Sites with multiple ages 0 0 0 na na na na na na

Sugarcane 20 15 9 Native

(forest, grass)

2–90 (35) 100 (25) 100 45–85 50

Sites with multiple ages 5 5 4 Native

(forest, grass)

2–50 70 (15) 100 80–100 51

Miscanthus 10 8 6 Grass 4–18 (9) 100 (25) 100 70–100 13

Sites with multiple ages 5 5 2 Grass 4–16 60 (25) 100 100 65

Switchgrass 87 21 9 Crop, grass, fallow 0.6–14 (4) 360 (30) 93 91 22

Sites with multiple ages 3 3 2 Grass, fallow 0.6–3 90 (30) 100 100 15

Mixed native 42 40 17 Crop 1–68 (7) 120 (20) 0 5 22

Sites with multiple ages 7 7 6 Crop 1–60 120 (83) 0 0 15
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zero, this is a free-intercept model (Fig. 1). Other vari-

ables included were log(depth; cm), the amount of

biomass removal, and soil clay content (%). We tested

for interactions between depth and biomass removal

with age, but not for other interactions, as the data sets

were not sufficiently large. For SOCc, depth was ex-

pressed as the geometric mean of the upper and lower

sampling intervals, which is appropriate because SOC

distribution is more accurately described as a function

of log(depth) than of depth ( Jobbágy & Jackson, 2000).

For SOCa, depth was the lowest sampling depth, above

which all depth increments were summed to give a

single value representing the entire depth profile. Bio-

mass removal was measured as a continuous variable

for corn (% residue removal) and as a categorical variable

for other crops (e.g., not harvested, regularly harvested,

or infrequently grazed/burned). When not reported, clay

was estimated based on the categorical texture descrip-

tion. As vertical profiles in soil texture were rarely

described, this variable represents the surface texture.

Previous vegetation type (crop, grass, or fallow) was

included as a categorical variable for switchgrass. Be-

cause some of the factors tested did not have a significant

effect on SOC and weakened the predictive power of the

full model, we also ran reduced models which included

only age, log(depth), and % residue removal for corn.

Inordinately influential data – as determined by Cook’s

D, which combines datum residual and leverage – were

removed from the statistical models.

Results

We found 46 studies representing 164 site–treatment

combinations that matched the criteria outlined above

(Tables 1 and A1). Previous land uses, soil types,

management practices, and ages and depths sampled

varied among crops (Tables 1 and A1).

In corn, change in management from grain harvest to

grain and residue harvest (note that no land conversion

occurs in this case) consistently resulted in a loss of

SOC, with negative changes for all depth increments of

all treatments. This loss appears to be most rapid (up to

4.2 Mg C ha�1 yr�1 to 30 cm) immediately following the

change in residue management, as indicated by the

negative intercepts and nonsignificant effects of age

for both SOCc (Fig. 2a, Table B1) and SOCa models

(Fig. 3, Table B2) [While the coefficient for the intercept

is positive in the SOCa model, addition of the effects of

residue removal and depth made the intercept negative

for �25% residue removal at depths �18 cm (Table

B2).]. The loss was proportionally greatest at shallow

depths (Fig. 2a; P �0.02 for both full and reduced

models; Table B1). The rate of loss increased signifi-

cantly with percentage residue removal in all models

(P � 0.02; Fig. 3; Tables B1 and B2). Specifically, SOC

loss increased by approximately 0.2% for every 1%

increase in residue removal (Table B1), or by about

0.06–0.09 Mg C ha�1 per 1% increase in residue removal

(Table B2). Soils with higher clay content had reduced
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Fig. 2 Projected percentage change in SOCc (g C kg�1 soil) as a

function of depth and time under biofuel crops: (a) corn with

100% residue removal, (b) sugarcane, (c) Miscanthus, (d) switch-

grass, and (e) mixed native communities. Estimates are based on

the reduced ANOVA models (Table B1). Ages plotted are those

represented in our data set (Table 1).
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rates of SOC loss in both models (SOCa: P 5 0.002, Table

B1; SOCa: P 5 0.30, Table B2). Overall, our statistical

model (Table B2) predicted that 10 years of maize

biomass removal resulted in losses of �3 Mg C ha�1

per 30 cm at 25% residue removal and �8 Mg C ha�1

per 30 cm at 100% residue removal (Fig. 3).

Conversion of native ecosystems (forest or grassland)

to sugarcane resulted in a large initial loss of SOC

followed by recovery. The land conversion loss was

roughly 22% or 20 Mg C ha�1 (to a median depth of

15 cm) based on comparison of controls and intercepts

(n 5 5, P 5 0.04), but these estimates varied widely

depending on ages and depths measured. Our ANOVA

models (Tables B1 & B2) projected slightly higher initial

losses of up to �50% near the surface (Fig. 2b) or

�34 Mg C ha�1 in the top 30 cm (Fig. 3). As a result of

this initial loss, the forced-intercept model gave nega-

tive rates of change in SOCa (�0.67 Mg C ha�1 yr�1,

SE 5 0.36, n 5 18; Fig. 4a), indicating a net loss of SOC

for the majority of sites (median age 5 35; Table 1).

However, the free-intercept model indicated that SOC

began to rebuild following an initial loss (dSOCa/dt 5

0.29 Mg C ha�1 yr�1, SE 5 0.31, n 5 5; Fig. 4a). Likewise,

the ANOVA models indicated SOC accumulation rates

of about 0.33% yr�1 (SOCc reduced model: P 5 0.10;

Fig. 2b) or 0.51 Mg C ha�1 yr�1 (SOCa reduced model:

P 5 0.006; Fig. 3). The land conversion loss appears to be

repaid within a century (Figs 3 and 4a); however, this

SOC payback time is difficult to quantify given the

limited sample size (n 5 5). SOC accumulation was

proportionally greater at greater depths (Fig. 2b;

Po0.0001 in SOCc reduced model). Retention of harvest

residues on the fields increased the rate of SOC recovery

(P�0.04 for SOCc and SOCa full models; Tables B1 and

B2). Soil clay content did not significantly affect changes

in SOC under sugarcane (SOCc: P 5 0.15, SOCa: P 5 0.84).

Conversion of grassland to Miscanthus generally

resulted in modest C losses followed by SOC accumula-

tion. The average land conversion loss was approxi-

mately 11% or 5.8 Mg C ha�1 (n 5 5; Fig. 4b); however,

the ratio of the intercept to the control was not signifi-

cantly o1 (P 5 0.16), indicating that this loss was not

significant. Free-intercept calculations of SOC accumu-

lation rate averaged 1.0 Mg ha�1 yr�1 (n 5 5) and were

greater than both paired forced-intercept calculations

(exact Wilcoxon’s signed-rank test; SOCc: P 5 0.03,

SOCa: P 5 0.30) and the average of all forced-intercept

calculations (0.14 � 0.35 Mg C ha�1 yr�1, n 5 8; Fig. 4b).

The tendency for there to be a land conversion loss

followed by SOC accumulation was not statistically

significant because of the effects of one site where

SOC was lost following the establishment of Mis-

canthus (Kahle et al., 2001). The statistical models did

not capture the initial SOC loss (Figs 2c and 3; Tables B1
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Fig. 3 Projected net changes in SOCa (Mg C ha�1) in the top

30 cm of soil under biofuel crops of various ages. Estimates are

based on the reduced ANOVA model for SOCa (Table B2). Ages

plotted are those represented in our data set (Table 1).

Fig. 4 Projected changes in SOCa based on forced-intercept

(pale gray) and free-intercept (darker gray) models (see text for

details) in (a) sugarcane replacing native ecosystems, (b) Mis-

canthus replacing grassland, (c) switchgrass replacing cropland

or grassland, (d) mixed native communities replacing former

cropland. Lines and shaded areas are projections of the mean

rate of change in SOCa and the standard error of this mean,

respectively. For free-intercept models, the y-intercept is the

average difference between controls and intercepts, and error

bars represent the standard error of this mean. This figure

demonstrates how differing methodologies may lead to widely

different projections of changes in SOC.
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and B2), and may have thereby underestimated the

effects of age (0.13 � 0.48 Mg ha�1 yr�1 in SOCa reduced

model), which were positive (below 24 cm in SOCc full

model) but not significant in any models (all P40.20;

Tables B1 and B2). Depth and clay also did not affect

changes in SOC, with the exception of negative effects

of clay in the full SOCa model (Tables B1 and B2). The

failure of these statistical models to describe significant

effects can be attributed to substantial variation (rates of

change in SOC ranging from �3.3 to 3.3 Mg C ha�1 for

the top 30 cm) and a small number of sites (n 5 8).

Switchgrass studied in the literature typically was

planted on cropland, fallow land, or grassland (Table 1).

Land conversion effect could not be reliably assessed, as

only three sites had data for more than one age, and

none of these exceeded 3 years in age (Table 1). In our

ANOVA models, the intercept tended to be negative, but

never significantly so (all P40.05; Tables B1 and B2).

SOC tended to accumulate over time (Figs 2–4); percen-

tage change in SOCc increased with age by 1.8% yr�1

(Fig. 2d; P�0.04 for reduced and full models; Table B1)

and SOCa increased with age at a rate of �0.4 Mg ha�1

yr�1 according to the ANOVA models (Fig. 3; P40.3 for

reduced and full models; Table B2), or 0.68 Mg ha�1 yr�1

according to the forced-intercept model (SE 5 0.30,

n 5 87; Fig. 2c). Percentage change in SOCc tended to

increase with depth, but not significantly so (Fig. 2d,

P 5 0.17). Likewise, change in SOCa tended to increase

with sampling depth, but the relationship was not

significant (reduced model: P 5 0.39). The intercept for

switchgrass planted on former grassland was always

lower than that of switchgrass planted on cropland, but

not significantly so (P40.2 for both SOCc and SOCa

models). When biomass was harvested, SOC accumula-

tion tended to be less rapid (SOCc: P 5 0.05, SOCa:

P 5 0.66; Tables B1 and B2), but this was partially offset

by higher intercepts (SOCc: P 5 0.07; SOCa: P 5 0.72;

Tables B1 and B2).

Restored prairie or conservation reserve program

(CRP) land planted with one or more native prairie

species on former cropland were labeled ‘mixed native

sites.’ These were not managed as biofuel crops; none of

the fields were harvested and only 5% were fertilized

(Table 1). The land conversion effect was positive (Figs 3

and 4d); intercepts were �68% or 16 Mg C ha�1 greater

than the controls; and the ratios of the intercept to

the control was significantly 41 (one-sample t-test;

P 5 0.02). Likewise, the intercept was positive in both

SOCc and SOCa reduced models (Po0.0001 and

P 5 0.09, respectively). This positive intercept may be

the result of faster SOC accumulation in young sites

than in old sites (Kucharik, 2007), which, in a linear

model would be approximated by a positive intercept

and an intermediate rate (slope). As a result of the

positive intercept, the average free-intercept rate

(�0.15 � 0.70 Mg C ha�1 yr�1, n 5 7) was less than the

average forced-intercept rate (0.92 � 0.47 Mg C ha�1 yr�1,

n 5 7; Fig. 4d). In our statistical models, SOC increased

with age by approximately 1% yr�1 or 0.1 Mg ha�1 yr�1

(P � 0.04 for both SOCc and SOCa reduced models; Fig. 3;

Tables B1 and B2). The percentage change in SOCc de-

creased strongly with depth (Fig. 2e; Table B1), which was

modeled statistically as an age�depth interaction in the

full model (Po0.0001) or as a pure function of depth in

the reduced model (Po0.0001). Change in SOCa increased

with sampling depth (reduced model; P 5 0.002). The

effects of clay content were opposite in the SOCc (negative

effect; P 5 0.008) and SOCa models (positive effect;

P 5 0.0003). Change in SOC was lower in sites that were

burned or grazed than in those that had not been har-

vested (SOCc model: P 5 0.05; SOCa model: P 5 0.40), but

there were no significant effects of this treatment on the

rate of change in SOC (age� treatment interaction; SOCc

model: P 5 0.49; SOCa model: P 5 0.50).

Discussion

Whereas soil C is depleted under corn residue harvest,

it accumulates under cultivation of perennial grasses.

The harvest of corn residue – even as little as 25% –

consistently reduced SOC by 3–8 Mg ha�1 in the top

30 cm within the first few years (Figs 2a and 3), with

losses increasing linearly with percent residue removal

(see also Blanco-Canqui & Lal, 2007). Conversion of

native land (grassland or forest) to sugarcane agricul-

ture triggered a large initial loss of SOC (Figs 3 and 4a);

however, SOC rebuilds at rates of �0.3–0.5 Mg ha�1

yr�1 in the top 30 cm following this initial loss (Figs 2–4;

Silva et al., 2007), such that the initial C loss may be

repaid within a century (Figs 3 and 4a). Cultivation

of temperate-zone perennial grasses – Miscanthus,

switchgrass, or native mixes – increased SOC by an

average of � 0.1–1 Mg ha�1 yr�1 in the top 30 cm (Figs

2–4; see also e.g., Potter et al., 1999; Ma et al., 2000; Kahle

et al., 2001; Lemus & Lal, 2005; Liebig et al., 2008). These

changes can be explained in light of three principles

that govern the C balance of biofuel crops, which we

discuss in detail below: (1) conversion of uncultivated

land to biofuel crops entails a soil C loss; (2) crops differ

in their ability to sequester SOC, with perennial grasses

outperforming corn; and (3) there appears to be a trade-

off between biomass harvest and SOC sequestration.

Clearing uncultivated land triggered a SOC loss (Figs

1, 3 and 4). This may be attributed to the effects of

tillage, which stimulates a release of C from soil (e.g.,

Reicosky et al., 1997) or to a deficiency of organic inputs

relative to decomposition early in crop establishment

(Paul et al., 2002). In our analysis, the land conversion
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loss was most pronounced for sugarcane agriculture

(Figs 3 and 4a), as the majority of sites sustained native

ecosystems before cultivation (Tables 1, A1). There also

was some indication that clearing grassland for cultiva-

tion of Miscanthus caused modest land conversion

losses (Fig. 4b). These losses should be attributed more

to the disturbance of native or restored ecosystems,

which consistently reduces SOC (Davidson & Acker-

man, 1993; Guo & Gifford, 2002; Murty et al., 2002; West

et al., 2004; Zinn et al., 2005), than to the cultivation of

any specific crop. While crop type and agronomic

practices may influence the magnitude of the land

conversion loss, these effects cannot be reasonably

assessed without side-by-side trials. We emphasize that

failure to consider land conversion losses separately

from crop-induced SOC changes can severely bias

estimates of crop performance (e.g., Figs 1 and 4).

There are substantial differences between crops in the

ability to sequester SOC; whereas SOC was lost under

corn with residue harvest, all four perennial grasses –

sugarcane, Miscanthus, switchgrass, and mixed native

grasses – sequestered SOC (Figs 2–4). Change in SOC is

an integration of the entire C cycle, and several compo-

nents thereof may differ between crops. First, crop

productivity represents the total C that is potentially

available for incorporation into soil organic matter.

Aboveground productivity estimates are �15.6 Mg

ha�1 yr�1 for corn (Graham et al., 2007; Petrolia, 2008;

World Agricultural Outlook Board, 2008), 50–120 Mg

ha�1 yr�1 for sugarcane (Cheeseman, 2004), 10–61 Mg

ha�1 yr�1 for Miscanthus (Lewandowski et al., 2000;

Heaton et al., 2008), 9–26 Mg ha�1 yr�1 for switchgrass

(McLaughlin & Adams Kszos, 2005; Heaton et al., 2008)

and 0.5–9 Mg ha�1 yr�1 for restored prairie (Knapp et al.,

1993; Briggs & Knapp, 1995; Brye et al., 2002; Tilman

et al., 2006). As corn productivity is within the range of

the perennial grasses, differences in productivity cannot

explain the SOC loss in corn in contrast to the gain by

perennial grasses.

Second, plant strategies – the partitioning of C within

the plant and through time – influence how much C

becomes harvestable biomass and how much enters the

soil. As roots and rhizomes are a primary source of C to

the soil in biofuel crops (Garten & Wullschleger, 2000;

Wilhelm et al., 2004; Lemus & Lal, 2005), belowground

allocation of C stands to play a critical role in driving

changes in SOC. Allocation of C to root biomass is

dramatically lower in traditional annual crops than in

temperate grasslands, with globally averaged root :

shoot ratios of 0.1 and 3.7, respectively (Jackson et al.,

1996). The biofuel crops considered here match this

pattern; observed root : shoot ratios are �0.3 for ferti-

lized corn (Bonifas et al., 2005), �0.15 for sugarcane in

nonfield conditions (Ebrahim et al., 1998; Smith et al.,

2005), �1 for Miscanthus (Neukirchen et al., 1999), 1.8–

6.1 for switchgrass (Ma et al., 2001), and 2–8 for North

American prairies (Wilson, 1993; Ojima et al., 1994). Thus,

the temperate perennial grasses introduce far more C to

the soil than corn, potentially explaining the difference

between corn and these grasses. However, C allocation to

roots – if estimated reliably in nonfield conditions – does

not explain the apparent C sequestration under sugar-

cane, which occurs primarily at depths below �30 cm

(Fig. 2b; Skjemstad et al., 1999; Rhoades et al., 2000;

Cheeseman, 2004) and has been attributed to the deep

root system of sugarcane (Cheeseman, 2004; Smith et al.,

2005) or redistribution of topsoil C through leaching

and/or tillage (Skjemstad et al., 1999; Cheeseman, 2004).

Third, characteristics of crops and their litter influence

the rate at which organic matter decomposes. The protec-

tive cover of canopies or litter layers affects the micro-

climate, reducing evaporation rates and dampening

temperature fluctuations (Wilhelm et al., 2004). As the rate

of soil organic matter mineralization generally responds

positively to increased soil moisture but negatively to

decreased temperature (Leirós et al., 1999), it is not clear

how differences in cover among crops affect SOC losses.

Additionally, decomposition is influenced by litter quality;

high lignin content of litter extends the residence time of C

in the soil (McClaugherty et al., 1985). Development of

corn to maximize energy allocation to grain may reduce

the complexity of tissues that eventually become litter

(Gifford et al., 1984), making its tissues readily degradable.

Further research on the C cycling of biofuel crops will be

necessary to fully understand the functional drivers of

differences in the SOC balance between crops.

Harvesting biomass appears to reduce SOC or to slow

its rate of accumulation. This result is to be expected

based on the principle that SOC equilibrates at higher

levels with higher organic matter inputs (Mann et al.,

2002). The effect of biomass removal is particularly

pronounced in the case of corn residue harvest; our

results (Fig. 3, Tables B1 and B2) and previous research

(Larson et al., 1972; Mann et al., 2002; Blanco-Canqui &

Lal, 2007) demonstrate that SOC loss consistently in-

creases with percentage residue harvest. Losses were

proportionally greater at shallow depths (Fig. 2a), re-

inforcing the conclusion that the loss is caused more by

reduced residue inputs than by reduced belowground

C inputs. In the case of sugarcane, fields burned before

harvest have lower SOC than unburned fields where

the harvest residue is retained on the fields (Blair et al.,

1998; Graham et al., 2002), and our models likewise

revealed that retention of harvest residue resulted in

faster SOC accumulation (Tables B1 and B2).

The effects of biomass harvest on North American

grasses are less clear, partially because few studies

have provided side-by-side comparisons of different
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practices. For switchgrass, harvested fields tended to

accumulate SOC less rapidly than fields that have not

been harvested, but this effect was partially offset by

higher intercepts for harvested fields (Tables B1 and 2),

which is more likely a statistical artifact than a biologi-

cal reality. Individual studies shed little light on the

question; 4–6 years studies have detected no effects of

harvest frequency (Ma et al., 2000; Thomason et al.,

2005), while a shift in switchgrass management from

CRP (unharvested, unfertilized) to harvesting and fer-

tilizing increased SOC (Lee et al., 2007). In the case of

native grasslands, fields that were burned or grazed

tended to have lower SOC than those that were not

burned (Tables B1and B2); however, the effects of graz-

ing on SOC are mixed (Holt, 1997; Frank et al., 1995;

De Deyn et al., 2008; Ingram et al., 2008). Harvesting

may also affect the depth distribution of new C inputs;

the proportionally greater C accumulation at shallow

depths in prairie (Fig. 2e) – which contrasts with the

depth-independence of percentage change in C concen-

tration of Miscanthus and switchgrass (Fig. 2c and d) –

may be attributable to the fact that prairie sites were not

harvested (Table 1). More research will be required to

assess the effects of harvest on SOC accumulation under

temperate perennial grasses.

Tillage practices also influence SOC. Tillage releases

SOC and was probably largely responsible for the

observed land conversion losses (Fig. 4). Conversely,

reduced tillage results in soil C sequestration (e.g., West

& Post, 2002; Bernacchi et al., 2005; Grandy & Robertson,

2007), and SOC accumulation under perennial grasses

grown on former cropland may be partially attributable

to the cessation of tillage. However, the observed con-

trast between SOC losses under corn with residue

harvest and gains under perennial grasses cannot be

explained as an effect of tillage, as 13 of the 15 corn

treatments were under no-till practices (Table A1). In

the case of corn, we note that a switch from conven-

tional tillage to no-till concurrent with initiation of

residue harvest may offset the negative effects of resi-

due harvest (Clapp et al., 2000; Adler et al., 2007).

Soil type, fertilization, and climate also may affect the

C balance of biofuel crops. Soil type affects both the

input of C to the soil by affecting plant productivity

(Epstein et al., 1997) and the decomposition of organic

matter (Sorensen, 1981; Paul, 1984; Jobbágy & Jackson,

2000). In our analysis, clay content tended to reduce the

net change in SOC, moderating both losses in corn and

gains in perennial grasses (Tables B1-2). Additionally,

both fertilization and climate have been found to influ-

ence SOC. While our dataset lacked the statistical power

to reasonably evaluate their effects, we note that several

studies included in our data set have detected their

impact. Fertilization – which boosts productivity but

decreases belowground C allocation (Ma et al., 2001;

Bonifas et al., 2005) and may increase soil respiration

(Bauhus & Khanna, 1994) – consistently increased SOC

gains or decrease SOC losses in perennial grasses,

although its effects often were not significant (Ma

et al., 2000; Graham et al., 2002; Thomason et al., 2005;

Lee et al., 2007). Both productivity and decomposition

increase with mean annual temperature such that SOC

turnover should be fastest in warm climates (Schimel

et al., 1994) and any proportional difference between the

input of new organic material and decomposition of the

old will tend to translate into faster rates of SOC loss or

gain (Post & Kwon, 2000; Paul et al., 2002). However, the

differential responses of productivity and decomposi-

tion to temperature (Allen et al., 2005) imply that the

magnitude and direction of changes in SOC may vary

along temperature gradients. In switchgrass crops

planted across a temperature gradient in North Amer-

ica, SOC turnover rate, the proportion of switchgrass-

derived SOC, and net change in SOC all increased with

temperature (Garten & Wullschleger, 2000). Both pro-

duction and decomposition increase with precipitation,

but the relative advantage appears to switch from

decomposition at low precipitation to production at

high precipitation (Austin, 2002). This suggests that

SOC accumulation may tend to increase with precipita-

tion (Paul et al., 2002). For sugarcane fields converted

from native forest in Hawaii, sites with rainfalls of

2500 mm yr�1 and 4000 mm yr�1 had lost similar

amounts of forest C, but sites receiving more rainfall

had accumulated cane-derived C at a higher rate (Osher

et al., 2003).

Our analysis is subject to several limitations. First, our

analysis assumes that controls are at steady-state with

respect to SOC (Fig. 1), which may not be true of some

controls (e.g., fallows, young grasslands). As changes in

SOC of controls would bias estimates of rate or land

conversion effect, our findings are most properly inter-

preted as describing the change in SOC relative to what

would occur if the land remained under the same land

use as the control. In addition, changes in SOC are

inherently difficult to measure. SOC is spatially vari-

able, making it difficult to match treatments with con-

trols (Ellert et al., 2000) and to detect change in SOC

(Garten & Wullschleger, 1999) – a problem that in-

creases the variability within our data set. Additionally,

changes in bulk density may bias calculations of change

in SOCa by changing the total mass of soil within the

depth increment. As a result, change in SOCa is artifi-

cially high (tending toward gains) in situations where

bulk density has increased and artificially low (tending

toward losses) in situations where it has decreased

(Ellert et al., 2000). Assuming that bulk density increases

with decreased SOC and vice versa (Adams, 1973), both
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losses and gains of SOCa may be underestimated. For

sugarcane, this would imply underestimates of both the

land conversion loss and the rate of SOCa accumulation.

It is also noteworthy that our data comes from multiple

studies with differing research designs, such that there

is substantial within-and between-crop variation in

factors such as number of samples, previous land uses,

ages and depths sampled, management practices, soil

types, and climate (Tables 1, A1). As a result, estimated

coefficients should be interpreted with caution; for

example, direct numerical comparisons of SOC accumu-

lation rates among crop types would be inappropriate;

rather, side-by-side comparisons of perennial grasses

will be necessary to rank their SOC accumulation rates.

Finally, data sets for some crops are limited in size (e.g.,

Miscanthus) or representation of certain variables (e.g.,

old fields with corn residue harvest, harvested mixed

native systems; Table 1), which reduces the potential to

detect changes and accurately estimate effects.

Changes in SOC will significantly affect efforts to

mitigate GHG emissions (Ney & Schnoor, 2002; Adler

et al., 2007) and impact a host of other ecosystem

services (Lal, 2004). Our results therefore have implica-

tions for the sustainability of biofuel crops. Removal of

corn residue is detrimental with regard to SOC; our

analysis indicates that SOC is lost under any level of

residue removal (Fig. 3; Mann et al., 2002; Blanco-

Canqui & Lal, 2007). Previous studies estimated that

20–30% residue removal in the Midwest would be

sustainable (Wilhelm et al., 2004; Graham et al., 2007;

but see Mann et al., 2002); however, the need to maintain

soil C was not considered in these analyses (Graham

et al., 2007). SOC losses of the magnitude observed here

have not been included in life cycle analyses of biofuel

production from corn residue (Sheehan et al., 2003;

Powers, 2005; Spatari et al., 2005; Adler et al., 2007),

which implies that the sustainability and net benefits of

biofuel production from residue have been overesti-

mated. Our findings reinforce the argument that – at

least in most situations – residue is better left on the

fields for the maintenance of soil quality and, thereby,

crop production (Lal, 2008). In the case of sugarcane,

clearing of native ecosystems resulted in a large land

conversion loss of SOC that counteracts the benefits of

fossil fuel displacement (Fargione et al., 2008); however,

the subsequent sequestration of SOC makes the C

balance of sugarcane bioenergy more favorable, espe-

cially in the long term. Changes in SOC are not typically

included in sugarcane life cycle analyses (Mohee &

Beeharry, 1999; Beeharry, 2001; Botha & von Blottnitz,

2006), but could have a substantial impact on their

outcomes. SOC sequestration by the temperate peren-

nial grasses (i.e., Miscanthus, switchgrass, and North

American native mixtures), as observed here and else-

where (e.g., Potter et al., 1999; Ma et al., 2000; Kahle et al.,

2001; Lemus & Lal, 2005; Liebig et al., 2005, 2008), would

augment the benefits of fossil fuel displacement. Un-

fortunately, these net benefits are only rarely included

in life cycle analyses (McLaughlin & Walsh, 1998;

Lettens et al., 2003; Lemus & Lal, 2005). We note that –

due to their recent inception – there is a lack of informa-

tion about long-term soil C patterns under switchgrass

and Miscanthus crops (Table 1) and that cultivation

practices are actively being modified. Advancements

in harvest efficiency, reduced allocation to roots through

genetic modifications or changes in cultivation practices

(e.g., fertilization), or genetic modifications that yield

more decomposable plants (Ragauskas et al., 2006) could

reduce – or possibly even reverse – SOC sequestration.

Land conversion losses will play a major role in

determining the C balance of biofuel crops (Fargione

et al., 2008). Clearing and tillage of natural ecosystems

or pastures for the purpose of biofuel cultivation incurs

a SOC loss that will offset SOC sequestration by the

crop until the new C accumulation reaches a level that

restores the initial loss following crop planting (Fig. 1).

Land conversion losses must be assessed in the context

of the land use that the biofuel crops would replace and

should be related to the whole chain of production that

contributes to fuel C balances (Fargione et al., 2008;

Renewable Fuels Agency, 2008; Searchinger et al., 2008;

Davis et al., 2009). Whereas growing perennial grasses

on C-depleted soil (e.g., agricultural land) provides an

immediate SOC-sequestration benefit, replacing uncul-

tivated land with biofuel crops – either directly or

indirectly (Gurgel et al., 2007; Searchinger et al., 2008)

– may not provide any SOC sequestration benefits for

decades or even centuries. Therefore, direct or indirect

replacement of native ecosystems with biofuel crops

should be avoided, and, if biofuels are to be cultivated

on land that has not been recently tilled, management

practices should seek to minimize SOC losses upon

conversion (Renewable Fuels Agency, 2008). In conclu-

sion, with regards to soil C balance, growing perennial

grasses on C-depleted soil – without triggering cultiva-

tion of native land elsewhere in the world – is preferable

to harvesting corn residue or to replacing uncultivated

land with biofuel crops. In such cases, the soil C

sequestration benefits would augment the GHG reduc-

tion associated with fossil fuel displacement.
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