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Studies on enhancing carbon sequestration in soils
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Abstract

Studies of carbon and nitrogen dynamics in ecosystems are leading to an understanding of the factors
and mechanisms that affect the inputs to and outputs from soils and how these might be manipulated to
enhance C sequestration. Both the quantity and the quality of soil C inputs influence C storage and the
potential for C sequestration. Changes in tillage intensity and crop rotations can also affect C seques-
tration by changing the soil physical and biological conditions and by changing the amounts and types of
organic inputs to the soil. Analyses of changes in soil C and N balances are being supplemented with
studies of the management practices needed to manage soil carbon and the implications for fossil-fuel
use, emission of other greenhouse gases (such as N2O and CH4), and impacts on agricultural pro-
ductivity. The Consortium for Research on Enhancing Carbon Sequestration in Terrestrial Ecosystems
(CSiTE) was created in 1999 to perform fundamental research that will lead to methods to enhance C
sequestration as one component of a C management strategy. Research to date at one member of this
consortium, Oak Ridge National Laboratory, has focused on C sequestration in soils and we begin here
to draw together some of the results.
Published by Elsevier Ltd.
1. Introduction

The Consortium for Research on Enhancing Carbon Sequestration In Terrestrial Ecosystems

(CSiTE) was created in 1999 by the US Department of Energy, Office of Science, Biological and

Environmental Research, to conduct basic scientific studies and analyses related to C seques-

tration in terrestrial ecosystems. The consortium is led by the Oak Ridge, Pacific Northwest,

and Argonne National Laboratories, and involves collaborators from universities and other

research institutions both in the USA and in Europe. The objective of this consortium is to

perform fundamental research that will lead to methods to enhance C sequestration as one
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component of a broad C management strategy. CSiTE efforts during its first three years have
focused on C sequestration in soils. Improved understanding of the factors and mechanisms
that control the spatial and temporal variations in soil C can lead to land management strat-
egies that incorporate C sequestration. Studies range across multiple scales, from the molecular
to the landscape, and include modeling to extrapolate understanding across these scales. Studies
also include assessments of C sequestration potential, net C balances, and the environmental
and economic implications of C sequestration. We summarize here some results from the initial
three years of CSiTE research at the Oak Ridge National Laboratory.
2. Carbon and nitrogen dynamics in terrestrial ecosystems

Ecosystem and landscape-scale studies of soil C and N are important to develop sound strat-
egies for enhancing C sequestration in terrestrial ecosystems. Past studies indicate a large poten-
tial for landscape-level differences in soil C and N stocks depending on soil type, topography,
land-use history, and current land use and land cover. For example, landscape-level studies of
soil C and N on the 14,000 ha Oak Ridge Reservation in East Tennessee indicate that soils
under pastures have larger stocks of both C and N, lower C:N ratios, and greater N availability
than do soils under transitional vegetation and forests (see Table 1 and [1]). At this location, the
effect of topography is secondary to that of land cover. The Oak Ridge Reservation was estab-
lished 57 years ago in an agricultural setting and has since experienced regrowth so that 53% of
the area is now in forest. Partitioning of C between soil pools with different turnover times is
affected by land cover. Because of greater soil C stocks and greater allocation of C to soil pools
with longer turnover times, the potential for soil C sequestration is greater under pastures than
under forests. However, changing land use from forest to pasture would counter the objective of
total ecosystem C sequestration because the above-ground C stocks are substantially less in pas-
tures than in forests. Land cover is clearly an important determinant in soil C, and it is a factor
on which we can exercise some control. Changes in land cover on the Oak Ridge Reservation
have significantly affected soil C.
Simple models that partition soil C into ‘‘labile’’ and ‘‘stable’’ pools [2] can be useful for

understanding the effects of changing climate or land-cover type on soil C storage. Our simple
model partitions soil C into these labile and stable pools and includes fluxes that correspond to
soil C inputs, organic matter decomposition, and the conversion of organic C from the labile to
Table 1
Carbon, nitrogen, and C:N ratios for major land classes on the Oak Ridge Reservation
Variable
 Units
 Forest
 Transitional vegetation
 Pasture
Soil C stock (0–20 cm)
 g C m�2
 2438� 114
 2570� 191
 3159� 276

Soil N stock (0–20 cm)
 g N m�2
 144� 8
 184� 15
 256� 16

Soil C:N
 none
 17:7� 0:6
 14:3� 0:8
 12:7� 1:3

Stable C
 % of total C
 69:5� 1:3
 74:0� 1:3
 75:9� 2:8
Mean values are followed by �1 standard error (n ¼ 47 for forest, n ¼ 13 for terrestrial vegetation, n ¼ 12 for
pasture).
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stable pools. Stable C corresponds to organo-mineral soil C or C complexed with soil silt and
clay [3]. Labile C is composed of C in the O-horizon and C in the sand-sized soil fraction (i.e.,
particulate organic matter). On the Oak Ridge Reservation, more than 75% of the soil C is in
the top 20 cm.
Both the quantity and quality of soil C inputs influence C storage and the potential for

C sequestration. Table 2 shows the parameters used for modeling soil C storage under three for-
est types (pine forest, mixed forest, and deciduous forest) on the Oak Ridge Reservation. Esti-
mated annual above-ground litterfall, litterfall C:N ratio, total C input to soil, and C:N ratio of
the O-horizon are seen to vary with forest type. Lower litter quality (indicated by a higher C:N
ratio) is associated with higher labile C stocks, a slower decomposition rate for labile C, a
slower conversion rate for labile to stable C, and a smaller percentage of soil C in the stable
pool. Thus the areas of pine forest show the highest levels of soil C despite having the lowest
levels of annual C input. The areas of pine forest have the longest turnover times for labile
C and the highest fraction of total C in the labile fraction.
The rapid turnover times of labile soil C make this labile pool particularly important in the

response to environmental changes, such as changes in climate or land cover. Other studies indi-
cate that changes in land use affect stocks of labile C to a greater degree than stocks of stable
Table 2
Parameters used to model soil C dynamics on the Oak Ridge Reservation
Variable
 Units
 Pine forest
 Mixed forest
 Deciduous forest
Annual litterfall inputsa
 g m�2
 350
 413
 480

Estimated annual input to soil Cb
 g C m�2
 315
 372
 432

Leaf litterfall C:N ratioc
 none
 100
 80
 60

O-horizon C:N ratio
 none 4
9:9� 1:8
 37:6� 1:0
 37:3� 1:5

O-horizon C stock
 g C m�2
 872� 66
 807� 75
 779� 70

Mineral soil C stock (0–40 cm)
 g C m�2
 3257� 288
 3005� 217
 3066� 236

Measured mean total C stock
 g C m�2
 4129� 295
 3812� 193
 3845� 212

Particulate organic matter C
 % 3
2:3� 1:1
 30:2� 2:9
 28:8� 1:2

Labile C stock
 g C m�2
 1924
 1715
 1662

Stable C stock
 g C m�2
 2205
 2097
 2183

Stable C
 %
 53.4
 55.0
 56.8

Calculated k1

d
 yr�1
 0.1433
 0.1951
 0.2365

Calculated k2

d
 yr�1
 0.02046
 0.02185
 0.02345

Turnover time of labile C
 years 6
.1
 4.6
 3.8

Soil C:N
 none
 15:5� 1:0
 14:8� 1:5
 16:8� 1:2
Mean values (n ¼ 16) are followed by �1 standard error.

1 g m�2 ¼ 10 kg ha�1 0
a Annual above-ground litterfall inputs are based on data from sites on the Oak Ridge Reservation; Walker Branch
Watershed [4] and the Integrated Forest Study [5].
b Annual input of C to soil is twice the C input from above-ground litterfall because below-ground C inputs are
assumed to be equivalent to above-ground C inputs.
c Leaf litterfall C:N ratios are based on data from Walker Branch Watershed [6].
d Rate constants for the decomposition of labile soil C (k1) and conversion of labile to stable C (k2) were derived
according to methods presented by Garten et al. [2]; based on a literature review [1]. The turnover time of stable soil
C in the model is 56 years.
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C (e.g., [7]). Predictions with our model indicate that an increase in C inputs to forest soil, such
as might result from N fertilization [8] or elevated atmospheric CO2 concentration [9], will
increase both labile and stable C stocks; however, the rate of C accumulation in the labile pool
will be faster than that in the stable pool. Similarly, labile soil C under deciduous forest will
respond more quickly to a change in C inputs than will labile soil C under pine forest, because
the turnover time of labile soil C is faster under deciduous than under pine forests. Field experi-
ments are continuing on the Oak Ridge Reservation to determine how changes in litter amount
and quality affect the different stocks of soil C.
3. Changes in soil carbon stocks in agricultural ecosystems

As with forested landscapes, the quantity and quality of soil C inputs change across agricul-
tural systems and agricultural crops. Litter quantity and quality in agricultural systems depend
on the crop(s) cultivated and on the inputs to production (e.g., fertilizers, irrigation, and soil
tillage). Changes in crop management can result in either the accumulation or loss of soil
age annual C sequestration expected following a change in agricultural practice. The top half
Fig. 1. Aver of the fig-
ure shows (a) the C accumulation rate immediately following a change from conventional tillage to no-till and (b) the
evolution of this accumulation rate over time. The bottom half of the figure shows (c) the C accumulation rate
immediately following an enhancement in rotation complexity (i.e., a change from continuous cropping to a crop
rotation system, increasing the number of crops in a rotation, or decreasing the fallow period in wheat-fallow sys-
tems); and (d) the evolution of these accumulation rates over time. Bold and thin lines in parts (b) and (d) represent
the mean C sequestration rates and the 95% confidence intervals, respectively (from [10]). Negative values are fluxes
with respect to the atmosphere and represent C sequestration in soils.
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organic C. In a review of the literature, we have analyzed 67 long-term agricultural experiments,
consisting of 276 paired treatments, to estimate the potential for sequestering C in soil with a
decrease in soil tillage or by changing the nature or number of crops in a rotation [10].
On average a change from conventional tillage to no-till agriculture, using best management

practices, resulted in a C sequestration rate of 570� 140 kg C ha�1 yr�1 (Fig. 1a). Crops
rotated with soybeans appeared to have the largest potential for sequestering

C (840� 520 kg C ha�1 yr�1) with a change from conventional tillage to no-till. Rates of
C sequestration following a change in tillage are predicted to reach a maximum in 5–10 years
and decline toward 0 kg C ha�1 yr�1 in 15–20 years as a new steady state for soil C is
approached (Fig. 1b). In a separate analysis that considered a change from continuous cropping

to rotation cropping, an average C sequestration rate of 200� 120 kg C ha�1 yr�1 could be
attained using best management practices (Fig. 1c). This analysis suggests that the duration of
sequestration following an enhancement in rotation complexity is longer (� 40–60 years) than
that for a decrease in tillage, with peak sequestration rates occurring during the initial years fol-
lowing the change in management (Fig. 1d).
A decrease in tillage results in increased rates of C sequestration by changing soil physical

and biological conditions, thereby promoting the formation of soil aggregates and influencing
decomposition rates of soil organic C. Changes in crop rotations affect the quantity and quality
of litter and thus the input of organic matter to the soil. Increasing the quantity of litter in
wheat-fallow systems by decreasing the number of fallow periods resulted in increased C seques-
tration rates. Changing the quality of litter by moving from continuous cropping to rotation
cropping increased C sequestration rates in most cases, regardless of whether there was a simul-
taneous increase in litter quantity (with the exception of a move from continuous corn to corn-
soybean rotation). Combining a decrease in tillage with an enhancement in rotation complexity
may result in a larger amount of C sequestered, with sequestration rates continuing for a longer
period of time. Additional analyses are being conducted to provide estimates for regional
sequestration potentials and to determine quantitative relationships among sequestration rates,
climate, soil attributes, land cover, and land management.
4. Net effect of carbon sequestration activities on greenhouse gas emissions

Having demonstrated that a change in agricultural management can result in an increase or
decrease in soil organic C, we have then examined in detail some of the changes in management
practices that have high potential for sequestering C. Conversion from conventional to no-till
agriculture is one of the most promising approaches for increasing soil organic C [11]. However,
a change from conventional to no-till agriculture is accomplished by changes in agricultural
practice that have other greenhouse gas implications. To evaluate the full impact on greenhouse
gas emissions we have estimated, for example, associated changes in fuel use in agriculture. A
change in management practices also has implications for application of fertilizer, lime, pesti-
cides, seed, and irrigation water, all of which have consequences for fossil-fuel use and hence for
greenhouse gas emissions [12]. In addition, changes in the use of N fertilizer impact emissions of
N2O and any changes in crop productivity might be compensated by a change in the amount of
land being cultivated. If maintaining the level of aggregate crop output leads to an increase or
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decrease of the area in production, there will be impacts on total greenhouse gas emissions. We
recognize further that a change in agricultural practice can result in C sequestration over the
early years following a change, but that soil C will eventually reach steady state with the new
suite of practices. In order to retain the sequestered C in the soil it may be necessary to main-
tain the new suite of management practices, even though there is no continuing net seques-
tration of C.
Life cycle assessment of a change from conventional to no-till agriculture in the US shows

that, on average, there is a savings in fossil-fuel use on the farm and a net change in CO2 emis-
sions due to changes in production, transport, and application of agricultural inputs such as fer-
tilizers and pesticides. Any savings or losses are in addition to the average amount of C
sequestered in soil over a 20-year period (570� 140 kg C ha�1 yr�1). The time paths of the
annual and integrated net change in CO2 emissions to the atmosphere are shown in Fig. 2. The
results illustrated in Fig. 2 are for average US practice, circa 1995, and will vary notably with
cumulative (b) net carbon flux to the atmosphere using estimates o
Fig. 2. Annual (a) and f C sequestration and
inputs to production for an average US crop. Carbon sequestered in soil (thin line) minus the change in CO2 emis-
sions from agricultural activities (dashed line) results in the net C flux to the atmosphere (bold line) attributable to
the change from conventional to no-till agriculture. Positive and negative values represent fluxes of C to and away
from the atmosphere, respectively.
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site-specific details that include the history of land management and the specific crop or crop
rotation in production. For the average case shown in Fig. 2, the carbon sequestered in soil is

supplemented by 46 kg C ha�1 yr�1 of avoided emissions because of decreased fuel use on the
farm and is offset by 13 kg C ha�1 yr�1 of additional emissions off farm because of increased
use of agricultural inputs like fertilizer and pesticides (see also [13,14]) Note that, especially over
time, the change in energy-related inputs to agriculture plays a large role in the impact on net

emissions of CO2. In the case shown there is an annual CO2 emissions benefit even after
C sequestration ceases, because of a net decrease in fossil-fuel use. If a sequestration practice led
to a net increase in fossil-fuel use, the emissions benefit from C sequestration would be gradu-

ally eroded over time through increased emissions from fossil-fuels.
In addition to the net carbon flux represented in Fig. 2, there are at least two other ways in

which changing agricultural practice might have a significant impact on net emissions of green-

house gases. Fig. 2 is based on the assumption that there is no change in agricultural output
and subsequently on net emissions of the greenhouse gas CO2. If a change in practice results
instead in a change in agricultural output, one can expect that the area in production will

change in order to maintain output and that there will be associated emissions or uptake of C
on the land newly cultivated or abandoned [13]. In addition, changing land management can
impact the balance of other greenhouse gases, particularly CH4 and N2O. Most notably, to a
first approximation the emission of N2O is related to the amount of nitrogen fertilizer applied.

Because N2O emissions are widely variable and dependent on factors such as method of appli-
cation and local climate variables, it is difficult to derive generic estimates; but it is clear that
changes in N2O emissions could be an important supplement or counterbalance to C emissions

reduction activities [14,15]. Because of the high global warming potential of N2O, even small
changes in the emission of N2O could have a large effect on the balance of greenhouse gas emis-
sions. Using the estimate from Mosier et al. [16] that 2% of N applied as fertilizer ends up, on

average, as N2O; a 10% change in the N2O emissions rate for the average US crop would be
equivalent to 18 kg C ha�1 yr�1 of C either sequestered or released from the soil. The interac-
tion between the C and N balances is critical in many ways when considering carbon seques-
tration in terrestrial ecosystems.
5. Summation

In efforts to manage the increase in greenhouse gases in the atmosphere, there are important
opportunities to increase C in soils and other parts of the terrestrial biosphere. The oppor-

tunities are not infinite in magnitude and they are limited in time of application, but they are
opportunities in the short term that are generally compatible with desired and sustainable land-
management practices. Soil organic C is an essential element of soil quality and increased soil

organic C is generally associated with improved soil tilth, improved water-holding capacity,
improved storage and availability of plant nutrients, and reduced soil erosion. CSiTE is explor-
ing the basic science that will identify and enhance the options and opportunities to add

additional benefit by helping to constrain the increasing atmospheric concentration of CO2.
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