This article was downloaded by: [Ohio State University Libraries]

On: 9 January 2009

Access details: Access Details: [subscription number 906456132]

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Critical Reviews in Plant Sciences

ﬁl " Publication details, including instructions for authors and subscription information:
2 allt http://www.informaworld.com/smpp/title~content=t713400911
Sciences
Global Potential of Soil Carbon Sequestration to Mitigate the Greenhouse
Effect
R. Lal®

2 School of Natural Resources, The Ohio State University, Columbus, OH 43210.

. | Online Publication Date: 01 March 2003

To cite this Article Lal, R.(2003)'Global Potential of Soil Carbon Sequestration to Mitigate the Greenhouse Effect',Critical Reviews in
Plant Sciences,22:2,151 — 184

To link to this Article: DOI; 10.1080/713610854
URL: http://dx.doi.org/10.1080/713610854

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornmul ae and drug doses
shoul d be independently verified with prinary sources. The publisher shall not be |iable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400911
http://dx.doi.org/10.1080/713610854
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18:33 9 January 2009

[Chio State University Libraries] At:

Downl oaded By:

Critical Reviews in Plant Sciences, 22(2):151-184 (2003)

Global Potential of Soil Carbon Sequestration to
Mitigate the Greenhouse Effect

R. Lal

School of Natural Resources, The Ohio State University, Columbus, OH 43210

ABSTRACT: An increase in atmospheric concentration of CO, from 280 ppmv in 1750 to 367 ppmv in 1999 is
attributed to emissions from fossil fuel combustion estimated at 270 + 30 Pg C and land use change at 136 + 55
Pg. Of the emissions from land use change, 78 + 12 Pg is estimated from depletion of soil organic carbon (SOC)
pool. Most agricultural soils have lost 50 to 70% of their original SOC pool, and the depletion is exacerbated by
further soil degradation and desertification. The restoration of degraded soils, conversion of agriculturally marginal
lands to appropriate land use, and the adoption of recommended management practices on agricultural soils can
reverse degradative trends and lead to SOC sequestration. Technological options for SOC sequestration on
agricultural soils include adoption of conservation tillage, use of manures, and compost as per integrated nutrient
management and precision farming strategies, conversion of monoculture to complex diverse cropping systems,
meadow-based rotations and winter cover crops, and establishing perennial vegetation on contours and steep
slopes. The global potential of SOC sequestration and restoration of degraded/desertified soils is estimated at 0.6
to 1.2 Pg C/y for about 50 years with a cumulative sink capacity of 30 to 60 Pg. The SOC sequestration is a cost-
effective strategy of mitigating the climate change during the first 2 to 3 decades of the 21 century. While
improving soil quality, biomass productivity and enhanced environment quality, the strategy of SOC sequestration

also buys us time during which the non-carbon fuel alternatives can take effect.

I. INTRODUCTION

The increase in global temperature because
of radiative forcing of greenhouse gases (GHGs)
in the atmosphere has been estimated at 0.6°C
during the 20™ century and is projected to be 1.4
to 5.8°C by 2100 relative to 1990 (IPCC, 2001).
The magnitude of increase in temperature is likely
to vary spatially and temporally, and the conti-
nental regions in higher latitudes may warm more
than coastal regions and the tropics. Further, night-
time minimum temperatures may increase more
than daytime maximum temperature, and winter
temperatures more than summer temperatures
(Harvell et al., 2002). There may also be change
in the amount, distribution, and intensity of rain-
fall/precipitation, with an overall increase in glo-
bal humidity and precipitation. The projected cli-
mate change may also have a drastic impact on
soil quality, growing season duration, and biom-
ass productivity.

0735-2689/03/$.50
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The Kyoto Protocol (Oberthiir and Ott, 2000)
has a provision of assigning credits for carbon (C)
sequestration in forestry (article 3.3) and agricul-
tural soils (article 3.4). Thus, enhancement of veri-
fiable C pool in terrestrial (soils and vegetation) and
aquatic (wetlands) ecosystems can have both eco-
nomic and environmental benefits. Similar to other
farm produce (e.g., corn, wheat, milk, timber), C
grown on farms and forests can also be traded as a
marketable commodity. The commodification of C
necessitates establishment of the databank for cred-
ible and verifiable rates of C sequestration in rela-
tion to diverse land uses and soil/vegetation man-
agement practices, and identification of technological
options that can enhance C sequestration in soil,
biota, and wetlands.

Climate is an important and active factor of
soil formation (Jenny, 1941, 1980). Consequently,
soil properties such as soil organic carbon (SOC)
pool are in dynamic equilibrium with climate,
particularly with precipitation and temperature
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(Jenny and Raychaudhuri, 1960). Through its ef-
fect on precipitation, temperature and vegetation
influence the quantity and quality of biomass re-
turned to the soil and hence the SOC pool. All
other soil-forming factors remaining the same,
the SOC pool is generally more in soils of regions
with high precipitation and cool temperatures than
those with low precipitation and high tempera-
tures. Further, the quantity and quality of SOC
pools are strong determinants of soil quality in
terms of biomass productivity and environment
moderation capacity (Doran and Parkin, 1994;
Bezdicek et al., 1996). Magnitude and dynamics
of SOC pool are also indicators of soil degrada-
tion because of their influence on numerous physi-
cal, chemical, and biological properties and pro-
cesses that affect soil’s ability to perform its
functions (Lal, 1997a).

The strong interdependence between climate
and soil quality makes it necessary to predict the
effects of climate changes on soil properties (e.g.,
SOC pool, soil aggregation) on climate change
and vice versa. This article reviews the impor-
tance of land use and management options on C
sequestration in soil and estimates the potential of
soil C sequestration to mitigate the climate change.
It builds on and updates the previous reviews on
the topic (Lal and Bruce, 1999; Lal, 1999, 2000,
2001, 2002).

Il. CHANGE IN ATMOSPHERIC
CONCENTRATION OF GREENHOUSE
GASES

The balance between the incoming solar ra-
diation and the outgoing radiation emitted by the
Earth has been disturbed by the continued in-
crease in atmospheric concentration of carbon
dioxide (CO,), methane (CH,), nitrous oxide (N,O)
and other GHGs. The concentration of CO, has
increased from 280 parts per million by volume
(ppmv) in 1750 to 367 ppmv in 1999 and cur-
rently is increasing at the rate of 1.5 ppmv/yr or
3.3 Pg/yr (1 Pg = petagram = 1 billion metric tons
= 1 x 10 g). The concentration of CH, has
increased from about 700 ppbv to 1745 ppbv over
the same period and is increasing at the rate of
7 ppbv/yr. Similarly, the concentration of N,O
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has increased from about 270 ppbv in 1750 to
314 ppbv and is increasing at an average rate of
0.8 ppbv/yr IPCC, 2001). These gases influence
the radiation balance by permitting the short wave
radiation to enter the Earth’s atmosphere but cap-
turing a fraction of the long wave radiation emit-
ted by the Earth. This imbalance is expressed in
terms of “radiative forcing”, which is defined as
the change in net irradiance (w/m?) at the tropo-
pause after allowing the stratospheric tempera-
tures to readjust to radiative equilibrium
(Ramaswamy, 2001).

The current radiative forcing of these gases
is 1.46 W/m? for CO, (global warming poten-
tial or GWP = 1), 0.5 W/m? for CH, (GWP =
21), and 0.15 W/m? for N,O (GWP = 310)
(IPCC, 2001). The radiative forcing of all GHGs
has led to an increase in the average global
surface temperature of 0.6°C since the late 19
century (Folland and Karl, 2001). The warming
rate since 1976 is 0.17°C/decade (IPCC, 2001),
which is in excess of the 0.1°C/decade limit
beyond which the ecosystems cannot adjust.
Consequently, the land-surface precipitation
continues to increase at the rate of 0.5 to 1%/
decade in much of the Northern Hemisphere
especially in mid and high latitudes, and de-
crease in subtropical land areas at the rate of
0.3%/decade (IPCC, 2001). With business as
usual, the increase in atmospheric temperature
is projected to be 1.4 to 5.8°C by 2100. In
regions where the precipitation has increased,
it is accompanied by an increase in heavy and
extreme precipitation events. These changes in
temperature and precipitation have strong im-
pacts on soil quality, especially on SOC pool
and dynamics, aggregation, erodibility, and
cycling of H,O and other important elements
(e.g.,C,N, P, S). In general, the SOC pool may
decline leading to increase in erodibility or soil’s
susceptibility to erosion, decrease in infiltra-
tion capacity, reduction in plant available water
capacity, decrease in soil’s buffering capacity
to retain plant nutrients and other ions, and
increase in risks of overall soil degradation.
The depletion of SOC pool will be more in the
surface than in the subsoil, and eventually even
the passive or recalcitrant fraction will also be
depleted.
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Ill. SOURCES OF INCREASE IN
ATMOSPHERIC CONCENTRATION OF
GASES

The global C budget for the decade of 1980s
included 5.4 + 0.3 Pg C emissions by fossil fuel
combustion and cement manufacture and 1.7 +
0.8 Pg C emissions by land use change (IPCC,
2001). The annual increase in atmospheric con-
centration of CO, was 3.3 + 0.2 Pg C/yr, absorp-
tion by ocean was 2.0 + 0.8 Pg C/yr, and the
unknown residual terrestrial sink was 1.9 + 1.3 Pg
C/yr. For the decade of 1990s, emissions by fossil
fuel combustion and cement manufacture were
estimated at 6.3 + 0.4 Pg C/yr, and emission by
land use change was 1.6 + 0.8 Pg C/yr. The
increase in atmospheric concentration, however,
occurred at the rate of 3.2 + 0.1 Pg C/yr (Prentice,
2001). The absorption by ocean was 2.3 + 0.8 Pg
Clyr, and the uptake by an unknown terrestrial
sink was 2.3 + 1.3 Pg C/yr. Emissions by soil
cultivation and degradative processes, including
erosion/deposition cycles, are not accounted for
in these estimates. Therefore, a complete under-
standing of the global C budget and of the impact
of anthropogenic activities is essential. In this
regard, the importance of knowing the principal C
pools, fluxes among these pools, and the impact
of anthropogenic perturbations on these pools and
fluxes cannot be overemphasized.

There are five principal global C pools (Fig-
ure 1). The oceanic pool is the largest, estimated
at 38,000 Pg followed by the geologic pool at
5000 Pg, soil organic carbon (SOC) pool at 1550
Pg to 1-meter depth, the biotic pool at 560 Pg and
the atmospheric pool at 760 Pg. In addition to the
SOC that varies among soils and regions (Table 1),
there also exists soil inorganic carbon (SIC) pool
estimated at 695 to 748 Pg to 1-meter depth
(Batjes, 1996; Eswaran et al., 1995). There are
two types of SIC pool: (1) lithogenic inorganic
carbon (LIC), and (2) pedogenic inorganic carbon
(PIC). The latter are formed through the dissolu-
tion of LIC or from the weathering byproducts of
carbonate-bearing minerals and reprecipitation of
weathering products. The PIC may also be formed
through precipitation of atmospheric CO, with
Ca*?, Mg*? and other cations. The SIC pool is an
important constituent of the soils of the arid and

semiarid regions estimated to cover 4.9 x 10° ha.
Similar to the SOC, the dynamics of SIC pool is
also influenced by soil degradation and anthropo-
genic perturbations (Lal and Kimble, 2000). There-
fore, total soil C pool, estimated at 2300 Pg to
l-meter depth, is 4.1 times the biotic pool and
about 3.0 times the atmospheric pool. The atmo-
spheric pool has been increasing steadily (at an
average rate of 3.3 Pg C/yr during the 1980s and
3.2 Pg C/yr during the 1990s) at the expense of
the geologic, biotic and soil C pools (Figure 1).

There are some estimates of the historic loss
of C from geologic and terrestrial pools and trans-
fer of this C into the atmosphere. From 1850 to
1998, 270 + 30 Pg C were emitted from fossil fuel
burning and cement production (Marland et al.,
1999). Of this, 176 + 10 Pg C were absorbed by
the atmosphere (Etheridge et al., 1996; Keeling
and Whorf, 1999), and the remainder was ab-
sorbed by the ocean and the terrestrial sinks.
During the same period, emissions from land use
change are estimated at 136 + 55 Pg (Houghton,
1999; Houghton et al., 1999). Emissions from
land use change were related to deforestation,
biomass burning, conversion of natural to agri-
cultural systems, and the plowing of soil.

There are two components of estimated emis-
sions of 136 + 55 Pg from land use change:
decomposition of vegetation and mineralization/
oxidation of humus or SOC. There are no sys-
tematic estimates of the historic loss of SOC and
SIC on conversion from natural to managed eco-
systems. The historic loss of SOC has been es-
timated at 40 Pg by Houghton (1995), 55 Pg by
IPCC (1995) and Schimel (1995), 500 Pg by
Wallace (1994), 537 Pg by Buringh (1984), and
66 to 90 Pg (78 + 12 Pg) by Lal (1999). Regard-
less of the uncertainties in the available statis-
tics, it is apparent that world soils historically
have been a major source of atmospheric enrich-
ment of CO,. In fact, until the 1950s, more C
was emitted into the atmosphere from land use
change and soil cultivation than from fossil fuel
combustion. Presently, about 20% (1.6 Pg out of
7.9 Pg for the 1990s) of the global emissions
come from land use change (IPCC, 2001). How-
ever, net flux of C between soil and the atmo-
sphere is not known at national, regional, or
global scale.
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Soil (1-m deep)

Oceanic Geologic SOC =1550 Pg Biotic
(38,000 Pg) (5000 Pg) . SIC =750 Pg (560 Pg)
Total = 2300 Pg ‘
+3.2 £ 0.1 Pg Clyr
(net transfer during 1990s)
Atmospheric
(760 Pg)

FIGURE 1. The atmospheric C pool of 760 Pg is increasing at the rate of 3.2 + 0.1 Pg
C/yr at the expense of the geologic, soil, and biotic pools. Figures in parenthesis
indicate the magnitude of each pool.

TABLE 1
Estimates of Soil Organic Carbon Pool (IPCC, 2000; Prentice, 2001)
Ecosystem Area (10° ha) SOC pool (Pg C)
Forests
» Tropical 1.76 213-216
* Temperate 1.04 100-153
 Boreal 1.37 338-471
Tropical savannas and grasslands 2.25 ’247-264
Temperate grassland and scrub land 1.25 176-295
Tundra 0.95 115-121
Desert and semi-desert 4.55 159-191
Cropland 1.60 128-165
Wetlands 0.35 225
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In addition to CO,, world soils can also be a
source of CH,, N,O, and emission of other GHGs
into the atmosphere. Of the total CH, emission of
500 to 600 Tg/yr, principal agricultural sources of
CH, include emissions from rice paddies esti-
mated at 40 Tg/yr (Neue and Sass, 1998; Sass et
al., 1999), ruminant animals at 80 to 115 Tg CH,/yr
(Prather and Ehhalt, 2001), and biomass burning
at 23 to 55 Tg CH,/yr. Other important sources of
CH, emissions include wetlands, landfills, energy
production, and waste treatment. Of the total N,O
emissions of 17.7 Tg N/yr with a range of 6.7 to
36.6 (Mosier et al., 1998), agricultural sources
include emissions from soils estimated at 4.2 Tg
N/yr, biomass burning 0.5 Tg N/yr, and cattle and
feedlots at 2.1 Tg N/yr (Prather and Ehhalt, 2001).
The application of fertilizers and manures consti-
tutes a principal source of N,O from soils to the
atmosphere (Follett, 2001).

IV. FACTORS AFFECTING GASEOUS
EMISSIONS FROM SOILS

The emission of CO, from soil is caused by
decomposition of organic matter or soil respira-
tion (Schlesinger, 2000), which is accelerated by
agricultural activities, including biomass, burn-
ing, plowing, drainage, and low-input farming
(Figure 2). The rate of decomposition of organic
matter primarily depends on soil temperature and
moisture regimes (Jenny, 1980), and soil texture.
In fact, macroclimate has a large impact on the
portion of the soil organic matter that is poten-
tially active (Franzluebbers et al., 2001). Conse-
quently, mean annual temperature has a strong
impact on SOC pool and its turnover (Trumbore
et al., 1996). Conversion of natural to agricultural
ecosystems increases the maximum soil tempera-
ture and decreases the soil moisture storage in the
root zone, especially in drained agricultural soils.
Thus, land use history strongly impacts the SOC
pool (Pulleman et al., 2000). Northeast of
Para’state in the eastern Amazon of Brazil,
Sommer et al. (2000) reported significant changes
in SOC pool to 6-m depth because of deforesta-
tion and land use change over 100 years of settle-
ment. The SOC pool in soils was 196 Mg C/ha
under a primary forest, 185 Mg C/ha under slash-

and-burn agriculture, and only 146 to 167 Mg C/ha
under (semi-) permanent annual cropping culture.
Thus, conversion to agricultural ecosystem de-
pleted SOC pool by 30 to 50 Mg C/ha over 100
years.

Biomass burning, an important management
tool in several natural and agroecosystems, emits
numerous gases immediately but also leaves char-
coal as a residual material resistant to further
decomposition. Charcoal is an important form of
C produced by incomplete combustion. Being a
passive component, charcoal does not contribute
to SOC pool or soil biological activity. As SOC
pool declines due to cultivation, the more resis-
tant charcoal fraction increases as a portion of the
total C pool (Zech and Guggenberger, 1996;
Skjemstad et al., 2001, 2002) and may constitute
up to 35% of the total SOC pool in fire-prone
ecosystems (Skjemstad et al., 2002). Therefore,
biomass burning has important negative and posi-
tive impacts on C dynamics. Carbon dating of
charcoal has shown some to have been around for
over 1500 years, is fairly stable, and a permanent
form of C sequestration.

Deforestation and biomass burning are ob-
vious factors leading to the release of CO,,
CH,, N,O, and NO, into the atmosphere
(Houghton et al., 2001). Cultivation of soil, by
plowing and other tillage methods, enhances
mineralization of SOC pool (Reicosky et al.,
1999), and is not an obvious source of CO,. The
data in Table 2 show that tillage exacerbates
losses of SOC pool, regardless of the soil type
and climate. Tillage-induced soil disturbance
may increase SOC mineralization by bringing
crop residue closer to microbes, more soil-resi-
due contact, and within the plow layer where
soil moisture conditions favor higher mineral-
ization rates (Gregorich et al., 1998). Tillage
also physically disrupts/breaks aggregates and
exposes hitherto encapsulated (protected) C to
microbial processes (Kay, 1998). The rate of
depletion of SOC pool by tillage is especially
high in soils of the tropics (Lal, 2002). For a
Brazilian Oxisol, Novotny et al. (1999) observed
that increase of tillage intensity resulted in a
general decrease in humic substances because
of preferential degradation of large molecular
size humic substances.
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Gaseous emissions Factors affecting GHG
+ emissions from soil
A 4 A Y A\ 4
Biomass Plowing Inappropriate Excessive Encroachment
burning and Drainage of || fertilizer and grazing of grassland by
(CO,, CH,, cultivation wetlands manuring (CO, N;0) woody species
N,0) (COy (COy (N,0) in sub-humid
regions
N R
Decline in soil quality
* Reduction in aggregation
¢ -+ Compaction

* Erosion

* Water imbalance

FIGURE 2. Agricultural practices affecting emissions of greenhouse gases into the atmosphere.

Thus, a better understanding of the SOC dy-
namics in relation to land use and management is
crucial to developing/identifying sustainable sys-
tems of management of natural resources for C
sequestration. There is a strong interaction be-
tween tillage and drainage. Both activities de-
crease soil moisture regime, increase the maxi-
mum soil temperature (Fausey and Lal, 1989),
and exacerbate the rate of mineralization of SOC
(Sullivan et al., 1998). Nutrient mining, as is the
case with low input and subsistence farming prac-
ticed by small land holders of the tropics and
subtropics, is another cause of depletion of SOC
pool. Negative elemental balance (nutrient min-
ing), a widespread problem in sub-Saharan Africa
(Smaling, 1993), is caused by not replacing the
essential plant nutrients harvested in crop and
livestock products with the addition of fertilizer
and/or manure. Excessive grazing has the same
effect as mining of soil fertility by inappropriate
cropping (Follett et al., 2001). Uncultivated fal-
lowing, plowing for weed control but not growing
a crop so that soil moisture in the profile can be
recharged for cropping in the next season, is an-
other practice that exacerbates SOC depletion. In
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the western central Great Plains of the U.S., this
system requires a 14—month fallow period between
the harvest and continuous cropping in some in-
stances. Tillage fallowing during summer keeps the
subsoil moist but dries out the surface soil and en-
hances the mineralization rate. Therefore, the elimi-
nation of the 7 to 9 rod weeder “tillage events” of
summer fallowing is an important strategy of SOC
sequestration (Rasmussen et al., 1998). The objec-
tive is to maintain a dense vegetal cover for photo-
synthesis on the soil surface so that biomass C can
be added/returned to the soil. These strategies de-
pend on rainfall and its distribution. Care is needed
to control water use by the vegetal cover so as not to
deplete soil water for the following agronomic crop.
The timing of subsequent rain events play a large
role in the performance of the following crop. Con-
sequently, the SOC pool can be maintained or in-
creased in most semiarid soils if they are cropped
every year, crop residues are returned to soil with-
out tillage, and erosion is kept to a minimum. Up
to 25 mm of water can be lost with tillage to a depth
of 15 cm. In essence, the depletion of SOC pool is
caused by land misuse and soil rain mismanage-
ment.
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V. DEPLETION OF SOIL ORGANIC
CARBON POOL BY EROSION AND
OTHER SOIL DEGRADATIVE
PROCESSES

The depletion of SOC pool on agricultural
soils is exacerbated by soil degradation or the
decline in soil quality caused by land misuse and
soil mismanagement. Soil degradation comprises
physical degradation (i.e., reduction in aggrega-
tion, decline in soil structure, crusting, compac-
tion, reduction in water infiltration capacity, and
water/air imbalance leading to anaerobiosis) and
water, wind, and tillage erosion; chemical degra-
dation (i.e., nutrient depletion, decline in pH and
acidification, build up of salts in the root zone,
nutrient/elemental imbalance and disruption in
elemental cycles); and biological degradation (i.e.,
reduction in activity and species diversity of soil
fauna, decline in biomass carbon and depletion of
SOC pool (Lal et al., 1989). Soil degradation
decreases biomass productivity, reduces the
amount of plant residue returned to the soil, and
decreases the SOC pool. Among all soil-
degradative processes, accelerated soil erosion has
the most severe impact on SOC pool. Several
experiments from around the world have shown
on-site depletion of SOC pool by accelerated ero-
sion (Table 3). However, on-site depletion of SOC
does not necessarily imply emission of translo-
cated SOC into the atmosphere. Therefore, knowl-
edge of the impact of all erosional processes on
SOC dynamics, and understanding the fate of C
translocated by erosional processes is crucial to
assessing the role of erosion on emissions of GHGs
into the atmosphere.

Soil erosion is a 4—step process comprising
detachment, breakdown, transport and deposition
of soil particles. These four processes have in-
teracting and often counter effects on soil C (Fig-
ure 3). Basically, soil erosional processes affect
SOC pool in two ways: (1) the preferential re-
moval of C and its transport with runoff and
sediments leads to redistribution of SOC over the
landscape or watershed, and (2) the erosion and
depositional processes drastically alter the factors
affecting mineralization of C. While erosion re-
sults in redistribution of C, the mineralization
leads to loss of C from soil into the atmosphere.
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Gregorich et al. (1998) observed that mineraliza-
tion may be the dominant mechanism of SOC loss
during the initial years following the conversion
of natural to agricultural ecosystems and that ero-
sion becomes a major factor in the later years.

Tillage erosion or tillage-induced transloca-
tion, the net movement of soil downslope through
action of mechanical implements and gravity
acting on loosened soil, has been observed for
many years. The moldboard plow was identified
as the primary cause, but all tillage implements
contribute to this problem (Govers et al., 1994;
Lobb and Kachanoski, 1999). Tillage erosion
has become an important factor in soil manage-
ment considerations and is often confused with
water erosion.

Soil translocation from moldboard plow till-
age operations has been identified as a cause of soil
movement from specific landscape positions that
can be greater than currently accepted soil loss
tolerance levels (Lindstrom et al., 1992; Govers et
al., 1994; Lobb et al., 1995; Poesen et al., 1997).
Soil is not directly lost from the fields by tillage
translocation, rather it is moved away from the
convex slopes and deposited on concave slope
positions. Lindstrom, Nelson, and Schumacher
(1992) showed that soil movement on a convex
slope in southwestern Minnesota could result in a
sustained soil loss level of approximately 30 t ha™!
yr! from annual moldboard plowing. Lobb,
Kachanoski, and Miller (1995) estimated soil loss
in southwestern Ontario from a shoulder position
to be 54 t ha! yr! from a tillage sequence of
moldboard plowing, tandem disk, and a C-tine
cultivator. In this case, tillage erosion, as estimated
through resident '¥’C,, accounted for at least 70%
of the total soil loss. Tillage speed increases
nonlinearly the rate of tillage erosion.

The relationship between soil productivity and
erosion is complex. Soils are not the sole factors
controlling crop yields. The degree to which crop
yield losses are related to soils is a function of
several interacting factors, including soil physi-
cal, chemical and biological properties, landscape
position, crop grown, management practices, and
weather conditions before and during the growing
season. Schumacher et al. (1999) used modeling
procedures to show that tillage erosion caused
soil loss from the shoulder position, while soil
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FIGURE 3. Fate of the eroded and redistributed carbon and the impact of erosional processes on gaseous

emissions.

loss from water erosion occurred primarily in the
mid to lower backslope position. The decline in
overall soil productivity was greater when both
processes were combined compared to either pro-
cess acting alone. Water erosion contributed to
nearly all the decline in soil productivity in the
backslope position when both tillage and water
erosion processes were combined. While there
are many other reasons for intensive tillage, till-
age sets up the soil to be loose, open, and very
susceptible to high-intensity rainfall and subse-
quent erosion. The net effect of soil translocation
from the combined effects of tillage and water
erosion was an increase in spatial variability of
crop yield and a likely decline in overall soil
productivity (Schumacher et al., 1999).

On relatively flat soils with no erosion risks,
mineralization predominates over erosion at all
times. For example, Rasmussen et al. (1998) and
Ritchie and Rasmussen (2000) observed that in
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Pendleton, eastern Oregon, biological oxidation
of soil organic matter rather than accelerated ero-
sion is the principal cause of SOC depletion. On
steep lands, however, erosional processes may be
the principal cause of SOC depletion even during
the initial years (Lal, 1976). Several studies have
documented that long-term SOC loss in prairie
soils is due to accelerated soil erosion (Gregorich
and Anderson, 1985; de Jong and Kachanoski,
1988; Dumanski et al., 1998). Therefore, adop-
tion of conservation-effective farming systems
and judicious management of soil erosion are
crucial to maintaining and enhancing SOC pool.
Lal (1999) estimated that of the 78 + 12 Pg of the
historic SOC loss, 26 + 9 Pg is caused by erosion-
induced mineralization. Annual emission of C
due to erosion is estimated at 15 Tg in the U.S.
(Lal et al., 1998) and 1.14 Pg in the world (Lal,
1995). In contrast, however, some sedimentolo-
gists argue that transport and burial of C into
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aquatic ecosystems and depressional sites may
lead to C sequestration (Stallard, 1998; Smith et
al., 2001). Stallard and Smith et al. assume, how-
ever, that there is no oxidation of C during the
erosion. On the contrary, Schlesinger (1995) ar-
gued that organic C transported by erosion is
largely oxidized. A special case of biological
degradation from intensive tillage is change in the
predominant vegetation and soil fauna, with ad-
verse impact on SOC pool. Jackson et al. (2002)
reported that invasion of grassland by woody
vegetation caused depletion of SOC pool. The
losses of SOC were substantial enough at the
wetter sites to offset increase in any plant biomass
carbon (Table 4).

It is because of the historic loss of SOC pool
(by mineralization, leaching, erosion, or shift in
vegetation), estimated at 30 to 60 Mg C/ha or 50
to 70% of the antecedent pool (Lal, 2000), that
most agricultural and degraded soils now contain
lower SOC pool than their potential determined
by the specific climatic conditions and soil profile
characteristics. The SOC pool can be enhanced
by conversion to an appropriate land use, adop-
tion of recommended management practices, and
restoration of degraded soils. Thus, an important
strategic question is “to what extent can we use
SOC sink capacity to scrub the dirty atmosphere
and mitigate global warming?”

VI. TECHNOLOGICAL OPTIONS OF SOIL
CARBON SEQUESTRATION

The term “‘soil C sequestration” implies net
removal of atmospheric CO, by plants and its
storage as soil organic matter. Processes of SOC
sequestration include humification, aggregation,
deep incorporation of C in the subsoil, and calci-
fication. Humification involves conversion of plant
and animal residues into complex humic sub-
stances, which are stable and recalcitrant. Carbon
is only one of several building blocks needed for
conversion of crop residue into humus. Other
building blocks include N, P, S, and several mi-
cronutrients. In addition to nutrient requirements
for plant growth, these elements are also needed
for humification. To sequester 10,000 kg of C in
humus, 833 kg of N, 200 kg of P and 143 kg of

S are needed assuming C:N ratio of 12:1, C:P
ratio of 50:1 and C:S ratio of 70:1 (Himes, 1998).
Aggregation involves the formation of organo-
mineral complexes and stable micro-aggregates
that encapsulate C and protect it from microbial
processes. Soil organic matter that becomes en-
crusted by mineral material dominated by small
pores may become the center of water-stable ag-
gregates (Waters and Oades, 1991; Kay, 1998).
Microbial byproducts of decomposition bond
mineral grains and increase the strength of the
bonds and enhance aggregate stability. Fungal
byproducts, glamalin, also help bind soil particles
in no till systems (Wright et al., 1999). Glomalin
is identified as vital to the formation and strength
of soil structure, and its concentration in soil in-
creases with conversion to a no till system (Wright
and Anderson, 2000; Wright and Upadhyaya,
1998). More stable and deeper in the subsoil, the
more stable and effective is the sequestration.
Mycorrhizal fungi also contribute to SOC seques-
tration and increases aggregation (Rillig et al.,
1999, 2000, 2001, 2002).

Calcification involves formation of pe-
dogenic or secondary carbonates and leaching of
carbonates into the ground water. Therefore, in
this context, agriculture may be defined as an
anthropogenic manipulation of C through up-
take, fixation, emission and transfer. Thus, the
management of agroecosystems is an important
strategy to enhance C uptake plus fixation and
decrease emission plus transfer. In addition to
management of agricultural soils, land use change
with conversion of agriculturally marginal soils
to restorative land use is an important instrument
of SOC change (Post and Kwon, 2000). The sink
capacity of soil organic matter for atmospheric
CO, can be greatly enhanced by: (1) restoring
degraded soils and ecosystems, (2) converting
agriculturally marginal soils to natural vegeta-
tion or replanted to perennial vegetation, and (3)
adopting recommended management practices
on agricultural soils (Figure 4). Under these con-
ditions, SOC can accumulate in soils because
biomass production is enhanced on degraded
soils, soil disturbance, and risks of degradation
are reduced on highly erodible lands, and pro-
duction is enhanced through agricultural intensi-
fication on prime lands.
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TABLE 4

Depletion of Soil Organic Carbon Pool by Encroachment of Grasslands by Woody
Species on Three Sites in Texas, USA (Recalculated from Jackson et al., 2002)

Site Mean annual SOC pool to 3-m depth SOC loss
precipitation (mm)  Grassland  Shrub/woodland Amount %
Mg/ha Mg C/ha--------
Vernon 660 86.1 78.5 7.6 8.8
Riesel 840 27.8 216 62 223
Engeling 1070 73.8 41.7 322 43.6

These strategies conserve soil and water,
improve soil quality, and enhance SOC pool. In-
corporating SOC into the subsoil by growing deep-
rooted plants and enhancing the activity of soil
fauna (e.g., earthworms) can increase its mean
residence time (MRT). Paul et al. (2001) reported
that the MRT was 560 years in the surface hori-
zon, 1700 years at 25 to 50 cm depth, and 2757
years at 50 to 100 cm depth. Land use and man-
agement systems that increase depth distribution
of SOC also increase the MRT and longevity of C
in the soil. The SOC pool, composition, and depth
distribution enhance soil quality, improve biom-
ass yield, increase aggregation, and improve avail-
able water capacity (Diaz-Zorita et al., 1999).
Thus, conversion of an agricultural to a natural or
a restorative land use essentially reverses some of
the effects responsible for SOC depletion that
occurred after conversion of natural to managed
ecosystems.

The applications of ecological concepts to man-
agement of natural resources (e.g., nutrient cy-
cling, energy budget, soil engineering by
macroinvertebrates, and enhanced soil biodiversity)
may be important factors leading to improvements
in soil quality and SOC sequestration (Lavelle,
2000). Recommended agricultural practices im-
prove SOC by increasing the input of C through
crop residues and biosolids with less intensive till-
age (Paustian et al., 1997). The SOC concentration
in the surface layer usually increases with increas-
ing inputs of biosolids (Graham et al., 2002), ma-
nure (Rasmussen et al., 1998), although the spe-
cific empirical relation depends on soil moisture
and temperature regimes, nutrient availability (N,
P, K, S), texture, and climate. In addition to the
quantity of input, quality of biomass can also be
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important in determining the SOC pool. Specific
practices to enhance SOC include the following:

1. Mulch Farming and Conservation
Tillage

Agricultural soils are depleted of SOC due to
mechanical tillage and accelerated soil erosion.
Thus, soils can store C after conversion from
intensive mechanical tillage to conservation till-
age, with the ultimate purpose of converting no
till or direct seeding. Conservation tillage is de-
fined as any method of seedbed preparation that
leaves at least 30% of ground covered by crop
residue mulch (Lal, 1997b). The presence of crop
residue mulch on the soil surface is an integral
part of conservation tillage. The adoption of con-
servation tillage increases SOC concentration by
reducing soil disturbance, decreasing soil erosion,
increasing infiltration, conserving soil water, and
increasing soil biodiversity (Table 5) (Del Grosso
et al., 2002). Elimination of summer fallowing in
arid and semiarid regions, and adoption of con-
servation tillage with residue mulching improves
soil structure, lowers bulk density, and increases
infiltration capacity (Shaver et al., 2002). The
benefits of conservation tillage on SOC seques-
tration may be soil/site specific, and the improve-
ment in SOC may be inconsistent in fine-textured
and poorly drained soils (Wander et al., 1998). In
rolling Pampa region of Argentina, Alvarez et al.
(1998) observed that the annual C budget was
negative under both moldboard plow and no till
systems, and no till system lost 0.7 to 1.5 Mg/
ha/yr more C than did plow tillage. In southern
Ontario, Canada, Van den Bygaart et al. (2002)
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also observed a decline in SOC under conserva-
tion tillage. An important constraint to adopting
conservation tillage by resource-poor farmers of
the tropics is the lack of access to herbicides for
weed control, inadequate amount of crop residue
mulch, and nonavailability of appropriate seeding
equipment on an untilled and mulched soil. Yet,
no till farming has been dubbed as a way for the
future even in dryland agriculture where water
conservation is important (Papendick and Parr,
1997).

2. Cover Crops

The benefits of adopting conservation tillage
for SOC sequestration are greatly enhanced by
growing cover crops in the rotation cycle (Table 6).
Growing leguminous cover crops enhances
biodiversity and the quality of residue input. It is
well established that ecosystems with high
biodiversity absorb and sequester more C than
those with low or reduced biodiversity. Gregorich
et al. (2001) concluded that residue quality also
plays a key role in retention of soil C and that
soils under legume-based rotation tend to be more
“preservative” of residue C inputs particularly
from root biomass than soils under monoculture.
Growing winter cover crops may increase SOC in
intensively managed summer cropping systems
(Mendes et al., 1999). In Alabama, USA,
Nyakatawa et al. (2001) observed an increase in
SOC by growing winter rye (Lolium multiflorum)
in the rotation. Also in Alabama, Entry et al.
(1996) and Mitchell and Entry (1998) reported
that long-term planting of winter legumes in cot-
ton (Gossipium hirsutum) drastically increased
SOC concentration in the plow layer. Drinkwater
et al. (1998) observed that legume-based crop-
ping systems reduce C and N losses from soil. In
Georgia, USA, Sainju et al. (2002) observed that
practicing no till with hairy vetch (Vicia spp.) can
improve SOC concentration. Franzluebbers et al.
(2001) also observed in Georgia, USA, that im-
proved forage management can enhance SOC pool.
On a Vertisol in Ethiopia, Lulu and Insam (2000)
observed positive effects of alley cropping
(i.e., agroforestry) with Sesbania on SOC pool.
However, use of cover crops as a short-term green

manure may not necessarily enhance the long-
term SOC pool (N’Dayegamiye and Tran, 2001)
if it is plowed in.

Despite numerous benefits, many farmers
cannot afford to grow cover crops for economic
reasons or limited water. In some cases, such as in
humid regions of West Africa, there are no eco-
nomic uses of cover crops (e.g., fodder). Sup-
pressing or controlling cover crops requires her-
bicides that may not be available. Biological N
fixation by leguminous cover crops may not be a
strong enough incentive to forego a grain crop.
Further, a cover crop may not fit into the cropping
system socially and economically acceptable to
the farming community. Success of cover crops
often depends on available rainfall so both the
cover crop and following agronomic crop have
adequate water for growth and yield.

3. Nutrient Management

Judicious nutrient management is crucial to
humification of C in the residue and to soil C
sequestration (Table 7). Over and above nutrients
required for crop growth, additional nutrients (e.g.,
N, P, S) are needed for humification. Soil humus
has narrow C:N, C:P and C:S ratios than those in
the crop residue. Thus, humification efficiency
depends on the availability of N, P, and S. In
general, cropping systems (i.e., rotation or mo-
noculture, cover crops, etc.) have more effect on
SOC level than application of different rates of
fertilizer (Gregorich et al., 2001). The fertilizer
effects on SOC pool are related to the C:N ratio
and the amount of biomass C produced/returned
to the soil and its humification. Van Kessel et al.
(2000) observed under the elevated CO, concen-
trations that the amount of new C sequestered in
the soil was influenced by plant species and the
response of root biomass to CO, and N fertiliza-
tion.

4. Manure Management
Many civilizations have been nurtured by food

grown on soils whose initial organic matter con-
tents and productivity were high. In some cases
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these soils were used so intensively that their soil
organic matter was depleted. Yields declined, crop
residues were consumed for fuel and fodder, and
erosion ultimately carried the topsoil away and
civilizations declined. Recognizing these lessons
of history and observing the erosion and declin-
ing productivity in the early part of the 20th cen-
tury, scientists at many locations (e.g., those at
Rothamstad, England; Pendelton, Oregon;
Champaign, Illinois Morrow plots; and Colum-
bia, Missouri Sanborn plots initiated long-term
studies on effects of crop rotation, crop fertiliza-
tion, manure additions, and residue management
on the productivity and organic matter content of
cropped soils.

In general, soil cultivation of Morrow plots
(including moldboard plowing) caused a decline in
organic carbon (which constitutes about half of the
organic matter). In most cases, the decline was
rapid in the early years and slowed with time.
However, it appears that organic matter in the
Morrow plots is still declining after 100 years of
cultivation that has always included rnoldboard
plowing. The rate of decline was less for small
grains and hay than for clean tilled row crops. Six
tons of manure added per acre per year to half of
the wheat and corn plots at Sanborn Field appeared
to slow the decline in soil organic matter during the
first 20 or 30 years of intensive data collection.
However, organic matter contents dropped below
those of the original prairie, and appeared to stabi-
lize during the 1940 to 1962 period.

Initial organic matter in the Sanborn Field
plots at Columbia, MO, was only slightly differ-
ent compared with the Morrow plots at Urbana,
IL. The initial values represent best estimates at
both locations and need to be interpreted with
caution. Contributing factors may be the tight
clay subsoil in Sanborn Field, which may limit
rooting depth and frequently causes drought stress
on the crops and lower fertility of Sanborn Field
soil, which is much older. Both of these factors
may reduce the native biomass production (and
current crop production) on the Sanborn soils.
Soil temperatures are also slightly higher at
Sanbom Field, which accelerates the rate of bio-
logical oxidation of the organic matter.

At Pendleton, OR, the original soil organic
matter (Rasmussen and Smiley, 1989) is esti-
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mated to have been a little more than 3%, but by
1931, after about 50 years of cultivation (biennial
moldboard plowing with shallow secondary till-
age) in a wheat-fallow rotation that was accompa-
nied by some burning of the wheat stubble, the
soil organic matter had dropped to 2%. Treat-
ments were initiated in 1931 to determine effects
of burning vs. not burning the stubble. Recogniz-
ing removal of about 40 pounds of N/acre (45 kg/
ha) per cropping season, they added that amount
of N fertilizer each growing season in one treat-
ment. Because wheat-pea rotations were possible
in the area and pea vines were available to pro-
vide needed nitrogen, they applied 1 ton of pea
vines per acre every other year in another treat-
ment. In an effort to increase organic matter on
another treatment, they applied 10 tons/acre
(23 tons/ha) of strawy manure in addition to the
crop residue each growing season in a wheat/
fallow rotation. All plots were moldboard plowed
to incorporate the crop residues and manure. There
were various secondary tillage operations to con-
trol weeds during the fallow year and prepare the
seedbed for the next crop. During the first 20
years the heavy manure treatment and even the
pea vine additions appeared to increase soil or-
ganic matter. However, from 1951 to date soil
organic matter appears to have stabilized at about
2.1% in the heavy manure treatment and is declin-
ing significantly under all the other treatments.
Fallowing, while it stabilizes crop production, is
especially detrimental to soil organic matter main-
tenance because biological oxidation continues
for a full year while no new crop residue is added.
Cultivation for weed control during the fallow
period may also enhance biological oxidation.

The data from Illinois, Missouri, and Oregon
indicates that small grains and rotations including
small grains and hay can reduce the rates at which
soil organic matter is oxidized from these soils
compared to continuous corn. Large manure appli-
cations (6 and 10 tons/acre/growing season) supple-
mented the crop residues and helped prevent fur-
ther decline of the soil organic matter, but even
when these larger amounts of manure and residues
are being moldboard plowed into the soil we are
not generally increasing soil organic matter.

In general, the use of organic manures and
compost enhances SOC pool more than applica-
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tion of the same amount of nutrients as inorganic
fertilizers. Long-term manure applications increase
SOC pool and improves aggregation (Sommerfeldt
et al., 1988; Gilley and Risse, 2000), and the ef-
fects may persist for a long period of a century or
more (Compton and Boone, 2000). In southwest
Michigan, Wilson et al. (2001) reported that micro-
bial C was greater in treatments receiving compost
rather than inorganic fertilizer. Izaurralde et al.
(2001) observed from a 51-year-old experiment at
Breton, Canada, that the return of 30% of the crop
C as manure would sustain SOC sequestration. In
central Europe, Mider et al. (2002) reported en-
hanced soil fertility and more SOC pool in plots
under organic than conventional farming systems.
In New Zealand, Condron et al. (2000) reported
more SOC concentration and biological activity
under organic than under conventional systems. In
the Guangdong province of China, Shen et al. (2001)
reported that addition of manure and fertilizers
enhanced microbial biomass and mineralizable C.
In Japan, Aoyama and Kumakura (2001) observed
that continuous application of cattle manure en-
hanced SOC concentration by 30% compared with
equivalent NPK treatment.

5. Farming by Soil

Precision farming, farming by soil or soil-spe-
cific management, is another important strategy of
decreasing losses and enhancing biomass produc-
tion through alleviation of soil-related constraints
(Larson and Robert, 1991). The application of
nutrients and water as required for the specific soil
conditions enhances use efficiency of inputs and
improves crop yield. A judicious combination of
integrated nutrient management and precision farm-
ing can enhance SOC concentration and improve
soil quality (Leiva et al., 1997).

6. Soil Water Management

Similar to the addition of fertilizers and ma-
nures in a nutrient-depleted soil, increasing avail-
able water in the root zone of a drought-prone soil
can enhance biomass production, increase the
amount of above-ground and the root biomass

returned to the soil and improve SOC concentra-
tion. The linear relation between biomass produc-
tion and transpiration illustrates the important role
of soil water. Water management in the root zone
may involve soil water conservation in regions
with adequate precipitation, supplemental irriga-
tion, and water harvesting in arid and semiarid
regions, and water table management in soils prone
to high water table and periodic inundation.
Supplemental irrigation, applied with an appro-
priate method at the critical time and at the de-
sired rate, is essential for high yields in arid and
semi-arid regions. In addition, enhancing irriga-
tion efficiency can also decrease the hidden C
costs (Sauerbeck, 2001; Andrews et al., 2002). In
Texas, Bordovsky et al. (1999) observed that sur-
face SOC concentration in plots with irrigated
grain sorghum and wheat increased with time.
Irrigation can also enhance SOC concentration in
grassland. Conant et al. (2001) observed an in-
crease in SOC pool by irrigation and reported that
conversion of cultivation to grassland, introduc-
tion of earthworms, and the use of irrigation re-
sulted in strong increases in SOC. In New Zealand,
Barkle et al. (2000) reported an increase in SOC
pool by land application of dairy farm effluent.
Similarly, an application of long-term wastewater
irrigation (up to 80 years) increased SOC concen-
tration in Vertisols and Leptosols in the valley of
Mezquital in Mexico (Friedel et al., 2000). In
Vertisols, total SOC concentration increased 2.5-
fold after 80 years of irrigation.

In addition to SOC, irrigation can also impact
SIC dynamics, while ground water brought to the
surface may release CO,, use of good-quality ir-
rigation water may also sequester SIC through
leaching. The formation of secondary carbonates,
aided by the activity of soil fauna (e.g., termites,
earthworms), is an important process of SIC se-
questration (Monger and Gallegos, 2000). Pe-
dogenic carbonates formed from base-rich bed-
rocks or noncarbonate sediments are a sink, while
those formed in calcareous parent material are
not. The rates of pedogenic carbonate formation
in arid climates are low, ranging from <0.1to 15 g
CaCO,/m?/yr (Moner and Gallegos, 2000). There
are two mechanisms of formation of secondary
carbonates: abiotic and biotic. Biogenic carbon-
ates are formed by activity of microorganisms,
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termites, and earthworms. In irrigated land with
partial or complete soil leaching, the major mecha-
nism of sequestering SIC is via movement of
HCO, into ground waters. Some historic rates of
SIC sequestration are 0.25 to 1.0 Mg C/ha/yr
(Wilding, 1999).

While irrigation is essential to obtaining high
yields in drought-prone soils, excessive and inap-
propriate irrigation can also cause rise of the water
table, waterlogging, and salinization. Indeed, sec-
ondary salinization is a serious problem in irri-
gated agriculture (Postel, 1999; Oldeman, 1994;
Babev, 2000). Risks of secondary salinization are
greatly enhanced in soils with restricted surface
or subsoil drainage and with poor quality of irri-
gation water (Gupta and Abrol, 1990; Rengesamy,
1998). Soil salinization reduces biomass produc-
tivity and decreases SOC pool. In contrast, recla-
mation of salt-affected soils can improve soil
quality, increase biomass productivity, and en-
hance SOC pool.

7. Restoration of Degraded Soils

Restoration of degraded soils and ecosystems
has a high potential of soil C sequestration. Most
degraded soils have lost a large fraction of the
antecedent SOC pool, which can be restored
through adoption of judicious land use. Acceler-
ated erosion (wind, water, and tillage) is the pre-
dominant soil degradative process (Oldeman,
1994; Lobb et al., 2000). The adoption of conser-
vation effective measures can reduce erosion-in-
duced emission of CO,. In addition, the restora-
tion of degraded soils can restore the depleted
SOC pool. The Conservation Reserve Program
(CRP) in the U.S. has been effective in reducing
the sediment load and enhancing SOC pool. The
rate of SOC sequestration under CRP may be 600
to 1000 kg C/ha/yr (Follett et al., 2001) In addi-
tion to erosion, other soil-degradative processes
include nutrient depletion, acidification, compac-
tion, and salinization (Lal et al., 1998b). The al-
leviation of soil-related constraints to biomass
production can improve soil quality and increase
SOC pool. In addition to applying nutrients in
soils of low fertility and lime in acid soils, affor-
estation through establishing appropriate woody
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shrubs and trees is a widely applicable restorative
measure. Garg (1998) monitored changes in prop-
erties of a sodic soil under four different tree
species in north-central India. There was a marked
increase in SOC concentration. The SOC pool
increased from <10 Mg C/ha to about 45 Mg C/ha
over an 8—year period under different tree spe-
cies. Similarly, Bhojvaid and Timmer (1998) re-
ported a large increase in SOC concentrations by
reclamation of sodic soils in Haryana, India. With
establishment of Prospopis juliflora, the SOC pool
to 1.2 m depth increased from 11.8 Mg C/ha to
13.3 Mg C/ha in 5 years, 34.2 Mg C/ha in 7 years
and 54.3 Mg C/ha in 30 years with an average rate
of increase of 1.4 Mg C/ha/yr over a 30-year
period.

Afforestation, however, may not always en-
hance SOC pool. In New Zealand, Groenendijk et
al. (2002) reported that afforestation of pastures
with radiata pine (Pinus radiata) decreased SOC
concentration by 15% to a depth of 12 to 18 cm.
These researchers concluded that afforestation of
hill country pasture soils resulted in net mineral-
ization of SOC pool. In Cerrado region of Central
Brazil, Neufeldt et al. (2002) also observed that
reforestation of pasture with pine led to a clear
reduction of SOC compared with pasture and
Eucalyptus plantation. In Shropshire, U.K., Fullen
(1998) observed that mean SOC concentration
increased consistently and significantly on the
set-aside plots under grass ley system at the rate
of 0.78% in 4 years.

8. Management of Grazing Land

Grazing lands cover a large area worldwide.
Land degradation and desertification are serious
problems on grazing lands, especially in regions
prone to excessive and uncontrolled grazing. Graz-
ing lands in arid and semiarid regions are suscep-
tible to both wind and water erosion. Desertifica-
tion control can enhance soil quality and improve
SOC pool. Several studies conducted in the Ama-
zon Basin have shown that when forest is cleared
and converted to pasture, the SOC content in
surface layers often increase beyond that observed
in the original forest within 10 years (Chone,
1991; Bonde et al., 1992; Cerri et al., 1992; Fiegl
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et al.,, 1995). Conversion to pasture may also
increase the overall quality of surface soils. Follett
et al. (2001) estimated that U.S. grazing lands
have a potential to sequester 30 to 110 Tg of C/yr.
Conant et al. (2001) outlined processes and prac-
tices of SOC sequestration in grasslands and ob-
served that improving grazing land has a potential
to sequester 0.54 Mg C/ha/yr. Conant and col-
leagues concluded that grasslands can act as a
significant C sink with the implementation of
improved management. Technological options to
enhance SOC pool include nutrient management,
growing appropriate species, fire management,
controlled grazing, and restoring degraded soils.
With a total global grazing land area of 3.46
billion ha and mean SOC sequestration rate of
0.54 Mg C/ha/yr, the potential of SOC sequestra-
tion in grazing land is 1.87 Pg C/yr.

9. Urban Forestry

Urban forestry is an important land use in
North America, Europe, and elsewhere in devel-
oped countries. The transformation of landscapes
from nonurban to urban land use has the potential
to drastically alter the SOC pool and fluxes. Ur-
ban trees can play an important role in sequester-
ing atmospheric CO, (Nowak, 1993). Analyzing
soils from urban-rural land use gradient, Pouyat
et al. (2002) observed higher SOC densities in
urban than in suburban and rural lands. Preserv-
ing SOC at watershed level may also involve a
judicious use of urban organic wastes (Binder and
Patzel, 2001). Nowak and Crane (2002) reported
that urban trees in the conterminous USA cur-
rently store 700 Tg of C with a grass sequestration
rate of 22.8 Tg C/yr.

Vil. IMPORTANCE OF SECONDARY
CARBONATES IN SOIL CARBON
SEQUESTRATION

The formation of secondary carbonates or PIC
in soils of dry regions is a mechanism of SIC
sequestration. The formation of PIC can also hap-
pen in soils of the humid regions (Schaetzl et al.,
1986) and in other soil moisture and pedologic

conditions (Khokhlova et al., 1997; Chen, 1997,
Sharma and Tandon, 1983; Knuteson et al., 1989).
However, some researchers argue that the rate of
sequestration is too small to be of any conse-
quence in mitigating the climate change.
Schlesinger (1997) estimated that the magnitude
of SIC flux with the atmosphere is low at about
0.023 Pg C/yr. Others (Monger et al., 2000; Nordt
et al., 2000) argue that PIC formation is an impor-
tant mechanism of SIC sequestration to mitigate
climate change. Because of the long turnover time,
however, the formation of PIC can be important
over a long period of time. In addition to the long
turnover time, another reason for the debate lies
in the difficulty in identification of PICs from
LICs (Rabenhorst et al., 1984). The formation of
PIC depends on land use and soil/vegetation man-
agement practices. Soil management practices with
notable effect on PIC formation include irriga-
tion, addition of biosolids or manures, soil fertil-
ity management, soil and water conservation,
enhancing soil biodiversity, etc. (Lal and Kimble,
2000). In some soils and ecosystems, the forma-
tion of PICs has an important impact on the C
cycle and must be accounted for.

Viil. CARBON SEQUESTRATION IN
SOILS OF THE TROPICS

Tropical soils generally have as much or more
organic matter than their temperate counterparts
(Moraes et al., 1995), and 32% of the global SOC
pool is contained in soils of the tropics (Eswaran
et al., 1993). If well managed, soils of the tropics
could be large sinks for atmospheric C (Lugo and
Brown, 1993; Lal, 2002). Basic principles of SOC
sequestration are similar in soils of the tropics and
temperate regions. However, the rates of SOC
sequestration are generally lower in the tropics
compared with soils of the temperate zone be-
cause of high temperatures and the attendant mi-
crobial activity throughout the year (Lal, 2002),
and there may be differences in specific C frac-
tions involved (Bayer et al.,, 2001). In highly
weathered tropical soils, rates of C loss by culti-
vation are many times faster than those for tem-
perate soils (Shang and Tiessen, 1997), leading to
a rapid degradation in soil quality. Cadisch et al.
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(1996) observed that losses of rainforest-derived
C amounted to 73% (0 to 2 cm) and 40% (5 to 15
cm) of the initial SOC concentration after 18
years of conversion to pasture. Luizao et al. (1992)
observed that soil biomass C in 0 to 5 cm depth
decreased to 64% within 1 year of slash-and-
burn. Further, soils with predominantly low-ac-
tivity clays (e.g., Kaolinite) have low surface area,
low CEC, low water- and nutrient-holding ca-
pacities and low ability to sequester C. Soil or-
ganic matter in many tropical soils may be less
stable with high turnover rate than that of temper-
ate soils due to a faster decomposition process
(Jenkinson and Ayanaba, 1977) but also due to
different mechanisms of organo-mineral stabili-
zation (Shang and Tiessen, 1998).

In addition to differences in biophysical con-
ditions, there are also differences in socioeco-
nomic, cultural, and the human dimensions fac-
tors. Because of low external input and low
productivity, organic input in many tropical farm-
ing systems may be of low quality and insuffi-
cient quantity. Besides, crop residues and other
biosolids (e.g., cattle dung) are used for numerous
other purposes (e.g., fuel, fodder, construction
material, etc.), and materials good for enhancing
short-term soil fertility may not build or maintain
the desired level of SOC pool. Therefore, it may
be difficult to identify practically feasible tech-
niques of maintaining SOC pool in the African
context where the need for short-term productiv-
ity increase takes precedence over long-term SOC
enhancement (Palm et al., 2001). In low-resource
agriculture, such as in sub-Saharan Africa, the
strategy is to balance nutrients and SOC pool. In
such situations, improved systems of SOC man-
agement include agroforestry, cover crops, and
manuring (Ganry et al., 2001). In sloping lands
where soil erosion is severe, using green
hedgerows along contour lines and intercropping
with legume species to cover the soil can decrease
erosion and enhance SOC pool (Dang and Klinnert,
2001). Planting appropriate cover crops can be
important to alleviating soil compaction, improv-
ing soil structure, and enhancing the SOC pool. In
the Santa Cruz region of Bolivia, Barber and
Navarro (1994) observed that grasses (e.g.,
Tobiata, Centenario, and Brizantha) were most
promising for increasing SOC concentration. In
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the humid tropical region of Cameroon, Koutika
et al. (2001) observed that Pueraria phaseoloides
(Kudzu) and Mucuna utilis (velvet bean) enhanced
the quality of particulate organic matter (POM).

Tropical forest ecosystems account for 20 to
25% of the world terrestrial (soil and vegetation)
C (Dixon et al., 1994). Tropical deforestation is a
principal source of CO,, accounting for 20% of
the annual global emissions (IPCC, 2001).
Bernoux et al. (2001) estimated CO, emissions
from mineral soils following land cover change in
Brazil. The net emission of C was 25.4 Tg C/yr
for the period 1970 to 1990 and 12.7 Tg C/yr for
the period 1975 to 1995. The reduction in emis-
sion from 1990 to 1995 may be due to adoption of
conservation tillage and other sustainable man-
agement practices.

Similar to the soils of the temperate regions,
SOC sequestration rate can be improved by adopt-
ing improved rotations/cropping systems (rather
than monoculture) and incorporating specific cover
crops within the rotation cycle. In Francophone,
Africa, Roose and Barthes (2001) observed that
soil fertility is closely linked to the SOC pool
whose status depends on input or biomass man-
agement. Considering social habits, Roose and
Barthes recommended balancing grazing-manur-
ing and mulching with minimum tillage. In south-
ern Senegal, Fernandez et al. (2000) observed
SOC dynamics in a 90—year-old cropping system
study on a Haplic Acrisol. An annual application
of 10 Mg/ha of dry matter of manure, combined
with fertilizer, markedly increased SOC pool. On
a Vertisol in central India, Kundu et al. (2001)
observed that the application of farmyard manure
increased SOC concentration at the rate of 18.1%
of the annual gross C input. Also in India, Swarup
et al. (2000) reported that an improvement in
SOC level is possible with an increase in produc-
tivity through added nutrients in intensive crop-
ping systems. High fertilizer application rates and
manuring increases root biomass, thereby distrib-
uting SOC deeper in the soil. The SOC pool can
also be enhanced by adding biosolids such as
compost, manure, green manure, crop residues,
etc.

No till farming is another option for enhanc-
ing the SOC pool in soils of the tropics. It is
rapidly being adopted in the rice-wheat belt of the
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Indo-Gangetic Plains. The soil data show a gradual
improvement in SOC concentration over time
(Hobbs et al., 1997). No till farming is also the
preferred technique of seedbed preparation in in-
tensive mechanized farming in Brazil, Argentina,
and other regions of South America primarily
because of cost reduction and soil erosion control
(Machado and Silva, 2001). On a Paleudult in
southern Brazil, Bayer et al. (2000) observed that
adding crop residues with no till farming increased
SOC pool in 0 to 17.5 cm depth. No tillage,
combined with crop rotation and cover crops,
leads to an increase in SOC pool in the surface
soil layers. Bayer et al. (2001) observed that crop-
ping systems that included cover crops increased
SOC pool in both particulate and mineral-associ-
ated soil organic matter. Also in southern Brazil,
Sa et al. (2001) observed high rates of SOC se-
questration under on-farm conditions after con-
version of plow till to no till system of seedbed
preparation. The SOC sequestration rate for no
till was 806 kg C/ha/yr for O to 20 cm depth and
994 kg C/ha/yr for 0 to 40 cm depth. The no till
SOC sequestration potential for south Brazil with
relatively high rainfall of 1500 mm/yr was 9.4 Tg
Clyr.

Factors affecting rate of SOC sequestration
are similar in soils of the tropics as those in tem-
perate environments. Soil texture plays an impor-
tant role in the below ground C storage in the
lowland Amazonian forest ecosystem (Silver et
al., 2000). The effect of texture on SOC storage is
related to its impact on ability of soils to retain C,
water, and nutrients and on soil air permeability
for gaseous exchange. Soil texture alters the bio-
geochemical cycling of important elements (e.g.,
C, N, P, S) and H,O. In addition to particle size,
crystallinity of Fe oxides and of microaggregation
between oxides, organic matter, and other miner-
als is important in tropical soils (Shang and
Tiessen, 1998). Bayer et al. (2001) observed a
negative relationship between decay rates of soil
organic matter and the concentration of Fe oxides
and Kaolinite, indicating that physical stability of
SOC is caused by interaction with variable charge
minerals. Maintaining any vegetation cover with
a deep root system is important to providing a
permanent input of organic matter into deep soil
layers (Sommer et al., 2000). The conversion of

forest to annuals, with a shallow root system, can
cause significant losses of SOC pool. Similar to
soils of the temperate region, there is a strong
linkage between availability of N, P, and S and
SOC pool (Lilienfein et al., 2001).

IX. THE POTENTIAL OF WORLD SOILS
TO SEQUESTER CARBON

There are several national and global esti-
mates of soil C sequestration (Dumanski et al.,
1998; Lal et al., 1999). Gupta and Rao (1994)
estimated that present SOC pool in 329 Mha in
soils of India at 24.3 Pg can be increased to 34.9
Pg by soil restoration and the adoption of recom-
mended agricultural practices. Smith et al. (1997)
estimated that the adoption of improved soil man-
agement and conversion of agriculturally mar-
ginal soils to restorative land uses in Europe has
a potential to provide net sink for as much as
1.2% to 1.9% of the world’s annual CO, release
in the 1990s. Lal (2001) estimated the potential of
world cropland soils to sequester C at the rate of
0.4 to 0.8 Pg/yr. In addition, desertification con-
trol has a potential to sequester 0.2 to 0.4 Pg C/yr
(without considering erosion control and biofuel
offset). Therefore, total potential of soil C seques-
tration may be 0.6 to 1.2 Pg C/yr. There is also a
large potential of grassland management (Conant
et al., 2001), most of which has been included in
desertification control. Squire et al. (1995) esti-
mated that world’s drylands occupy 6.2 billion ha
(41% of the worlds land area) and have the poten-
tial to sequester 1.0 Pg C/yr through desertifica-
tion control. Based on these potentials, the global
C budget can be computed. Thus, soil C seques-
tration would increase the oceanic/land uptake by
an additional 0.9 + 0.3 Pg C/yr for about 50 years
with accumulative sink capacity of 30 to 60 Pg.
These assessments contradict those by Schlesinger
and Andrews (2000), who argue that large in-
creases in the soil C pool seems unlikely.

Realization of this vast potential, however,
depends on a coordinated effort at local, regional,
national, and global levels. While the potential of
SOC sequestration is much higher in impover-
ished and degraded soils of the developing than
developed countries, realization of this potential
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is also very challenging because of weak institu-
tions, the lack of relevant research information,
and lack of appropriate policy instruments that
encourage farmers to adopt recommended land
use and soil/vegetation management practices.

X. THE WAY FORWARD

There are several options of mitigating the
threat of climate change. These options include
reducing emission and/or sequestering atmospheric
C. Reducing emissions involve finding non-car-
bon sources of fuel and improving energy use
efficiency. Sequestering atmospheric C has abi-
otic and biotic options. Abiotic options involve
capturing, compressing, transporting, and inject-
ing CO, emitted by point sources into geological
strata, saline aquifers, and oceans (Halman and
Steinberg, 1999; DOE, 1999). This option has a
vast capacity but is very expensive. Biotic options
involving capturing atmospheric CO, through
photosynthesis and storing the biomass thus pro-
duced as forest products with long turnover time,
peat in wetlands of the Boreal/Tundra and other
regions, or storing it in soil as SOC or humus.
Battelle (2000) reported that sequestration of SOC
is the most cost-effective and a feasible option for
the first half of the 21 century until alternatives
to fossil fuel take effect. Indeed, SOC sequestra-
tion, because of its economics and numerous an-
cillary benefits for the environment, is a win-win
strategy.

In addition to decreasing the rate of enrich-
ment of atmospheric concentration of CO,, en-
hancement of the SOC pool would improve soil
quality and agronomic/biomass productivity. In-
creasing SOC in agricultural and degraded soils
could offset emissions of CO, from fossil fuel
combustion, in the context of the Kyoto Protocol.
In addition to the policy issues involved in facili-
tating adoption of recommended agricultural prac-
tices, it is also important to develop systems of
trading C as a marketable commodity. With in-
creasing population from 6 billion in 2000 to 8
billion by 2020, the necessity of food production
will be more than ever before. The techniques of
SOC sequestration outlined herein (e.g., conser-
vation tillage, mulch farming, cover crops, ma-
nuring and fertilizer use, irrigation and restora-
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tion of degraded soils) will be needed to meet the
food demands of the growing population regard-
less of the threat of global warming. Further,
adoption of recommended management practices
would lead to 10 to 40% reduction of the present
agricultural energy requirements (Sauerbeck,
2001). Adopting recommended management prac-
tices is necessitated for the need to produce food,
and SOC sequestration is a byproduct or an ancil-
lary benefit of this activity. Because loss of SOC
and decline in soil structure and overall degrada-
tion of the soil resources are standard features of
nonsustainable land use (Carter, 2002), adopting
sustainable land use practices would improve soil
quality and sequester C. The fact that sequestered
C spends a relatively long time in soil (Swift,
2001), it is withheld in the soil pool and decreases
the rate of enrichment of atmospheric CO, con-
centration.

The potential of SOC sequestration is finite.
Therefore, it is only a short-term solution. The
long-term solution lies in developing alternatives
to fossil fuel. Yet, SOC sequestration buys us
time during which alternatives to fossil fuel can
take effect. It is a bridge to the future. It also leads
to improvement in soil quality. Thus, it is a truly
win-win strategy. The SOC sequestration is needed
regardless of the risks of global warming. The
SOC has been depleted from past land misuse,
and it is something that we cannot afford not to do
for the environment and our quality of life.
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