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Abstract

The increase in atmospheric concentration of CO2 by 31% since 1750 from fossil fuel combustion and land use change
necessitates identification of strategies for mitigating the threat of the attendant global warming. Since the industrial revolution,
global emissions of carbon (C) are estimated at 270F 30 Pg (Pg = petagram= 1015 g = 1 billion ton) due to fossil fuel
combustion and 136F 55 Pg due to land use change and soil cultivation. Emissions due to land use change include those by
deforestation, biomass burning, conversion of natural to agricultural ecosystems, drainage of wetlands and soil cultivation.
Depletion of soil organic C (SOC) pool have contributed 78F 12 Pg of C to the atmosphere. Some cultivated soils have lost
one-half to two-thirds of the original SOC pool with a cumulative loss of 30–40 Mg C/ha (Mg =megagram = 106 g = 1 ton). The
depletion of soil C is accentuated by soil degradation and exacerbated by land misuse and soil mismanagement. Thus, adoption
of a restorative land use and recommended management practices (RMPs) on agricultural soils can reduce the rate of
enrichment of atmospheric CO2 while having positive impacts on food security, agro-industries, water quality and the
environment. A considerable part of the depleted SOC pool can be restored through conversion of marginal lands into
restorative land uses, adoption of conservation tillage with cover crops and crop residue mulch, nutrient cycling including the
use of compost and manure, and other systems of sustainable management of soil and water resources. Measured rates of soil C
sequestration through adoption of RMPs range from 50 to 1000 kg/ha/year. The global potential of SOC sequestration through
these practices is 0.9F 0.3 Pg C/year, which may offset one-fourth to one-third of the annual increase in atmospheric CO2

estimated at 3.3 Pg C/year. The cumulative potential of soil C sequestration over 25–50 years is 30–60 Pg. The soil C
sequestration is a truly win–win strategy. It restores degraded soils, enhances biomass production, purifies surface and ground
waters, and reduces the rate of enrichment of atmospheric CO2 by offsetting emissions due to fossil fuel.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a drastic increase in the atmosphe-
ric concentration of carbon dioxide (CO2) and other
greenhouse gases (GHGs) since the industrial revolu-

tion (Table 1). The atmospheric concentration of CO2

has increased from 280 ppmv in 1750 to 367 ppmv in
1999 and is currently increasing at the rate of 1.5
ppmv/year or 3.3 Pg C/year (1 Pg = petagram = billion
ton) (IPCC, 2001). Atmospheric methane (CH4) con-
centration has increased from about 700 to 1745 ppbv
over the same period and is increasing at the rate of 7
ppbv/year. Similarly, the atmospheric concentration of
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nitrous oxide (N2O) has increased from about 270
ppbv in 1750 to 314 ppbv and increasing at the rate of
0.8 ppbv/year (IPCC, 2001). The current radiative
forcing of these gases is 1.46 w/m2 for CO2, 0.5 w/
m2 for CH4 and 0.15 w/m2 for N2O. This anthropo-
genic enrichment of GHGs in the atmosphere and the
cumulative radiative forcing of all GHGs has led to an
increase in the average global surface temperature of
0.6 jC since the late 19th century, with the current
warming rate of 0.17 jC/decade (IPCC, 2001). The
observed rate of increase of the global mean temper-
ature is in excess of the critical rate of 0.1 jC/decade
beyond which the ecosystems cannot adjust. Conse-
quently, land-surface precipitation continues to in-
crease at the rate of 0.5–1%/decade in much of the
Northern Hemisphere especially in mid and high
latitudes, and decrease in sub-tropical land areas at
the rate of 0.3%/decade. These changes may decrease
the soil organic carbon (SOC) pool and structural
stability, increase soil’s susceptibility to water runoff
and erosion, and disrupt cycles of water, carbon (C),
nitrogen (N), phosphorus (P), sulfur (S) and other
elements, and cause adverse impacts on biomass
productivity, biodiversity and the environment.

Despite a strong inter-dependence between climate
and soil quality (Jenny, 1980), the role of SOC
dynamics on historic increase in atmospheric CO2,
and its strategic importance in decreasing the future
rate of increase of atmospheric CO2 are not widely
recognized. Therefore, this paper reviews the impact
of anthropogenic activities on historic depletion of the
SOC pool, assesses the magnitude of the contribution
of the SOC pool to atmospheric increase in CO2,
outlines the processes and practices that lead to SOC
sequestration with attendant improvements in soil

quality and mitigation of climate change, highlights
recent developments in the importance of soil erosion
on the global C cycle, enumerates debatable issues
with regard to SOC sequestration, and indicates the
relevance of SOC sequestration to the Kyoto Protocol.
This report uses SOC and soil organic matter (SOM)
interchangeably with the understanding that SOC is
only about 58% of the SOM.

2. Sources of increase in atmospheric
concentration of gases

Emissions of CO2 by fossil fuel combustion have
increased drastically during the 20th century (Table 2).
The data in Table 3 show the global C budget for the
last two decades of the 20th century, lists known
sources and sinks, and identifies the magnitude of
the so-called missing or fugitive C (Prentice, 2001).
The global C budget for the decade of 1980s included
5.4F 0.3 Pg C emission by fossil fuel combustion and
cement production, and 1.7F 0.8 Pg C emission by
land use change. The latter consists of deforestation
and biomass burning, and conversion of natural to
agricultural ecosystems. The annual increase in atmo-
spheric concentration of CO2 during the 1980s was
3.3F 0.2 Pg C/year, absorption by the ocean was
2.0F 0.8 Pg C/year, and the unknown residual terres-
trial sink was 1.9F 1.3 Pg C/year. For the decade of
the 1990s, emission by fossil fuel combustion and
cement production were 6.3F 0.4 Pg C/year, and the
emission by land use change was 1.6F 0.8 Pg C/year.
The increase in atmospheric concentration, however,
occurred at the rate of 3.2F 0.1 Pg C/year, the ab-

Table 1

Change in atmospheric concentration of trace gases since the

industrial revolution at about 1750 (modified from IPCC, 2001)

Gas Present

concentration

Percent

increase

since 1750

Present rate

of increase

(%/year)

Carbon dioxide (CO2) 379 ppm 31 0.4

Methane (CH4) 1745 ppb 151 0.4

Nitrous oxide (N2O) 314 ppb 17 0.25

Chlorofluorocarbons

(CFCs)

268 ppt a decreasing

ppm= parts per million, ppb = parts per billion, ppt = parts per

trillion. Increase in CO2 concentration in 2003 was 3 ppm.

Table 2

Global, U.S. and Indian emissions of CO2 by fossil fuel combustion

(Marland et al., 1999)

Year Emissions (million tons C/year)

Global India U.S.

1750 3 – –

1800 8 – 0.07

1850 54 0.03 5

1900 534 3 180

1950 1630 5 692

1970 4075 14 1152

1980 5297 26 1263

1990 6096 50 1314

1998 6608 79 1487
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sorption by the ocean was 2.3F 0.8 Pg C/year and the
uptake by an unknown terrestrial sink was 2.3F 1.3
Pg C/year (Prentice, 2001; Schimel et al., 2001).

These global C budgets are tentative at best,
because possible emissions of C by soil erosional
and other degradative processes are not accounted for.
Nonetheless, the data indicate an important role that
land use; soil management and terrestrial ecosystems
play in the global C budget. Thus, a complete under-
standing of the components (pools and fluxes) of the
global C budget is required to identify sources and
sinks of C and develop strategies for mitigating the
risks of climate change.

There are five principal global C pools. The oceanic
pool is the largest, followed by the geologic, pedologic
(soil), biotic and the atmospheric pool (Fig. 1). All
these pools are inter-connected and C circulates

among them. The pedologic or soil C pool comprises
two components: SOC and the soil inorganic carbon
(SIC) pool. The SIC pool is especially important in
soils of the dry regions. The SOC concentration
ranges from a low in soils of the arid regions to
high in soils of the temperate regions, and extremely
high in organic or peat soils (Table 4). The SOC pool
also varies widely among ecoregions, being higher in
cool and moist than warm and dry regions (Table 5).
Therefore, the total soil C pool is four times the
biotic (trees, etc.) pool and about three times the
atmospheric pool.

Table 3

An approximate global carbon budget (modified from IPCC, 2001)

Source/sink 1980s 1990s

Billion ton

A. Source

1. Fossil fuel combustion

and cement production

5.0 6.3

2. Land use change 1.7 1.6

Total 6.7 7.9

B. Known sinks

1. Atmosphere 3.3 3.2

2. Oceans 1.9 1.7

Total 5.2 4.9

C. Missing sinks

(the fugitive CO2) or

probable terrestrial sink

1.5 3.0

Fig. 1. Principal global carbon pools.

Table 4

Soil C pool of world soils (adapted from Eswaran et al., 2000)

Soil order Area (Mha) Soil organic

carbon

Soil inorganic

carbon

Density

(tons/ha)

Pool

(billion

tons)

Density

(tons/ha)

Pool

(billion

tons)

Alfisols 1262 125 158 34 43

Andisols 91 220 20 0 0

Aridisols 1570 38 59 290 456

Entisols 2114 42 90 124 263

Gelisols 1126 281 316 6 7

Histosols 153 1170 179 0 0

Inceptisols 1286 148 190 26 34

Mollisols 901 134 121 96 116

Oxisols 981 128 126 0 0

Rocky land 1308 17 22 0 0

Shifting sand 532 4 2 9 5

Spodosols 335 191 64 0 0

Ultisols 1105 124 137 0 0

Vertisols 316 133 42 50 21

Total 13,083 1526 945
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There are some estimates of the historic loss of C
from geologic and terrestrial pools and transfer to the
atmospheric pool. From 1850 to 1998, 270F 30 Pg of
C were emitted from fossil fuel burning and cement
production (Marland et al., 1999; IPCC, 2000). Of this,
176F 10 Pg C were absorbed by the atmosphere
(Etheridge et al., 1996; Keeling and Whorf, 1999),
and the remainder by the ocean and the terrestrial
sinks. During the same period, emissions from land
use change are estimated at 136F 55 Pg C (Houghton,
1995, 1999).

There are two components of estimated emissions
of 136F 55 Pg C from land use change: decomposi-
tion of vegetation and mineralization/oxidation of
humus or SOC. There are no systematic estimates of
the historic loss of SOC upon conversion from natural
to managed ecosystems. Jenny (1980) observed that
‘‘among the causes held responsible for CO2 enrich-
ment, highest ranks are accorded to the continuing
burning of fossil fuels and the cutting of forests. The
contributions of soil organic matter appear underesti-
mated.’’ The historic SOC loss has been estimated at
40 Pg by Houghton (1999), 55 Pg by IPCC (1996)
and Schimel (1995), 500 Pg by Wallace (1994), 537
Pg by Buringh (1984) and 60–90 Pg by Lal (1999).
Until the 1950s, more C was emitted into the atmo-
sphere from the land use change and soil cultivation
than from fossil fuel combustion. Whereas the exact
magnitude of the historic loss of SOC may be debat-
able, it is important to realize that the process of SOC

depletion can be reversed. Further, improvements in
quality and quantity of the SOC pool can increase
biomass/agronomic production, enhance water quali-
ty, reduce sedimentation of reservoirs and waterways,
and mitigate risks of global warming.

3. Factors affecting depletion of soil carbon pool

Depletion of the SOC pool has major adverse
economic and ecological consequences, because the
SOC pool serves numerous on-site and off-site func-
tions of value to human society and well being.
Principal on-site functions of the SOC pool are:

(i) Source and sink of principal plant nutrients
(e.g., N, P, S, Zn, Mo);

(ii) Source of charge density and responsible for
ion exchange;

(iii) Absorbent of water at low moisture potentials
leading to increase in plant available water
capacity;

(iv) Promoter of soil aggregation that improves soil
tilth;

(v) Cause of high water infiltration capacity and
low losses due to surface runoff;

(vi) Substrate for energy for soil biota leading to
increase in soil biodiversity;

(vii) Source of strength for soil aggregates leading to
reduction in susceptibility to erosion;

(viii) Cause of high nutrient and water use efficiency
because of reduction in losses by drainage,
evaporation and volatilization;

(ix) Buffer against sudden fluctuations in soil
reaction (pH) due to application of agricultural
chemicals; and

(x) Moderator of soil temperature through its effect
on soil color and albedo.

In addition, there are also off-site functions of SOC
pool, which have both economic and environmental
significance. Important among these are:

(i) Reduces sediment load in streams and rivers,
(ii) Filters pollutants of agricultural chemicals,
(iii) Reactors for biodegradation of contaminants, and
(iv) Buffers the emissions of GHGs from soil to the

atmosphere.

Table 5

Estimates of soil organic carbon pool (adapted and recalculated

from IPCC, 2000; Prentice, 2001)

Ecosystem Area

(109 ha)

SOC pool

(billion tons C)

SOC density

(tons C/ha)

Forests

b Tropical 1.76 213–216 121–123

b Temperate 1.04 100–153 96–147

b Boreal 1.37 338–471 247–344

Tropical savannas

and grasslands

2.25 247–264 110–117

Temperate

grassland and

scrub land

1.25 176–295 141–236

Tundra 0.95 115–121 121–127

Desert and

semi-desert

4.55 159–191 35–42

Cropland 1.60 128–165 80–103

Wetlands 0.35 225 643
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It is because of these multifareous functions that
led Albrecht (1938) to observe that ‘‘soil organic
matter (SOM) is one of our most important national
resources; its unwise exploitation has been devas-
tating; and it must be given its proper rank in any
conservation policy.’’ Indeed, the unwise exploita-
tion of this precious resource is due to human greed
and short-sightedness causing land misuse and soil
mismanagement.

Anthropogenic perturbations exacerbate the emis-
sion of CO2 from soil caused by decomposition of
SOM or soil respiration (Schlesinger, 2000b). The
emissions are accentuated by agricultural activities
including tropical deforestation (Fig. 2) and biomass
burning (Fig. 3), plowing (Reicosky, 2002), drainage

of wetlands and low-input farming or shifting culti-
vation (Fig. 4; Tiessen et al., 2001). In addition to its
impact on decomposition of SOM (Trumbore et al.,
1996), macroclimate has a large impact on a fraction
of the SOC pool which is active (Franzluebbers et al.,
2001a). Conversion of natural to agricultural ecosys-
tems increases maximum soil temperature and
decreases soil moisture storage in the root zone,
especially in drained agricultural soils (Lal, 1996).
Thus, land use history has a strong impact on the SOC
pool (Pulleman et al., 2000). Biomass burning is an
important management tool, especially in agricultural
ecosystems of the tropics. The process emits numer-
ous gases immediately but also leaves charcoal as a
residual material. Charcoal, produced by incomplete

Fig. 2. Deforestation of tropical rainforest in southern Nigeria. The rate of tropical deforestation may be 20 million hectares per year.
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combustion, is a passive component, and may consti-
tute up to 35% of the total SOC pool in fire-prone
ecosystems (Skjemstad et al., 2002). As the SOC pool
declines due to cultivation and soil degradation, the
more resistant charcoal fraction increases as a portion
of the total C pool (Zech and Guggenberger, 1996;
Skjemstad et al., 2001).

Similar to deforestation and biomass burning, cul-
tivation of soil, by plowing and other tillage methods,
also enhances mineralization of SOC and releases

CO2 into the atmosphere (Reicosky et al., 1999).
Tillage increases SOC mineralization by bringing crop
residue closer to microbes where soil moisture con-
ditions favor mineralization (Gregorich et al., 1998),
physically disrupts aggregates and exposes hitherto
encapsulated C to decomposition. Both activities
decrease soil moisture, increase maximum soil tem-
perature and exacerbate rate of SOC mineralization.

Thus, a better understanding of tillage effects on
SOC dynamics is crucial to developing and identify-

Fig. 3. Biomass burning, such as that of the cut forest in Brazil, causes large emissions of greenhouse gases and soot or black carbon into the

atmosphere.

Fig. 4. Soil erosion leads to preferential removal of topsoil rich in soil organic carbon as in the case for this in Alfisol in western Nigeria.
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ing sustainable systems of soil management for C
sequestration. There is a strong interaction between
tillage and drainage. Both activities decrease soil
moisture, increase maximum soil temperature and
exacerbate rate of SOC mineralization. Nutrient min-
ing, as is the case with low input and subsistence
farming practices, is another cause of depletion of
SOC pool (Smaling, 1993). Negative elemental bal-
ance, a widespread problem in sub-Saharan Africa, is
caused by not replacing the essential plant nutrients
harvested in crop and livestock products by addition
of fertilizer and/or manure. Excessive grazing (Fig. 5)
has the same effect as mining of soil fertility by
inappropriate cropping. Uncultivated fallowing, plow-
ing 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 another practice that
exacerbates SOC depletion. In the west central Great
Plains of the U.S., this system requires a 14-month
fallow period between the harvest and continuous
cropping in some instances. Fallowing during summer
keeps the soil moist and enhances the mineralization
rate. Therefore, elimination of summer fallowing is an
important strategy of SOC sequestration (Rasmussen
et al., 1998). The objective is to maintain a dense
vegetal cover on the soil surface so that biomass C can
be added/returned to the soil. Consequently, the SOC
pool can be maintained or increased in most semi-arid

soils if they are cropped every year, crop residues are
returned to the soil, and erosion is kept to a minimum.

4. Depletion of soil organic carbon pool by erosion
versus mineralization

Depletion of the SOC pool on agricultural soils is
exacerbated by and in turn also exacerbates soil
degradation. It comprises physical degradation (i.e.,
reduction in aggregation, decline in soil structure,
crusting, compaction, reduction in water infiltration
capacity and water/air imbalance leading to anaerobi-
osis) and erosion, chemical degradation (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 C and
depletion of SOC pool). Soil degradation decreases
biomass productivity, reduces the quantity (and qual-
ity) of biomass returned to the soil, and as a conse-
quence decreases the SOC pool. Among all soil
degradative processes, accelerated soil erosion has
the most severe impact on the SOC pool. Several
experiments have shown on-site depletion of the SOC
pool by accelerated erosion (De Jong and Kachanoski,
1988; Fig. 6). However, on-site depletion does not

Fig. 5. No till farming and other conservation tillage practices eliminate drastic soil disturbance, and enhance soil organic matter in the surface

layers. Conversion from plow till to no-till with residue mulch is a viable option for SOC sequestration.
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necessarily imply emission of GHGs into the atmo-
sphere. Some of the SOC redistributed over the
landscape by erosion and carried into the aquatic
ecosystems and depressional sites may be mineralized
and released as CO2 (Lal, 1999), while the other is
buried and sequestered (Stallard, 1998; Smith et al.,
2001). It is estimated that about 1.14 Pg of C may be
annually emitted into the atmosphere through erosion-
induced processes (Lal, 2001a), and must be ac-
counted for in the global C budget of the type shown
in Table 3. Knowledge of the impact of 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 major factor depleting SOC pool
on sloping lands. On relatively flat soils with no
erosion risks; however, mineralization predominates
over erosion. For example, Rasmussen et al. (1998)
observed that in Pendleton, eastern Oregon, biological
oxidation of soil organic matter rather than accelerated
erosion is the principal cause of SOC depletion. On
steep slopes, however, erosional processes may be the
principal cause of SOC depletion. 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, adoption of con-
servation-effective farming systems and judicious

management of soil erosion are crucial to maintaining
and enhancing the SOC pool.

Soil degradation affects 1216 Mha by moderate
plus severe categories in the world and 130 Mha in
South Asia (Table 6). The ‘‘moderate’’ level refers to
the degree of soil degradation in which the soil has a
reduced productivity but is still suitable for use in
local farming systems especially with an increased
level of input (Oldeman, 1994). Some global hotspots
of soil degradation are sub-Saharan Africa, South
Asia, the Himalayan-Tibetan ecoregion, the Andean
region, Central America and the Caribbean. Severely
eroded soils may have lost one-half to two-thirds of
their original carbon pool (Lal, 2000), and the loss is
more in soils with larger than smaller pools, and in the
tropics than in temperate regions.

Fig. 6. Mucuna utilis (velvet bean), a suitable cover crop for the humid tropics of west Africa, and other cover crops enhance SOC pool.

Table 6

Estimates of soil degradation in the world and South Asia at

moderate + level of severity (calculated from Oldeman, 1994; FAO,

1994)

Process World South Asia

Mha

Water erosion 751 49

Wind erosion 280 47

Chemical degradation 146 31

Physical degradation 39 3

Total degraded area 1216 130
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Most agricultural soils now contain a lower SOC
pool than their potential as determined by the specific
climatic conditions and soil profile characteristics.
The historic loss of SOC pool in some sloping lands
may be 30–40 Mg C/ha, or one-half to two-thirds of
the original pool. The SOC pool can be enhanced by
adopting recommended management practices
(RMPs) and restoring degraded soils. Therefore, an
important strategic question is ‘‘to what extent can
SOC sink capacity potentially offset increases in
atmospheric CO2?’’

5. Impact of potential climate change on soil
organic matter and soil quality

Projected climate change may affect soil moisture
and temperature regimes. At the ecosystem level, the
soil affects vegetation through its influence on water
availability, elemental cycling and soil temperature
regime (Cheddadi et al., 2001). Changes in soil
moisture and temperature regimes can affect species
composition in the ecosystem. These changes may
affect the SOC pool and soil physical properties
because of the changes in biomass (detritus material,
above ground and below ground biomass) returned to
the soil. The effect of climate change may be different
in tropical, temperate and Boreal regions. Projected
increase in temperature and decrease in effective
rainfall may decrease the net primary productivity
(NPP) in many tropical regions, but increase it in
the boreal forest regions (White et al., 1999). There
will be a longer growing season in the temperate
regions of northern Europe and America leading to
introduction of new/more productive cultivars and
even new species in the region (Kleemola et al.,
1995; Sohlenius and Boström, 1999). In these regions,
the NPP may also increase due to the CO2 fertilization
effect (Lemon, 1983; Drake and Leadley, 1991; Baz-
zaz, 1990; Poorter, 1993; Lawlor and Mitchell, 1991;
Hendrey, 1993). Theoretically, an average rise in
mean annual temperature of 1 jC is equivalent of an
approximate poleward shift of vegetation zones by
200 km (Ozenda and Borel, 1990). However, the
projected climate change may be gradual and the
initial effects subtle (Hendry and Grime, 1990).

Soil temperature is the primary rate determinant of
microbial processes. Therefore, increase in soil tem-

perature will exacerbate the rate of mineralization
leading to a decrease in the SOC pool. However,
decomposition by-products at higher temperatures
may be more recalcitrant than those at lower temper-
atures (Dalias et al., 2001). Decline in SOC pool will
have an adverse effect on soil structure, with a
possible increase in erodibility and the attendant
increase in susceptibility to crusting, compaction,
runoff and erosion. The decline in SOC pool with
the projected climate change may be especially severe
in Boreal, Tundra and Polar regions compared to mid
latitudes. Peat and other organic soils of the cold
regions (e.g., cryosols) are presently a net C sink
(Lal et al., 2000). These soils may become a net C
source with projected increase in temperature.

The impact of projected climate change on soil
quality and ecosystem functions have been studied for
some ecoregions. Bottner et al. (1995) assessed the
impact of projected climate change for the Mediter-
ranean Basin. They predicted that a 3 jC increase in
temperature would cause an average altitudinal shift
of the vegetation belts of 500 m. An increase in
temperature would deplete the SOC pool in the upper
layers by 28% in the humid zone, 20% in the sub-
humid zone and 15% in the arid zone. Cheddadi et al.
(2001) assessed the effects of projected climate
change on vegetation in the Mediterranean region.
They projected that an increase in atmospheric CO2 to
500 ppmv with an attendant increase in temperature of
2 jC and reduction in precipitation by 30% may
drastically alter the present vegetation. In Atlantic
Europe, Duckworth et al. (2000) observed that a 2
jC increase in temperature would shift climax vege-
tation towards that associated with warmer conditions,
equivalent to a shift of about 100 km on the ground.
For a detailed review on the impact of climate change
on biomass and agronomic production in different
ecoregions, readers are referred to a comprehensive
review by Rosenzweig and Hillel (1998).

6. Soil carbon sequestration: technological options

The term ‘‘soil C sequestration’’ implies removal
of atmospheric CO2 by plants and storage of fixed C
as soil organic matter. The strategy is to increase SOC
density in the soil, improve depth distribution of SOC
and stabilize SOC by encapsulating it within stable

R. Lal / Geoderma 123 (2004) 1–22 9



micro-aggregates so that C is protected from microbial
processes or as recalcitrant C with long turnover time.
In this context, managing agroecosystems is an im-
portant strategy for SOC/terrestrial sequestration. Ag-
riculture is defined as an anthropogenic manipulation
of C through uptake, fixation, emission and transfer of
C among different pools. Thus, land use change,
along with adoption of RMPs, can be an important
instrument of SOC sequestration (Post and Kwon,
2000). Whereas land misuse and soil mismanagement
have caused depletion of SOC with an attendant
emission of CO2 and other GHGs into the atmosphere,
there is a strong case that enhancing SOC pool could
substantially offset fossil fuel emissions (Kauppi et
al., 2001). However, the SOC sink capacity depends
on the antecedent level of SOM, climate, profile
characteristics and management.

The sink capacity of SOM for atmospheric C02 can
be greatly enhanced when degraded soils and ecosys-
tems are restored, marginal agricultural soils are con-
verted to a restorative land use or replanted to
perennial vegetation, and RMPs are adopted on agri-
cultural soils (Table 7). Although generic RMPs are
similar (e.g., mulch farming, reduced tillage, integrat-
ed nutrient management (INM), integrated pest man-
agement (IPM), precision farming), site-specific
adaptation is extremely important. With adaptation
of RMPs outlined in Table 7, SOC can accumulate
in soils because tillage-induced soil disturbances are
eliminated, erosion losses are minimized, and large
quantities of root and above-ground biomass are
returned to the soil. These practices conserve soil
water, improve soil quality and enhance the SOC
pool. Incorporation of SOC into the sub-soil can
increase its mean residence time (MRT). Converting
agricultural land to a more natural or restorative land
use essentially reverses some of the effects responsi-
ble for SOC losses that occurred upon conversion of
natural to managed ecosystems. Applying ecological
concepts to the management of natural resources (e.g.,
nutrient cycling, energy budget, soil engineering by
macroinvertebrates and enhanced soil biodiversity)
may be an important factor to improving soil quality
and SOC sequestration (Lavelle, 2000). Adoption of
RMPs builds up SOC by increasing the input of C
through crop residues and biosolids (Paustian et al.,
1997). Sequestered SOC with a relatively long turn-
over time (Swift, 2001), is returned to the recalcitrant

soil pool, thus decreasing the rate of accumulation of
atmospheric CO2 concentration. The SOC concentra-
tion in the surface layer usually increases with in-
creasing inputs of biosolids (Graham et al., 2002)
although the specific empirical relation depends on
soil moisture and temperature regimes, nutrient avail-
ability (N, P, K, S), texture and climate. In addition to
the quantity of input, quality of biomass can also be
important in determining the SOC pool.

Biodiversity is also important to soil C dynamics.
It is defined as ‘‘the variability among living organ-
isms from all sources, including terrestrial, marine
ecosystems and other aquatic ecosystems and ecolog-
ical complexes of which they are part; this includes
diversity within species, between species and for
ecosystems. It is possible to distinguish between
genetic diversity, organism species diversity, ecolog-
ical diversity and functional diversity’’ (UNCBD,
1992). A healthy soil is teeming with life, and
comprises highly diverse soil biota. The latter com-
prises representatives of all groups of micro-orga-
nisms and fungi, green algae and cyanobacteria, and

Table 7

Comparison between traditional and recommended management

practices in relation to soil organic carbon sequestration

Traditional methods Recommended management

practices

1. Biomass burning

and residue removal

Residue returned as surface

mulch

2. Conventional tillage

and clean cultivation

Conservation tillage, no till and

mulch farming

3. Bare/idle fallow Growing cover crops during

the off-season

4. Continuous monoculture Crop rotations with high

diversity

5. Low input subsistence

farming and soil fertility

mining

Judicious use of off-farm input

6. Intensive use of

chemical fertilizers

Integrated nutrient management

with compost, biosolids and

nutrient cycling, precision

farming

7. Intensive cropping Integrating tress and livestock

with crop production

8. Surface flood irrigation Drip, furrow or sub-irrigation

9. Indiscriminate use of

pesticides

Integrated pest management

10. Cultivating marginal

soils

Conservation reserve program,

restoration of degraded soils

through land use change
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of all but a few exclusively marine phyla of animals
(Lee, 1991). With reference to SOC pool and its
dynamics, important members of soil biota include
earthworms, termites, ants, some insect larvae and few
others of the large soil animals that comprise ‘‘bio-
turbation’’ (Lavelle, 1997). Activity of these animals
have a strong influence on soil physical and biological
qualities especially with regards to soil structure,
porosity, aeration, water infiltration, drainage, nutri-
ent/elemental cycling and organic matter pool and
fluxes.

Soil biodiversity has a positive impact on the SOC
pool. All other factors being equal, ecosystems with
high biodiversity sequester more C in soil and biota
than those with reduced biodiversity. In managed
ecosystems, soil biodiversity is likely to increase with
conversion to conservation tillage, replacement of
toxic chemicals with viable alternatives, substitution
of monoculture with mixed crop rotations and com-
plex/diverse systems, restoration of degraded soils and
ecosystems, and conversion of crop or pasture land to
a restorative land use (e.g., set aside land or Conser-
vation Reserve Program [CRP]). The data from Yur-
imaguas, Peru show that application of chemicals in
high input systems decrease population density of soil
fauna and biomass. In comparison with cropland,
biomass C is also more in pastures, fallow and forest
ecosystems (Lavelle and Pashanasi, 1989).

Soil biodiversity has a favorable impact on soil
structure. Activity of soil biota produces organic

polymers, which form and stabilize aggregates. Fun-
gal hyphae and polysaccharides of microbial origin
play an important role in soil aggregation. Earth-
worms and termites also positively impact soil struc-
ture, and enhance aggregation (Lal and Akinremi,
1983).

Soil and crop management practices that enhance
SOC pool include the following.

6.1. Conservation tillage

Conventional tillage and erosion deplete SOC
pools in agricultural soils. Thus, soils can store C
upon conversion from plow till to no till (Fig. 7) or
conservation tillage, by reducing soil disturbance,
decreasing the fallow period and incorporation of
cover crops in the rotation cycle. Eliminating summer
fallowing in arid and semi-arid regions and adopting
no till with residue mulching improves soil structure,
lowers bulk density and increases infiltration capacity
(Shaver et al., 2002). However, the benefits of no till
on SOC sequestration may be soil/site specific, and
the improvement in SOC may be inconsistent in fine-
textured and poorly drained soils (Wander et al.,
1998). Some studies have also shown more N2O
emissions in no till (Mackenzie et al., 1998). Similar
to the merits of conservation tillage reported in North
America, Brazil and Argentina (Lal, 2000; Sa et al.,
2001) several studies have reported the high potential
of SOC sequestration in European soils (Smith et al.,

Fig. 7. Growing crops with contour hedgerows of Leucaena leucocephala is an example of a wide range of agroforestry systems.
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1998, 2000a,b). Smith et al. (1998) estimated that
adoption of conservation tillage has the potential to
sequester about 23 Tg C/year in the European Union
or about 43 Tg C/year in the wider Europe including
the former Soviet Union. In addition to enhancing
SOC pool, up to 3.2 Tg C/year may also be saved in
agricultural fossil fuel emissions. Smith et al. (1998)
concluded that 100% conversion to no till agriculture
could mitigate all fossil fuel C emission from agricul-
ture in Europe.

6.2. Cover crops

The benefits of adopting conservation tillage for
SOC sequestration are greatly enhanced by growing
cover crops in the rotation cycle (Fig. 7). Growing
leguminous cover crops enhances biodiversity, the
quality of residue input and SOC pool (Singh et al.,
1998; Fullen and Auerswald, 1998; Uhlen and
Tveitnes, 1995). It is well established that ecosystems
with high biodiversity absorb and sequester more C
than those with low or reduced biodiversity. Drink-
water 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 can improve SOC.
Franzluebbers et al. (2001b) also observed in Georgia,
USA that improved forage management can enhance
the SOC pool. However, the use of cover crops as a
short-term green manure may not necessarily enhance
the SOC pool. The beneficial effect of growing cover
crops on enhancing SOC pool has been reported from
Hungary by Berzseny and Gyrffy (1997), U.K. by
Fullen and Auerswald (1998) and Johnston (1973),
Sweden by Nilsson (1986), Netherlands by Van Dijk
(1982) and Europe by Smith et al. (1997).

6.3. Nutrient management

Judicious nutrient management is crucial to SOC
sequestration. In general, the use of organic manures
and compost enhances the SOC pool more than
application of the same amount of nutrients as inor-
ganic fertilizers (Gregorich et al., 2001). The fertilizer
effects on SOC pool are related to the amount of
biomass C produced/returned to the soil and its
humification. Adequate supply of N and other essen-
tial nutrients in soil can enhance biomass production

under elevated CO2 concentration (Van Kessel et al.,
2000). Long-term manure applications increase the
SOC pool and may improve aggregation (Sommer-
feldt et al., 1988; Gilley and Risse, 2000), and the
effects may persist for a century or longer (Compton
and Boone, 2000). The potential of conservation
tillage to sequester SOC is greatly enhanced whereby
soils are amended with organic manures (Hao et al.,
2002). Smith and Powlson (2000) reported that 820
million metric tons of manure are produced each year
in Europe, and only 54% is applied to arable land and
the remainder to non-arable agricultural land. They
observed that applying manure to cropland can en-
hance its SOC pool more than it does on pasture land.
Smith and Powlson estimated that if all manure were
incorporated into arable land in the European Union,
there would be a net sequestration of 6.8 Tg C/year,
which is equivalent to 0.8% of the 1990 CO2-C
emissions for the region. Beneficial impacts of ma-
nuring for U.S. cropland were reported by Lal et al.
(1998).

6.4. Irrigation

Similar to the addition of fertilizers and manures in
a nutrient-depleted soil, judicious application of irri-
gation water in 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 concentration. In addition, enhancing
irrigation efficiency can also decrease the hidden C
costs (Sauerbeck, 2001). In Texas, Bordovsky et al.
(1999) observed that surface SOC concentration in
plots growing irrigated grain sorghum and wheat
increased with time. Irrigation can also enhance
SOC concentrations in grassland (Conant et al., 2001).

6.5. Restoring degraded soils

Restoring degraded soils and ecosystems has a
high potential for sequestrating soil C. Most degraded
soils have lost a large fraction of the antecedent SOC
pool, which can be restored through adopting judi-
cious land use practices. The CRP has been effective
in reducing the sediment load and enhancing the SOC
pool. The rate of SOC sequestration under CRP may
be 600–1000 kg C/ha/year (Follett et al., 2001b). In
Shropshire, U.K., Fullen (1998) observed that mean
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SOC content increased consistently and significantly
on plots set aside under the grass ley system at the rate
of 0.78% in 4 years.

6.6. Pasture management

On a global basis, grassland/grazing lands occupy
3460 Mha. Restoring degraded grazing lands and
improving forage species is important to sequestering
SOC and SIC. Furthermore, converting marginal
croplands to pastures (by CRP and other set-aside
provisions) can also sequester C. Similar to cropland,
management options for improving pastures include
judicious use of fertilizers, controlled grazing, sowing
legumes and grasses or other species adapted to the
environment, improvement of soil fauna and irrigation
(Follett et al., 2001a). Conant et al. (2001) reported
rates of SOC sequestration through pasture improve-
ment ranging from 0.11 to 3.04 Mg C/ha/year with a
mean of 0.54 Mg C/ha/year.

6.7. Forest soils

Converting degraded soils under agriculture and
other land uses into forests and perennial land use can
enhance the SOC pool. The magnitude and rate of
SOC sequestration with afforestation depends on
climate, soil type, species and nutrient management
(Lal, 2001c). Despite its significance, a few studies
have assessed the C sink capacity of forest soils (Lal,
2001d; Kimble et al., 2002). In east central Minne-
sota, an experiment by Johnston et al. (1996) showed
an average SOC sequestration rate of 0.8–1.0 Mg/ha/
year. Afforestation, however, may not always enhance
the SOC pool. In New Zealand, Groenendijk et al.
(2002) reported that afforestation of pastures with
radiata pine (Pinus radiata) decreased the SOC con-
centration by 15% to a depth of 12–18 cm. These
researchers concluded that afforestation of hill country
pasture soils resulted in net mineralization of the SOC
pool. In the 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 to
pasture and eucalyptus plantation. In such cases,
agroforestry may be another option of conserving soil
and improving the SOC pool. On a Vertisol in
Ethiopia, Lulu and Insam (2000) observed positive
effects of alley cropping (i.e., agroforestry) with

Sesbania on the SOC pool. In Europe, Nabuurs et
al. (1997) reported that total SOC pool of soils
supporting European forests is 12.0 Pg, but did not
provide an estimate of the rate of SOC sequestration
in forest soils.

Afforestation of marginal agricultural soils or
degraded soils has a large potential of SOC seques-
tration. Bouma et al. (1998) observed that in Europe
a major change in land use may occur because of
technological, socio-economic and political develop-
ments. For example, adoption of RMPs or technical
advances in modern agriculture may produce the
same yield on 30–50% of the current agricultural
land. That being the case, there is a potential for
converting spare agricultural land to forestry. With
conversion to a permanent land cover, there is a
large potential of SOC sequestration through agri-
cultural intensification.

6.8. Urban soils

Urban forestry is an important land use in North
America, Europe and elsewhere in developed
countries. Transforming landscapes from non-urban
to urban land use has the potential to drastically alter
the SOC pool and fluxes. Analyzing soils from an
urban rural land use gradient, Pouyat et al. (2002)
observed higher SOC densities in urban than in sub-
urban and rural lands. Preserving SOC at the water-
shed level may also involve a judicious use of urban
organic wastes (Binder and Patzel, 2001).

Conversion to an appropriate land use and adopt-
ing RMPs lead to SOC sequestration through the
following processes:

(i) Aggregation: increase in stable micro-aggregates
through formation of organo-mineral complexes
encapsulates C and protects it against microbial
activities.

(ii) Humification: an increase in chemically recalci-
trant humic compounds enhances the relative
proportion of passive fraction of SOC. A high
clay content and relatively higher proportion of
high activity clays (HACs) enhances the reten-
tion of recalcitrant SOC fraction.

(iii) Translocation into the sub-soil: translocation of
SOC into the sub-soil can move it away from the
zone of disturbance by plowing and other
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agronomic operations, and minimize the risks
removed by erosional processes.

(iv) Formation of secondary carbonates: land use and
management systems in arid and semi-arid
regions that enhance formation of secondary
carbonates also lead to SIC sequestration (Mon-
ger and Gallegos, 2000). Leaching of carbonates
into the groundwater is another mechanism of
SIC sequestration, especially in irrigated soils
(Nordt et al., 2000).

While assessing the net SOC sequestration by land
use change and adoption of soil/crop management
practices, it is important to consider the hidden C
costs of input (e.g., fertilizer, herbicides, tillage,
irrigation) (West and Marland, 2002). Herbicides,
used intensively for weed control especially in no till
systems, are extremely C intensive. Change in land
use and adoption of RMPs may involve change in
input of herbicides/pesticides, fertilizers, manures,
irrigation and tillage operations. Thus, the hidden C
costs of these inputs must be accounted for (Schle-
singer, 2000b) (Table 8).

7. The potential of world soils to sequester carbon

The potential of SOC sequestration is high in the
world’s degraded soils and ecosystems estimated at
1216 Mha (Table 6), and agricultural soils estimated at
4961 Mha (Table 7). These soils have lost a significant
part of their original SOC pool, and have the capacity to
sequester C by converting to a restorative land use and
adopting recommended management practices. All
other factors remaining the same, the potential of
SOC sequestration is in the following order: degraded

soils and desertified ecosystems>cropland>grazing
lands>forest lands and permanent crops. Most crop-
lands (1369Mhaworldwide, see Table 6) have lost 30–
40 Mg C/ha and most degraded soils (1216 Mha) may
have lost 40–60 Mg C/ha (Lal, 2000). A significant
part of the historic C loss (estimated at 66–90 Pg) can
be sequestered over 25–50 years. The rates of SOC
sequestration on cropland range from 0.02 to 0.76 Mg
C/ha/year for adopting improved systems of crop
management, 0.1 to 1.3 Mg C/ha/year by converting
from plow till to no till, and 0.25 to 0.5 Mg C/ha/year
for rice land management (Lal, 2000, 2001b; IPCC,
2000). On rangeland, rates of SOC sequestration range
from 0.02 to 1.3 Mg C/ha/year on restoring degraded
grasslands, 0.16 to 0.50 Mg C/ha/year by systems that
may improve grassland productivity, and 0.5 to 1.4 Mg
C/ha/year by systems involving fire management (Fol-
lett et al., 2001a,b; IPCC, 2000). The rates of SOC gain
in forest lands, especially for reforestation, are gener-
ally low (Lal, 2000; Kimble et al., 2002).

There are several national and global estimates of
soil C sequestration (Table 9; Dumanski et al., 1998;
Lal, 1999). Smith et al. (2000a) estimated that a
realistic potential for C mitigation on U.K. agricultural
soils is 10.4 Tg C/year, which is about 6.6% of 1990
U.K. CO2-C emissions. Extending the methodology to
Europe, Smith et al. (2000b) assessed a range of
options for C mitigation in European agricultural
soils, and estimated the SOC sequestration potential
of 56 Tg C/year. Lal (2000) estimated the potential of
world cropland soils to sequester C at the rate of 0.4–

Table 8

Global land use (FAO, 2001)

Land use Area (Mha)

Total area 13,414

Land area 13,083

Arable land 1369

Permanent crops 132

Permanent pasture 3460

Agricultural soils 4961

Forest and woodland 4172

Others 11,549

Table 9

Estimates of global soil carbon sequestration potential

Land use Soil C sequestration

potential

(Pg C/year)

Reference

World cropland 0.43–0.57 Lal and Bruce

(1999)

Desertification

control

1.0 Squires et al.

(1995)

Desertification

control

0.2–0.4 Lal (2001b)

Soils of the

tropics

0.28–0.54 Lal (2002)

World soils 0.4–0.8 IPCC (1996)

Permanent

pasture

1.87 Conant et al.

(2001)
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0.6 Pg C/year (excluding erosion and biofuel offset).
In addition, desertification control has a potential to
sequester 0.2–0.6 Pg C/year (without considering
erosion control and biofuel offset). Therefore, the total
potential of soil C sequestration may be 0.6–1.2 Pg C/
year. There is also a large potential of grassland
management (Conant et al., 2001), most of which
has been included in desertification control. Based on
these potentials, the global C budget thus can be
computed. Soil C sequestration would increase the
oceanic/land uptake by an additional 0.9F 0.3 Pg C/
year for about 50 years with accumulative sink
capacity of 30–60 Pg. These assessments contradict
those by (Schlesinger and Andrews, 2000) who argue
that large increases in the soil C pool seem unlikely.

In addition to decreasing the rate of enrichment of
atmospheric concentration of CO2, enhancing the
SOC pool would improve soil quality and agronom-
ic/biomass productivity. Increasing SOC pool in agri-
cultural/degraded soils could offset emissions of CO2

from fossil fuel combustion. However, in the context
of the Kyoto Protocol, the hidden C costs of input
must also be considered (Schlesinger, 2000a; Robert-
son et al., 2000). With increasing 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.,
conservation tillage, mulch farming, cover crops,
manuring and fertilizer use, irrigation and restoration
of degraded soils) are needed to meet the food
demands of the growing population, with an ancillary
benefit of SOC sequestration. Further, adopting RMPs
would lead to a 10–40% reduction of present agri-
cultural energy requirements (Sauerbeck, 2001). Loss
of SOC, decline in soil structure and overall degrada-
tion of the soil resources are standard features of non-
sustainable land use (Carter, 2002), and these features
are reversed through adoption of practices which lead
to SOC sequestration. Thus, soil C sequestration is a
win–win strategy.

8. Debatable issues on soil carbon sequestration

There are numerous debatable issues about SOC
sequestration that need to be addressed. An important
one is about the efficacy of SOC sequestration espe-
cially in view of the hidden C costs of the input

involved (Schlesinger, 1999, 2000a,b; Robertson et
al., 2000). Nitrogenous fertilizers have hidden C costs
of 0.86 kg C/kg N (IPCC, 1996), and pesticides are at
least 5 times more C intensive. It is widely recognized
that judicious use of fertilizers with a high use
efficiency through precision farming (Matson et al.,
2000) and other improved management options, and
nutrient cycling through manuring (Jenkinson et al.,
1987; Smith and Powlson, 2000) are efficient means
of SOC sequestration. Similarly, lifting irrigation
water is also C-intensive, but irrigation increases
biomass production by two to three times compared
with the rainfed systems and leads to SOC sequestra-
tion (Coneth et al., 1998; Dormaar and Carefoot,
1998). Judicious use of irrigation can also lead to
SIC sequestration through leaching of bicarbonates
into the groundwater (Nordt et al., 2000).

There is also a concern about the lack of response
of conservation tillage to SOC sequestration (Wander
et al., 1998), and the permanence of C sequestered in
the soil. The question of ‘‘whether SOC sequestered
in soil is readily lost by subsequent misuse and
mismanagement’’ needs to be addressed by two dif-
ferent approaches. Effectiveness of conversion to
conservation tillage on SOC sequestration depends
on soil and climatic factors. Light-textured and well-
drained soils in moist and cool climates sequester
more SOC than clayey and poorly drained, or soils of
low-activity clays in arid and warm climates. The first
approach is the assessment of the MRT (pool divided
by flux) of C in soil versus other ecosystems, which is
about 5 years in the atmosphere, 10 years in vegeta-
tion and 35 years in soil. Thus, MRT of C in soil is
three to four times that in the vegetation. The second
approach is to assess the impact of plowing a no till
farm on the C sequestered. If the plowing is under-
taken as a remedial measure to alleviate another soil-
related constraint (e.g., compaction, weed infestation),
its adverse impact on SOC may be minimal. Further,
there are numerous options of a prescriptive soil
disturbance including the use of non-inversion tools
(e.g., chisel plow, paraplow).

Monitoring and verification of the rate of SOC
sequestration in a transparent, cost-effective and cred-
ible manner is also cited as an impediment to deve-
loping a user-friendly trading system. There is a wide
range of laboratory methods available for determining
SOC pool, and new ones are being developed. Soil
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scientists have assessed changes in SOC pool in
relation to fertility and plant nutrition since the be-
ginning of the 20th century. Admittedly, there is a
strong need to standardize these methods, so that
results are comparable among laboratories. There is
also a need to develop scaling procedures so that data
can be extrapolated from point source to ecosystem or
regional scale. However, these issues are not unique to
the SOC pool and are also encountered in assessing
other terrestrial C pools (e.g., forests, wetlands). The
important consideration is to recognize and overcome
these problems by standardizing sampling and analyt-
ical procedures and scaling techniques.

It is also argued that SOC sequestration is a major
challenge in soils of the tropics and sub-tropics, where
climate is harsh and resource-poor farmers cannot
afford the off-farm input. Yes, SOC sequestration
requires input of crop residue/biosolids and of fertil-
izers/manures to enhance biomass production. Fur-
ther, the rate of mineralization is high in the tropics
and the humification efficiency is low. The potential
of SOC sequestration in degraded soils and ecosys-
tems of the tropics is high, and realization of this
potential is challenging. Yet, the need to restore
degraded soils and ecosystems in the tropics and
sub-tropics is also urgent and of a high priority. This
challenge has to be and can be met.

Then there is a question of the relatively finite
sink capacity of the SOC pool vis-à-vis infinite or
at least large capacity of the geologic or oceanic
pool. The global potential of SOC sequestration is
merely 30–60 Pg C at the rate of about 0.9F 0.3
Pg C/year over the next 50 years. Despite the finite
capacity, SOC sequestration is the most cost-effec-
tive strategy during the first half of the 21st century
(Battelle, 2000) with numerous ancillary benefits. In
addition to the high costs of geologic and oceanic
sequestration, there are also concerns about the
adverse effects on aquatic ecosystems and risks of
leakage.

9. Relevance to the Kyoto Protocol

The U.N. Framework Convention on Climate
Change proposed a treaty in December 1997 in
Kyoto, Japan, to make it mandatory for industrialized
nations to reduce their fossil fuel emission by 5%

below the 1990 level. As per this treaty, called the
Kyoto Protocol, the U.S. was required to reduce its
emissions to 93% of those in 1990. In fact, the U.S.
emissions of CO2-C have actually increased by about
18% since 1990, and making the 7% reduction target
unachievable. Subsequent to U.S. withdrawal from
signing the treaty, the Kyoto Protocol was revised in
Bonn in July 2001. The revised Protocol comprises
two new clauses relevant to SOC sequestration:

1. Countries are allowed to subtract from their
industrial C emissions certain increases in C
sequestered in ‘‘sinks’’ such as forests and soils;
and

2. Countries are allowed to trade emission allowances
that can reduce abatement costs. The UNFCCC/
Kyoto Protocol recognizes soil C sinks provided
that the rate of SOC sequestration and the
cumulative magnitude can be verified by standard
procedures.

Subsequently, President Bush announced ‘‘clean
skies and global change’’ initiatives, and made two
significant announcements as voluntary alternatives to
the Kyoto Protocol:

1. ‘‘We look for ways to increase the amount of
carbon stored by American farms and forests
through a strong conservation title in the Farm
Bill’’ (President Bush, 14 February 2002).

2. There exists an opportunity for ‘‘sequestration of
greenhouse gases in agricultural and forestry
sinks’’ (Economic report to the U.S. Congress,
2002).

The SOC sequestration is a viable strategy both for
countries that have signed the Kyoto Protocol and
those that have sought voluntary alternatives. Where
land use/land use changes and soil management are a
net sink for C, it is important to identify and imple-
ment policy instruments that facilitate realization of
this sink. The SOC sequestration may also be credited
under the Clean Development Mechanism (CDM,
Article 12), emission trading (Article 17) or joint
implementation activities (Article 6) of the Kyoto
Protocol.

From a global policy perspective, it is equally
important to recognize that restoration of degraded
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soils and ecosystems, and increasing the SOC pool
represent an enormous opportunity that cannot be
ignored. A coordinated SOC sequestration program
implemented at a global scale could at the same
time increase agricultural productivity especially in
developing countries, and mitigate climate change.
It is thus important that international organizations
(e.g., FAO, UNDP, World Bank), developing
countries concerned with food security (e.g., sub-
Saharan Africa, South Asia), and industrialized
countries concerned with climate change and envi-
ronment pollution (e.g., U.S., Canada, Europe, Japan,
Australia) join forces and implement comprehensive
programs to restore degraded soils to sequester C and
enhance productivity.

10. Research and development priorities

An important issue at hand is the ‘‘commodifica-
tion’’ or ‘‘moneytization’’ of soil C. In fact, soil C is
a new farm commodity that can be bought and sold
like any other farm commodity (e.g., corn, soybean,
meat, dairy or poultry). For soil C to be traded,
bought and sold as any other farm commodity, there
is a need for creation of a market, comprising buyers
and sellers who trade C. Creation of an effective C
market implies the following: (i) imposing a cap on
industrial CO2 emissions with a quota system; (ii)
assessing the societal value of soil C based on
intrinsic properties (e.g., market value of N, P, K,
S and water contained in soil humus) and ancillary
benefits (e.g., improvement in water quality, reduc-
tion in sedimentation/siltation of waterways and
reservoirs, biodegradation of pollutants); and (iii)
imposing penalties on land managers who convert
to soil degradative land uses. In addition to biophys-
ical issues, creating an effective C market also
implies addressing the human-dimensions issues. It
is important to identify and implement policies that
lead to adoption of the RMPs.

There are several biophysical issues that need to be
addressed. Important among these are the following:

(a) Which terrestrial and aquatic ecosystems have
large potential soil C sinks (or bright spots), and
what are the criteria to identify them and assess
their C sink capacity.

(b) What are the recommended land use and
management practices for soil C sequestration,
and what are the corresponding rates under ‘‘on-
farm’’ conditions.

(c) What are the relevant processes of soil C
sequestration (e.g., aggregation, humification,
formation of secondary carbonates), and what is
the residence time of C thus sequestered.

(d) What are the cost-effective, credible, transparent
and simple methods of measuring the rate of soil C
sequestration, and what is their accuracy and
precision.

(e) What is the cost of soil C sequestration under
different land uses and soil/vegetation/water
management practices.

(f) What is the impact of change in management
(conversion from a long-term no till to occasional
plowing) on soil C pool.

(g) What are the links between soil and atmospheric
processes especially with regard to exchange of
GHGs.

(h) How is the quality and quantity of SOC pool
related to soil quality (e.g., structure, plant
available water capacity, nutrient reserves), water
quality (e.g., transport of agricultural chemicals)
and air quality.

(i) How can assessment of soil C pool be included
into the regional and national databank on soil
properties assessed under routine soil surveys.

(j) How can we encourage soil scientists to interact
with their counterparts in other basic sciences
(e.g., geology, hydrology, climatology, plant
biology, chemistry) and applied sciences (e.g.,
economics, sociology, public policy).

Addressing these questions, at regional/national
and international scales, implies developing effective
inter-disciplinary research program(s) specifically
designed to replace myths by facts. Some important
facts urgently needed are the following:

(a) The historic loss of soil C pool upon conversion
from natural to managed ecosystems for major
soils in principal ecoregions.

(b) The fate of eroded soil C, especially with regard to
mineralization of C redistributed over the land-
scape, transported by water and wind, and depos-
ited in depressional sites and aquatic ecosystems.

R. Lal / Geoderma 123 (2004) 1–22 17



(c) The impact of low input or subsistence farming
practices on emission of GHGs from soil into the
atmosphere.

(d) The soil and ecological factors under which
conversion from plow till to no till improves
productivity and sequesters C in soil.

(e) The importance of secondary carbonates in soil C
sequestration especially in irrigated agriculture.

(f) Land use and management techniques that en-
hance SOC/SIC pool in soils of the tropics and
sub-tropics.

(g) The impact or urban land uses (e.g., golf courses,
lawns, roads, buildings) on soil C pool and fluxes.

(h) The microbial/chemical/physical processes that
control the dynamics of C, N, P and S.

(i) The link between the cycles of C and H2O as
mediated by energy balance.

(j) The link between soil aggregation and C dynamics,
especially with regards to the clay content and
mineralogy.

Realization of this strategic option of soil C se-
questration to reduce the rate of enrichment of atmo-
spheric CO2 necessitates addressing these issues
objectively through an inter-disciplinary research
and development program. Such an endeavor requires
a paradigm shift in our thinking of soil and its
management.

In view of the issues facing the 21st century,
sustainable management of soil must:

(i) Maximize long-term productivity per unit input
of the non-renewable/limiting resources (e.g.,
nutrients, energy);

(ii) Minimize environment pollution with regard to
emission of GHGs and non-point source pollu-
tion of water;

(iii) Moderate/buffer sudden changes in air and
water qualities; and

(iv) Proxy for interpretation of past global/climate
changes through interpretation of the soil profile
data.

While food security has been an issue since the
dawn of civilization, and it has been the cause of
regional wars and population migration due to inter-
action among humans, future threats to global peace
may also arise from the relationship/interaction be-

tween human and nature rather than human to human.
The global C cycle is an important determinant of the
‘‘human to nature’’ interaction.

11. Conclusions

The potential of SOC sequestration is finite in
magnitude and duration. It is only a short-term strat-
egy to mitigating anthropogenic enrichment of atmo-
spheric CO2. The annual SOC sequestration potential
is only 0.9F 0.3 Pg C/year. The atmospheric concen-
tration of CO2 at the observed rate of 1990 (3.2 Pg C/
year) will continue to increase at the rate of 2.0–2.6
Pg C/year even with soil C sequestration. Thus, a
long-term solution lies in developing alternatives to
fossil fuel. Yet, SOC sequestration buys us time
during which alternatives to fossil fuel are developed
and implemented. It is a bridge to the future. It also
leads to improvement in soil quality. Soil C seques-
tration is something that we cannot afford to ignore.
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Bottner, P., Coûteaux, M.M., Vallejo, V.R., 1995. Soil organic mat-

ter in Mediterranean-type ecosystems and global climate

changes: a case study—the soils of the Mediterranean Basin.

In: Moreno, J.M., Oechel, W.C. (Eds.), Global Change and

Mediterranean Type Ecosystems. Springer-Verlag, New York,

pp. 306–325.

Bouma, J., Varallyay, G., Batjes, N.H., 1998. Principal land use

changes anticipated in Europe. Agriculture, Ecosystems and

Environment 67, 103–119.

R. Lal / Geoderma 123 (2004) 1–2218



Buringh, P., 1984. Organic carbon in soils of the world. In: Wood-

well, G.M. (Ed.), The Role of Terrestrial Vegetation in the Glo-

bal Carbon Cycle. SCOPE 23. Wiley, Chichester, pp. 41–109.

Carter, M.R., 2002. Soil quality for sustainable land management:

organic matter and aggregation interactions that maintain soil

functions. Agronomy Journal 94, 38–47.

Cheddadi, R., Guiot, J., Jolly, D., 2001. The Mediterranean vege-

tation: what if the atmospheric CO2 increased? Landscape Eco-

logy 16, 667–675.

Compton, J.E., Boone, R.D., 2000. Long-term impacts of agricul-

ture on soil carbon and nitrogen in New England forests. Eco-

logy 81, 2314–2330.

Conant, R.T., Paustian, K., Elliott, E.T., 2001. Grassland manage-

ment and conversion into grassland: effects on soil carbon. Ap-

plied Ecology 11, 343–355.

Coneth, A.J., Blair, G.J., Rochester, I.J., 1998. Soil organic carbon

fraction in a Vertisol under irrigated cotton production as affect-

ed by burning and incorporating cotton stubble. Australian Jour-

nal of Soil Research 36, 655–667.

Dalias, P., Anderson, J.M., Bottner, P., Coûteaux, M.-M., 2001.
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