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Abstract. World soils have been a major source of enrichment of atmospheric concentration of CO;
ever since the dawn of settled agriculture, about 10,000 years ago. Historic emission of soil C is
estimated at 78 & 12 Pg out of the total terrestrial emission of 136 4+ 55 Pg, and post-industrial
fossil fuel emission of 270 + 30 Pg. Most soils in agricultural ecosystems have lost 50 to 75%
of their antecedent soil C pool, with the magnitude of loss ranging from 30 to 60 Mg C/ha. The
depletion of soil organic carbon (SOC) pool is exacerbated by soil drainage, plowing, removal of
crop residue, biomass burning, subsistence or low-input agriculture, and soil degradation by erosion
and other processes. The magnitude of soil C depletion is high in coarse-textured soils (e.g., sandy
texture, excessive internal drainage, low activity clays and poor aggregation), prone to soil erosion and
other degradative processes. Thus, most agricultural soils contain soil C pool below their ecological
potential. Adoption of recommend management practices (e.g., no-till farming with crop residue
mulch, incorporation of forages in the rotation cycle, maintaining a positive nutrient balance, use
of manure and other biosolids), conversion of agriculturally marginal soils to a perennial land use,
and restoration of degraded soils and wetlands can enhance the SOC pool. Cultivation of peatlands
and harvesting of peatland moss must be strongly discouraged, and restoration of degraded soils and
ecosystems encouraged especially in developing countries. The rate of SOC sequestration is 300 to
500 Kg C/ha/yr under intensive agricultural practices, and 0.8 to 1.0 Mg/ha/yr through restoration of
wetlands. In soils with severe depletion of SOC pool, the rate of SOC sequestration with adoption of
restorative measures which add a considerable amount of biomass to the soil, and irrigated farming
may be 1.0 to 1.5 Mg/ha/yr. Principal mechanisms of soil C sequestration include aggregation, high
humification rate of biosolids applied to soil, deep transfer into the sub-soil horizons, formation of
secondary carbonates and leaching of bicarbonates into the ground water. The rate of formation of
secondary carbonates may be 10 to 15 Kg/ha/yr, and the rate of leaching of bicarbonates with good
quality irrigation water may be 0.25 to 1.0 Mg C/ha/yr. The global potential of soil C sequestration is
0.6 to 1.2 Pg C/yr which can off-set about 15% of the fossil fuel emissions.

Keywords: global warming, soil carbon dynamics, soil carbon sequestration, soil quality, soil aggre-
gation, humification, secondary carbonate.

Introduction

The UNFCC (Article 2) states that “Stabilization of greenhouse gas concentrations
in the atmosphere must be achieved at a level that would prevent dangerous an-
thropogenic interference with the climate system. Such a level should be achieved
within a framework sufficient to allow ecosystems to adapt naturally to climate
change, to ensure that food production is not threatened and to enable economic
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development to proceed in a sustainable manner” (www.unfcc.de). In this regard,
carbon (C) sequestration in agricultural soils is an important option. Soil C pool
comprises two components: soil organic carbon (SOC) and soil inorganic carbon
(SIC). The SOC pool includes highly active humus and relatively inert charcoal
C. Humus is a dark brown or black amorphous material characterized by a large
surface area, high charge density, high affinity for water, and ability to form organo-
mineral complexes through reaction with the clay fraction. Charcoal is a product of
incomplete combustion of plants, and is recalcitrant with relatively long residence
time.

The generic term soil organic matter (SOM) refers to the sum of all organic
substances in the soil comprising: (i) a mixture of plant and animal residues at
various stages of decomposition, (ii) substances synthesized through microbial and
chemical reactions, (iii) and biomass of live soil micro-organisms and other fauna
along with their metabolic products.

The SIC poolincludes elemental C and carbonate minerals (e.g., gypsum, calcite,
dolomite, aragonite, and siderite). There are two predominant components of SIC
pool: primary or lithogenic carbonates, and secondary or pedogenic carbonates.
Primary carbonates are derived through weathering of parent material. In contrast,
secondary carbonates are formed through the dissolution of CO; in soil air to form
carbonic acid and its reprecipitation with Ca*? or Mg*? added into the soil as
amendments or from other sources.

The term soil C sequestration implies transfer of atmospheric CO, into soil C
pool through: (i) humification of crop residue and other biosolids added to the soil,
and (ii) formation of secondary carbonates or leaching of bicarbonates into the
ground water such that CO, thus captured is not immediately re-emitted. The resi-
dence time of C thus sequestered ranges from a few weeks to millennia depending
on the nature of carbonaceous substances, stability of secondary carbonates formed
and depth of leaching. Leaching of bicarbonates and using biofuel to off-set fossil
fuel are not strictly soil C sequestration, but they have important impact on the
global C cycle.

The global soil C pool is estimated at 1550 Pg of SOC and 950 Pg of SIC to
1-m depth (Batjes 1996). The soil C pool is about 3.3 times the atmospheric pool
(760 Pg) and 4.5 times the biotic pool (560 Pg) (Figure 1). Soil C pool can be a
source or sink for atmospheric pool depending on land use and management. There
is a direct relationship between soil C pool and the atmospheric pool. Increase of
soil C pool by 1 Pg is equivalent to reduction in atmospheric CO, concentration of
0.47 ppm, and vice versa.

This manuscript describes characteristics of the soil C pool, factors affecting
its dynamics, management techniques to enhance its magnitude and increase the
retention time, and anthropogenic factors leading to strong interaction of soil C pool
with biotic and atmospheric pools. In addition to SOC, this paper also discusses
SIC dynamics, restoration of wetlands, and hidden C costs of agricultural practices.
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Figure 1. Intersection between soil carbon pool and the biotic and atmospheric C pools has been
accentuated by anthropogenic activities including deforestation, biomass burning, soil cultivation,
accelerated erosion, and fossil fuel combustion.

Historic Depletion of Soil Carbon Pool

Soils in their natural state contain a substantial amount of SOC pool. The magnitude
and properties of the SOC pool depend on soil properties (e.g., clay content and
type, soil water retention, nutrient reserves), profile characteristics (more in young
soils with deep effective rooting depth), landscape position (more in foot slopes
than summit or shoulder slopes), terrain characteristics (more in north facing and
concave slopes than in south facing and convex slopes), temperature (more in cold
than warm climates), and rainfall (more in humid than dry regions). The SOC
pool ranges from 40 to 400 Mg C/ha under undisturbed natural vegetation cover
(Post et al. 1982). The SOC pool is rapidly depleted upon conversion of natural to
agricultural ecosystems. The magnitude of depletion may be 50 to 75% following
5 to 20 years after deforestation in soils of the tropics, compared with 25 to 50%
over 20 to 50 years in soils of the temperate climates (Lal 2004a). The magnitude
of depletion is high when inputs of C in managed ecosystems (through the return
of crop residue and roots, along with application of other biosolids) are lower than
the outputs. The latter comprise losses of SOC through mineralization, accelerated
erosion and leaching.
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The magnitude and rate of SOC depletion are high for structurally inert soils
comprising low content of low activity clays (e.g., Kaolinite), excessive internal
drainage, low available water and nutrient holding capacities, weak and low ag-
gregation and poor soil structure, and overall low agronomic/biomass productivity.
Soils of sub-Saharan Africa, West Asia and North Africa, Central Asia and many
soils of the tropics and sub-tropics come under this category. Landscape position
also has an important effect on SOC pool and its dynamics through moderation of
runoff and soil erosion. Landscape positions which exacerbate soil erosion com-
prise convex slopes, side slopes, long and steep slopes and undulating terrains
which accentuate the effects of rainfall and runoff erosivity. Over and above the
pedologic and physiographic factors, socioeconomic and political factors also play
an important role in the magnitude of SOC depletion upon conversion from natural
to agricultural ecosystems. Agricultural systems, in which all outputs are balanced
with appropriate inputs, cause lower SOC depletion than subsistence farming sys-
tems based on fertility-mining and extractive practices in which output exceeds the
input. The SOC depletion is generally higher for plow-based than no-till systems
of seedbed preparation, and also higher for those systems which do not return crop
residue and other biosolids than systems based on mulch farming and liberal use
of organic amendments.

The depletion of SOC pool has a positive (adverse) feedback enhancing
atmospheric CO, concentration. A severe depletion of the SOC pool leads to de-
cline in soil quality, negative nutrient/elemental balance, negative water balance
exacerbated by high losses caused by severe runoff and high soil evaporation, and
reduction in soil biodiversity with particularly severe impact on activity and species
diversity of soil macrofauna (e.g., earthworms). Decline in soil quality reduces net
primary productivity (NPP), decreases the quality and quantity of biomass returned
to the soil, and further accentuates the depletion of SOC pool C.

Terrestrial Carbon Sequestration

Carbon sequestration implies transfer of atmospheric CO, into a long lived ter-
restrial pool (biotic, soil) so that CO, thus sequestered is not immediately re-
leased into the atmosphere. Three predominant components of terrestrial C se-
questration include soil, biota and biofuel (Figure 2). Increase in SOC pool must
be assessed to 2-m depth, because significant management-induced changes in
SOC pool can occur deep in the sub-soil (Lorenz and Lal 2005). Increase in
SOC pool, assessed in terms of either fixed depth or on equal soil mass basis,
must be done for major land use and soil management systems. Management-
induced changes in SOC pool can occur in labile, intermediate or the passive
C fractions. Changes in the labile fraction can occur even over a short period,
while those in the intermediate and passive fractions occur over a long time
horizon.
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Figure 2. Components of terrestrial carbon sequestration.

There are three mechanisms or processes of soil C sequestration. Improvement
of soil structure and formulation of stable micro-aggregates is an important process
(Tisdall and Oades 1982; Six et al. 2000; Bossuyt et al. 2002). Humic substances
and other persistent compounds (e.g., polymers) have a long lasting effect on micro-
aggregate dynamics (Gale et al. 2000a,b), stabilization of macro-aggregates, thereby
encapsulating and physically protecting organic matter against microbial activity.
Clay content and mineralogy have strong impact on aggregation. Furthermore,
total SOC concentration increases with increase in aggregate size (Beare et al.
1994a,b.)

Humification efficiency of biomass C (e.g., crop residues, leaf litter and other
detritus material) depends on climate, soil properties, tillage methods, and nutri-
ent availability. The humification efficiency is more in cool and humid climates
than warm and dry regions. Furthermore, clayey soils with high surface area have
a higher humification efficiency than coarse-textured soils. No-till farming pos-
itively impacts the humification efficiency. Puget et al. (2005) reported that the
fraction of total C in corn residue converted to SOC in Coshocton, Ohio, was
11.9% for no-till corn and 8.3% for plow till corn. Allmaras et al. (2004) ob-
served that humification efficiency was 26% for no-till compared with 11% for
moldboard plow and chisel till. The humification efficiency is also strongly in-
fluenced by nutrient availability because C is only one of the building blocks of



308 R. LAL

humus, the others being N, P, S, Zn, Cu, etc.. Himes (1998) reported that se-
questration of 10 Mg of C in crop residue into 17.241 Mg of humus would re-
quire 28 Mg of C in 62 Mg of oven dry residue. In addition, it would require 833
Kg N, 200 Kg P and 143 Kg S. Thus, humification of residue C can occur only
if essential nutrients (e.g., N, P, S) are available. For a Luvisol in central Ohio,
Jacinthe et al. (2002) reported that residue-C conversion into SOC averaged 14%
and 32% without and with application of fertilizer, respectively. With low mulch
application, SOC stocks were similar (25.6 MgC/ha) with and without fertilizer
application. However, when the mulch rate was high, additional SOC accretion
occurred only in plots receiving additional fertilizer. Campbell et al. (2001) indi-
cated that without adequate fertilization, the adoption of no-till does not necessarily
increase SOC pool. Nitrogen fertilization rate and placement have a significant im-
pact on SOC sequestration rate (Gregorich et al. 1995, 1996; Wanniarachchi et al.
1999). Illuviation and translocation of C into sub-soil horizons is another impor-
tant mechanism. Deep translocation, away from the zone of anthropogenic and
climatic disturbances, can occur due to bioturbation by earthworms (Lavelle and
Pashanasi 1989) and termites, and deep root system development (Lorenz and Lal
2005).

There are several factors which enhance SOC pool upon conversion to a restora-
tive land use and adoption of recommended management practices (RMPs). In
general, structurally-active soils have a higher SOC capacity than structurally
inert soils (e.g., Kaolinitic clay, low surface area, low aggregation, etc.). Soils
developed on terrains that are not prone to erosion and which create favor-
able soil moisture and temperature regimes sequester more SOC than those
highly susceptible to erosion. Land use is an important factor. In general, a
perennial land use which causes less soil disturbance and adds higher biomass
amount enhances SOC pool more than seasonal crops. Ecosystems with high
NPP, continuous ground cover and less disturbance have high SOC pool, and vice
versa.

Sequestration of Soil Inorganic Carbon

The SIC pool is important in soils of arid and semi-arid climates (Schlesinger 1982,
1997), and mostly comprises of carbonates, including calcite, dolomite, aragonite
and siderite. Formation of secondary or pedogenic carbonates is an important mech-
anism of soil C sequestration. Monger (2002) describes four mechanisms of for-
mation of secondary carbonates: (i) dissolution of existing carbonates in the upper
layers, translocation onto the sub-soil, and reprecipitation with cations added from
outside the ecosystem (Marion et al. 1985), (ii) rise of Ca*? from shallow water
table by capillarity and subsequent precipitation in the surface layer through reac-
tion with carbonic acid formed through dissolution of CO; in soil air (Sobecki and
Wilding 1983), (iii) carbonate dissolution and reprecipitation in situ with addition
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of cations from elsewhere (Rabenhorst and Wilding 1986), and (iv) carbonate for-
mation through activity of soil organisms (e.g., termites and micro-organisms)
(Boquet et al. 1973; Monger et al. 1991; Zavarzin 2002). The depth of formation of
secondary carbonates increases with increase in mean annual precipitation, being
shallow in arid and deep in semi-arid and sub-humid climates. The depth of leach-
ing may depend on soil pH, amount of infiltrating water and the concentration of
carbonates in the soil horizons. The deposition of secondary carbonates may occur
near subtle textural break in the lower solum (Schaetzl et al. 1996). The boundary
zone may have unique pedologic characteristics (Allen and Hole 1968). In some
soils, the depth of formation may be 1 m or even deeper, especially if active organic
matter is deposited in the sub-soil layers by plants characterized by a deep root
system. The dissolution of CO; into carbonic acid increases with increase in easily
decomposable biomass in the sub-soil either from decaying roots (e.g., grasses)
or addition of biosolids (e.g., crop residues, compost, etc.). In all four processes
outlined above, the cations (Ca*2, Mg*?) must come from outside the system either
through weathering of bed rock, fertilizer use, irrigation, water runon, dust depo-
sition or applications of biosolids, etc. Increase in activity of soil micro-organisms
and termites is also important. Indeed, visible accumulations of secondary carbon-
ates are common where carbonate films, threads, concretions and pendants occur
below peds and especially around roots (Gillam 1937; Sherman and Ikawa 1958;
Wilding et al. 1990; Schaetzl et al. 1996).

Lundi et al. (2003) measured the rate of formation of secondary carbonates in the
Boreal grassland and Boreal forest regions of Saskatchewan, Canada. The rate of
carbonate-C accumulation was 10 to 15 Kg/ha/yr. They also observed that prairie
soils sequestered 1.4 times more C in the form of pedogenic carbonates than as
organic matter. In northern China, Qi et al. (2001) also reported that the SIC pool
was 1.8 time the SOC pool in soils prone to desertification.

Leaching of carbonates into the ground water is another mechanism of SIC
sequestration. The rate of leaching may be as high as 0.25 to 1.0 Mg C/ha/yr
(Wilding, 1999). This mechanism is especially important when waters unsaturated
with Ca (HCOs;), are used for irrigation. This mechanism is extremely relevant to
275 Mha of irrigated cropland in arid and semi-arid regions of the world. Adoption
of RMPs which enhance crop yields and reclaim salinized soils (e.g., use of gypsum,
application of compost and other biosolids) accentuate leaching of biocarbonates,
especially if irrigation water is not saturated with carbonates.

Application of lime on acidic soils is another important factor which needs to
be addressed with regards to SIC dynamics in agricultural soils. USEPA (2003)
estimated that 2.4 TgC is emitted annually from U.S. cropland through application
of lime primarily due to dissolution of lime under acidic soil conditions. In addition,
production and transport and spread of lime requires 38 Kg C/ha/yr (West and
Marland 2002). However, a significant proportion of dissolved lime on agricultural
soils may be leached out, eventually transported into the ocean and resequestered.
West and McBride (2005) used IPCC (2000) data and reported that net emissions
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from application of lime on agricultural soils is 0.12 and 0.13 Mg C per Mg of
limestone and dolomite, respectively.

The role of SIC sequestration on soil C dynamics in relation to the climate
change is less understood than that of SOC sequestration. There is a strong need to
assess the formation of secondary carbonates, the magnitude of leaching and the
impact of land use and management on overall SIC dynamics.

Carbon Sequestration in Wetlands and Peat Soils

Wetlands cover only 4 to 5% of the land area of the earth (Mathews and Fung 1987).
Yet, global wetlands comprise the largest pool of stored SOC (Eswaran et al. 1993)
and contain 400 to 500 Pg of C or about 20% of the total soil C pool of 2500 Pg
(Gorham 1991; Maltby and Immirzi 1993). Therefore, SOC dynamics in wetlands
can strongly impact the global C cycle. Presently, wetlands are a small sink for
atmospheric CO, (Gorham 1991), but a major source of CHy (Fung et al. 1991).
Conversion of wetlands into agricultural ecosystems have drastically disturbed the
biogeochemical cycles. North America contained 20 Mha of wetlands prior to Eu-
ropean settlement. However, 50% of the wetlands in the Prairie Pothole Region of
the U.S. and 71% of that in Canada may have been drained for agriculture (Mitsch
and Gosselink 2000). Chimner et al. (2002) reported that simulated drying predicted
an average C loss of 70 g C/m?/yr. Consequently, restoration of wetlands can en-
hance SOC pool. Being a highly productive ecosystem, restored wetlands can be a
large sink for atmospheric CO,. However, the rate of SOC sequestration in restored
wetlands may be more in continuously flooded than seasonally inundated wetlands.
Similar to uplands, the rate of SOC sequestration in wetlands also depends on avail-
ability of nutrients, especially N, and can be as much as 0.8 Mg C/ha/yr (Gleason
2001). Restored wetlands are not an exact replacement of natural wetlands in terms
of biogeochemical processes such as denitrification potential (Hunter and Faulkner
2001; D’ Angelo et al. 2005). Denitrification rates increase in response to increased
inorganic N loading of agricultural run on (Poe et al. 2003). Restored wetlands
may also be a less important source of CH4 and N, O, both of which are extremely
potent greenhouse gases with global warming potential of 21 and 310, respectively.
The diminished emission of CH4 and N,O may be due to low runon of N and P,
especially if the watershed area surrounding the wetlands is not cultivated. There-
fore, restoration of drained wetlands creates an important sink for sequestration
of atmospheric CO,, and must be given a high priority in any strategic land use
planning. Cultivation of peatlands in the U.S. is practically negating all the benefits
of SOC sequestration through no-till farming. Peat moss extraction exposes deep
peat and accentuates mineralization (Glatzel et al. 2004). Cultivation of peatlands
and moss harvesting must be strongly discouraged. Peatland management is also
being linked to the Kyoto Protocol (Roulet 2000).
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Figure 3. Strategies for soil carbon sequestration (IPM = Integrated pest management, INM =
Integrated nutrient management).

Management of Soil Carbon

The strategy of soil C management is to increase the amount of crop residues and
biosolids to the soil surface through: (i) minimizing soil disturbance, (ii) providing
continuous ground cover, (iii) strengthening nutrient recycling mechanisms, (iv)
creating a positive nutrient balance, (v) enhancing biodiversity, and (vi) reducing
losses of water and nutrients out of the ecosystem. There are three principal options
to achieve these: (i) converting degraded lands to perennial vegetation, (ii) increas-
ing net primary productivity (NPP) of agricultural ecosystems, and (iii) converting
plow tillage to no-till farming (Figure 3).

Degraded lands may involve either agriculturally marginal lands (e.g., too shal-
low, too steep, too wet, too dry, too rocky, or physically inaccessible) or soils which
have been degraded by a multitude of factors leading to decline in soil’s physical,
chemical or biological quality. Principal degradation processes include soil erosion
by water and wind, decline in soil structure leading to crusting and compaction,
salinization, nutrient/elemental imbalance, water imbalance (inundation, drought)
or invasion by obnoxious species. The objective is to establish a perennial land
use, increase productivity of agricultural ecosystems (e.g., crops, pastures) through
adoption of RMPs, and conversion of plow tillage to no-till farming. The rate of
soil C sequestration is 300—350 Kg/ha/yr through conversion to a perennial land
use (Post and Kwon 2000). Soil disturbance, such as plowing, reduces the SOC
pool (Angers et al. 1995, 1997; Reeves et al. 1997; Dao 1998; Needleman et al.
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1999; Clapp et al. 2000). Conversion of plow tillage to no-till increases SOC pool,
especially in the surface layer (Allmaras et al. 2004; Puget and Lal 2005). There are
several factors which affect SOC sequestration in a no-till system. The global mean
rate of SOC sequestration for conversion from plow tillage to no-till is 400—600
Kg/ha/yr (West and Post 2002), and 100-200 Kg/ha/yr for intensification of agri-
cultural ecosystems (Lal et al. 1998). Conversion of plow tillage to no-till is more
effective in C sequestration in soils of lighter than heavier texture (Puget and Lal
2005; Wander et al. 1998; Ellert and Bettany 1995). Other factors which influence
SOC sequestration include the quality and quantity of biomass returned to the soil
surface as mulch (Huggins et al. 1998; Duiker and Lal 1999), and the antecedent
SOC pool (Campbell et al. 1991). In addition to texture, the rate of SOC seques-
tration upon conversion to no-till farming also depends on landscape position and
slope gradient (Hao et al. 2002). The SOC sequestration is more on gentler than
steeper slopes, and on middle and lower slopes than summit positions.

Conversion to no-till farming is an important strategy for off-setting anthro-
pogenic emissions by 2050 (Pacala and Socolow 2004). However, its effectiveness
depends on the quality of crop residue mulch returned to the soil (Sa et al. 2001).
In no-till systems where the biomass input is less than the output (by decompo-
sition, leaching, residue removal), the SOC sequestration rate may be negative.
The rates of the SOC sequeatration for no-till farming in diverse ecosystems vary
widely among ecosystems and range from 0 to 1000 Kg/ha/yr (Lal 2003a; Lal et al.
1998; Sa et al. 2001; Post and Kwon 2000; West and Post 2002; West and Marland
2002). Forage-based crop rotations and complex cropping systems play an impor-
tant role in tillage-induced changes in soil carbon sequestration (Jarecki and Lal
2003). There is a strong synergism between crop residue management and no-till
farming. Effectiveness of no-till farming in erosion control, moisture conservation
and SOC sequestration depend on the use of crop residue as mulch. However, crop
residues are also being considered as potential feedstock for ethanol production.
Removal of crop residues from agricultural soils can impact soil C budget. Readers
are referred to detail discussion on the energy balance of removing residues for
ethanol production by Weiss (2004), Kim and Dale (2004), Shapouri et al. (1995,
2002), Pimentel (2003), Pimentel et al. (2004), Sheehan et al. (2004), Wilhelm et
al. (1986, 2004), Lal (2004b), Lemur and Lal (2005); Liebig et al. (2005) and Kim
and Dale (2004).

Soil Erosion and Carbon Dynamics

Accelerated erosion plays an important, but less recognized, role in the global C
budget. The direction and magnitude of the impact, however, can be determined
by understanding the basic processes involved and their effects on SOC dynamics.
Soil erosion is a four stage process. The SOC pool is affected through alterations
in ecological conditions at each of these stages. The net effect of the accelerated



CARBON MANAGEMENT IN AGRICULTURAL SOILS 313

erosion is to decrease the ecosystem C budget (ECB). Net decrease in the ECB is
attributed to: (i) decline in soil quality on site with an attendant reduction in NPP,
(i) decline in SOC pool on site, (iii) breakdown of soil aggregates due to rainfall
and runoff impact and exposure of the soil organic matter hitherto encapsulated and
physically protected to microbial attack, and (iv) prevalence of methanogenesis and
nitrification/denitification processes at the depositional site leading to emissions of
CH4 and N;O. However, clay and SOC transported into the aquatic ecosystems
and depressional sites may be re-aggregated through formation of organo-mineral
complexes. The rate of decomposition in aquatic ecosystems is also low either due
to the inundation or deep burial. However, deposition is only one of the four stages
of erosion. The overall effect of all four stages of erosional process is a net reduction
in ECB with attendant emission of CO,, CH4 and N,O into the atmosphere. Lal
(2003) estimated the erosion-induced emission of CO, into the atmosphere at 0.8—
1.2 Pg C/yr compared with burial of 0.4-0.6 Pg C/yr into the ocean. Therefore,
adoption of conservation-effective measures at global scale may avoid emission of
CO; into the atmosphere, while reducing the severity and magnitude of anoxia in
the coastal ecosystems (e.g., Gulf of Mexico) (Snyder et al. 2001; Ferber 2001).
However, some researchers (especially sedimentologists) argue that oil erosion
represents a net sink (Stallard 1998; Smith et al. 2001; Van Oost et al. 2005). The
hypothesis that soil erosion is a C sink is based on the assumption that the burial of
SOC on depositional areas reduces the decomposition rate, and the SOC removed
at the eroded sites is replaced by newly produced SOC through photosynthesis
and biomass return. The replacement of SOC on eroded sites, however, is a slow
process and the time lag between removal and replacement must be considered.
Nonetheless, these two contradictory views need to be objectively addressed and
resolved through innovative experimentation.

Agricultural Practices and Anthropogenic Emissions

Agriculture is the largest terrestrial biome occupying as much as 35% of the earth’s
land area (Ramankutty and Foley 1999; Asner et al. 2004). Land use, land use
change and forestry contribute 25% of the CO,, 50% of the CH4 and 70% of the
N,O emitted into the atmosphere annually (IPCC 2001). Further, the SOC pool
of most soils is below their potential level because of the severe depletion caused
by historic land use based on extractive soil management practices. Two important
factors responsible for emission of CO, and depletion of SOC pool are plowing
and soil erosion. Thus, conversion of plow tillage to no-till farming, involving a
frequent use of cover crops in the rotation cycle along with adoption of integrated
nutrient management (INM) and integrated pest management (IPM) strategies are
practices which restore the SOC pool. Emission of N,O is primarily related to use
of nitrogenous fertilizers and biomass burning. Through adoption of a judicious
land use and RMPs, however, agricultural lands can be a major sink for CO, and
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CH; and also a reduced source of N,O. The global potential of SOC sequestra-
tion is 0.6 to 1.2 Pg C/yr (Lal 2004a), which is equivalent to off-setting about
15% of the global CO, emissions. Controlling soil erosion and restoring degraded
soils and ecosystems is an important strategy of maintaining/enhancing its SOC
pool.

Residence Time or Permanence of Sequestered Carbon

The leakage of C sequestered in soil is often discussed in terms similar to seques-
tration of CO, injected in geological strata. The SOC sequestration is a natural
process and is subject to leakage if the recommended land use and soil manage-
ment practices are discontinued. Long-term maintenance of restorative practices is
essential to the permanence of SOC sequestered. The residence time of SOC can
be enhanced through: (i) returning of the crop residues and other biosolids at a rate
in excess of the rate of decomposition, (ii) minimizing soil disturbance by plowing
or other human activities, (iii) incorporating SOC in sub-soil occurs through deep
root system development and bioturbation, (iv) meeting nutrient requirements (for
N, P, S), and (v) creating soil conditions (e.g., clay content, landscape position)
conducive to maintaining the inherent C sink capacity. It is also suggested by some
that periodic soil inversion following 10 to 20 years of continuous no-till, may be
useful in burying the soil enriched with SOC and bringing to the surface sub-soil
containing lower SOC pool and having a potential sink capacity. This concept needs
to be validated for identifying specific ecosystem niches where it may be applicable.

Hidden Carbon Costs of Agricultural Practices

There are large hidden C costs of RMPs (Lal 2004c), especially fertilizers, irrigation
and pesticides. Several researchers argue that these costs must be deducted from the
SOC sequestered to assess the net sequestration rate (Schlesinger 1999; Robertson
et al. 2000). However, it is a question of choosing a baseline. For example, hidden
C cost in no-till vs. plow tillage may be the same because of similar rates of
input in both systems. Furthermore, adoption of RMPs is intended for enhancing
the production of food, fiber, forage and fuel from agricultural soils than for SOC
sequestration per se. Land managers are not using input for SOC sequestration but to
enhance productivity and the profit margin (Lal et al. 2003). This strategy is termed
a win-win option because SOC sequestration is a by-product of the necessity of
agricultural intensification for meeting demands of the increasing world population.



CARBON MANAGEMENT IN AGRICULTURAL SOILS 315

Geological Versus Terrestrial Carbon Sequestration

There are two principal strategies of CO, sequestration: (i) biotic and (ii) abiotic.
Biotic sequestration involves capture of atmospheric CO, by chlorophyll bearing
plants through the natural process of photosynthesis. Annually, about 120 Pg of
atmospheric CO,-C is photosynthesized into carbohydrates and other organic com-
pounds. The photosynthetic plants may be terrestrial or aquatic. The photosynthetic
process can be managed through choice of plant species, nutrient application, and
alleviation of other soil and environmental constraints so that the NPP can be in-
creased and the total ecosystem carbon pool enhanced. Nutrient management of
terrestrial plants was responsible for bringing about a quantum jump in global
agricultural production during the second half of the 20th century. The impact of
oceanic fertilization on sequestration of atmospheric CO, in aquatic biota, how-
ever, has been a debatable issue and an inconclusive option (Chisholm et al. 2001;
Johnson and Karl 2000).

In addition to advancing global food security, the terrestrial C sink plays a major
role in the global C cycle. It is strongly believed that the so-called missing C is
absorbed in some terrestrial sinks (Fung 2000, Pacala et al. 2001; Scholes and Noble
2001). The implementation of the Kyoto Protocol in 2004 has enhanced the interest
in the terrestrial C sink, of which soil C sequestration is an important component.

The knowledge of the global C cycle of individual components of the Earth’s
system (ocean and the terrestrial ecosystems) indicate that natural processes can-
not absorb enough of the anthropogenic emissions of CO, to effectively mitigate
the projected global warming (Falkowski et al. 2000). Therefore, geochemists and
engineers argue that chemical and engineering techniques may be necessary to
stabilize the atmospheric CO, concentration at a desired level. Achieving carbon-
neutral energy by 2050- must rely on chemical and engineering techniques of
CO, sequestration (Lackner 2003). The abiotic or engineering sequestration in-
volves injecting CO; into reservoirs in which it may displace or mobilize oil or
gas. However, oil and gas wells have a limited capacity, and this is not a true se-
questration because the source of CO, is the underground oil wells rather than
the atmosphere. Injecting CO,, collected from the stack of fossil fuel power plants
(Halman and Steinberg 1999), into saline aquifer and deep geologic strata is another
option.

Oceanic injection, similar to that of geologic strata, involves deep injection to en-
sure that CO, remains in liquid form. With natural ocean turnover times of centuries
(Lackner 2003), the residence time is long. Also sequestration in environmentally-
active part of the ocean (top 1000 m) may have numerous adverse effects. Even the
deep injection in ocean can have severe adverse impacts on deep-sea biota (Rivkin
and Legendre 2001; Seibel and Walsh 2001).

Merits and demerits of soil vs. geologic sequestration are outlined in
Table II. It is apparent that soil (and terrestrial) C sequestration may be
economically and environmentally most viable option between 2005 and
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TABLE I

Ecologic and economic benefits of soil organic carbon

On-site benefits

Off-site benefits

1. Improvement in soil quality. 1.
e Increase in available water capacity
e Increase in aggregation
e Increase in nutrient use efficiency

. Improvements in soil tilth

. Decrease in cost of seedbed preparation

. Increase in crop yields 2.

whn A~ W N

. Sustainable use of soil and water

Reduction in erosion

e Decrease in sedimentation

e Reduction in non-point source pollution

e Improvement in water quality

o Benefits to agriculture

e Decrease in economic losses caused by flooding
Soil carbon sequestration

o Decline in net CO; emission

e Improvement in air quality

TABLE II

Terrestrial versus geologic sequestration

Geologic sequestration

Parameter Terrestrial sequestration

1. The process Natural through
photosynthesis

2. Sink capacity Finite (50-100 Pg)

3. Time horizon Immediate, for next 25 to

50 years

4. Cost Negative or low
5. Risks
e Crop yield Improvement

o Human health
e Environmental

e Leakage risk

. Monitoring and verification

. Regulatory measures

None or minor

Positive, it is a
win-win-win situation

None

Simple and economical
methods available

Trading soil C credits,
providing farm
subsidies

Engineering through
capture, compression
and injection

Large

Work in progress, may be
applicable in 10 to 20
years by 2015 to 2020.

Very high (each well is $ 5
million).

High
High

High

Complex and expensive
techniques

Complex legislative and
policy issues

2025 or up to 2050. The geological/oceanic injection techniques may be-
come viable options by 2015 or 2020. In the immediate future, 2005 to
2025, soil/terrestrial C sequestration through natural processes is an important
strategy.
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Conclusion

Soil C sequestration is an important strategy of enhancing soil quality, increas-
ing agronomic productivity, reducing risks of soil erosion and sedimentation, de-
creasing eutrophication and contamination of water, reducing net CO, emission by
off-setting those due to fossil fuel combustion, and mitigating the climate change.
Principal strategies of soil C sequestration are conversion of degraded soils and
agriculturally marginal lands to perennial land use including tree plantations, con-
version of plow-tillage to no-till farming, and restoration of wetlands. The rate of
soil organic carbon sequestration is 300 to 500 Kg C/ha/yr in uplands and 800 to
1000 Kg/ha/yr in restored wetlands. In addition, there is also a potential of seques-
tration of soil inorganic carbon as secondary carbonates. The rate of formation of
secondary carbonates is 10 to 15 Kg C/ha/yr. The leaching of bicarbonates in soils
irrigated with good quality water has a potential to remove 0.25 to 1.0 Mg C/ha/yr
from about 275 Mha of global irrigated land area. The soil C once sequestered
remains in the solum as long as the recommended practices are continued and soil
is not disturbed. Removing crop residue can have adverse impact on soil quality,
water quality, agronomic production and also cause depletion of soil carbon pool.
Soil C sequestration is a bridge to the future until non-carbon fuel options take
effect. While soil C sequestration is not a panacea for all environmental issues, it is
certainly a step in the right direction to restore degraded soils, increase agronomic
yields, improve water quality, reduce erosion along with suspended and dissolved
loads, reduce anoxia in coastal ecosystems, and mitigate climate change through
reduction in net anthropogenic emission of CO; into the atmosphere.
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