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Following the unprecedented expansion and intensification of agriculture in India, there is
clear evidence of a decline in the organic carbon (OC) contents in many soils as a consequence; on
the other hand it has been reported that good farming practices such as balanced fertilization
and addition of crop residues either maintains or results in build up or depletion of soil organic
carbon (SOC) stock (Swarup et al., 2000; Kong et al., 2005). The process of decline of organic
matter is accelerated by the process of nutrient depletion, soil erosion and other forces of land
degradation. In India, addition of organic matter was considered so important that numerous
studies with organic manures were conducted in early saventies. The primary purpose was to
determine their nutrient equivalence in comparison to chemical fertilizers. Despite the fact that
organic manures contain almost all the essential plant nutrients and produce other non-nutrient
benefits also, their value was principally assessed in terms of N only (Katyal, 1993; Tandon,
1997). The benefits of SOC are linked closely to the fact that it acts as a storehouse for nutrients, is
a source of soil fertility, and contributes to soil aeration, thereby reducing soil compaction. Other
benefits are related to the improvement of infiltration rates and increase in storage capacity for
water. Furthermore, it acts as energy source for soil microorganisms. On the other hand intensive
rice-based systems as reported from long-term experiments are showing symptoms of ‘fatigue’,
witnessed by stagnating or declining yields (Dawe et al., 2000; Narang & Virmani 2001; Ladha et
al., 2003). The depletion of soil fertility, associated with a reduction in quantity and/or quality of
soil organic matter are some of the reasons attributed to this decline in yield (Ram 1998; Dawe et
al., 2003).

Irrespective of its potential benefits to productivity and profitability, organic carbon might be
sequestered by vegetation and soils, as a possible way of mitigating some detrimental effects of
global climate change. Soils, managed agricultural soils in particular, represent a potentially
significant low to no cost sink for greenhouse gases (GHGs) (Lal, 2004a; Pacala & Socolow, 2004).
The great majority of agronomists and soil scientists agree that most agricultural soils can store
more carbon and even a modest increase in carbon stocks across the large land areas used for
agriculture would represent a significant mitigation of GHG emissions. Nevertheless, there are
much uncertainty and debate on the total potential of soils to store additional carbon, the rate at
which soils can store carbon, the permanence of this carbon sink, and best way to monitor
changes in soil carbon stocks (Sanderman et al., 2010).

This chapter primarily discusses global organic carbon stocks with special reference to India,
functions of organic carbon vis-a-vis agriculture, SOC sequestration and GHG mitigation poten-
tial, commoditization of SOC, stability and turnover of SOC, management options to make agri-
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cultural land to store additional SOC along with a summary of field evidence for stocks changes
in India. This is followed by a discussion of some of the difficulties in accurately measuring
change in SOC stocks.

Soil organic carbon
Soils contain large amounts of carbon in both organic and inorganic forms. Organic C is

found in soils in the form of various organic compounds, collectively called soil organic matter
(SOM). Soil organic matter includes all living and non-living organic material in all stages of
decomposition. The turnover rate of SOM varies due to complex physical, chemical and biologi-
cal interactions in soil. World soil estimated up to 1  meter depth comprises about 1550 Pg (Pg =
Petagram = 1 × 1015 g = billion ton) as organic C is about 2 times the atmospheric pool of 780 Pg,
and about 2.5 times the biotic pool of 620 Pg (Lal, 2009). The sheer size of the soil carbon pool and
the annual flux of carbon passing through the soil are two of the reasons that SOC can play a
significant role in mitigating GHG emissions. Historically, approximately 78 Pg C has been lost
from the global soil pool due to land-use conversion for agriculture with approximately 26 Pg
attributed to erosion and 52 Pg attributed to mineralization (Lal, 2004b). These large historic
losses and the concomitant potential to return to pre-clearing SOC conditions are precisely the
reason many researchers believe there is great potential for agricultural soils to sequester large
amounts of atmospheric CO2 relative to current SOC levels.

The Indian situation
Total SOC pool in soils of India is estimated at 21 Pg to 30 cm depth and 63 Pg to 150 cm depth.

The SOC pool in soils of India is 2.2% of the world pool for 1 m depth and 2.6% to 2 m depth (Lal,
2004c). It is home to 1.1 billion or 16% of the world population and also supports 500 million
domestic animals.  The land resources comprises 329 m ha of geographical area with only 161.8
m ha of arable land (11.8% of the world) of which 57.0 m ha (21.3% of the world) is irrigated, 68.5
m ha of forest and woodland (1.6% of the world), 11.05 m ha of permanent pasture (0.3% of the
world) and 7.95 m ha of permanent crops (6.0% of the world). Approximately 12 m ha of land is
under one or more than one form of degradation arising due to water erosion, wind erosion,
salinity, alkalinity, etc.  The large land base has a potential to sequester C and enhance produc-
tivity while improving environment quality. Hence SOC sequestration, is a truly win-win situa-
tion.

Soil organic carbon productivity function and societal value
Soil organic matter  plays an important role in many physical, chemical and biological pro-

cesses in soil; its depletion has numerous adverse ecological and economic consequences. In-
crease in SOC is accompanied by  increase in crop yield and productivity both under fertilized
and unfertilized  field. Soil organic carbon pool is an important component in formation of both
micro- and macro-soil aggregates. The degree of aggregation and the stability of aggregates is
directly proportional to SOC concentration. The role of SOC in the formation of stable soil aggre-
gates has major implications for soil structure and, therefore, on water infiltration, water holding
capacity, aeration, soil strength and resistance to root growth, and surface crusting (Scholes et al.,
1994). In situations where soil moisture or soil strength are major limitations to plant growth, the
greatest impact of SOC can be on these physical components of soil fertility. Because of high
aggregation, soils with high SOC concentration have high available water holding capacity, low
susceptibility to soil erosion, and have low losses of plant nutrients into the ground water. Use
efficiency of fertilizer, irrigation and other input is high in soils with high SOC concentration.
The most important function of SOC in soil is as a reserve of the nutrients required by plants, and
ultimately by the human population. It has a less direct, but nonetheless important effect on
nutrient supply through its influence on cation exchange capacity and on the capacity to adsorb
anions; and these functions have additional important implications for the impact of toxic ions
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and biocidal agrochemicals (Woomer et al., 1994). All other factors remaining the same, soils
with high SOC concentration have more agronomic/biomass productivity than those with low
SOC concentration (Sandhu et al., 1996).

Soil organic carbon sequestration and greenhouse gas mitigation potential
A substantial portion of emitted carbon dioxide (CO2) is sequestered in agricultural biomass

and soil. The potential of agriculture (excluding bioenergy) to absorb large quantities of atmo-
spheric CO2 through soil carbon sequestration which has strong synergy with sustainable agri-
culture is widely being put forward as one of the mitigating options for climate change (Lal, 2002;
Post et al., 2004). Thus, one of the more promising ways to reduce the rate of rise in atmospheric
CO2 is to encourage management policies that promote C sequestration in vegetation and ulti-
mately in soils (Idso & Idso, 2002). Soils of India have lower SOC and hence there is a large sink
capacity for atmospheric CO2 sequestration. The IPCC 2nd assessment report estimated that the
global potential CO2 mitigation by agriculture could be in the range of 0.9–2.5 Gt C yr-1 (Gt = Giga
tone = 1 x 109 t) including 0.5–1.6 Gt C yr-1 from biofuel production, 0.1 Gt C yr-1 from fuel savings
and a limited restoration of previously cultivated wetland soils, the remaining 0.4–0.9 Gt C yr-1

mitigation potential from increased soil carbon sequestration. This does not mean that a seques-
tration potential of several hundreds of Tg C yr-1 would not be worth the trouble to realize, since
such an improved soil humus management provides lots of other agricultural and environmen-
tal benefits and upset some of the GHG emissions from agriculture particularly rice.

It is estimated that globally, over the next century, agricultural soils could sequester 40 to 80
billion metric tons of carbon (Cole et al., 1997). Total potential of SOC sequestration in India is
12.7 to 16.5 Tg C yr-1 including 7 to 10 Tg C yr-1  for restoration of degraded soils and 6 to 7 Tg C
yr-1  for adoption of recommended management practices (RMP) on agricultural soils (Lal, 2004c).
The RMP related estimations are based on eco-region wise extrapolation and the rates of SOC
sequestration from data of long-term experiments reported in the literature (Swarup, 1998). There
could always be a possibility to have forward revision of these figures through adoption of varied
innovative management practices and precision in estimation. The recent works on rate of car-
bon sequestration under different eco-regions in different cropping system with varied soil man-
agement options (Purukayastha et al., 2008; Kundu et al., 2007; Banger et al., 2009; Majumdar et
al., 2008; Padre-Tirol et al., 2007; Nayak et al., 2009; Nayak et al., 2012) are some examples of
technical potential of SOC sequestration. Similarly, different land degradation figure has been
reported by various agencies due to use of different scale and methodologies, the first approxima-
tion of harmonized statistics shows that about 120.72 m ha as waste land and degraded land
(Yadav & Sarkar, 2009), there is a need for its rehabilitation by different land use and soil man-
agement practices which could be an important sinks for carbon.

Soil carbon pools
Soil organic carbon can be partitioned into discrete pools according to its age or the amount of

time it takes to turn over (Jenkinson & Raynor, 1977; Parton et al., 1987). Mean residence times of
these pools are dependent on resistance to decay and the extent of protection against decomposi-
tion. The three main SOC pools are: (i) the active pool, with a turnover time in the order of weeks;
(ii) the slow pool with a turnover time in the order of decades; and (iii) the passive pool with a
turnover time in the order of millennia. The active pool is made up of readily oxidisable materials
including, the microbial biomass carbon (MBC), light fractions of organic carbon (Soluble carbo-
hydrates, extracellular enzyme, water extractable C), and is largely controlled by climate and
residue inputs. About 10 to 30% active fraction is responsible for maintaining soil microorgan-
isms.

 The active soil C pool is most susceptible to soil management practices and  is frequently used
as an early indicator to SOM dynamics due to its faster turnover (Alvarez et al., 1998), so that
changes caused by management or environmental stresses can be detected earlier in this pool
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than in the SOC pool as a whole. This can be particularly important in cases where environmen-
tal conditions change over a relatively short time. The slow and/ or very slow pools contain
moderately decomposable material within macro- and micro aggregates and particulate organic
carbon (POC) of 50 µm- 2.0 mm in size (Parton et al., 1987). The passive or recalcitrant pool
includes humic acid, fulvic acid, humin, organo-mineral complex formed from the turnover of
microbial and slow SOC that are chemically resistant to, or protected from further microbial
degradation (Schimel et al., 1994). Humic substances have a complex aromatic structure. Many of
the carbon components have hydrocarbon-type structures, whose C-C bonds and C-O-C linkages
are difficult to break, and thus are not easily decomposed. Therefore, humic substances represent
C component’s resistance to biological decomposition in soils.

Stability and turnover of soil organic carbon

Three main mechanisms of SOC stabilization have been proposed: (1) chemical stabilization,
(2) physical protection and (3) biochemical stabilization (Christensen, 1996; Stevenson, 1994).
Largely chemical stabilization is the result of physico-chemical interaction of SOC with soil
minerals through the process of cation bridging, ligand exchange and hydrogen bonding. It
depends on various factors, including the characteristics of the organic matter, reactivity and
specific surface of soil minerals, base-cation status, presence of Fe and Al oxides, pH, and redox
conditions (Sollins et al., 1996; Baldock & Skjemstad, 2000; Von Lutzow et al., 2006). Physical
protection of C is intimately tied to processes responsible for creation, turnover, and stabilization
of soil aggregates at multiple, often hierarchical, scales (Tisdall & Oades, 1982; Jastrow & Miller,
1998; Six et al., 2004) which make the substrate spatially inaccessible to microbes and enzymes.
However, its relevance is mainly limited to topsoil horizons. Biochemical stabilization is under-
stood as the stabilization of SOC due to its own chemical composition (e.g. recalcitrant com-
pounds such as lignin and polyphenols) and through chemical complexing processes (e.g. con-
densation reactions) in soil. There is an important class of biochemically recalcitrant compounds,
generically termed black carbon, formed as result of fire (Lehmann et al., 2008) that can constitute
a significant fraction of SOC in most soils.

Soil organic carbon cannot increase forever; it can only reach a certain balanced level (Hassink,
1996). The equilibrium point of SOC over a long time can be affected by many factors including
climate, vegetation type, nutrient availability, disturbance, land use, and management practices
(Six & Jastrow, 2002). Although tropical conditions favor SOC decline, its level seldom reaches a
stage of complete exhaustion. Rather, SOC levels in cultivated soils tend to attain a steady state,
described as a lower equilibrium limit (Buyanovsky &  Wagner, 1998). There is also an upper
limit for SOC that is the equilibrium content typical for a virgin ecosystem. If SOC loss by erosion
is negligible, then SOC level in a properly managed soil fluctuates between these two extremes.
Cultivation alone tends to stabilize the SOC at the lower equilibrium level, but SOC additions and
fertilizer applications tend to shift the equilibrium towards the upper limit.

Hence, similar management practices may result in positive sequestration in one soil that is
far from its maximum C stabilization level, while no change in another soil that is much closer to
its upper equilibrium point. With the same input of organic material in terms of quantity and
quality, clay soils contain more organic matter than sandy soils (Jenkinson, 1988). The annual
change of SOC is equal to the annual mineralization amount minus the annual accumulation.
Thus, a zero annual change of SOC can be interpreted as having reached a balance because total
mineralization must be equal to total accumulation. Therefore, if the actual annual mineraliza-
tion rate can be determined, it is possible to calculate the requirement of organic materials to
reimburse the SOC lost by mineralization in the field, thereby maintaining SOC equilibrium
(Chun-Yan et al., 2006). The mean residence times of SOM vary from less than one year to a few
hundred years, if properly managed, the soil and plant have a significant potential to act as
temporary carbon sinks. The human-induced carbon sinks, however, require a continuous effort,
not only in order to be established, but also to be maintained.
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Mechanism of soil organic carbon sequestration
Soil carbon sequestration refers to the storage of carbon in a stable form. It occurs through

direct and indirect fixation of atmospheric CO2. Direct soil carbon sequestration occurs by inor-
ganic chemical reactions that convert CO2 into soil inorganic carbon compounds such as calcium
and magnesium carbonates. Direct plant carbon sequestration occurs as plants photosynthesize
atmospheric CO2 into plant biomass. Subsequently, some of this plant biomass is indirectly
sequestered as SOC during decomposition processes of aboveground residues, belowground
residues-accumulation of SOC due to the humification after plant death  and rhizodeposition of
root exudates and other root-borne organic substances released into the rhizosphere during
plant growth as well as sloughing of root hairs and fine roots by root elongation. In total, various
rhizodeposits accounting for
up to 7 to 15% of net primary
productivity (NPP) (Swinnen
et al., 1995). Root exudates
probably do not directly con-
tribute much to soil C stocks
as most of these low-molecu-
lar weight exudates have half-
lives of only 20 to 40 minutes
in soil (Boddy et al., 2007). In
addition to this mycorrhizal
fungi also contributes soil car-
bon stocks. Associations be-
tween plant roots and
arbuscular mycorrhizal fungi
(AMF) are ubiquitous in
agroecosytems. Estimates of
the amount of C allocated to
fungal associates range from
4 to 20% of NPP (Graham,
2000) with a large fraction of
this C supporting the growth
of new hyphae which have been estimated to have a turnover rate of days to months, while the
direct contributions to C stocks from hyphal turnover appears small (Zhu and Miller, 2003), the
indirect effects that hyphal growth has on soil structure and aggregate stability can have signifi-
cant impacts on total SOC stocks (Miller & Jastrow, 1990). However, a glyco protein like sub-
stances produced by hyphae termed as glomalin is having very slow decomposition.
Photosyntetically active soil microflora also contribute some of the carbon inputs to the soil. The
amount of carbon sequestered at a site reflects the long-term balance between carbon uptake and
release mechanisms (Fig. 1). Many agronomic, forestry, and conservation practices, including
suitable management practices, lead to a beneficial net gain in carbon fixation in soil.

Commoditization of soil organic carbon
Soil organic matter is therefore one of our most important national resources; its unwise

exploitation has been devastating; and it must be given its proper rank in any conservation
policy. There is a need for determining a just value of soil organic carbon as commodity which
can be traded like any other farm product. Under valuing a resource can lead to its abuse. It is
important to identify criteria for determining the societal value of soil C for soil quality enhance-
ment and ecosystem service, and using it for trading purposes. Carbon credits and its marketing
are one such international attempt to mitigate the growth in concentrations of GHGs by
commoditizing the carbon. Soil and biotic carbon is treated as a tradable commodity under clean
development mechanism (CDM) of the Kyoto Protocol.

FIGURE 1. Schematic diagram of soil carbon sequestration
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Clean development mechanism
Kyoto Protocol 1997 establishes the CDM, an institutional framework for direct foreign invest-

ments in GHG mitigation projects in developing countries. The objective of the CDM is to stimu-
late sustainable development in the developing countries, where the CDM projects will be imple-
mented, the so-called host countries, and to give industrialized countries with high mitigation
costs access to low-cost GHG offsets (formally Certified Emission Reductions, or CERs, in the
Kyoto Protocol) in developing countries. With the CDM, the industrialized countries could count
emission reductions and C-sink enhancement in developing countries against their commit-
ments to reduce their GHG emissions. Recently political pressure to include soil activities under
the Kyoto Protocol has been growing (New Scientist, 1998), even though the issue is a contentious
one for the Parties to the UNFCCC (Nature, 2000). Article 3.3 of the Protocol explicitly mentions
emissions from sources and removals by sinks as a direct consequence of human intervention
affecting land-use changes, deforestation, reforestation and afforestation undertaken since 1990.
Article 3.4 identifies agricultural land as a possible C source which should be included in the
emission inventories that are prepared regularly by the UNFCCC Parties. However, the Protocol
does not include provisions for national crediting for C sequestration in agricultural soils. Dur-
ing the first five-year commitment period (2008-2012) of the Kyoto Protocol, afforestation and
reforestation projects will be eligible for crediting under the CDM. Other sink activities, such as
forest conservation and soil C sequestration, will not be eligible. Still, soil C sequestration could
become eligible for crediting under the CDM during subsequent commitment periods (Ringius,
2001).

 Baseline, permanence and leakage
Baseline establishment is one of the key requirement i.e. carbon emission by sources or reduc-

tion by sinks in the absence of the CDM project. Baseline could be based on the most likely land
use at the start of project. Additionality is defined as how much of the sequestration is a result of
project implementation, beyond the estimated  sequestration that would occur without the project.
Permanence refers to the life span of the sequestered carbon; that is, whether the additional
carbon sequestered at a site can be considered long-term or permanent with a low potential for
later release or re-emission. It is evident that soil C re-accumulation schemes would need to be in
place over long time-scales, raising the issue of whether C stocks are permanent or potentially
reversible. How could stocks be protected against subsequent destructive interference resulting
in losses? In this context, it should be realized that below-ground C normally is more protected
than above-ground C during fire and other destructive events. Moreover, forests might be felled at
a later point, but it is unlikely that agriculture will be reverted back to forests in India. Neither is
it likely that farmers who benefit economically from conservation tillage will switch back to
intensive tillage practices. More work is needed on the question of permanence of soil C seques-
tration. For instance, certain types of contracts may help to reduce the risk of reversal of C seques-
tration (Marland et al., 2001; Ellis, 2001). Carbon sequestration in soils might avoid problems of
leakage because of its potential local benefits. The term leakage refers to the situation where a
project unintentionally shifts an undesirable activity from the project site to another site, for
instance a forest conservation project that prevents deforestation within the project area, and
instead increases deforestation outside this area. However, soil C sequestration  systems are less
likely to create leakage effects because they will frequently be more desirable than alternative
land-use systems.

Soil carbon trading

One carbon credit is equal to one ton of CO2, or in some markets, CO2 equivalent gases. Certi-
fied emission reductions (CERs) are a type of emissions unit (or carbon credits) issued by the
CDM Executive board for emission reductions. Greenhouse gas accounting for soil carbon in
agriculture under the Kyoto Protocol is based on the rate of change in carbon stock. Therefore, if
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conventional practice causes a decline and the new practice reduces the rate of loss, credit can be
earned. This is a real reduction in emissions that could be counted under an emissions trading
scheme.

Though, the Kyoto Protocol does not include provisions for national crediting for C sequestra-
tion in agricultural soils, many Nation States, MNCs invest in carbon sequestration efforts out-
side Kyoto. This meets Corporate Social Responsibility and also legislations as in California that
requires carbon emission reductions or sink enhancement. This ensures the relaxed conditions of
additionality, leakage, low transaction costs. It is estimated that conversion of all crop lands to
conservation tillage in United States could sequester 25 Gt C over next 50 years. Some farmers
have started receiving payments from coal burning utilities in emission trading arrangements
brokered through Chicago Climate exchange (Baker et al., 2007) and payment are based on the
premises that conservation tillage sequester the equivalent of 0.5 t CO2 ha-1 yr-1.  Small and
marginal farmers constitute major chunk of land holders in India. Aggregating small land hold-
ers (1-5 acre farm size) to make a meaningful transaction is a challenge for paying the benefit of
carbon credits. However reputed organization can verify the activity undertaken for C sequestra-
tion or reducing C emission and award the VERs (verified emission reduction), which in turn can
be traded. However there are many questions remained to be answered before soil carbon trading
is reality in agriculture and these are:

a. Will agricultural soils be approved as means to meet GHG  emissions commitments?

b. Will incentives be adequate so that landowners will maintain practices that sequester C?

c. Can incentives be designed so that countervailing C losses aren’t stimulated?

d. How will emissions reductions be integrated into total fabric of agricultural policy?

e. How will international agricultural activities come into play?

Management practices and soil carbon sequestration
The carbon storage below ground in the form of soil organic material may increase agricul-

tural productivity and resilience to climate change. Many promising practices for soil carbon
sequestration have been identified (Kimble et al., 2002). Long term studies have shown that
improved fertilizer management, manuring and compost application, residue incorporation,
crop rotation, green manuring, reduced tillage, adjusting irrigation method, restoration of waste
land and agro-forestry enhance C storage.  These practices not only promote sustainable agricul-
ture but also mitigate the impact of climate change through both carbon sequestration and mini-
mized emissions of GHGs. A single land use or management practice will not be effective at
sequestering C in all regions (Lal et al., 1998). The cropping systems and the management prac-
tices that could provide C input higher than the above critical level are likely to sustain the SOC
level and maintain good soil health in the subtropical regions of the Indian subcontinent (Mandal
et al., 2007). For example, a legume-based cropping system accumulates carbon at a lower rate
than a cereal-based system, as its residues decompose more rapidly, and a soil under continuous
flooded rice (rice-rice) accumulates carbon at a higher rate than under a rice-wheat rotation that
is aerobic for part of the time. Long term experiments on rice based system has shown that
balanced fertilization with NPK, however, caused an enrichment (9.3-51.8% over the control) of
SOC, its extent being influenced by the cropping systems (Mandal et al., 2007). Similarly in long
term rice-wheat experiment conducted in different agro-climatic zones of India, indicated that
application of 50% NPK + 50% N through FYM in rice, 100% NPK in wheat (NPK + FYM),
sequestered 0.39, 0.50, 0.51 and 0.62 Mg C ha-1 yr-1 over control (no NPK fertilizers or organics),
respectively at Ludhiana (Trans Gangetic Plains), Kanpur (Upper Gangetic Plains), Sabour
(Middle Gangetic Plains) and Kalyani (Lower Gangetic Plains)  (Nayak et al., 2012). In India each
year 19.6 m t of straw of rice and wheat are burnt. If used as recycled biomass, this potentially
translates into 3.85 m t of organic carbon, 59,000 tonnes of nitrogen, 2,000 tonnes of phosphorous
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and 34,000 tonnes of potassium and could be one of the potential options for improving the SOC
stocks of soil. Saline and sodic soils are of widespread occurrence in the arid and semiarid
regions of northern India, limiting the productivity of more than 2.5 m ha of otherwise arable
lands in the Indo-Gangetic plains (Abrol & Bhumbla, 1971). Afforestation and reclamation of
these lands through agroforestry systems have been reported to increase SOC content and im-
prove the biological properties of sodic soils (Singh, 1996; Singh & Singh, 1997). When sodic soil
was reclaimed and restored, we estimated SOC sequestration rate of 0.826 Mg C ha-1    yr-1 under
Prosopis juliflora plantations and 0.689 Mg C ha-1 yr-1 under rice-wheat system (A.K. Nayak,
personal communication 18 Feb, 2012). If offset payments to agricultural activities and payments
to the carbon credit gained so in developing countries are allowed under a new climate change
agreement, there is significant potential  for mitigation activities involving land use including
practices such as conservation agriculture, improved nutrient and water management and con-
version of low-productivity crop land to pasture or agriculture and, in some cases, to forests.

Converting harvestable biomass to more recalcitrant C rather than completely combusting it
offers a new approach to terrestrial sequestration as a potential side benefit of bioenergy produc-
tion and is called Biochar or Biomass carbonization. With low-temperature pyrolysis, biomass is
carbonized by heating under low-oxygen conditions while producing liquid and gaseous biofuels.
Since combustion would not be complete, char-like substances would also be produced (Post et
al., 2009). There is a scope for converting 19.6 million tonnes of straw of rice and wheat which are
burnt annually in India into chemically stable forms – through biochar a clean process where
heat and combustible gases are captured and used and C is stored in soil. Recent developments
in genomics  provide an unprecedented opportunity to identify genes, enzymes, biochemical
pathways, and regulatory networks that underline rate-limiting steps in C acquisition, transport,
and fate-and thereby yield new approaches to enhance terrestrial C sequestration. An investment
in these new approaches to increase biomass production in agricultural crops and fast-growing
trees in managed plantations is required to tap the potentials.

Measurement, monitoring and verification of soil organic carbon
To monitor carbon changes in soil and biotic pool, there is a need to improve the accuracy and

costs of soil carbon sampling and measurement methodology. Stocks of organic C in soils are
determined from two variables, namely SOC concentration and bulk density. Determination of
organic carbon concentration is usually done by wet oxidation (Walkley & Black, 1934) or dry
combustion (Wang & Anderson, 1998). The wet oxidation method is known to underestimate the
amount of organic C in most samples so a correction factor needs to be applied. The magnitude of
the correction factor is known to vary across soil types. Despite more accurate methods being
available, the Walkley-Black technique is still used in some laboratories, particularly in India.
Significant progress has been achieved during the past 10 years toward refining, enhancing, and
adapting the method for measuring and monitoring soil carbon sequestration at field and re-
gional scales. It is now possible to measure soil carbon changes as small as 1 Mg C ha-1 in a period
of 3 years (McConkey et al., 2000) or estimate it with the use of simple or complex simulation
models (Paustian et al., 1997; Smith, 2007). Measurement needs to be corrected and the measure-
ment process needs to be unbiased, and more accurate measurements will be more broadly ac-
cepted. Article 3.4 of the Kyoto Protocol states that “uncertainties, transparency in reporting, and
verifiability” should all be accounted for when monitoring carbon sink activities (Smith, 2004).

  Recently several instruments have been developed for in-situ measurements of soil carbon
which include laser-induced breakdown spectroscopy (Cremers et al., 2001), inelastic neutron
scattering (Wielopolski,  2000), and diffuse reflectance IR spectroscopy (Christy et al., 2006) in the
near-infrared and mid-infrared wavelength regions of 400–2500 and 2500–25,000 nm, respec-
tively. Measurement and monitoring approaches using current or advanced methods need to be
integrated to field-level and regional scales using computer simulation and remote sensing on
some dynamic and geographically appropriate basis (Paustian et al., 1997; Smith, 2007). For
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trading purpose uncertainties in measurement, transparency in reporting, and verifiability should
be accounted for when monitoring carbon sink activities.

Monitoring soil carbon changes at the project level are potentially costly and highly variable
in carbon stocks on micro and macro scales due to multiple pools and small incremental changes
anticipated. Hence estimation of soil carbon change could be undertaken by: 1) using SOC stock
change values for specific practices reported in literature based on research studies; or 2) using
process-based models of soil carbon dynamics, parameterised from experimental data; or 3)
through a combination of baseline measurement to assess the vulnerability of soil carbon pools,
and modeling informed by baseline measurements and understanding of the factors driving soil
C dynamics.

Calculation of soil organic carbon stocks

Carbon results are generally reported in metric tons of CO2 equivalents and compared to
reference sample data to determine carbon additionality potential. Equations for conversion of
carbon (C) results to CO2 equivalents (Tian et al., 2009) are as follows:

Where %C = Mean percent  organic carbon over the depth interval & treatment unit of interest

    BD = Mean bulk density (in Mg m-3)

   AD = Soil depth interval of interest (in m)

Conversion to CO2 equivalents in Mg (metric tons) per hectare:

Quantitative and reliable assessment methods of SOC are required to characterize soil prop-
erties and ecosystem functions. Soil organic C is a dynamic pool, and net changes in C sequestra-

tion often are more informative than absolute quantities. It is important to quantify temporal
changes, whether caused by ecosystem development or by management practices, because they
manifest changes in crucial properties of ecosystems (properties of soils) and of the ecosphere
(atmospheric CO2) (Ellert et al., 2002). Soil based approaches typically integrate various pieces of
information, such as (i) temporal changes in SOC at single point, (ii) spatial variation in SOC
distribution and associated cycling processes within landscape, (iii) geographical data on key
variable such as land use, plant cover, soil properties, and climatic regime.

Modelling of soil organic carbon stock changes

Over the years, several review studies on soil carbon dynamics  have been carried out to
establish the state-of-the-art, identify shortcomings in the current modeling approaches for  esti-
mating and projecting SOC changes. Jenkinson (1990) classified SOM models based on the num-
ber of pools as single homogenous, two and multi-component models. Paustian (1994) grouped
multi-component models into organism-oriented and process-oriented, based on soil biology
and biochemical processes. McGill (1996) grouped 10 process-oriented multi-component models
based on relevant attributes, such as their static and dynamic nature, spatial and temporal scale,
soil properties and homogeneity of soil horizons, and effect of microbial biomass on dynamics of
organic matter. Smith et al. (1999) reviewed SOM models for tropical ecosystems, covering model
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use, input requirements, and outputs. Ma & Shaffer (2001) reviewed nine U.S. soil nitrogen dy-
namics models, as did McGechan & Wu (2001) for European models. They compared the descrip-
tions of soil carbon and nitrogen dynamics in these models and the effect of various environmen-
tal factors on these processes. Grace & Merz (2001) classified models based on their main disci-
plinary orientation into ecological or agro-ecosystem models and agricultural or agronomic models,
based on the data used for their calibration. RothC and Century (Cerri et al., 2004), have been
demonstrated for several agricultural systems/ soil type combinations in India and abroad.
Some of the SOM models and their characteristics for predicting SOC changes are given in Table 1.

TABLE 1. Characteristics of various soil organic matter models for predicting soil organic carbon change

Model Land use Pool Component
 system

CANDY Arable 3 OM pool (active, stable, C and N Sub model
inert)

CENTURY Grass land, 2 litter pool (AOM metabolic Forest sub-model,  grass and
arable, forest AOM structural) 3 SOM pool crop sub-model, simulates the

(active, passive, slow) dynamics of C, N, P and S

DNDC Arable 4 OM pool (litter, MBC, active Soil physical environment,
humus, passive humus) plant growth, organic matter

decomposition, and
denitrification

NCSOIL Arable 2 residue pool , 4 SOM pool NCSOIL is a stand-alone model

ROTHC Soil in Same as CENTURY Does not contain a sub-model
various  for plant production
system

SOMM Forest 3 OM pool ( litter, decompose Stand-alone model
dlitter, topsoil humus)

Verberne Grass land 3 FOM pool (decomposable,  Soil water sub-model, soil
structural, resistant), organic matter sub-model,
SOM Pool (nonprotected, and soil N sub-model
protected, stabilised)

Hybrid Ecosystem Same as CENTURY Stand-alone model

ICBM Arable Two compartment model Stand-alone model
does not include plant
processs

OM=Organic matter, SOM=Soil organic matter, AOM = Added organic matter, FOM =Fresh
organic matter

Conclusions
Many of the management options discussed in the paper tend to increase overall sustainability

of existing agricultural systems and as such are required to be adopted in respective agro-ecologi-
cal situations in India. As a society, we will have to assess whether or not it is acceptable to
compromise productivity of certain crops because they are not C neutral or net carbon storing.
Overall, it is suggested that farming practices that increase soil C accumulation without compro-
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mising yield should be encouraged. However many mitigation options in the agricultural sector
have numerous co-benefits in terms of food security, environmental sustainability and farm
profitability, we believe that governmental policies that promote adoption of these best manage-
ment practices should be pursued regardless of the final status of agricultural soils in any carbon
pollution reduction scheme. Continued efforts should be made for evaluating different agro-
technologies having high sequestration potential and low global warming potential without
compromising the yield. Due to the complex nature of agriculture in India, quantitative predic-
tions of SOC sequestration rates will likely always entail a large degree of uncertainty. For proper
accounting at regional and national scale, there is a need for robust modeling coupled with
detailed measurements in representative systems combined with verification of management
practices and yields via reporting and remote sensing with some economic discounting to factor
in verification uncertainty. Developing mechanisms and procedures for carbon trade negotia-
tions and formulation of protocols under CDM projects for making other sink activities in our
country such as forest conservation and soil C sequestration eligible for carbon credit is needed
so that the farmers and land managers can be benefited and this  can futher be extended to cover
degraded and desertified soils. The political and economic problems associated with implement-
ing soil C sequestration programs and its trading worldwide needs to be studied.
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