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The soil organic carbon (SOC) concentration of most soils in India is low because of the low
clay contents in alluvial soils of the Indo-Gangetic plains (IGP), coarse-textured soils of southern
India, and arid zone soils of north-western India (Dhir et al., 1991).  These soils have been
cultivated for centuries, and often with low off-farm input, based on systems that involve removal
of crop residue and dung for fuel and other purposes. The prevalent low levels of SOC concentra-
tions are also attributed to soil-mining practices of excessive tillage, imbalance in fertilizer use,
little or no crop residue returned to the soil, and soil degradation (Lal, 2004).  Hence in India, the
importance of organic matter addition was considered so important that numerous studies with
organic manures were conducted in seventies. 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 nitrogen (N) only (Katyal, 1993; Tandon, 1997).
In long term experiments, the symptoms of ‘fatigue’, witnessed by stagnating or declining yields
in intensive rice-based systems of IGP (Ram, 1998; Dawe et al., 2000; Duxbury et al., 2000; Ladha
et al., 2003) is often attributed to decline in soil organic matter (SOM) quality and quantity (Dawe
et al., 2000; Yadav et al., 2000; Ladha et al., 2003). Long term studies have shown that practices
like improved fertilizer management, manuring and compost application, residue incorporation,
crop rotation, green manuring, reduced tillage, adjusting irrigation method and restoration of
waste land enhanced soil carbon build up and storage (Kimble et al., 2002). These practices not
only promote sustainable agriculture but also mitigate the impact of climate change through both
carbon sequestration and minimized emissions of greenhouse gases (GHGs). A single land use
or management practice will not be effective at sequestering carbon (C) in all regions (Lal et al.,
1998). The cropping systems and the management practices 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). In recent years, extensive
attention has been paid to the sustainability and the effects of crop management practices on soil
organic carbon dynamics and its sequestration in rice-wheat systems of IGP which is one of the
largest production systems in the world.

Indo-Gangetic Plains
The name Indo-Gangetic Plains (IGP) is derived from the two river systems in the region Indus

and Ganges. The IGP of India extends from 21°45’ to 31°0’ N latitude and from 74°15’ to 91°30’ E
longitude and in India includes mostly the states of Punjab, Haryana, Delhi, Uttar Pradesh,
Bihar, West Bengal and the northern parts of Rajasthan and Tripura, covering a total area of 43.7
m ha, i.e. 13% of the total area of the country. The IGP in India is relatively homogenous in
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vegetation but can be subdivided
into four broad transects-the
Trans (in the Indian Punjab and
Haryana), Upper- (in the West-
ern UP) Middle- (in the Eastern
UP and Bihar), and Lower (in
eastern India, West Bengal)
Indo-Gangetic Plains (Fig. 1)

Climate in the IGP is domi-
nated by the summer monsoon
but varies strongly, going from
west to east. The mean annual
rainfall varies from 500-800 mm
in the north-western part to as
high as 1500-3200 mm in the
east. Mean annual temperature
in the IGP varies from 22 to 27°C.
Summer temperatures are gener-
ally higher in the north-western
part, reaching daytime tempera-
tures as high as 45°C in June-
July, whereas in winter tempera-
tures may be as low as 4°C. In
the eastern parts of the IGP, maxi-
mum temperatures in summer

reach 38°C and minimum temperatures in winter may be as low as 10°C (White & Rodriguez-
Aguilar, 2001).

Rice-wheat cropping system

Rice-wheat occupies about 7.15 m ha (66%) of the total area of 10.81 m ha of rice-based
cropping in the IGP (Yadav & Subba Rao, 2001). The largest area of the rice-wheat rotation is
found in Trans Gangetic Plains (TGP), followed by Middle Gangetic Plains (MGP) and Upper
Gangetic Plains (UGP), while it occupies a small area in Lower Gangetic Plains (LGP) (0.23 Mha),
mostly including other crops, such as summer rice, jute, gram and vegetables in the rice-wheat
sequence. The rice–wheat (RW) system of IGP is of immense importance for the food security and
livelihoods in India.

The two major cereals in the RW rotation have contrasting edaphic requirements. For rice, soil
is puddled (wet tillage) and kept under continuous submergence. In contrast, wheat is grown in
upland well-drained soil having good tilth. Puddling and transplanting are highly labor, water,
time and energy intensive. The RW rotation creates alternate aerobic and anaerobic environment.

Salinity and sodicity affect a large area of IGP, in excess of 5.5 m ha; of which significant
proportion of the land is utilized for agricultural production, including rice-wheat cropping.
Compared to non-saline and non-sodic soil, SOC levels in these soils are lower, due primarily to
reduced biomass production, hence reduced organic C input, but also to enhanced or similar
organic C decomposition rates, the later is accentuated or maintained by increased dispersion of
aggregates due to sodicity and hence exposure to protected organic C within aggregates, and its
resolution and availability to the bacterial-dominated microbial population. Furthermore, as this
source of SOC is depleted, even microbial biomass carbon (MBC) is utilized, which further re-
duces microbial biomass. Also, the dissolved organic C is subjected to leaching and run off losses
(Wong et al., 2010)

FIGURE 1. Map of India (not to the scale) showing the Indo-
Gangetic Plains
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 Soil organic carbon dynamics under rice-wheat system
In IGP rice in wet season and wheat in dry season are cultivated in sequence, providing an

alternate anaerobic and aerobic conditions round the year. Carbon mineralization was found to
be three times slower under anaerobic than under aerobic conditions (DeBusk & Reddy, 1998).
This slower decomposition rate, because of slower lignin degradation and the associated enrich-
ment of young humus with phenolic compounds released from rice stubble decomposition, par-
tially explains the relatively stronger accumulation of organic matter in wetland soils typical to
rice soils in kharif. With an increasing number of annual irrigated rice crops, the phenolic nature
of the humic acid fraction in soil increases (Olk et al., 1996). Microbial dynamics play a key role
in C and N dynamics, as microbes are the active agents in soil organic natter (SOM) decomposi-
tion. Microbial biomass fluctuates under the influence of varying environmental conditions and
substrate availability. Under aerobic conditions, aerobic microorganisms, especially fungi, domi-
nate the soil microbial biomass and release phenols from decomposing lignin. Anaerobic micro-
organisms also decompose aromatic compounds such as phenols, but use different pathways
(Evans, 1977). The phenolic structures liberated from parent lignin molecules often have a longer
residence time in anaerobic soil than in aerobic soil and thus have more chance of polymerizing
with some other component of SOM; consequently, SOM formed under submerged conditions
undergoes stronger polymerization. Rice residues having higher C: N ratio decompose at slower
rate than the wheat residues.

Soil organic carbon sequestration under rice-wheat system
An emerging concern in RW systems is the reduction in SOC-content and the associated

reduced nutrient supplying capacity. Nambiar (1995) reported that SOC in treatments not receiv-
ing farmyard manure (FYM) declined in some long-term experiments (LTEs) in India, and that
applications of FYM before either crop were effective in building up SOC and boosting crop
yields. In the present rice-based cropping systems, crop residues are either burnt or removed from
the field for stock feed and bedding, roofing and fencing. In India each year 19.6 million tonnes 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, and 2,000 tonnes of phosphorous and 34,000
tonnes of potassium and could be one of the potential options for improving the SOC stocks of
soil. When residues are incorporated into the soil, mineral nitrogen is immobilized during de-
composition, which may reduce nitrogen uptake and yield of the succeeding wheat crop by about
40% (Sidhu & Beri, 1989), whereas the combined use of rice or wheat straw and inorganic fertil-
izer in RW systems can increase the yield of rice and wheat (Mahapatra et al., 1991) and build up
SOC.

Across the different agro-climatic zones of IGP, comparatively higher SOC content was ob-
served in LGP followed by MGP, UGP and TGP, respectively. The higher SOC content in LGP and
MGP over TGP and UGP is due to higher clay content in the soil, low land situation, reduced
conditions due to incomplete drainage and humid climate (Nayak et al., 2012). Organic matter
decomposition proceeds faster in sandy than in clayey soils (Katyal, 2001), while the rate of soil
organic matter decomposition is lessened in lowland rice fields, apparently due to excessively
reduced conditions (Watanabe, 1984). Because of the lack of oxygen under submerged condi-
tions, even a modest oxygen demand for microbial activity can not be met if large pores are filled
with water, resulting in a decreased rate of decomposition (Jenkinson, 1988). Therefore, there is
an incomplete decomposition of organic materials and decreased humification of organic matter
under submerged conditions, resulting in net accumulation of organic matter in soils (Sahrawat,
2004).

Continuous application of NPK for 23–26 year in RW system has resulted in significantly
higher SOC over control in 0–15 cm soil depth across different agro-climatic zones of IGP. Inten-
sive RW system in IGP without application of fertilizers (control) resulted in reduction (22 and
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35% decrease) of SOC concentration over initial value in middle and lower IGP, respectively
whereas at trans and upper IGP, it has more or less maintained the SOC level (Nayak et al., 2012).
As initial SOC concentration was comparatively higher at middle and lower IGP than trans- and
upper- IGP, it would be hard to maintain SOC contents without fertilization and/or organic
matter addition in middle and lower IGP. However, because of very low initial value, the SOC
concentration in the control plot was maintained at trans- and upper- IGP despite declining yield
trend. Application of recommended dose of N–P–K resulted in increased SOC in surface soil over
the initial level at all places except at LGP where a slight reduction was recorded. The higher
stubble and root biomass retention commensurating with higher yield in the N–P–K fertilized
plot might have improved the SOC in surface soil at all sites except at LGP where initial SOC
value was comparatively higher than others. However, compared to unmanured/unfertilized
control, the fields receiving recommended N–P–K fertilizer resulted higher SOC concentration in
surface soil at all the places. Results of other long-term experiments have also shown that with
optimum application of inorganic fertilizers, the SOC content has either been increased
(Purakayastha et al., 2008a; Zhang et al., 2009) or maintained over the years (Biswas & Benbi,
1997). Substitution of 50% N through FYM or crop residue (CR) or green manure (GM) to rice has
improved SOC significantly over NPK treated plots at all the locations. The addition of FYM, CR,
and GM complemented with N–P–K increased the organic carbon content of soil over that achieved
with N–P–K alone, due to additive effect of N–P–K and organics and interaction between them
(Nayak et al., 2012). A similar build up of SOC due to cropping with the application of chemical
fertilizer combined with manure (Rudrappa et al., 2006), paddy straw (Verma & Bhagat, 1992),
and green manure (Yadav et al., 2000) were also reported from long-term experiments. Bharambe
& Tomar (2004) reported an increase in organic carbon content in a RW system when inorganic
fertilizers were applied along with FYM. Many long-term experiments have shown that both
chemical fertilizer and manure application increased the SOC content in the soil, but the in-
creases in SOC were much higher with organic manure (Christensen, 1996; Smith et al., 1997;
Aoyama & Kumakura, 2001)

Using the mass of SOC
in the control treatment as
reference point and num-
ber of years of interven-
tions, Nayak et al. (2012)
estimated the sequestra-
tion rate (rate of net SOC
increase), which varied
from 0.231 to 0.332 t
ha-1yr-1 in N–P–K treated
plot under continuous RW
cropping system in the
different agro-climatic
zones of IGP (Fig. 2).
Among the treatments,
NPK + FYM recorded sig-
nificantly higher seques-
tration rate over all other
treatments across all the
agro-climatic zones except
at LGP and UGP where the
sequestration rate be-
tween NPK + FYM and
NPK + CR were at par.
Their study indicates that

FIGURE 2. Changes in soil organic carbon pool (Mg ha-1 Yr-1) in
different integrated nutrient management system over the control under
different agro-climatic situation in Indo-Gangetic Plains. (Means with
the same lower case letters are not significantly different in different
treatments at same centre; means with the same uppercase letters are not
significantly different in a treatment at different centres). Adapted from
Nayak et al. (2012)
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applications of N–P–K fertilizer with or without organics can sequester carbon in soils at all the
sites of IGP. Response of SOC to carbon input has been controversial (Campbell et al., 2007;
Purakayastha et al., 2008b). Hao et al. (2008) reported that combined applications of inorganic
fertilizers (N–P and N–P–K fertilization) with or without manure can sequester carbon in soils at
most of the sites of northern China. The soil carbon sequestration rates as reported by Nayak et al.
(2012) vary from 0.08 to 0.98 t ha-1 yr-1 in IGP under the NPK, NPK + FYM, NPK + CR and NPK +
GM treatments, which are comparable to those from other studies (Akselsson et al., 2005; Causarano
et al., 2008; Kundu et al., 2007; Hien et al., 2006; Kroodsma & Field, 2006). The soil carbon
sequestration with response to application of fertilizer complemented with organics was higher
in LGP and MGP in humid climate than in TGP and UGP lying in semiarid climate. While
budgeting C stocks in different eco-regions of Asia, Bronson et al. (1998) indicated a possible
conservation or even increase in C stock in soil in the lowland tropics, despite high temperature
prevalent throughout the years, which favours rapid mineralization of C. They opined that this
was due to the relatively slow rate of soil C mineralization under anaerobiosis and also the large
C inputs from nonvascular plants (photosynthetic algal communities) in the soil–flood water
ecosystem. Soils rich in clay may have more potential to sequester carbon than those rich in sand
and silt in the similar climate zone, due to the physical protection of mineral on SOC (Matus et al.,
2008) which also partly explained the higher SOC sequestration rate at LGP having higher clay
percent.

Soil organic carbon sequestration under salt affected 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
IGP (Abrol & Bhumbla, 1971). Afforestation and reclaimation through agroforestry systems have
been reported to increase soil organic matter content and improve the biological properties of
sodic soils (Singh, 1996; Singh & Singh, 1997). Phytoremediation  of sodic soil  of IGP soil can
sequester 0.826 Mg C ha-1 yr-1 under Prosopis juliflora plantations  while intensive cropping of
RW, including the application of  gypsum amendments and optimum nutrient management, can
sequester 0.689 Mg C ha-1 yr-1 (A.K. Nayak personal communication, 18 Feb, 2012). Kaur et al.
(2002) suggested that various land –use system can sequester organic C in the range of 0.2 to 0.8
Mg C ha-1 per year. In long term experiment on a sodic soil, the changes in organic C under four
tree species revealed that Prosopis juliflora is the most efficient species in terms of increasing SOC
accumulation. However, the efficacy of application of amendments especially plant materials in
enhancing SOC status and amelioration of these soils depends on the plant species and their
ability to grow and produce biomass (Qadir et al., 2002). In general, it has been found that the
amelioration of sodic and saline soils through the use of plants in the form of vegetation and crop
residues is a slow process and this process can be enhanced by the application of amendments
such as gypsum to reclaim the sodic soils followed by phytoremediation by cultivating RW.
However, phytoremediation is advantageous that in addition to supplying organic matter, it
provides source of plant nutrients, which are released during their mineralization in the soil.
Moreover, plant roots produce root exudates and mucilages, resulting in increased microbial
activity and microbial products in and around rhizosphere for aggregate formation and stabili-
zation. Growing roots also provide channels for enhanced infiltration and hydraulic conductiv-
ity for rapid leaching of excess salts.

Remediation of even 10% area of salt- affected lands, achieving an estimated SOC sequestra-
tion of 0.2 Mg C ha-1 yr -1 over a 50-year period (approximately 50% of the potential C sequestra-
tion rate), may lead to 0.8 Pg C sequestered in SOC in these soils. Therefore, the potential for salt-
affected soils to sequester SOC is large and significant. It is expected that large proportion of C
sequestration will occur or result in the formation and stabilization of soil aggregates such as
SOM-Ca2+- clay aggregates, and as protected SOC against rapid microbial decomposition. How-
ever, research is required to validate this SOC sequestration mechanism after restoration of salt-
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affected soils, since, besides SOC benefits other benefits occur in improved physical and chemical
characteristics of the soil.

Conclusions
There is a need for more quantitative assessment of the carbon sequestration potential of

agricultural soils of IGP under different management practices for different soil types, climates
and agricultural systems by supporting existing long term cropping system trial sites and by
establishment of new ones where appropriate; quantifying interactions of SOC sequestration
with emissions of GHGs and developing soil carbon models that can account for locally relevant
agricultural management practices. There is also a need for assessment of how rehabilitation
processes affect C cycling and C stocks, and how to maximise the accumulation of C stocks in the
salt affected areas of IGP where SOC stocks are very small.
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