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Chapter 1 

CARBON SEQUESTRATION IN SOILS  

Dinesh K.Benbi 

E-mail: dkbenbi@gmail.com 

Soils constitute the largest pool of actively cycling carbon (C) in terrestrial ecosystems 

and stock about 2000 Gt C (to a depth of 1m) in various organic forms ranging from recent 

plant litter to charcoal to very old, humified compounds and 800 to 1000 Gt as inorganic carbon 

or carbonate carbon. The total quantity of CO2-C exchanged annually between the land and 

atmosphere as gross primary productivity is estimated at ~120 Gt C yr-1 and about half of it is 

released by plant respiration giving a net primary productivity of ~60 Gt C yr-1. Heterotrophic 

soil respiration and fire return ~60 Gt C yr-1 to the atmosphere. However, there is an imbalance 

between emissions and uptake, caused by anthropogenic activities leading to increased 

concentration of CO2 in the atmosphere. The global carbon budget shows that as compared to 

atmospheric increase of 3.1 Gt C yr-1 in 1990s the atmospheric load increased at a rate of 4.3 

Gt C yr-1 during the years 2002 to 2011 (Table 1). The CO2 emission in India increased 4-fold 

and accounts for ~4.5% of global emissions. Land use changes and management are estimated 

to contribute 6% to 39% of the CO2 growth rate.   

 

Table 1 Global carbon budget (Gt C yr-1) during 1990s and 2002-11. Errors represent ± 

standard deviation. Positive fluxes indicate emissions to the atmosphere and negative 

fluxes are losses from the atmosphere (sinks) 

 1750-2011 Gt C  1990-99 Gt C yr-1 2002-11 Gt C yr-1 

Atmospheric 

increase  

240 Ñ 10  3.1 Ñ 0.2  4.3 Ñ 0.2  

Fossil fuel 

combustion & 

cement production  

375 Ñ 30  6.4 Ñ 0.5  8.3 Ñ 0.7  

Ocean to 

atmosphere flux  

-155 Ñ 30  - 2.2 Ñ 0.7  - 2.4 Ñ 0.7  

Land to atmosphere 

flux  

   

Land use change   180 Ñ 80  1.5 Ñ 0.8  0.9 Ñ 0.8  

Residual land sink  - 160 Ñ 90  - 2.6 Ñ 1.2  - 2.5 Ñ 1.3  

 

Several strategies have been advocated for stabilizing atmospheric abundance of CO2. 

The three main strategies to lower CO2 emissions include reducing the global energy use, 

developing low or no-carbon fuel, and sequestering CO2 through natural and engineering 

techniques. The engineering technology is at development stages and is not mature enough for 

routine use. Therefore, C sequestration in soil and vegetation is viewed as a viable option. 

Since, the Kyoto Protocol provides for C sequestration through Clean Development 

Mechanisms, the option has attracted particular attention worldwide. 

 

Soil carbon stocks 

 The agricultural soils in India are low in organic carbon, which may be attributed to 

excessive tillage, imbalanced fertilizer use, little or no crop residue recycling, and severe soil 

degradation. Total organic carbon pool in soils of India is estimated at 21 Gt to 0.3 m depth 

and 63 Gt to 1.5 m depth (Velayutham et al., 2000), which represents ~3% of the world pool 
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and 10 to 12% of the total C stocks in the tropical regions. There has been a decrease of 30 to 

60% in soil organic carbon (SOC) concentration of cultivated soils. Total soil inorganic carbon 

(SIC) pool in soils of India is estimated at 196 Gt to a depth of 1 m (Pal et al., 2000) as compared 

to 722 Gt in world soils (Batjes, 1996). Therefore, the SIC pool in soils of India comprises 

about 27% of the worldôs total SIC. The SIC pool is generally high in calcareous soils that 

cover 54% of the geographical area of the country. The accumulation of organic carbon in soils 

is related to climatic conditions, (temperature and precipitation). Accordingly, the soils of arid 

and hot eco-regions have low SOC.  Such stock of SOC is again influenced by soil type 

particularly the clay content.  In the Indo-Gangetic Plains (IGP) of India covering 43.7 m ha 

area, total organic and inorganic C stocks to a depth of 1m are estimated to be 1.56 and 1.96 

Gt, respectively (Bhattacharyya et al., 2004). The carbon stocks are higher in the surface soils 

of hot semi-arid and hot subhumid moist agro-ecological regions (AERs 4 and 13) followed by 

hot arid, hor sub-humid, dry and hot sub-humid (AERs 2, 9 and 15). The contribution of SOC 

stock in the overall total carbon stock decreases with depth and SIC stock increases. The most 

conducive condition favouring accumulation of organic carbon in soils of the IGP is humid to 

per-humid climate with a cool winter for 2-3 months. 

 

Strategies for C sequestration in agro-ecosystems 

Agro-ecosystems can play an important role in mitigating CO2 emissions through biotic C 

sequestration in soils and vegetation. Because of historic losses of C from soils, estimated to 

be 41 to 55 Gt, the soils now offer an opportunity for carbon storage. The carbon sequestration 

potential of a soil depends on climate, the type of vegetation it supports, the nature of parent 

material, the depth of solum, soil drainage, the edaphic environment, soil organic matter (SOM) 

content and its decomposability and land management practices (Benbi and Nieder 2009). 

Improved management of agro-ecosystems can significantly enhance C sequestration in soils. 

Management practices or technologies that increase carbon input to the soil and reduce C loss 

or both lead to net carbon sequestration in soils (Table 2). Increased C input in agro-ecosystems 

can be achieved in a number of ways such as selection of high biomass producing crops, residue 

recycling or residue retention by lessened tillage intensity, application of organic materials (e.g. 

animal manure, compost, sludge, green manure etc.), adoption of agroforestry systems, 

intensification of agriculture through improved nutrient and water management practices, 

reducing summer or winter fallow, changing from monoculture to rotation cropping, and 

switching from annual crops to perennial vegetation. Soil carbon loss could be decreased by 

adopting conservation agriculture and minimizing soil disturbance, checking erosion through 

reduced tillage intensity, and using low quality organic inputs.  

Table 2 Strategies for C sequestration in agricultural soils 

Increase input Decrease output 

Increasing crop productivity Erosion control 

Diversified crop rotations Reduced or no tillage 

Higher return of crop residues Mulch farming 

Increasing use of organic manures Reduced bare fallow 

Green manuring Input of low quality organic material 

Intensive cropping  

Elimination of fallow  

Agroforestry systems  

Improved irrigation   

Greater root biomass  

Depth placement of carbon  

Switching from annual crops to perennial 

vegetation 
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Globally, potential for C sequestration in soils over 50 year period has been estimated to 

be 24-43 Gt C through improved management of existing agricultural soils, restoration of 

degraded lands, permanent set-asides of surplus agricultural lands in temperate developed 

countries and restoration of 10-20% of former wetlands now being used for agriculture. This 

would correspond with about 9-12% of the anthropogenic CO2-C produced annually. The 

potential of soil carbon sequestration in India is estimated at 39 to 52 Tg C yr-1, which includes 

restoration of degraded soils (7.2-9.4 Tg C yr-1), and reduction in erosion-induced emission of 

C (4.3-7.2 Tg C yr-1) (Lal, 2004). Pedogenesis of secondary carbonates play a significant role 

in C sequestration (21.8-25.6 Tg C yr-1) through formation of CaCO3 or MgCO3 and leaching 

of Ca(HCO3)2 especially in irrigated systems. The rate of formation of secondary carbonates 

may range from 30 to 130 kg ha-1 yr-1 (Pal et al 2000). In India, more than 100 million hectares 

are classified as degraded and greatly depleted in SOM; 35% of this area is classified as salt-

affected wasteland. It has been suggested that only by reclamation of salt-affected wasteland 

in India, up to 2 Gt C could be sequestered. There is a considerable uncertainty in the estimates, 

concerning both C flux rates and soil C storage capacity. Since soils have a finite capacity to 

store additional C, the total amount of C sequestered and the estimates thereof depend on the 

time horizon considered. Further, permanence of C sequestered in soil depends on the 

continuation of the recommended management practices. 

Technological options that have been found to be efficient for soil C sequestration in Indian 

agro-ecosystems include integrated nutrient management and manuring, crop residue 

incorporation, mulch farming and/conservation agriculture, agro-forestry systems, grazing 

management, choice of cropping system and intensification of agriculture. Integrated nutrient 

management involving addition of organic manures/composts along with inorganic fertilizers 

results in improved soil aggregation (Benbi et al., 1998) and greater C sequestration especially 

in macro-aggregates (Benbi and Senapati, 2010; Sodhi et al, 2009).  Incorporation of organic 

manures induces decomposition of organic matter where roots, hyphae and polysaccharides 

bind mineral particles into micro-aggregates and then these micro-aggregates bind to form C 

rich macro-aggregates. This type of C is physically protected within macro-aggregates. The 

free primary particles are cemented together into micro-aggregates by persistent binding agents 

characterized by humification of organic matter and stimulate accumulation of C in aggregates. 

Intensive agriculture with improved nutrient and water management results in enhanced C 

sequestration due to higher crop productivity and greater return of crop residues, root biomass 

and root exudates to soil. Results of a 25-year study from the north Indian state of Punjab 

showed that intensive agriculture resulted in improved SOC status by 38% (Benbi and Brar, 

2009). Enhanced C sequestration was related to increased productivity of rice and wheat (Fig. 

1). Soils under adequately fertilized rice-wheat system have been found to sequester 70% more 

SOC as compared to maize-wheat system.  
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Fig. 1. Relationship between soil organic carbon and total rice and wheat grain yield in 

Indian Punjab 

 

Though several management strategies lead to C sequestration, the most appropriate 

practices to increase soil C reserves are site specific. Available best management practices will 

require evaluation and adaptation with reference to soil type and land use system.  

There is considerable uncertainty in the estimates, concerning both C flux rates and C 

storage capacity as well as in the level at which management options could be implemented. 

Since soils have a finite capacity to store additional C, the total amount of C sequestered and 

the estimates thereof depend on the time horizon considered. Further, the question of 

permanence that is how long the sequestered C will stay in the soil must also be addressed. The 

projected C sequestration potentials do not explicitly consider the economic feasibility of 

proposed agricultural production changes, but provide an indication of the biophysical potential 

of soil C sequestration as a guide to policy makers.  

 

Effect of climate change on organic matter turnover   

The potential impact of climate variability on the stability of sequestered C in soils is 

not known. Determination of suitable land management practices is needed to minimize risk of 

C release from soil in response to changes in regional weather patterns such as El Nino and La 

Nino. It is well-known that soil respiration is significantly influenced by temperature (Benbi et 

al. 2019), and it is generally believed that 100C rise in temperature doubles the rate of 

decomposition, i.e., Q10=2. It is, therefore, speculated that increase in temperature due to global 

warming can accelerate the decomposition of soil organic matter (SOM) and consequently 

increase the release of SOC to the atmosphere. Several studies have shown that C 

mineralization increases with increase in temperature and the relative increase depends on 

reference temperature. The increase in mineralization is greater at low reference temperature 

than at high temperature. Benbi et al. (2014) observed that carbon mineralization in alluvial 

soils increased by 4-9 per cent at 10-15ϊC temperature and the effect diminished to about 2-3 

per cent at 35ϊC. Changes in climate are likely to influence the rates of accumulation and 

decomposition of SOM, both directly through changes in temperature and water balance and 

indirectly through changes in primary productivity and rhizodeposition. Atmospheric CO2 

concentration influences SOM storage through its effect on primary production. Generally, it 

is expected that increase in temperature will enhance the rate of SOM decomposition, which 

decreases SOC content. Increased temperature together with elevated CO2 concentration will 

lead to increase in primary productivity, which provides input to SOC. The change in soil C 

storage represents the net effect of organic matter decomposition and primary production.  
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Chapter 3 

CHARACTERIZATION OF SOIL ORGANIC MATTER 

COMPOSITION: SIGNIFICANCE OF SOIL CARBON POOLS  

Dinesh K.Benbi 

E-mail: dkbenbi@gmail.com 

The contribution of soil organic matter (SOM) to soil fertility, crop productivity and 

terrestrial cycling of carbon (C), nitrogen (N) and sulfur (S) has long been recognized. Soil 

organic matter imparts desirable physical environment to soils by favorably affecting soil 

structure expressed through soil porosity, aggregation and bulk density, and soil water storage 

(Benbi et al., 1998). It also exerts a significant influence on chemical properties of soils, 

nutrient availability (Benbi and Biswas, 1997, Nieder and Richter, 2000), cation exchange 

capacity, and retention and mobilization of metals. The final products of organic matter 

decomposition in soil accumulate as humus and disappear as CO2. Practices and conditions that 

favor higher and faster evolution of CO2 oppose build-up or maintenance of organic carbon 

(also known as C sequestration) in soils. The importance of C transfer from soil to the 

atmosphere lies not only on the global C cycle but also on the potential of soils to produce food, 

fibre, building materials and fuel. As of today, more terrestrial organic matter has been lost in 

the form of CO2 than it has been sequestered in soils. These losses from soils, particularly that 

of tropics, which are already of low fertility are clearly of concern in relation to future 

productivity.  

 

Global Pool Size 

 The global pool of SOM is estimated to contain about 1500-2400 Pg C. This compares 

with estimates of 700 Pg C in above-ground biomass, 829 Pg C in atmosphere, and about 

40,000 Pg C in the oceans. The geologic C pool comprises 5,000 Pg with 4,000 Pg C as coal, 

500 Pg C as gas and 500 Pg C as oil (Lal, 2000). Majority of soil organic carbon (SOC) is 

associated with organic matter, although charcoal may be an important constituent in 

ecosystems subject to frequent fires. Reserves of inorganic carbon (as carbonate) stored in soils 

have been estimated to be about 720 Pg C.  

Climate and vegetation are important factors controlling SOC levels. Tropical Indian 

soils, particularly those under the influence of arid and semi-arid climate, rarely exhibit organic 

carbon exceeding 0.6%. Their counterparts in temperate environments have organic carbon 

levels ranging between 1.2 and 2.5%. Among forest ecosystems, mean values for soil C 

increase from the lowland tropics to the boreal region. Lowland tropical forests are not greatly 

different from temperate forest soils in terms of SOC content. High rates of SOM production 

in the tropics are accompanied by high rates of decomposition. Although plant production is 

lower at high elevations, larger SOM accumulations occur in mountain tropical forests because 

decomposition is inhibited. Low temperatures retard decomposition in Tundra and Boreal 

areas. Soils of these regions worldwide contain the largest SOM accumulations. It is estimated 

that forests occupy about 3.7 billion hectares globally and the forest soils store about 582 Pg 

of SOC (excluding litter, estimated to be between 20-30 Pg) and 210 Pg of inorganic carbon 

(SIC). About 40% of the SOC of global soils is stored in forest ecosystems. Around 50% of 

the SOC of global forests is in the tundra region followed by 28% in tropical forests.   

 

Soil Organic Matter Pools 

Soil organic component (SOM) represents the living and dead organic matter in the 

soil. The living organic matter is represented by plant roots, soil animals and microbial biomass 

mailto:dkbenbi@gmail.com
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and the dead organic matter is formed by chemical and biological decomposition of organic 

residues. The dead organic matter may be differentiated into unaltered material (in which 

morphology of the original material still exists) and the altered or the transformed products 

(also called humus). Generally, soil humus is defined as a mixture of dark, colloidal 

polydispersed organic compounds with high molecular weights and relatively resistant to 

decomposition. Soil organic matter is generally sub-divided into different pools or fractions. 

The approaches for fractionation may broadly be categorised as chemical, physical and 

biological or biochemical and functional. Since SOM is a continuum of complex heterogenous 

material, no single fractionation approach may be expected to adequately characterize the 

turnover rates of the whole soil.  

 

Chemical Fractionation Approaches 

Chemical fractionation methods are mostly based on the solubility and affinity of 

certain organic carbon compounds in different solvents or extracting solutions. The most 

effective and commonly used extracting solution is 0.5 M NaOH. The extracted solution is 

further separated by selective precipitation, solvent affinity, chromatographic, electrophoretic 

and size exclusion techniques. Generally, humus is distinguished between non-humic and 

humic substances. Non humic substances comprise compounds belonging to the well-known 

classes of biochemistry such as amino acids, proteins, carbohydrates, lipids, lignin, nucleic 

acids, pigments, hormones and a variety of organic acids. Humic substances are further 

subdivided into fulvic acid (FA), humic acid (HA) and humin. The FAs comprise the fraction 

of humic substances that remain soluble under all pH conditions. These are light yellow to 

yellow-brown in color. The HAs are the fraction of HS that are soluble in neutral or alkaline 

solution and precipitate when solution pH is reduced to <2 by acid addition. They are dark 

brown to black in color. Humin is the fraction of HS that is not soluble in water at any pH value 

and is black in color. The percentage of the humus that occurs in the various humic fractions 

varies considerably from one soil type to another. Though the terms fulvic acid, humic acid 

and humin have been in use for a long time, yet a number of scientists question the validity of 

their usage as these do not represent distinct chemical substances and are closely related 

materials.  

 

Physical Fractionation Approaches 

In comparison to chemical approaches, physical fractionation of SOM is more important 

in situations related to soil quality, soil fertility and plant productivity. Results published during 

the last three decades show that fractionation of SOM according to particle size or density 

provides a useful tool for the study of its functions and dynamics in the terrestrial ecosystem. 

Separation of coarse or light fractions from fine fractions has been found to provide a 

relationship between density or the size of fraction and its turnover rate. Some of the SOM 

fractions isolated by physical fractionation procedures have been related to conceptual pools 

considered in C turnover models. Physical fractionation methods include wet sieving, density 

flotation and chemical dispersal. Broadly SOM may be differentiated into particulate organic 

matter (POM) and organomineral complexes with further subdivisions based on size and/or 

density.  

 

i) Particulate Organic Matter  

Particulate organic matter mainly consists of partially decomposed plant and animal 

residues, root fragments, fungal hyphae, spores, faecal pellets, faunal skeletons, seeds and 

charcoal. Based on size or density or a combination of both, fractions such as coarse (CF, >53 

mm), light (LF), free or inter-aggregate and occluded have been defined. Light fraction is 

isolated by density flotation in liquids ranging in density from 1.6-2.6 g cm-3 after a certain 
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degree of dispersion of the soil. The fractions: coarse, light and free POM represent the labile 

or unprotected pool of SOM. Occluded organic matter is the intra-aggregate fraction of POM 

that is trapped and physically protected within micro- (<250 mm) and macro- (>250 mm) 

aggregates. It differs considerably in composition as compared to free organic matter. Clay 

content influences POM through its effect on soil aggregation. Aggregate occluded POM has 

a slower turnover rate than does unprotected POM as a result there is greater C stabilization in 

the occluded POM as compared to free POM. 

 Because of variations in organic inputs and management practices, the proportion of 

SOM recovered as POM and its quality varies widely. The POM content is affected by climate, 

land use, cultivation methods, soil and vegetation type, plant inputs, soil depth and a number 

of other factors that influence organic input and decomposition. Different fractions of POM are 

strongly influenced by soil management and are considered to be good indicators of labile SOM 

or soil quality. Many studies have shown that short-term soil C and N mineralization rates or 

the size of the microbial biomass are positively related to POM. The POM seems to play an 

important role in the functioning of coarse-textured soils. It is especially important to N 

retention and availability in sandy soils, as the proportion of total N in POM is higher than in 

finer textured soils.  

 

ii) Organomineral complexes 

Most of the organic matter in soils is intimately associated with the mineral components, 

particularly with clay and silt-sized particles. Formation of organomineral complexes results 

in stabilization of organic matter in terrestrial ecosystems. Organomineral complexes are 

generally separated into silt and clay size fractions (<53 mm) and micro- (53-250 mm) and 

macro- aggregates (>250 mm). Christensen (2001) classified organomineral complexes into 

primary and secondary organomineral complexes (Table 1). The primary organomineral 

complexes considered as functional analogues to soil texture were divided into sand (20-2000 

mm), silt (2-20 mm) and clay (<2 mm) sized fractions. Whereas secondary organomineral 

complexes were divided into micro- (<250 mm) and macro- (>250 mm) aggregate sized 

complexes with further sub-divisions into small microaggregates (<20 mm) and large 

microaggregates (20-250 mm). Clay sized complexes have the highest concentration of organic 

matter (50-75% of the SOM) followed by silt- (20-40%) and sand- sized fraction has the least 

(<10%) concentration. The OM complexed with clay is dominated by microbial products, 

whereas the silt appears to be rich in aromatic residues derived from plants. Soil organic matter 

composition of the sand fraction is largely affected by the land use changes whereas silt- and 

clay- bound organic matter is more influenced by the chemical and physical environment. The 

process of SOM stabilization is of greater importance in tropical soils than in temperate soils 

as the tropical climates favor decomposition of organic matter. In the absence of stabilization 

process, the tropical soils will be poor in SOM. The degree of stabilization depends on the silt 

plus clay content and the type of clay.  

  Various fractions of SOM respond differentially to management and stock variable 

amounts of soil organic carbon and nitrogen. Bayer et al. (2002) observed that in the mineral-

associated SOM C and N stocks were higher by 4.6 and 16.8 times, respectively than in the 

particulate SOM. As compared to conventional tillage, no-tillage resulted in the largest increase 

of C and N stocks in the mineral-associated SOM. Degryze et al. (2004) found that afforestation 

on a former cropland resulted in the largest C sequestration in the fine intraaggregate POM 

(53-250 mm), whereas in the successional soils, C was preferentially sequestered in the mineral-

associated and fine intra-aggregate POM C pools. Obviously, the identification of different 

fractions of SOM has implications for understanding C sequestration in terrestrial ecosystems. 
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Table 1. Some characteristics of primary organomineral complexes isolated from temperate 

arable sandy soils (adapted from Christensen, 2001) 

Characteristic Sand-associated 

OM 

Silt-associated 

OM 

Clay-associated OM 

Composition Enriched in plant 

polymers 

Enriched in plant-

derived aromatics 

Enriched in 

microbial products 

and depleted in plant 

residue components 

C/N ratio Large Medium Small 

Proportion of total SOM 

(%) 

<10 20-40 50-70 

C enrichment factor (Ec)# <0.1 1-5 2-15 

Cation exchange capacity 

(mmol kg-1) 

10-150 60-350 300-900 

Surface area (m2 g-1) <10 10-50 25-100 

#Ec= mg C g-1 fraction/mg C g-1 whole soil 

A recent inter-laboratories comparison of several SOC fractionation schemes showed 

that even after 36 years, no method was able to isolate a fraction with more than 76% turnover, 

which poses a challenge to link the most active plant-derived C pools in models. Therefore, a 

comprehensive comparison of methods to separate the bulk SOC into fractions with varying 

turnover rates needs a more systematic approach to confirm these results (Poeplau et al. 2018). 

In addition to traditional pool approach, advanced analytical techniques such as pyrolysis 

(McCarty and Reeves 2001), C isotope analysis have been used to estimate composition, 

retention time and turnover rates  (Paul et al. 2001). 

Biological and Conceptual Pools 

In the SOM turnover models, the organic matter is divided into different conceptual or 

biological pools. The breakdown of organic matter in each compartment is assumed to follow 

first-order kinetics which may be generalized as: 

kX
dt
dX -=  

where X is soil C or N content at a given time; k is first order decomposition rate constant (per 

time), and t is time. 

The major problem with the use of this equation is that the decomposition constant (k) 

does not allow for changes in the decomposition rate that would result from changes in the 

composition of soil organic matter. One of the strategies to accommodate changing values of 

k is to consider SOM as a multi-compartment entity. Small homogenous pools with a high 

turnover rate and pools of greater size with slower turnover rate are distinguished. The SOM 

turnover models partition organic matter into two main pools viz. recently added organic 

material such as plant residue or litter and native soil organic matter. Each of the main pool is 

further subdivided into different fractions or components. A generalized scheme of organic 

matter partitioning into different pools is presented in Figure 1 (Benbi and Nieder, 2003).  

Plant residue or litter is generally divided into two compartments: 'metabolic' or 'labile' 

or 'decomposable plant material' and 'structural or resistant plant material' The native SOM 

pool is further divided into soil microbial biomass (SMB) and one or more pools of dead SOM. 

The SMB pool is further subdivided into two or more components such as non-protected 

(labile, dynamic) and physically protected (resistant or stable) biomass; cell walls and 

cytoplasm; or labile cell carbon and assimilated live biomass; or active and inactive biomass. 
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The dead SOM is further divided into two or more pools based on stabilization mechanism, 

bioavailability, and biochemical and kinetic parameters. Generally, it is divided into 'slow' or 

'physically stabilized' pools with turnover times of a few decades and 'passive' or 'chemically 

stabilized pools' that remain in soil for hundreds or thousands of years. The physically 

stabilized pool is assumed to consist of compounds protected against biological attack by 

adsorption to soil colloids or entrapment within soil aggregates whereas the chemically 

stabilized pool include compounds with a chemical structure resistant to biological attack. 

Though the distribution of SOM within conceptual pools is an important consideration in 

developing a better understanding of SOM dynamics but a major limitation is that most of the 

conceptual pools do not correspond to experimentally verifiable fractions.  

 

 
 

Figure 1. Schematic representation of organic matter partitioning into conceptual pools as 

considered in different SOM models (Source: Benbi and Nieder, 2003) 
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Chapter 3 

CHEMICAL POOLS OF SOIL CARBON  

AS Toor and Shahida Nisar 

Department of Soil Science, PAU, Ludhiana 

Total organic carbon 

Take dry and ground soil samples passed through 0.25 mm sieve. Dry combustion 

method with CHN Elemental analyzer or using muffle furnace. In dry combustion, soil samples 

are dried at 600-900 0C.  

Water soluble carbon 

Take 10g soil (<2mm) in a 50 ml centrifuge tube and add 20 ml of double distilled 

water. The soil-water mixture is shaken for 5 minutes and centrifuged at 5000 rpm for 10 

minutes. The solution is filtered through Whatman no.1 filter paper and 5 ml of aliquot is taken 

in a 250 ml Erlenmeyer flask. Then, 5 ml of 0.07 N potassium dichromate, 10 ml concentrated 

sulfuric acid and 5 ml phosphoric acid are added to it. The solution is kept in an oven at 150 

°C for half an hour and after cooling, 20 ml double distilled water is added to it. Then, it is 

titrated against 0.01 N ammonium iron (II) sulfate hexahydrate (FAS) standard solution using 

5 to 6 drops of diphenylamine indicator. FAS consumed is recorded and WSC can be calculated 

as: 

WSC (mg kg-1) = vol. of K2Cr2O7 consumed x CF x 
Ȣ   

 x 
Ȣ    

 

= 
  Ȣ  

Ȣ
 x (3 x 0.07) x 

Ȣ   
 x 

Ȣ    
 

where Vb and Vs represent the volume of FAS consumed for titration of blank and samples 

respectively and CF represents conversion factor to C. 

Hot water-soluble carbon 

Twenty-gram soil sample is weighed in 250 ml conical flask and 100 ml distilled water 

is added. The solution is subjected to mild boiling on reflux condenser for one hour, cooled to 

normal room temperature immediately using a water bath and 5-6 drops of 49% magnesium 

sulphate are added for quick sedimentation. The supernatant solution is collected carefully in 

a centrifuge tube and centrifuged at 3000 rpm for 10 minutes.  Ten ml of aliquot is taken in a 

250 ml Erlenmeyer flask. Then, 10 ml of 0.2 N chromosulfuric acid is added and the mixture 

is kept at 125º C for 20 minutes in an oven. The mixture is cooled and titrated against 0.2 M 

ferrous ammonium sulphate (FAS) using 5 drops of indicator (0.2 g N-phenylicanthranilic acid 

+ 0.2 g sodium carbonate). It follows the reaction: 

K2Cr2O7 + 4H2SO4 + C = Cr2(SO4)3 + K2SO4 + CO2 + 4H2O + O2                                                

Amount of HWSC can be calculated as: 

HWSC (mg kg-1) = Vol. of K2Cr2O7 consumed x CF x 
Ȣ   

 x 
Ȣ    

 

  
  Ȣ 

Ȣ
 x (3 x 0.2) x 

Ȣ   
 x 

Ȣ    
 

= ὠ ὠ  x 300 

where Vb and Vs represent the volume of FAS used for titrating blank and soil samples 

respectively and CF represents conversion factor to C.  
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Potassium permanganate-oxidizable carbon (KMnO4-C) 

Method proposed by Blair et al (1995) for determination of potassium permanganate-

oxidizable C. In a 50 ml centrifuge tube, in 3 g soil sample, 25 ml of 33 mM KMnO4 is added 

to it and shaken on a reciprocal shaker for 6 hours. After shaking, centrifugation is done at 

2000 rpm for 5 minutes. Two ml aliquot is pipetted into 50 ml volumetric flasks and diluted to 

the full volume up to mark. A blank is prepared in a similar manner. Then, the absorbance of 

prepared samples and blank are measured on spectrophotometer at 565 nm. KMnO4 

concentration can be estimated from a standard calibration curve. The overall reaction is: 

4Mn+7 ½½½½ 4Mn+4   (reduction) 

    3C0 ½½½½ 3C+4      (oxidation) 

The amount of KMnO4-C (mg kg-1) = 
 ɀ  ³   ³  ³ 

 ³    
 x 103 

where the dilution factor is 50/2, V is volume of standardized KMnO4 added to soil samples 

and 9 is conversion factor for calculating mg C from mM KMnO4 consumed. 

From the concentration of KMnO4 oxidizable C, carbon management index (CMI) is 

calculated by the procedure outlined by Blair et al (1995).  

Carbon management index (CMI) = CPI x LI x 100 

where CPI represents Carbon pool index and LI indicates the Lability index. Calculations of 

CPI and LI are done as: 

CPI= 
  

 
 

LI=  

where L is lability of carbon that is: 

L = 
       

        
 

where TOC and labile C are expressed in g kg-1 

 

Organic C fractions of different oxidizability  

Walkley and Blackôs (1934) method modified by Chan et al (2001) used to determine 

TOC-fractions of different oxidizability. Four fractions of decreasing oxidizability/ lability are 

separated adding 5, 10 and 20 ml of concentrated sulphuric acid (H2SO4) separately to three 

flasks containing 2 g soil and 10 ml of 1 N K2Cr2O7 in each. The three different solutions 

having K2Cr2O7 to H2SO4 ratio 1:0.5, 1:1 and 1:2 correspond to 12 N, 18 N and 24 N H2SO4 

respectively. These fractions oxidized are categorized as very labile, labile, less labile and 

recalcitrant. 

Very labile C (CVL) =  organic carbon (OC) oxidizable under 12 N H2SO4 

Labile C (CL) =  OC oxidizable under 18 N H2SO4 - OC oxidizable under 12 N H2SO4 

Less labile C (CLL) =  OC oxidizable under 24 N H2SO4 - OC oxidizable under 18 N H2SO4 

Recalcitrant C (CR) =  TOC - OC oxidizable under 24 N H2SO4 

For calculation of lability index (LI), three labile fractions viz. CVL, CL and CLL are expressed 

as proportion to TOC; multiplied by weightages of 3, 2 and 1 respectively (given empirically 

on the basis of their ease of oxidation) and added.  

Lability Index =  ὼ σ  ὼ ς  ὼ ρ 
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Chapter 4 

DETERMINATION OF PHYSICAL POOLS OF SOIL ORGANIC  CARBON 

M.S. Kahlon 

Department of Soil Science, PAU, Ludhiana 

Land management practices have a profound impact on soil aggregation, mechanical 

characteristics, water transmission and carbon (C) sequestration, but the mechanisms of 

interaction between these properties and soil organic carbon (SOC) dynamics are not well 

understood. To enhance SOC sequestration the information regarding how an aggregate store 

and protects SOC is essential for adoption of proper management practices. Soil structure and 

soil organic matter (SOM) are two of the most dynamic properties that can easily be affected 

by crop and soil management. SOM is closely related to SOC dynamics in the soil because it 

constitutes the largest terrestrial reservoir of SOC. Interactions between soil structure and SOM 

determines the magnitude of the SOC pool. The SOM plays significant role in soil structure 

development. Stable soil structure, in turn, stores and prevents SOM from rapid decomposition. 

But the information on the fundamental physical and chemical processes influencing formation 

and stabilization of aggregates in relation to SOC sequestration is limited. Although it is well 

known that soil can be a major sink of atmospheric CO2, mechanisms of interaction between 

soil structure and SOC dynamics are not well understood. The process of transfer and secure 

storage of atmospheric CO2 into other long-lived C pools that would otherwise be emitted or 

remain in the atmosphere is called carbon sequestration. C sequestration may be a natural or 

an anthropogenically driven process. The objective of an anthropogenically driven C 

sequestration process is to balance the global C budget. Soil C sequestration implies enhancing 

the pools of SOC and soil inorganic carbon (SIC) as secondary carbonates through land-use 

conversion and adoption of recommended management practices (RMPs) in agricultural, 

pastoral and forestry ecosystems and restoration of degraded and drastically disturbed soils. 

Most soils under the managed ecosystems contain a lower SOC pool than their counterparts 

under natural ecosystems owing to the depletion of the SOC pool in cultivated soils. In general, 

cultivated soils normally contain 50ï75% of the original SOC pool. The depletion of the SOC 

pool is caused by oxidation/mineralization, leaching and erosion. How the soil organic carbon 

is sequestered within the aggregates is a question to be answered. It requires knowledge on the 

dynamics of soil aggregates and soil organic carbon. 

Soil aggregation being the nucleus of all mechanisms of C sequestration, understanding 

how an aggregate stores and interacts with SOC is essential for developing management 

strategies toward the enhancement of C sequestration at regional and global scales. Soil 

aggregates formed through the combination of mineral particles with other binding agents and 

consists of grouping of a number of primary particles into a secondary unit. The mechanisms 

of formation of these aggregates involve several factors such as vegetation, soil fauna, 

microorganisms, impact of cations, clay particle interactions in relation to moisture and 

temperature as well as organic matter and clay organic matter interactions. In a suspension, the 

primary particles with high zeta potential repel each other. With the addition of flocculating 

agent, the zeta potential is lowered, the particles collide, mutually attract each other and settle 

in the form of a floccule. The floccules are stable as long as the flocculating agent is present. 

The stable aggregate formation is thus flocculation plus cementation. The binding agents 

causing reduction of zeta potential can be organic and inorganic. Inorganic binding agents 

include polyvalent cations like Ca2+ and Mg2+. They form electropositive links between 

electronegative soil particles which causes the individual colloidal particles to come together 

and form small aggregates called floccules. Calcium helps in the binding action between 

organic colloid and clay particles. The nature, size, strength and configuration of aggregates 
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depend on the action of stabilizing agents. Microbial polysaccharides stabilize 

macroaggregates, whereas humic compounds stabilize microaggregates. The binding agents 

responsible for stabilizing and arranging the aggregates are classified as temporary, transient, 

and persistent agents.  

Temporary agents comprise plant roots, fungal hyphae, mycorrhizal hyphae, bacterial 

cells and algae. They develop simultaneously with the growth of plant roots and build up a 

visible organic skeleton to enmesh the mineral particles by adsorption to form young 

macroaggregates. Because temporary agents comprise large substances, they are mainly 

associated with macroaggregates, and they are greatly affected by tillage operations. Upon 

partial decomposition, temporary agents release fine roots, root hairs, mucilages, and other 

simple organic substances. Clay particles are adsorbed by these C-rich substances and placed 

around the decomposing materials because clay particles are more mobile than organic 

substances. The young residues play a major role in forming and stabilizing the 

macroaggregates. Transient agents consist mainly of polysaccharides and organic mucilages. 

They are derived from plant and animal tissues and exudations of plant roots, fungal hyphae, 

and bacteria. They are negatively charged and are relatively immobile as they interact with clay 

particles. Because of their reduced immobility, polysaccharides remain temporarily 

undecomposed while binding clay particles into macroaggregates. Resistant factors include 

highly decomposed organic materials such as humic compounds, polymers, and polyvalent 

cations. They are associated with microaggregation and long-term SOC sequestration. These 

humic compounds of high molecular weight are relatively recalcitrant and form bonds of clay-

humic complexes through chelation of carboxylic or hydroxide groups with polyvalent cations.  

 Among land management practices the no tillage, crop cover, green manuring and 

residue retention and surface incorporation are helpful in improving soil aggregate stability. 

The residual matter from cover crops on the soil surface plus the absence of soil disturbance 

under the no tillage reduces nutrient losses and increase soil organic matter (SOM). The amount 

of SOM directly influences soil physical properties by enhancing aggregation as well as 

improving soil porosity, aeration, water infiltration, and water retention, which lead to a 

decrease in soil bulk density. Traditionally, aggregate indices, such as mean weight diameter 

(MWD), geometric mean diameter (GMD), and the Aggregate Stability Index (ASI) have been 

used to assess soil aggregation. Traditional cultivation practices result in a decline in SOM, 

which then reduces aggregation. When large aggregates break down, microbes decompose the 

SOM, thereby decreasing aggregation in the soil.  

Erosion and degradation in soil may, therefore, be determined by the stability of soil 

aggregates. Soil aggregate size and composition can be used as indicators of soil quality 

because they help decrease erosion and degradation, which also stabilizes C and prevents 

runoff into streams and rivers. Measurements of SOM and aggregate size at restoration sites 

should be considered during restoration practices. Aggregate size is important because of the 

size-based variation in composition and function. The three primary soil aggregate sizes are (1) 

primary particles, (2) microaggregates, and (3) macroaggregates. Primary particles have 

diameters less than 50 ɛm, microaggregate diameters range from 50ï250 ɛm, and 

macroaggregates have diameters greater than 250 ɛm. Microaggregates are primarily held 

together by microbial polysaccharidesand humic matter. Because microaggregates are 

physically protected by SOM, they are also able to store C longer than in macroaggregates. 

Macroaggregates are composed of multiple microaggregates that are held together by fungal 

hyphae and plant roots. Typically, macroaggregates contain higher concentrations of OM than 

microaggregates. Macroaggregates also have a significantly faster turnover rate than 

microaggregates. That may be explained by chemical recalcitrance, organometallic complexes, 

or physical protection from SOM in microaggregates.  
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Determination of aggregate size distribution and stability 

Several methods have been proposed to determine size distribution and stability of soil 

aggregates. Wet-sieving method is most commonly used. In this techniques a nest of six sieves 

secured to a holder are used, which move up and down in standing water in a drum through a 

distance of 3.18 cm at a rate of 30 cycles/min for 30 min. The amounts of aggregates retained 

on each of six sieves are determined by drying and weighing. The equipmentôs required for 

aggregate analysis includes a wet sieve shaker (it comprises of 4 sets of nested sieves suspended 

from a bar which is oscillated by a shaft and crank system driven by an electric motor). The 

sets of sieves include each sieve having 20 cm diameter and 5 cm height with sieve openings 

of 4.0, 2.0, 1.0, 0.5, 0.25 and 0.01 mm diameter. These sets are stacked in descending order. 

The detailed procedure is given below:  

· Take about 50 g of air-dried soil aggregates (passed through 8 mm and retained on 4 

mm sieves) of the soil provided.  

·  Place the 50 g of aggregate sample gently onto the top of the nest of sieves.  

· Making sure the shaft and crank are such that the sieves rest in their lowest position, 

slowly bring the level of the water in the tanks to where they just begin to wet up the 

aggregates sitting on the top of sieve.  

· Allow the aggregates to gradually wet for 10 minutes. Now switch on the mechanical 

oscillator to move the nest of sieves up and down with a frequency of 30 cycles per 

minute and a stroke of 3 cm. Sieving is done for 30 min.  

· Remove the nest of sieves from the water and allow it to drain for some time.  

· Pour and wash out the contents of each sieve into a pre-weighed beaker and let settle 

for 24 h. Then carefully decant off excess water making sure not to lose soil. Dry 

beakers along with the contents in an oven at 105°C for 24 h. After drying for 24 h, 

weigh the beaker along with the dry soil aggregates and find out the weight of the dry 

soil aggregates in each beaker.  

· Add 30-40 ml of H2O2 into beaker containing dry soil aggregates for decomposition of 

organic matter which is a potential binding agent of primary particles. Repeat the 

process till the complete decomposition of organic matter as indicated by stopping of 

effervescence. Transfer the contents into the dispersion cup. Add dispersing agent and 

enough distilled water to fill the cup for easy stirring by a mechanical stirrer. Stir the 

suspension for 10 minutes. Wash the suspension on an identical set of sieves as used 

previously by means of a stream of tap water and a brush and transfer it to beakers. The 

primary particles in each beaker are oven-dried and weighed. Calculate the percent 

distribution of aggregates in different size ranges.  

Calculations: 

· M0: Total mass of aggregates on oven dry basis 

·  M1: Oven-dry mass of aggregates retained on 4 mm sieve  

·  M2: Oven-dry mass of aggregates retained on 2 mm sieve  

·  M3: Oven-dry mass of aggregates retained on 1 mm sieve  

·  M4: Oven-dry mass of aggregates retained on 0.5 mm sieve 

·  M5: Oven-dry mass of aggregates retained on 0.25 mm sieve  

·   M6: Oven-dry mass of aggregates retained on 0.1 sieve 
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·  M7: Oven-dry mass of primary particles retained on 4 mm sieve 

·  M8: Oven-dry mass of primary particles retained on 2 mm sieve  

·  M9: Oven-dry mass of primary particles retained on 1 mm sieve  

·  M10: Oven-dry mass of primary particles retained on 0.5 mm sieve  

·  M11: Oven-dry mass of primary particles retained on 0.25 mm sieve  

·  M12: Oven-dry mass of primary particles retained on 0.1 mm sieve  

·  M13: Oven-dry mass of unaggregated material less than 0.1 mm in diameter  

·   

% WSA > 0.25 mm = [(M1+M2+M3+M4+M5)/M0]  ×100 %  

 

Total aggregation, after correction for primary particles =  

% WSA > 0.25 mm, after correction for primary particles = [{(M1-M7)+(M2-M8)+(M3-

 M9)+(M4-M10)+(M5 -M11)}/M0]×100 

 

Weight Diameter (MWD) = × i=1-n Xi Wi / × i=1-nWi 

 

Where, Xi = Mean opening of the sieve (eg. 0.05, 0.175, 0.375, 0.75, 1.5, 3.0 mm for 0-0.01, 

0.1-0.25, 0.25-0.5, 0.5-1.0, 1-2, 2-4 mm size classes, respectively). Wi = Weight of retained 

aggregates (g) n = Number of size classes. 

Geometric Mean Diameter (GMD) = exp((× i=1-n WilogXi) /  (× i=1-n Wi)) 

 

Yoder apparatus and sieve sets used for aggregated size analysis  
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Soil Organic Carbon Determination Methods 

 

The soil organic matter is estimated from the organic carbon whichcan be determined by the 

following methods: 

1. Dry combustion method 

2. Wet combustion method 

3. Loss on ignition method 

4. Microwave digestion method 

 

1. Dry combustion method 

It is a gravimetric method where the soil, after treating with sulphurous acid (H2SO3) 

to destroyCaCO3, is ignited in silica tubes which results in the evolution of CO2. The CO2 

thus evolved is, then absorbed in a weighed soda-lime tube and the amount of CO2 produced 

is found by the differences in the initial and final weight of the soda lime tube. From the amount 

of soil taken and amount of CO2 evolved, content of organic carbon and hence organic matter 

is calculated. This method, though, is more accurate but a tedious and time consuming method. 

In addition to this, the carbonate removal is more difficult. Very finely ground sample is 

needed. With this method, only a limited number of samples can be analyzed in a day. 

2. Wet combustion method 

This is a rapid and fairly good method. A large number of samples can be analyzed in 

a day. Here the presence of CaCO3 does not affect the determination. Most commonly used 

wet combustion method is Walkley and Black (1934) rapid titration method. Oxidizable 

organic matter, in a soil sample, is oxidized by potassium dichromate (K2Cr2O7) and the 

reaction is facilitated by the heat generated, when concentrated H2SO4 is mixed with 1 N 

K2Cr2O7 solution. The excess of K2Cr2O7 is determined by titration with N/2 Ferrous 

Ammonium Sulphate solution, in the presence of Diphenylamine indicator and NaF (which 

helps in giving a clear solution because of its flocculating effect). The quantity of substances 

oxidized is, then calculated from the amount of K2Cr2O7 reduced or used for the oxidation. 

The highest temperature attained by the heat of dilution reaction produced on addition of 

H2SO4 is approximately 1200C, which is sufficient to oxidize the active forms of soil organic 

carbon, but not for the more inert form of carbon that may be present. The detailed procedure 

includes weighing of 1 g of soil in a 250 ml conical flask. Add to it, 5 ml of 1 N K2Cr2O7 

solution and mix. Then add 10 ml of concentrated H2SO4, swirling the flask during addition. 

Leave the flask as such so as to cool the contents and to make the reaction complete. Then add 

approximately 1 g of NaF powder or 5 ml. of orthophosphroric acid (both NaF and orthophoric 

acid are the flocculating agents), 100 ml of distilled water and shake vigorously. Add 10 drops 

of diphenylamine indicator, which will give a violet colour to the suspension. Titrate the 

contents of the flask with N/2 Ferrous Ammonium Sulphate solution. The end point in this 

titration will be a change of the colour from violet to bright green. Note the volume of the 

Ferrous Ammonium Sulphate solution used and calculate the results as given below. Run a 

blank titration also in the similar way. 

Calculations 

Weight of soil taken = 1 g 

Vol. of N/2 FAS solution used for the blank titration = X ml 

Vol. of N/2 FAS solution used for titration the excess K2Cr2O7 = Y ml 

Vol. of 1 N K2Cr2O7 used for the oxidation of carbon =  
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(X-Y)/2 ml 

1ml of 1 N K2Cr2O7 = 0.003 g of organic carbon 

% organic carbon in the soil = (X-Y)/2 x 0.003 × 100/1 = A 

% organic matter = A × 1.724 

Interpretation:  % Organic Carbon Rating 

Below 0.40 : Low ;  

0.40-0.75: Medium ;  

Above 0.75:  High 

 

Soil organic carbon stock determination: 

SOC stock in tonnes of carbon per hectare (t C/ha) will be soil organic carbon (%) x (mass of 

soil in a given volume). For example, a soil with a SOC of 1.3% (0.013) and a bulk density of 

1.2 grams per cubic centimeter (equivalent to 1.2 tonnes per cubic metre), would have SOC to 

a depth of 10cm (0.1m) per hectare (10 000m2) of:     (0.013) x (1.2 x 0.1 x 10 000) = 15.6tC/ha. 

Using the conversion factor of 1.72, the amount of SOM would be: 15.6 x 1.72 = 26.8 tonnes 

of organic matter. 

3. Loss-on-ignition method 

The loss-on-ignition method gives an estimate of SOM content, but does not give direct 

information on SOC content, which is a proportion of SOM that ranges between 43 and 58 %. 

It is based on the oxidation of soil at temperatures close to 550°C for at least 3 hours. SOM 

content is the difference between the soil mass before and after ignition:  

SOM (%) = (soil mass at 105°C ï soil mass at 550°C) / soil mass at 105°C x 100 

4. Rapid microwave digestion method for determination of total organic carbon in soil 

A simple method of total organic carbon (TOC) determination in soil that involved wet 

digestion of K2Cr2O7-H2SO4-soil mixture in a commercial microwave oven followed by 

spectrophotomteric measurement of Cr (III) was evaluated by Benbi (2018). A commercial 

microwave oven (LG Electronics M26; 900W, 2450 MHz frequency) was used for digestion 

of soil samples. In this method soil samples weighing 0.5 g each were taken in 100-mL conical 

flasks and reacted with 5 mL of 1 N K2Cr2O7 and 5 mL of concentrated H2SO4. The flasks 

were then swirled so that whole of the soil reacted with the digestion mixture. Ten flasks (total 

100 mL digestion mixture), each covered with a short-stem glass funnel, were placed on 

mechanical turntable in the microwave oven. The oven was operated at full power (627 W) for 

80 s, which yielded microwave energy of ~ 500 J mLī1 of digestion mixture (Islam and Weil 

1998). After digestion, the flasks were taken out and allowed to cool. Thereafter, the contents 

were transferred to 50-mL graduated centrifuge tubes and diluted to 30-mL volume with double 

distilled water. The contents were centrifuged at 5000 rpm for 5 min. For determining organic 

C content of the samples, light absorption of Cr (III) in the supernatant was measured at 590 

nm with 1 cm path length using a double beam spectrophotometer (Elico SL 177 Scanning 

Mini Spec; Elico, Hyderabad-India). The concentration of organic carbon was calculated from 

a standard calibration curve prepared with sucrose (C12H22O11). Standard solutions of 0, 

0.25, 0.50, 1.0, 2.0, 5.0, and 10 mg of sucrose-C were used to prepare a calibration curve. An 

aliquot of 0.5 mL from each standard solution along with 5 mL of 1 N K2Cr2O7 and 5 mL of 

concentrated H2SO4 were added to 100-mL conical flasks. The mixture was digested in 

microwave oven as per the procedure described for soil samples. Light absorption by the 
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digested mixture was measured at 590 nm. A calibration curve was constructed by plotting 

absorbance values against sucrose-C standards. The amount of organic C corresponding to 

sample absorbance was read from the calibration curve and the following equation was used to 

calculate TOC (g kgī1). 

  TOC g kg-1  =     C from standard curve (g)   × 1000 

                              Weight of soil (g)  

 

The other soil physical property which plays significant role in determination of soil carbon 

pools includes soil bulk density determination. The methods used for bulk density 

determination are:   

1. Undisturbed soil core method (Most accurate method)     

2. Excavation method 

3. Clod saturation method 

Principle 

The undisturbed soil cores are taken out at a given soil depth with the help of cylindrical 

iron rings and dried in an oven at 105 °C for 24 h or till the weight of soil becomes constant. 

The ratio of dry soil mass of soil core and the internal volume of the cylindrical ring (equivalent 

to bulk soil volume) is expressed as bulk density of soil in Mg m-3. 

Observations and calculations 

I. Bulk volume of the soil 

 Length of the core = L cm 

 Inner diameter of the core = D cm 

 Volume of the soil core = ˊ (DĮ/4) L cmį 

II. Dry mass of the soil core 

 Mass of the iron core = Mc g 

 Mass of iron ring + dry soil = Mcds g 

 Mass of dry soil core = (Mcds - Mc) g 

 Bulk density of the soil = (Mcds -Mc)/[ˊ(D2/4) 

L] g cm-3 or Mg m-3 

 

Variation in carbon pool determination with change 

of soil bulk density 

The soil having bulk density of 1.3 Mg m-3 and carbon content of 1.5 %  will have original soil 

carbon stock of 19.5t C/ha (1300000 x 15). However, due to excessive use of farm machinery 

the value of soil bulk density increased to 1.5 Mg m-3 after five years. But, the carbon value 

remained the same i.e. 1.5% then the carbon stock after 5 year would be 22.5t C/ha (1500000 

x 15) which need to be corrected or adjusted to an equivalent soil mass.  

Adjusted for Db change = 1.3 (original Db)/1.5 (new Db) = 0.87 x 22.5 = 19.5t C/ha. 
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Chapter 5 

COMPOSTING AND RESIDUE MANAGEMENT  

Sandeep Sharma and Neemisha 

Department of Soil Science, Punjab Agricultural University, Ludhiana 

The increase in world population and its effect on food demand, in addition to reducing 

environmental impact derived from food production, has raised a challenge for the agricultural 

industry in order to improve resource utilization and diminish food industry impact on non-

renewable resources (Godfray et al 2010). In this context, organic waste which consists of 

sewage sludge, animal residues, agricultural residues and food processing wastes serve as 

excellent raw materials for composting. Thus, it becomes necessary not to consider them as 

waste, but to acknowledge them as a renewable resource (Misselbrook et al 2012). Agricultural 

residues are generated in huge quantities worldwide among which rice, wheat, corn straw and 

sugarcane baggase are the major agricultural wastes in terms of quantity of biomass available 

(Kim and Dale 2004). Rice straw is one of the most abundant lignocellulosic wastes available 

in the world because rice is the primary staple food for the more than half the worldôs 

population and Asia represents as the largest producing and consuming region. Annually 686 

MT (million tonnes) of crop residues are generated in India from 28 crops. In India, 106.5 MT 

of rice, 96 MT of wheat and 24 MT of maize production have been reported (DAC 2016). In 

case of paddy straw due to high silica and lignin content, only a small portion is used as animal 

feed and rest is treated as waste due to its limited degradation in the soil (Wati et al 2007). 

Disposal of rice straw is usually done by burning in open field and it is estimated that one tonne 

rice residue on burning releases 13 kg particulate matter, 60 kg CO, 1460 kg CO2, 3.5 kg NOx, 

0.2 kg SO2.  

The animal manures include poultry and cattle manures, however, their C:N ratio is 

below the optimum which encourages excessive loss of ammonia during composting. 

Therefore, it is advisable to mix manures with materials having high C:N ratio. While using 

raw materials for composting, some important points should be kept under consideration as: 

never use materials sprayed with pesticides/herbicides, hard rickles/thorns, diseased with 

rust/viruses, perennial weeds, metals, rubbers, glass and plastic. Composting is considered as 

one of the most common and important techniques for management of huge quantity of crop 

residues. It reduces the volume and weight of the agro-residues to about 50 % and results in 

stable product that can be used to enhance the physio-chemical and biological properties of the 

soil (Kumar and Goh, 2000).  

Composting is the natural and biological process of decomposition of organic matter 

by microorganisms under controlled conditions and produce a safe, stable and nutrient enriched 

soil amendment (Zhang et al 2017). Microorganisms are the driving force behind the 

transformation and stabilization of organic matter and hence, play key role in composting of 

agricultural waste. Under optimal conditions, composting can be divided into four phases: (a) 

mesophilic phase (10-40 OC) lasting for few hours to some days, (b) thermophilic phase (42-

65 oC) lasting for few days, but itôs duration can vary with the type of material used, (c) the 

second mesophilic phase is where the microbes re-colonize the substrate, and (d) last is the 

maturation or curing phase in which compost can become more mature and stable (Ryckeboer 

et al 2003). Depending upon the type of decomposition process composting can be divided into 

two categories as anaerobic and aerobic (Mishra et al 2003). In anaerobic composting, 

decomposition occurs either in absence or limited supply of oxygen which results in 

proliferation of anaerobic microorganisms (Methanobacteriales, Methanococcales and 

Methanomicrobiales). These organisms develop intermediate compounds such as methane, 
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organic acids, hydrogen sulphide etc. In the absence of oxygen, these compounds get 

accumulated and are not metabolized further. This results in development of strong odours and 

phytotoxicity which reduces the pH due to production of organic acids. Since the composting 

process occurs at low-temperature it takes longer time to decompose and leaves weed seeds 

and pathogens. Aerobic composting takes place in the presence of ample oxygen where aerobic 

microorganisms break down organic matter and produce carbon dioxide (CO2), ammonia, 

water, sufficient heat and humus to produce relatively stable organic end product. The chemical 

changes and microbial species involved vary according to composition of composting 

materials. Aerobic thermophilic composting is a dynamic process brought about by the 

combined activities and rapid succession of mixed microbial populations (Vargas-Garcia et al 

2010). The important bacterial and actinobacterial genera isolated from composts are Bacillus, 

Clostridium, Cytophaga, Pseudomonas, Sporocytophaga, Thermomonospora and 

Thermoactinomycetes. Impotant fungi are Absidia, Aspergillus, Coprinus, Chrysosporium, 

Geotrichum, Humicola, Mucor, Penicillium, Phanerochaete and Trichoderma. These 

microorganisms possess hydrolytic enzymes which can degrade complex molecules such as 

cellulose, hemicelluloses and lignin (Insam and de Bertoldi 2007). The thermophilic phase 

during composting results in breakdown of proteins, fats, complex carbohydrates etc which 

reduces the time, destroy pathogens, weed seeds and the intermediate compounds produce less 

phytotoxicity. During composting, mesophilic and thermophilic phases exists. The initial phase 

of composting begins with mesophilic temperature at 20ï45 °C, followed by thermophilic 

range at 50-70 °C. High temperature is reached during aerobic composting where pathogens 

are destroyed at 55 °C while, weed seeds are destroyed at 62°C. The thermophilic temperature 

can be regulated by frequent turnings. 

Generally, three methods are employed for large scale production of composts: viz., 

turned windrows, passively aerated windrow and aerated static pile (Lal and Gupta 2008). 

Windrow composting consists of placing the mixture of raw materials in long narrow piles or 

windrows which are turned regularly. Turning imparts proper aeration and mixing the 

components. Several machines have been developed for turning windrows which reduces the 

time and labour involved, mix the components thoroughly and produce more uniform compost.  

Some of these machines can be attached to farm tractors or front end lodders, others are self-

propelled and fitted with water tank. The schedule of turning depends on rate of decomposition, 

moisture content, porosity of material and time of composting. Since the decomposition rate is 

greatest at the beginning of the process the frequency of turning should be more in the 

beginning and decreases with the aging of windrow. Passive aerated windrow method 

eliminates the need for composting by supplying air through perforated pipes embedded in 

each windrow. The raw materials are mixed thoroughly, placed on the perforated pipes, kept 

at the top of base material and are not turned. The pipe ends are open and air flows through the 

windrows because of chimney effect created, as hot gases rise upwards out of windrow. The 

windrow is coved with straw or finished compost from base and top to absorb moisture and 

insulate windrow. After the process of composting is over the pipes are pulled off and base 

material is mixed with compost. Aerated static pile method is an advanced version of passive 

aerated windrow method where a blower is used to supply air. Using this method composting 

can be done in three to five weeks. In this method, the raw material is placed over a porous 

material. The base contains a perforated pipe connected to blower. The top of the pile must be 

covered with the finished compost to protect it from drying.  

The quality of compost produced depends upon nature of raw materials used during 

composting. Different farm wastes exhibit a huge variation in the nutrient composition. The 

nutrient quality of composts can be further enhanced by supplementing with different nutrients 

such as rock phosphates, DAP, SSP, urea, MOP, bioferilizers etc. Apart from this 

decomposition of organic wastes can be enhanced through inoculation with microorganisms 
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capable degrading lignocellulosic material and hence can reduce time of composting.  Certain 

factors such as aeration, moisture, C:N ratio, temperature, plant biochemical content, size of 

the residue, nutrients and pH affects the process of composting (Mishra et al 2003; Iglesias and 

Perez 1992). Aerobic composting requires large amounts of oxygen, particularly at the initial 

stage for the growth of aerobic micro-organisms, removes excessive heat, water vapour and 

other gases trapped in the pile. Although the natural buffering effect of the composting process 

lends itself to accepting material with a wide range of pH, the pH level should not exceed eight. 

At higher pH levels, more ammonia gas is generated and may be lost to the atmosphere. 

Optimum moisture content of 60-65 per cent is necessary to support the metabolic activity of 

the micro-organisms. If the compost pile is too dry composting occurs more slowly, while 

moisture content more than 65 per cent results in anaerobic conditions. In practice, it is 

advisable to start the pile with moisture content of 50ï60 per cent, finishing at about 30 per 

cent. C:N ratio of raw materials play very important role in decomposition of substrates. The 

optimal C:N ratio required for decomposition of organic matter must be between 25:1 and 30:1. 

C:N ratio higher than 40:1, results in limited growth of micro-organisms which delays 

decomposition process. A C:N ratio of less than 20:1 leads to underutilization of N and the 

excess may be lost to the atmosphere as ammonia or nitrous oxide, and odour can be a problem. 

The C:N ratio of the final product should be between about 10:1 and 15:1. Micro-organisms 

require nutrients (carbon, nitrogen, phosphorus and potassium) for their growth and 

development. Plant cell wall consists of different constituents such as cellulose, hemicellulose, 

lignin, polyphenols etc. Cellulose and hemicellulose fraction can be degraded by a variety of 

microorganims whereas, lignin is highly resistant to microbial degradation. Recalcitrant nature 

of lignin reduces bioavailability of the other cell-wall constituents. Polyphenols include 

hydrolysable and condensed tannins which bind to cell wall and proteins thus making them 

physically or chemically less accessible to decomposers.  

Application of composts with high organic matter content although results in 

improvement in soil quality and fertility under different cropping systems. The potential 

benefits of includes utilization of essential nutrients from residues, increase growth and yield 

attributes of crops, reduces pollution, slow nutrient release, boosts soil fertility, improves soil 

biological and physiochemical properties, humic substances accelerates root development and 

minimizes nutrient loss as negatively charged organic material holds nutrients. So composts 

can serve as a boon for improving soil health and sustaining agricultural productivity. 
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Chapter 6 

INTEGRATED FARMING SYSTEMS FOR CARBON 

SEQUESTRATION 

S S Walia and Tamanpreet Kaur 

School of Organic Farming, Punjab Agricultural University, Ludhiana 

Introduction  

The soil carbon (C) pool plays an important role in the global C cycle. Soil has two 

types of C: soil organic carbon (SOC) and soil inorganic carbon (SIC). While SOC is mainly 

concentrated in the top 30 cm to 50 cm layer of the mineral soils, the SIC is generally located 

in the sub-surface horizons. The soil C pool is directly linked to the atmospheric C pool through 

photosynthesis and soil respiration. A rapid increase in the atmospheric concentration of CO2 

and other greenhouse gases (GHGs), especially since the on-set of the industrial revolution, 

has increased interest in the worldôs soils as a source or sink for atmospheric C. Whereas land 

misuse and soil mismanagement have exacerbated emissions of CO2 and other GHGs into the 

atmosphere, a strong belief exists that enhancing the soil C pool could substantially offset fossil 

fuel emissions (Kauppi et al., 2001), by as much as 5 to 15% of the 2002 emissions (Lal, 

2004a). The SOC pool is generally maximal under natural ecosystems in which the input of C 

by addition of litter and other detritus materials is in equilibrium with the losses through 

decomposition, erosion and leaching (Post and Kwon, 2000; Paustian et al., 2000). The 

equilibrium level of SOC pool depends on climate, soil properties and the nature of vegetation 

cover, and is generally greater in cool and humid than warm and dry climates, in grassland than 

forest vegetation cover, in clayey or heavy-textured compared with sandy or light-textured 

soils, and in poorly drained than in well-drained soils. Agricultural practices such as integrated 

farming systems have the potential to store carbon in the soil and plants, and thus help mitigate 

climate change, while at the same time increasing soil fertility and water-holding capacity, 

improving yields and good nutrition, creating drought-tolerant soils, restoring degraded 

cropland and grasslands and nurturing biodiversity, with positive consequences on local 

economies.  

The study was conducted at Punjab Agricultural University, Ludhiana under ñAll India 

Coordinated Research Project on Integrated Farming Systems (ICAR)ò during 2018-19. The 

Integrated Farming System model experiment was initiated during Kharif 2010. The study was 

conducted on a 1.0 ha model (10000 sq m area) farm comprises of crops-horticulture-

aquaculture-dairy-agroforestry components. In kharif crops grown in the 6400 sq m area were 

paddy, maize and turmeric and in the following rabi and summer season potato, berseem, 

wheat, gobhi sarson, onion, pearlmillet and spring maize were grown. Around 1600 sq m area 

was utilized for horticulture practices comprising guava and citrus plantation and the inter row 

spacing of 1500 sq m area was utilized for raising vegetable crops while 200 sq m, 1000 sq m 

area, 300 sq m was meant for dairy, aquaculture and agro-forestry, respectively. In addition to 

this, boundary plantations with craneberry (Karonda) and galgal were also done. 

This manuscript describes the total carbon sink and greenhouse gas emission from 

integrated farming system and its role in soil C sequestration by reducing the rate of enrichment 

of atmospheric CO2. 

 

Soil Carbon Sequestration 

Carbon sequestration implies net removal of CO2 from the atmosphere and its transfer into a 

long-lived pool (e.g., soil, biota). The process of C sequestration may be biotic or abiotic. The 

biotic process occurs through photosynthesis or other biogenic factors. Soil C sequestration is 
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a biotic process, although sequestration of Soil Inorganic Carbon (SIC) may also occur by 

abiotic processes. Soil C sequestration involves enrichment of the soil C pool, especially the 

Soil Organic carbon (SOC) pool. Conversion to a soil restorative land use (e.g., afforestation, 

natural fallowing), restoring degraded soils, and adoption of improved soil/crop/vegetation 

management practices can lead to soil C sequestration through increases in biomass C returned 

to the soil. In addition to enhancing soil quality, increasing the SOC pool has numerous 

ancillary environmental benefits (e.g., reducing soil erosion, decreasing non-point source 

pollution, reducing siltation of waterways and lakes) (Lal et al., 2003; Follett, 2001). A 

principal environmental benefit is the decrease in the rate of enrichment of the atmospheric 

concentration of CO2. In addition, improving soil quality also increases the soilôs capacity to 

oxidize methane (CH4), degenerate pollutants, decrease erosion and siltation, and improve 

biomass production. 

 

Benefits of Soil Carbon Sequestration 

The changes in soil properties and environmental quality. As management changes, benefits 

might appear in several ways. The first is improved soil structure, with surface structure 

becoming more stable and less prone to crusting and erosion. Water infiltration could improve, 

meaning less surface runoff. As soil organic matter increases, soil water and nutrient capacity 

increases significantly. And crops will fare better during drought because infiltration and water 

holding capacity have improved. 

Also, organic matter and the associated soil biological population will increase in vigor 

and numbers with more diverse crop rotations. Organic matter also may bind pesticides, 

suppress disease organisms, and improve crop health and vigor as soil biological activity and 

diversity increase. Improvements can be expected in air quality as dust, allergens, and 

pathogens in the air decline; in water quality as sediment and nutrient loads decline in surface 

water from better soil aggregation; and in agricultural productivity. Wildlife habitat also is 

improved with higher residue levels. 

 

Results and Discussion 

Estimates for carbon sequestration through integrated farming systems vary considerably. The 

table 1 demonstrated that in the integrated farming systems, highest greenhouse gas was 

emitted by livestock component measured at 2331.6 CO2-e(kg) followed by horticultural unit 

(663.5 CO2-e(kg)), aquaculture (414.0 CO2-e(kg)) and different cropping systems. The agro-

forestry unit showed least greenhouse gas emissions. The intentional integration of trees and 

shrubs into crop and animal farming systems can create multiple environmental, economic and 

social benefits. It can increase SOC (Cardinale, 2007 and De Stefano and Jacobson, 2017) and 

sequester between 0.2 and 5.3 GtC per year in soils (Soussana 2017), not counting the carbon 

sequestered in the wood, with most carbon sequestration in the tropics and subtropics (Shi et 

al, 2018 and Feliciano, 2018). It also increases biodiversity, stabilizes the soil, improves water 

infiltration and diversifies the farmerôs yields (Lovell, 2017 and Sun, 2017). 

Among the different cropping systems, turmeric-onion (72.3 CO2-e(kg)) cropping system 

released minimum CO2 to the atmosphere. On the contrary, maize-gobhi sarson-bajra fodder 

(445.7 CO2-e(kg)) cropping system released maximum CO2 in the atmosphere followed by 

rice-potato-spring maize, maize (cobs) and fodder-berseem-baby corn and maize-wheat-

summer moongbean. A change in the SOC pool by land use change for soils has been reported 

by Cerri et al. (2000). The total sink in IFS unit was 10845.1 CO2-e(kg) and the total greenhouse 

gas emission from IFS was -4572.1 CO2-e(kg). The negative sign indicated that the no 

greenhouse gas was emitted from IFS rather there was more sink or absorption of CO2 than 

emission. The results of table 1 clearly elucidated that IFS model proved to be a climate smart 

agriculture as there was sink of greenhouse gas rather than emission. 
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Table 1: Net GHG emission in IFS Model (CO2-e in Kg)  
Carbon Sources Enterprises CO2-e(kg) 

1 Cropping System   

CS1 Maize-Wheat-Summer moongbean 281.8 

CS2 Maize (cobs) and fodder-Berseem-Baby corn 284.4 

CS3 Rice-Potato-Onion 198.1 

CS4 Maize-Berseem fodder and seed 217.7 

CS5 Maize+cowpeas-Wheat-Summer moongbean 275.9 

CS6 Maize-Gobhi sarson-Bajra fodder 445.7 

CS7 Turmeric-Onion 72.3 

CS8 Rice-Potato-Spring maize 313.7 

CS9 Turmeric-Wheat (Agro-forestry) Litter of poplar 56.3 

  Fodder crops 213.4 

  Horticultural-Vegetable crops 663.5 

  Paddy-special 241.9 

  Livestock (Cattle) 2331.6 

  Kitchen garden 262.5 

  Pond 414.0 

Carbon Sink Agro-Forestry- Sink 7803.0 

  Total Biomass/compost added - Sink 3042.0 

  Total Source 6272.9 

  Total Sink 10845.1 

  GHG-IFS -4572.1 

Conclusion 

It can be conclusively stated that through adoption of integrated farming system (IFS), the 

major issues of climate change induced constraints to farming (fluctuating water supplies and 

deteriorating soil quality, vagaries in farm income etc) can be addressed successfully. We have 

to evolve more and more innovations to IFS so as to continuously make gains on all fronts. The 

climate smart strategies like choice of suitable crop and cultivars, integrated farming system, 

agroȤforestry and crop diversification can help minimize negative impacts to some extent and 

strengthen farmers by sustainably increasing productivity and income. In general, the CSA 

options integrate traditional and innovative practices, technologies and services that are 

relevant for particular location. Thus, to meet food security we need smart agricultural practices 

like integrated farming system which are sustainable, economic and environmentally sound. 
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Chapter 7 

GEO-SPATIAL ANALYSIS OF SOIL CARBON DATA -USE OF GIS 

Anil Sood 

Scientist SG & Head 
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Email: anilsood@prsc.gov.in 

Climate change is the leading ecologic, economic and geopolitical issue of the 21st 

Century and has even the potential to rewrite the global equation for prosperity, development 

and peace. Since the late 1980s, global warming has increasingly caused extensive concern of 

the international community. To mitigate greenhouse effects, it is essential to provide managers 

and policy makers with accurate information on the current state, dynamics, and spatial 

distribution of carbon sources and sinks [Wang et al. 2009]. Globally, the terrestrial ecosystem 

stores about 2477 billion tons carbon and 1150 billion tons are stored in the forest vegetation 

(19%) and soil (81%) [Ravindernath et al. 2009]. Forest vegetation acts as a sink for CO2 by 

fixing carbon during photosynthesis and storing excess carbon as biomass [Nowak and Crane 

2002]. Meantime, soil system as a bigger carbon pool holds four times more carbon than 

vegetation carbon pool. Over the past twenty years, several studies have analyzed the potential 

of carbon sink and stock by estimating their capacity in a variety of settings. However, one 

common challenge is to map spatial patterns and distribution soil carbon, and their values. So 

far, GIS-based spatially explicit approaches have been developed for producing geo-referenced 

estimates of carbon sink and stock potential, and GIS is usually employed to process model 

inputs (land cover, soil texture) and to visualize results [Ponce, 2004; Ardo and Olsson, 2004]. 

However, few studies fully integrate process-based models with GIS to estimate carbon 

sequestration of terrestrial ecosystems and to conduct land-use planning spatially [Wang et al. 

2010]. Therefore, there is an urgent need to apply GIS technique to demarcate carbon pool unit 

of forest ecosystem and their values on the map and it will provide a foundation for managers 

to identify where is more essential to be focused.  

Geostatistical methods quantify spatial distribution and variability based on the spatial 

scale of the study area, distance between sampling points and spatial pattern of modeling 

semivariograms. They have been widely applied to evaluate spatial correlation in soils and to 

analyze the spatial variability of soil properties, such as soil physical, chemical and biological 

properties (Fromm et al. 1993; Wigginton et al. 2000; Vieira et al. 2007; Zheng et al. 2009; Liu 

et al. 2014). In India majority of soil maps were prepared by conventional methods and a very 

little work has been done so far to use the modern spatial prediction techniques in this regard 

(Saha et al. 2012; Pal et al. 2014; Behera and Shukla 2015; Tripathi et al. 2015; Bhunia et al. 

2016). The accurate estimation of spatial distribution of soil properties [soil pH, organic carbon 

(OC), electrical conductivity, phosphorous, potassium, etc.] is important in precision 

agriculture and is one of the bases for decision and policy makers to make plans and strategies. 

So, research in environmental monitoring, modeling and precision agriculture need good 

quality and inexpensive soil data. 

Soil organic carbon (SOC), which is an essential nutrient of crop growth and the main 

carbon source and sink of greenhouse gases, influences agricultural production and global 

climate change [Batjes, 1996; Sreenivas et al. 2016]. The identification of the spatial 

distribution characteristics of SOC contributes to the investigation of the role of SOC in 

precision agriculture and the carbon cycle of the ecosystem. Digital soil mapping with the aid 
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of easily obtained soil-forming factors, such as terrain, climatic, and vegetation factors, can 

continuously map the spatial distribution of SOC [Zhao et al. 2014; Malone et al. 2017]. 

However, the spatial characteristic of natural landscape is similar in plains or flat terrain areas, 

and most traditional soil-forming factors exhibit small spatial variations that prevent them from 

contributing to the development of soilïlandscape models. Thus, the selection of suitable 

auxiliary variables to complete soil mapping in plain areas is challenging. The traditional 

measurement of SOC content is based on the laboratory analysis of field soil sampling 

[Rabenhorst and Stolt 2012]. The soil data of sampling points are discrete and incapable of 

providing continuous and complete information regarding the total study area and require 

extensive time and labor. The spatial variability of SOC through field soil sampling cannot be 

obtained. Numerous studies on the digital mapping of SOC have been conducted to resolve this 

issue on the basis of the spatial autocorrelation of soil [Zhang et al. 2015; Chabala et al. 2017].  

Many studies have proven that soil properties exhibit strong spatial dependence 

between neighboring regions, and trend surface analysis, inverse distance weighted, and 

geostatistical models have been successfully used in soil mapping [Zhaoet al. 2015]. However, 

such methods merely rely on the correlation among soil sample points, which is limited by the 

geographical location of sampling points. In other words, traditional geostatistical methods 

based on geospatial autocorrelation have two limitations, namely, they are locally limited by 

sampling density [Guo et al. 2018] and ignore the role of environmental factors, thereby 

causing the results to be inconsistent with reality [Malone et al. 2016]. These methods 

encounter difficulty in describing the spatial distribution characteristics of SOC in complex 

terrains. In general, the occurrence, formation, and degradation of soil are influenced by the 

interaction of the surrounding environmental factors for a long period of time. Thus, numerous 

soil-forming factors have been used to develop soilïlandscape models. Wang et al. [2017] 

estimated the SOC distribution by using nine environmental variables (e.g., precipitation, 

temperature, land use, and elevation) with boosted regression trees. Song et al. 2016 mapped 

the SOC content through geographically weighted regression using several environmental 

predictors (e.g., slope, aspect, elevation, land use, and normalized difference vegetation index 

[NDVI]) in a case study of Heihe River Basin, China. Wang et al. [2019] estimated the SOC 

spatial distribution using a weighted regression approach based on the correlation of 

environmental variables (NDVI, annual precipitation and average temperature and moisture 

index). Thus, these demonstrate that large variation in topography creates large variations in 

climate and other environmental variables related to SOC, leading to strong statistical 

relationships. However, environmental variations in areas with small topography, such as 

plains, are small, making the development of the accurate predictions of SOC difficult [Ma et 

al 2014; Ajami et al. 2016]. The variation of soil properties is a comprehensive result of the 

long-term interaction of various environmental factors. Thus, responding to the spatial 

heterogeneity of soil properties through environmental factors with small differences is 

difficult, especially in small-scale areas where the variation of environmental variables is 

obscured. Hence, suitable environmental variables should be selected to determine the spatial 

variation characteristics of SOC in flat areas and utilize them for SOC mapping and precision 

agriculture.  

Several scholars have identified many other alternative factors to respond to the spatial 

variation of soil properties and solve the difficulty in selecting environmental factors in plain 

areas or flat terrain regions. Zhu et al. [2010] and Liu et al. [2012] presented a new land surface 

dynamic feedback (LSDF) model by comparing the temporal responses to a rainfall event to 

map soil texture, SOC, and other properties. The LSDF model combined with land surface 

spectral or temperature variations uses short-time remote sensing images to predict soil 

properties [Zeng et al. 2017]. The contradiction between return time and spatial resolution 
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limits the development of high-precision soil maps. Hyperspectral images have been used to 

quantitatively predict soil properties through the spectral reflectance of the surface soil 

[Castaldi et al. 2016; Guo et al. 2019]. However, surface vegetation and scant hyperspectral 

images hinder their use in large areas. Agricultural land occupies approximately 38.18% of the 

world area based on the data of World Bank in 2016 and the main land use type among all land 

use types. Agricultural production and activity constantly influence the change of SOC storage. 

Thus, the spatial and temporal distribution rules of SOC in agricultural lands should be 

investigated. SOC as the main soil fertilizer influences the soil structure and crop growth 

[DôHose et al. 2014]. With the improvement of remote sensing technology, increasing studies 

have focused on recording the growth status of crops in different phenological periods 

[Sanghamitra et al. 2018; Jin et al. 2019]. Vegetation Index is designed to enhance the 

contribution of vegetation properties and allow the reliable spatial and temporal inter 

comparisons of terrestrial photosynthetic activity and canopy structural variations [Huete et al. 

2002]. Wang et al. [2004] concluded that an obvious exponential relationship exists between 

broadband NDVI and gross primary productivity (GPP), while a linear relationship occurs 

between broadband NDVI and the fraction of absorbed photosynthetically active radiation 

(FAPAR).  

This condition indicated that the VIs of remote sensing images can record crop 

variation. Thus, from this perspective, remote sensing VIs may be used to reflect the spatial 

variation of soil properties (e.g., SOC). However, at present, many studies have only considered 

environmental variables (e.g., NDVI time series characteristics) at a certain time when 

modeling with environmental elements and ignored the variability with time. Kheir et al. [2010] 

used NDVI data from April 1987 as the parameter in modeling. Burnham and Sletten [2010] 

adopted an NDVI map from a July 26, 2004 image when mapping the spatial distribution of 

SOC. Taghizadeh-Mehrjardi et al. [2016] mapped SOC using data mining techniques with 

some ancillary data that included ratio VI (RVI), soil-adjusted VI (SAVI), and NDVI on March 

28, 2013. However, the temporal characteristics of environmental variables should be 

considered because the variation of soil physical and chemical properties requires time. In 

previous studies, NDVI was used as an important index to monitor the growth status and cover 

the vegetation degree. NDVI played an important role in remote sensing applications. 

However, considering only NDVI at a certain point in time may cause unrealistic results 

because the sequential feature of NDVI data can reveal additional information about the study 

object for a time and lead a highly comprehensive approach. Numerous studies based on VI 

time series have been applied in various fields. Shen et al. [2017] extracted winter wheat 

information on the basis of time series NDVI in the Guanzhong area. Li et al. [2018] analyzed 

the land damage and recovery process in a rare earth mining area using multisource sequential 

NDVI. Wardlow and Egbert [2008] evaluated the applicability of time series MODIS 250 m 

NDVI data for large-area crop-related LULC (land use/land cover mapping on the U.S. Central 

Great Plains. Testa et al. [2018] estimated the phenological metrics in French deciduous forests 

using MODIS-derived EVI, NDVI, and WDRVI time series. Nagy et al. [2018] used MODIS 

NDVI time series to forecast wheat and maize yields on the Tisza River catchment and reported 

crop statistics. These methods show the valuable role of NDVI time series data in qualitative 

analysis. Ichii et al. [2013] used satellite-based time series observations (including NDVI time 

series) and four process-based terrestrial biosphere models to identify and understand the 

changes of terrestrial GPP in Asia and obtained credible results. Burnham and Sletten [2010] 

observed a remarkable relationship between NDVI and SOC storage. Wang et al. [2017] 

concluded that NDVI is highly predictive of SOC contents that reflect vegetation productivity 

and biomass. These findings indicate that a strong correlation exists between NDVI and SOC, 

which may be deeply connected in plain areas. Thus, many researchers attempted to extract the 

valuable information of NDVI time series data in the digital soil mapping of SOC and 
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determine the optimal model for predicting SOC in a plain region on the basis of previous 

studies.  

Generic mapping of soil grids: upscaling of plot- Level measurements and estimates 

The following table presents an overview of different geographic upscaling approaches, 

recommended to produce soil property maps, in particular, GSOCmap. 

 

Conventional 

upscaling 

(Lettens et 

al.,2004) 

Class-matching Derive average SOC stocks per class: soil type for 

which a national map exists, or combination with 

other spatial covariates (e.g. land use category, 

climate type, biome, etc.). This approach is used in 

the absence of spatial coordinates of the source data. 

 Geo-matching Point locations with spatial referencing are overlaid 

with geographic information system (GIS) layers of 

important covariates (e.g. a soil map). Upscaling is 

based on averaged SOC values per mapping unit. 

Digital soil 

Mapping  

(Dobos, 2006) 

Data mining and 

Geo-statistics 

Multiple regression, classification tree, random 

forests, regression-kriging, kriging with external 

drift. 

 

Digital soil mapping is based on the development of functions for upscaling point data (with 

soil  measurements) to a full spatial extent using correlated environmental covariates, for which 

spatial data are available. 

 

Conclusions: 

SOC mapping at larger scale can indirectly assess the C sequestration and is useful in 

predicting the future changes in the C because of climate change, land use change and different 

land management scenarios. This technique helps in identifying areas that have larger potential 

for C sequestration. However, the estimation of soil C is not unique due to the natural soil 

variability within different soil types and landscapes and lack of extensive measured field data. 

The SOC is spatially and temporally variable across the region and this stock can be estimated 

at different scales using different GIS and remote sensing applications. These methodologies 

can be applied anywhere in the world, provided that the data are reliable and meet the criteria 

for using a specific approach. Researchers have been using different methodologies for 

estimating the SOC stock at field, regional and global scale. 
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Climate change has been considered as one of the most important environmental issues of 

these days. Rise in global mean temperature, increased sea level, shrinkage of glacier, extreme 

weather conditions and acidification of ocean are some of the scientific evidences of climate 

change and its impacts. According to the NOAA 2019 Global Climate Summary, the combined 

land and ocean temperature has increased at an average rate of 0.07°C per decade since 1880; 

however, the average rate of increase since 1981 (0.18°C) is more than twice as great. By 2020, 

models project that global surface temperature will be more than 0.5°C (0.9°F) warmer than 

the 1986-2005 average, regardless of which carbon dioxide emissions pathway the world 

follows. Climate model projections summarized by The Intergovernmental Panel on Climate 

Change (IPCC) in Fifth Assessment Report indicated that during the 21st century the global 

surface temperature is likely to rise a further 0.3 to 1.7 °C (0.5 to 3.1 °F) in a moderate scenario, 

or as much as 2.6 to 4.8 °C (4.7 to 8.6 °F) in an extreme scenario, depending on the rate of 

future greenhouse gas emissions and on climate feedback effects. Scientists have confirmed 

that climate change is a result of imbalance in energy exchange between space and earth 

atmosphere that causes greenhouse effect. The major factors causing the current climate change 

are greenhouse gases, land use changes, and aerosols. The greenhouse effect is the process by 

which radiation from a planet's atmosphere warms the planet's surface to a temperature above 

what it would be without this atmosphere. A greenhouse gas (sometimes abbreviated GHG) is 

a gas that absorbs and emits radiant energy within the thermal infrared range. Greenhouse gases 

cause the greenhouse effect on planets. The primary greenhouse gases in Earth's atmosphere 

are water vapor (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and ozone 

(O3). 

Agriculture sector is the major contributor of GHGs emissions next to industry and energy 

sector. The important anthropogenic GHGs are carbon dioxide (CO2), nitrous oxide (N2O) and 

methane (CH4), and their levels have increased by 146% (405.5±0.1 ppm), 257% (1859±2 ppb) 

and 122% (329.9±0.1 ppb), respectively than pre-industrial (before 1750) levels (WMO, 2018). 

Although the concentrations of CH4 and N2O are lower relative to CO2, but the global warming 

potentials (GWPs) of CH4 and N2O are 28 and 265 times higher, respectively, than that of CO2, 

over 100-year time scale (IPCC, 2014). According to an agreement under United Nations 

Framework Convention on Climate Change signed on December 2015, India has pledged to 

reduce its carbon (C) emissions 33-35% by 2030. 

The GHG emissions from agriculture are mainly through enteric fermentation from 

livestock production, rice cultivation, synthetic fertilizers, and crop residue burning. The major 

source of N2O emissions is nitrification and denitrification due to application of fertilizers and 

organic amendments.  

India is one of the most vulnerable countries to climate change. To adapt to and mitigate 

climate impacts, several domestic measures are being undertaken through Indiaôs National 

Action Plan on Climate Change. As a part of the global effort on post-2020 climate actions, 
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India submitted its Nationally Determined Contribution (NDC) in 2015, according to which 

India has committed to reducing the emissions intensity of its GDP by 33-35% by 2030 from 

2005 levels. India is already on the path to achieve the voluntary target of emissions intensity 

reduction by 20-25% by 2020 from 2005 levels under the Copenhagen Accord.  

Therefore, quantification of relative GHG emissions potential of different agricultural 

practices are necessary to identify and adopt mitigation options. Assessment methods of GHG 

emissions in agriculture sector involves three steps as air sampling, GHG analysis and 

calculation.     

 Collection of Air Sample 

Air samples for the measurement of GHGs can be collected from field using static 

chamber technique. The size and design of the chamber depends upon the type of GHGs and 

objectives of study. The measurement of CO2 and CH4 is independent of the crop geometry 

where small size chamber can be used for crops other than rice. Anaerobic decomposition of 

organic material in flooded rice fields produces CH4, which escapes to the atmosphere 

primarily by diffusive transport through the rice plants during the growing season. Therefore, 

for the measurement of CH4, big size chamber is used which can cover rice plant. The 

production of gas from soil is determined in term of gas flux by collecting gas samples 

periodically from the chambers and measuring the change in concentration of a gas with time 

during the period of linear concentration change (Hutchison and Mosier 1981).  

Static chamber has two part: main chamber and anchor. The large size chambers can be 

made from materials like rigid plastic, perspex or acrylic sheets and small chamber can be made 

from PVC pipe. The chambers of 50 cm × 30 cm × 100 cm of 6-mm acrylic sheets is used for 

collecting gas samples from crop fields (Pathak et al 2013) (Fig. 2a and b). The chamber is 

equipped with battery operated fan for mixing the air in head space, a vent tube for pressure 

equilibrium and a rubber septum for the collection of air samples. Fifty ml air sample will be 

collected using air tight syringe fitted with hypodermic needle at 0, 15, 30 and 60 minutes after 

placing chamber on anchor. Gas samples should be taken from the headspace immediately after 

sealing and at equal time intervals thereafter over a period not exceeding 2 hours. After drawing 

sample, the syringe should be made air tight with three way stop cock. Air temperature and  

head space volume inside the box required for calculation of GHGs flux should be recorded. 

 

Analysis of Greenhouse Gas 

Concentration of CH4, N2O and CO2 can be determined in air samples as per the method 

described by (Pathak et al 2013). 

Figure 1. Gas collection Chamber (Adopted from Pathak et al 2013). 
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Gas Chromatograph 

The instrument use for the analysis of GHGs from air sample is called Gas 

Chromatograph (GC). The working of GC is based on the principle of gas chromatography. 

Gas chromatography is an analytical technique which allows separation of compounds in a 

mixture sample. The feeding of air samples in GC may be manual or automatic using an 

autosampler headspace unit (fig 2.). The important components of a GC are injector port, 

column, detector, data processing unit. Choice of detector depends upon the type and 

concentration of GHG.  

 

 
Figure 2. Gas Chromatograph and its components  

 

Methane  

Concentration of CH4 in gas samples can be analyzed using Gas Chromatograph fitted 

with a flame ionization detector (FID). The FID is used for detection of substances, which 

produce ions when heated in a hydrogen-air (H2-air) flame. Air samples containing CH4 are 

introduced into the GC by a syringe fitted with a three-way nylon stopcock through a gas 

sampling valve attached with injection port. CH4 get separated from other gaseous components 

on a Porapak Q column with column temperature maintained at 55 0C and N2 as a carrier gas 

at flow of 20 ml min-1. The concentration of CH4 will be detected using a FID maintained at 

250 0C keeping H2 flow rate of 30 ml min-1. A software provide with GC is used to plot and 

measure the peak area. The CH4 standards (1, 5 and 10 ppm) are used as a primary standard. 

 

Nitrous oxide 

Concentration of N2O   in the gas samples is analysed by Gas Chromatograph fitted 

with an electron capture detector (ECD) and 6ô x 1/8ò stainless steel column (Porapak N). The 

temperatures of column and detector are kept at 50 °C, and 300 °C, respectively. The flow 

rates of carrier back flush and detector purge gases (95% argon + 5% methane or N2) are kept 

as 14-18 cm3 min-1. Gas samples are introduced into a gas sampling loop (size depends upon 

the sensitivity of the ECD used) through a gas injection port. A GC-software is used to plot 

and measure the peak area. The N2O standard (300, 500 and 1000 ppbV) is used as primary 

standards. 

 

Carbon dioxide 

The analysis can be done in gas chromatograph fitted with FID and a methanizer. The 

methanizer consists of a 6ò x 1/8ò stainless steel tube which is mounted alongside the edge of 

the heated valve oven, and thermostated to 380 oC. Column effluent is mixed with hydrogen 

gas at a rate of 20 ml/min before entering the methanizer. The methanizer converts the, CO 
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and CO2 to methane and detected by the FID. The response of CH4 produced from CO2 on 

the FID is much greater compared to methane in the sample. Calculation of flux can be done 

similar to methane as CO2 is measured as methane. Standard CO2 samples (350, 500 and 700 

ppm) are to be used for GC calibration. 

 

Calculation of gas fluxes 

 

The emission rates of three gases can be calculated by the concentration increase in the inner 

the chamber for a specific time interval (Lee et al. 2020). 

 

GasR (mg m-2 hr-1) = (ȹC/ȹt) *  (V/A) *  ɟ *  (273/273+T) 

 

where GasR is the emission rate of gases, ȹC/ȹt is the increase rate (mg m-3 h-1) of gas 

concentrations in the chamber for the specific time interval, V is the chamber volume (m3), A 

is the surface area of the chamber (m2), ɟ is the density (g m-1) of each gas under a standardized 

state, and T is the temperature (0C) inner the chamber. 
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Climate change is an important environmental issue that has captured the worldôs 

attention during the recent past. Global climate change commonly referred to as global 

warming, is a serious environmental issue affecting human life and planet earth. The continued 

increase in CO2 concentration in the atmosphere is believed to be accelerated by human 

activities such as burning of fossil fuels, deforestation and crop residue burning. It is estimated 

that India produces 371 million tons (mt) of crop residue with wheat and rice alone constituting 

27-36% and 51-57%, respectively (Hayashi et al 2014). Amongst states, Uttar Pradesh (53-60 

mt) leads for residue generation followed by Punjab (44-51 mt), Maharashtra (46-56 mt) and 

West Bengal (Lohan et al 2013). But majority of the crop residue (70%) is contributed by cereal 

crops. Out of which paddy crop alone contributes of 34% (Jain et al 2014). However, analysis 

of data has revealed that 84% of crop residues burning come from rice-wheat system (RWS) 

while remaining 16% is contributed by other types of crop rotations (Shafie 2016). Burning of 

rice residues in North-West India poses a threat to environment (about 75% of greenhouse 

gases (GHG) emissions from agro-residues burning are CH4 and the remaining one-fourth was 

N2O) and soil health along with loss of essential plant nutrients (mainly N and S) and SOC 

(Mandal et al 2007) and decreased microbial diversity (Zhang et al 2014). These practices result 

in loss of soil organic carbon (SOC) from agricultural soils which is a key indicator of soil 

degradation associated with reductions in net primary productivity in crop production systems 

worldwide whereas  surface retention of crop residues preserve carbon (C) and restoration of 

capacity of soil to supply the plant nutrients  which in turn is responsible for increase or 

stabilization in soil organic carbon (SOC), soil quality and certain soil physical parameters 

(Bera et al 2017; Jat et al 2018). Therefore, improved management practices such as reduced- 

or no-tillage management, crop residue retention/incorporation, additions of bio char along 

with appropriate solutions which are locally available are required for farmers to increase SOC 

and to improve agricultural sustainability.  

Keeping this in view the effect of various options of straw management practices for C 

sequestration has been discussed. 

 

Effect of management effects on soil organic carbon 

A significant portion of SOC stock has been lost from agricultural soils due to intensive 

agriculture i.e. 60 and 75% of SOC in native lands at the temperate and tropical ecosystems, 

respectively (Lal et al. 2007; Ghimire et al. 2015). In South Asia the low soil organic carbon 

(8 to 10 g kgï1)  in the cultivated land has resulted from nutrient depletion, intensive tillage, 

erosion, unbalanced fertilization, and residue removal and in Bangladesh alone about 16.2 Mg 

C haï1 was removed from a soil due to agricultural practices in 28 years (Lal 2004). Intensive 

cultivation reduces stable soil aggregates leading to formation of compact layers beneath the 

tillage depth and severe soil cracking in the intensively puddled rice soils results in low SOC 

content in the soil profiles (Hobbs et al. 2008). Major processes influencing SOC dynamics in 

water-logged soil environment of rice field include changes in redox potential, soil pH, 

reduction of C, N, and sulfur (S) (Fageria et al. 2011). For example, SOC is lost as CO2 and 

CH4 emissions from anaerobic soils via sequential oxidation- reduction reactions mediated by 
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diverse microbial groups (Faulkner 2004).  

Highly reduced soils, such as flooded rice soils, contribute to methane (CH4) emission, 

which has adverse effects on the environment. Mid-season drainage, intermittent flooding, or 

rotation of flooded rice with upland cropping can mitigate CH4 emissions from rice-based 

cropping systems (Weller et al. 2016). Drying and rewetting in rice double cropping and 

seasonal drying in rice-wheat and rice-maize rotations may enhance competition between 

aerobic, facultative anaerobic and obligate anaerobic microorganisms to utilize available 

organic substrates (Le Mer and Roger 2001). Wetting and drying also increases labile SOC 

fractions, which can be easily lost in subsequent soil disturbance (Shrestha et al. 2002). 

Consequently, intermittent drainage results in more rapid and greater loss of SOC than SOC 

loss from continuously flooded soils (Cassman et al. 1996). Studies also reveal that production 

of nitrous oxide (N2O) from nitrification and denitrification occurs at higher redox levels than 

the redox level of CH4 production (Masscheleyn et al. 1993). This may cause a greater SOC 

loss as CO2, and additional influence on global warming through N2O emission compared to 

that in the continuously flooded systems. Tillage, crop residue, and nutrient management 

practices are likely to influence SOC dynamics in agricultural soils. Studies suggest that soil 

management practices, such as intensive tillage and crop residue burning or removal, contribute 

to SOC loss (Bronson et al. 1998; Lal et al. 2007; Ghimire et al. 2015).  

 

Effect of crop residue management on carbon sequestration 

In -situ management of rice straw 

The benefits of sequestering SOC by adding crop residues have been well documented 

in the temperate regions (Aulakh et al. 2001) but relatively less information is available from 

tropical systems specifically from rice-based production systems in South Asia. In the, did not 

find any significant effect of crop residues incorporation to increase SOC in a conventionally 

tilled rice-wheat system. Ghimire et al. (2012) reported that SOC content was 11% greater 

under no-tillage and residue added treatments than under conventional tillage and no residue 

added treatments under conventionally tilled rice-wheat system in Nepal. The development of 

Happy seeder for sowing of wheat in standing rice stubbles along with simultaneously 

mulching rice straw allows surface application of rice residue is a significant achievement for 

tropical soils such as in South Asia to avoid crop residue burning or incorporation (Sidhu et al. 

2007). Surface application of crop residue is less likely to cause N immobilization, a common 

problem in soil that incorporates crop residues with high C:N ratio, rather improves soil water 

conservation and weed suppression (Sharma and Prasad 2008; Thuy et al. 2008). Use of wheat 

mulch (3 ton haï1 yrï1) appears to increase SOC stock compared to other mulch, such as cassia 

(3 ton haï1) and ipomoea mulch (3 ton haï1) applications in a rice-wheat system (Duxbury and 

Lauren 2004).  

Similarly, incorporation of wheat residues in flooded rice could increase C 

storage and maintain high grain yields (Aulakh et al. 2001). In the 11 years of continuous rice-

wheat rotation, application of farm yard manure (FYM) and incorporation of rice straw before 

seeding wheat improved SOC content by 34%, and an addition of rice residue with N fertilizer 

increased SOC by 84% (Benbi et al. 2012). Though in-situ incorporation of rice straw 

immediately before planting of the next crop results in lowering of crop yields because of high 

C/N ratio of rice straw which causes deficiency of N due to its immobilization (Yadvinder-

Singh et al 2004), but the results of the experiments conducted on the incorporation/ retention 

/removal  of rice ice residues for more than 10 years have proved that either straw incorporation 

or its retention on the surface results in enhanced crop and soil productivity especially the soil 

organic carbon (SOC) levels from  fourth year onwards  as compared to removal or burning of 

rice straw (Table 1).  
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The data given in Table 1 clearly indicates that in the first three years, the average wheat 

yield declined in all the straw management practices over the conventional method of sowing 

wheat after the removal of rice straw and also the system productivity and fourth year onward, 

the trends reversed. The (rice- wheat) productivity started decreasing in the plots where rice 

straw was removed and it improved considerably following the other straw management 

practices. The improvement in SOC ranged from 61.6 to 77.6 per cent in the plots with straw 

management practices over the system with straw removal. 

Table 1. Effect of residue management practices on crop (rice-wheat system) productivity and 

soil organic carbon (SOC) after 10 years 

The results of 68 experimental studies conducted in China revealed that compared with straw 

removal (SR), SI significantly sequestered SOC (0ï20 cm depth) at the rate of 0.35 (95% CI, 

0.31ï0.40) Mg C ha-1 yr-1 and increased crop grain yield by 13.4% (9.3ï18.4 %). The combined 

SI at the rate of 3Mg C ha-1 yr-1 with mineral fertilizer of 200ï400 kg N ha-1 yr-1 was 

demonstrated to be the best farming practice, where crop yield increased by 32.7% (17.9ï56.4 

%) and SOC sequestrated by the rate of 0.85 (0.54ï1.15) Mg C ha-1 yr-1. SI achieved a higher 

SOC sequestration rate and crop yield increment when applied to clay soils under high cropping 

intensities, and in areas such as northeast China where the soil is being degraded. The SOC 

responses were highest in the initial starting phase of SI, then subsequently declined and finally 

became negligible after 28ï62 years. However, crop yield responses were initially low and then 

increased, reaching their highest level at 11ï15 years after SI. Overall, our study confirmed 

that SI created a positive feedback loop of SOC enhancement together with increased crop 

production, and this is of great practical importance to straw management as agriculture 

intensifies both in China and other regions with different climate conditions. 

 

 

 

 

Ex-situ management of rice straw  

It can be done by preparing prali char from rice straw 

 

Treatments Grain yield (Mg ha-1) 
System 

productivity  

(Mg ha-1) 

SOC 1-3 yrs System 

productivity  

(Mg ha-1) 

4-10 yrs 

Rice Wheat Rice Wheat 

TPR 

(WSR) 

CT 

wheat 

(RSR) 

63.7 53.1 116.8 61.4 49.0 110.4 0.420 

TPR 

(WSR) 

ZT 

wheat-

RS 

(HS) 

63.2 50.4 113.6 58.9 53.6 122.5 0.679 

TPR 

(WSR) 

CT 

wheat 

(RSI) 

64.0 50.5 114.5 68.2 53.4 121.6 0.746 

TPR 

 (WS) 

ZT 

wheat 

RS 

(HS) 

61.1 49.9 111.0 70.1 55.2 125.3 0.746 
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Rice straw bio char: It is a carbon rich porous product obtained after thermo-chemical 

conversion of rice straw at low temperatures in the presence of little or no oxygen.  

 

Procedure for the preparation of rice straw bio char from rice straw  

It is prepared by heap method. In this traditional method, a heap or pyramid like structure 

(brick kiln) is raised to a height of 14 ft with 10 ft diameter. Then it is filled with rice straw. To 

start the combustion, rice straw is ignited from the top of the dome, covered with an iron lid 

and then immediately sealed with mud. To allow the combustion products to escape, vents are 

kept open. The paddy straw is subjected to partial combustion until the fire became clear and a 

very thin blue smoke starts coming out from the vents located in the upper portion of the dome. 

It indicates that biochar has been formed in this zone. Now seal the vents located in the upper 

portion of the dome with clay. Now the combustion advances to the middle portion of the dome 

and in the same way smoke starts coming out of these vents. Wait till the very thin blue smoke 

starts coming out from these vents. The moment it starts, seal the vents located in the middle 

portion of the dome immediately with clay. It shows that bio char is also ready in this portion 

also. Now finally combustion reaches the lower portion of the dome and again seal the vents 

located in the lower portion of the dome with clay as soon as the thin blue smoke starts coming 

out from these vents. Now biochar is formed in this portion also. This whole process usually 

takes 10-12 hours. After that cooling process is started by pouring diluted clay in water.  After 

two days, the biochar is taken out. It can also be removed on the same day by cooling it with 

water. By this process 12 quintals of rice straw can be converted in to approximately 6.5-7.0 

quintals of prali char. 

The conversion of paddy straw into charcoal (biochar) with the limited supply of oxygen 

by the pyrolysis using different types of closed chambers/furnaces/electric furnaces and its 

subsequent use in agriculture seems to be an ecologically sound option.  However, it 

distinguishes itself from charcoal that bio char is produced with the intent to be applied to soil 

as a means of improving soil productivity and carbon storage. The results of the experiment 

conducted for three years on the effect of rice straw bio char on crop productivity and soil 

organic carbon is given in Table 3. 

 

Table 3. Effect of rice straw biochar and nitrogen on crop productivity and SOC in rice- 

wheat system 

Amendment Grain yield (Mg ha-1) SOC 

(mg kg-1) Rice Wheat 

2013 2014 2015 2013-14 2014-

15 

2014-5-16  

No-amendment 5.30 5.97 6.32 3.43 3.22 4.01 4.1 

RSB 5.94 

(12.1)  

6.90  

(15.6) 

7.25 

(14.7) 

4.07  

(14.6) 

3.72 

(15.5) 

4.80 

(19.7) 

5.2 

C.D(0.05) 0.35 0.20 0.20 0.18 0.38 0.13 0.064 

Figures in parenthesis indicate % increase over control 

 

The results revealed that the effect of rice straw was more pronounced in in increasing 

the productivity of wheat as compared to rice. The per cent increase in grain yield of rice varied 

from 12.1 to 15.6 during three years of the study and that of wheat varied from 14.6 to 19.7, 

respectively during the same period under study. The SOC increased by 26.8 per cent after 

three years of the study. 

Summary and conclusions 

Rice-based production systems in South Asia has depleted a significant amount of SOC 

and threatened the sustainability of agriculture in the region. Conservation management 
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systems such as reduced- and no-tillage, and crop residue incorporation/ retention or rice straw 

bio char increased SOC accumulation and improved sustainability of agricultural systems. No-

tillage increased soil aggregation, improved other soil properties, and favourably influenced 

SOC accretion. Improved understanding of SOC dynamics and soil-plant-atmosphere 

interaction of GHGs in continuously flooded intermittently flooded and upland rice-based 

systems would help to estimate global warming potential of South Asian agriculture and other 

similar agro ecosystems in the world. More research evaluating impacts of alternative 

management systems on SOC dynamics and GHG emissions is required. Specifically, 

understanding SOC and nutrient dynamics during transition from conventional to conservation 

systems are required.  
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Chapter 10 

METHODS FOR DETERMINING OF TOTAL CARBON, ORGANIC 

CARBON AND INORGANIC CARBON  

 Manpreet S. Mavi 

Department of Soil Science, PAU Ludhiana-141004 

Soil organic carbon (SOC) is a complex mixture of carbonaceous compounds and 

comprises of remains of the residues of plants and animal components, live microbial biomass 

and the byproducts of microbial processes, and C associated with mineral components as 

organo-mineral complexes. Being a dynamic entity, organic C in soil exists in different forms, 

including protected and unprotected components. The protected SOC has a long residence time 

and impacts the net anthropogenic emission of CO2. Understanding of the amount and 

dynamics of the different forms under soil/climate-specific situations is critical to enhancing 

sequestration of SOC within a land unit. However, the increasing concentration of carbon 

dioxide in the atmosphere causes global warming. Therefore, global scientific community is 

making efforts to develop strategies for mitigating climate change and set goals for limiting 

global warming. The COP21 or the 21st Conference of the Parties to the United Nations 

Framework Convention on Climate Change agreed to limit atmospheric increase of 

temperature to less than 2 °C compared to pre-industrial levels.  

As compensation for the anthropogenic emission of greenhouse gases, a goal of 

increasing soil organic matter (SOM) stocks by 0.4% per year has been set. To meet this goal, 

a voluntary action plan to implement farming practices that maintain or increase soil C stocks 

in agricultural soils is required (Chambers et al. 2016). Because C is actively cycling among 

different terrestrial reservoirs, C in the worldôs soils is strongly interacting with those in other 

ecospheres: biosphere, atmosphere and hydrosphere. Estimated to 1-m depth, soil C reservoir 

of 1505 Pg (petagram = 1015 g = billion metric ton) (Batje, 2014) is about 2.68 times the biotic 

(560 Pg) and 1.71 times the atmospheric (867 Pg) stocks. Furthermore, ~55% of the total SOC 

stock to 1-m, 62% to 1.5 m, 67% to 2-m, and 77% to 3-m depth is stored below 30-cm soil 

depth. Therefore, assessment of changes in SOC stock and description of processes because of 

change in land use, soil management and other perturbations must be made to at least 1-m 

depth. 

Soil organic matter (SOM) exerts a major influence in maintaining soil quality and 

ecosystem functionality. Many studies have shown that greater SOM in soil has co-benefits of 

restoring soil fertility and improvements in soil physical properties such as aggregation, water 

infiltration, hydraulic conductivity and compaction (Blair et al. 2006a). These improvements 

generally translate to greater productivity and crop yields with reduced inputs of fertilizers, 

pesticides and water (Lal 2004b). However, it is not only the quantity but also the composition 

of organic matter that is important for understanding nutrient fluxes and the mechanism of C 

sequestration in soils. It is well-recognized that C fluxes in soil may be better understood by 

isolating active/labile and recalcitrant/non-labile pools of SOM by physical, chemical and 

biological techniques. Stocks of organic C in soils are determined from two variables, namely 

SOC concentration and bulk density. Accurate measurement of C sequestration rates over time 

in soils based on typical repeated measure designs, necessitates the estimation of both variables 

each time and if a specified measurement depth is to be used, an adjustment to account for 

equivalent masses will be required if bulk density varies through time (Ellert et al. 2002; 

McKenzie et al. 2008).  A number of methods, with several variants, have been proposed to 

enumerate SOM sub-pools. However, for comparison of results among different studies and to 

develop repositories of soil C stocks at different levels of spatial aggregation, it is important to 
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adopt standard protocols. 

 

Measurement of Soil Carbon 

In general, one or more of the following approaches is used for determining C 

concentration in soil: (1) repeated measurement of SOC stocks at the same location over a 

period of time (chronosequence studies), (2) quantification of the differences in SOC stock 

between the new practices and ócontrolô treatment, (3) mass balance studies in which all inward 

and outward C fluxes from the soil are quantified over a specified time period, and (4) 

measurement of changes in some sensitive soil C pool or fraction, which may provide early 

indications of long-term changes in total C stocks. Carbon in soils can be divided into two 

major pools: soil organic carbon (SOC) and soil inorganic carbon (SIC). Organic carbon is 

derived from organic matter and is important in maintenance and improvement of soil fertility. 

Inorganic carbon can be classified into two types: (i) carbonates derived from weathering of 

rocks and; (ii) carbonates derived from the direct absorption of CO into the soils. The SIC can 

be a significant carbon pool and has been estimated to be as high as 930-1738 Gt C globally, 

with significant concentrations in arid regions and in degraded ecosystems. However, the 

magnitude of SIC sequestration rates are generally lower than that of SOC. The SIC pool is 

relatively stable, and is thought neither to be a net sink nor to be strongly affected by land 

management and hence not of much significance in the climate change perspective (Lal, 2009). 

Measurement techniques for assessing soil organic matter (SOM) are relatively simple and 

straight forward. The measurement of soil carbon requires (i) collection of soil samples depth 

wise (ii) determining the soil bulk density (BD) as per the depth of soil sampling and (iii) 

quantification of soil organic and inorganic carbon content in the collected soil samples. The 

mass of soil carbon per unit area is determined by multiplying the depth, BD values and the 

soil C content and summed up depth wise for expressing up to one meter depth. Commonly 

used measurements include microbial biomass C, water-extractable organic C, hot water 

soluble C, KMnO4-oxidizable C, organic C fractions of different oxidizability, and 

mineralizable C. Though most of these pools are positively related to each other yet the amount 

extracted by each method differs considerably suggesting that each method enumerates a 

different fraction of SOC. Besides labile pools of SOM, enzyme activities such as 

dehydrogenase have been used to understand the process of decomposition and C stabilization 

in soils. Therefore, knowledge of different SOM pools and enzyme activities could help in 

assessing the impact of management practice.  

A number of methods are available for determining SOM and SOC concentration, each 

with distinct advantages and disadvantages. The commonly used methods include (1) oxidation 

of organic matter with hydrogen peroxide suitable for soils devoid of manganese dioxide, (2) 

loss on ignition for high organic carbon soils (>15%), (3) wet digestion, and (4) dry 

combustion. The major limitation in peroxide digestion method is incomplete oxidation of 

organic matter and loss of volatile organic compounds if samples are air or oven-dried prior to 

digestion (Santisteban et al. 2004). The loss on ignition method, apart from being time-

consuming, does not account for loss of water held in soil minerals during heating, thus 

affecting the weight difference. Wet combustion analysis of soil by chromic acid digestion has 

long been a standard method for determining total C. The primary limitation associated with 

this method is inefficiency of dichromate to oxidize recalcitrant C forms such as charcoal, 

graphite and soot, and trapped C in soil aggregates (Tivet et al. 2012). The wet digestion 

method, proposed by Walkley and Black (1934), is commonly used in several laboratories as 

it needs minimum equipment.  

The method is based on oxidation of SOC by potassium dichromate (K2Cr2O7) in the 

presence of sulphuric acid (H2SO4). The dilution of H2SO4 provides heat for the oxidation 

reaction but only about 70-75% of SOC reacts with K2Cr2O7. Dry combustion method is based 



 

 

52 

on thermal oxidation of organic C and decomposition of inorganic C to CO2 at temperature 

between 1000 and 1600 °C. The method does not differentiate between organic C and inorganic 

C present in charcoal, coal and other non-humus materials. Carbonates if present in the sample 

have to be removed, prior to analysis, by acid pre-treatment. However, there is a possibility of 

losing SOM during acid treatment. Different automated instruments determine total C, N and 

H in soils in the presence of O2 and chromium dioxide (CrO2, as catalyst) at 1700ï1800 °C. In 

this method, soil sample is oxidized in the presence O2 in a combustion tube. The oxidized C, 

N and H are carried by Helium gas carrier into a tube maintained at 650 °C and then brought 

to constant pressure and volume in a gas mixing chamber where gases are allowed to expand 

into the analyzer portion of the instrument. The analyzer consists of three thermal conductivity 

detectors connected in series and separated by two traps to quantify H, C, and N. The automated 

dry combustion method is most widely used as it is more accurate and it is possible to handle 

a variety of samples, including solids, liquids, volatile and viscous samples. In addition to wet 

and dry combustion, several techniques based on spectral properties of the soil are being used 

under laboratory conditions (Bellon-Maurel and McBratney 2011).  

A variety of spectroscopic and remote sensing methods such as inelastic neutron 

scattering and gamma-ray spectroscopy (Wielopolski et al. 2003), mid- and near-infrared and 

diffuse reflectance spectroscopy (Reeves et al. 2006), remote sensing imagery (Chen et al. 

2000) and laser-induced breakdown spectroscopy (Gehl and Rice 2007) have been proposed 

for measurement of SOC. These techniques provide the possibility of repetitive and sequential 

measurements for spatial and temporal evaluation of soil C stock at a large scale and thus 

circumvent some of the problems associated with sampling schemes and collection and 

preparation of samples. However, these methods are still evolving and present some 

instrumental and procedural limitations. 
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Introduction  

Agriculture sector contributes 19-21% to the total greenhouse gas (GHG) emission in 

India. Combined with land use change and forestry (LUCF), it is the second largest source of 

GHG emission in India. Initial efforts at dealing with the problem of global warming 

concentrated on mitigation, with the aim of reducing and possibly stabilizing the GHG 

concentrations in the atmosphere (UNFCCC, 1992). Even if this stabilization was achieved, 

sea level rise and global warming would continue to increase over centuries because of the 

inertia of the earth systems. Mitigation activities are traditionally employed as natural resources 

conservation measures, but they generally serve the dual purposes of reducing the emission of 

GHG from anthropogenetic sources, and enhancing carbon óósinkôô. Forestry sector holds the 

key to the success of mitigation efforts, and has great potential to sequester carbon through 

reduced emissions from deforestation and degradation (REDD), afforestation and reforestation, 

and forest management. Indiaôs vast area of croplands, through cropland management, could 

be an important area for sequestering carbon in soils. India being the largest producer of rice 

and livestock in the world, appropriate management can contribute to a reduction of methane 

emission from rice production and enteric fermentation.  

A variety of options exists for mitigation of GHG emissions in agriculture. The most 

prominent options are improved crop and grazing land management (e.g., improved agronomic 

practices, nutrient use, tillage, and residue management), restoration of organic soils that are 

drained for crop production and restoration of degraded lands. Lower but still significant 

mitigation is possible with improved water and rice management; set-asides, land use change 

(e.g., conversion of cropland to grassland) and agro-forestry; as well as improved livestock and 

manure management. Many mitigation opportunities use current technologies and can be 

implemented immediately, but technological development will be a key driver ensuring the 

efficacy of additional mitigation measures in the future 

 

Mitigation options in Agriculture  

Climate change mitigation is action to decrease the intensity of radiative forcing in order to 

reduce the potential effects of global warming (IPCC glossary). Capturing the potential of 

agricultural mitigation and its co-benefits will require new and additional resources, multiple 

funding streams, innovative and flexible forms of financing, and the unequivocal eligibility of 

agriculture, including soil carbon sequestration, in existing and any new financing mechanisms. 

Strategies to reduce GHGs emissions from agriculture are illustrated in Figure 1.  

 

Adaptation to climate change 

Adaptation to climate change is a long-term process that necessitates long-term interventions 

at local, national and regional levels. Since it is likely that some climate change will occur over 

the next 100 years, óadaptationô has been suggested as the means to reduce the impact of climate 

change on agriculture, individuals and societies. Adaptation reduces vulnerability of crops, 
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livestock, human and society on the whole to adverse effects of climate change. Climate change 

adaptation will be needed in a variety of ecosystems, including agro-ecosystems (crops, 

livestock, grasslands), forests and woodlands, inland waters and coastal and marine 

ecosystems. Planning of climate change adaptation invariably is complicated by multiple 

policy criteria and interests that may be in conflict (IPCC 2014). For example, the economically 

most efficient path to implement an adaptation option might not be the most effective or 

equitable one due to various interests, trade-offs and uncertainty in the decision making process 

posed by climate change. Given the uncertainties of climate change, it is not surprising that 

adaptation strategies frequently are described as forms of risk management.   

 Adaptation is the only response available for the impacts that will occur over the next several 

decades before mitigation measures can have an effect. Societies, organizations and individuals 

have been adapting to changing conditions for centuries but the advent of climate change brings 

new challenges. Some of the challenges are brought about by issues related to the rate (and 

magnitude) of change of climate, the potential for non-linear changes and the long time 

horizons. All these issues are plagued with substantial uncertainties, which make anticipatory 

adaptation difficult. The fact that we have partial knowledge of future climate is in itself a new 

challenge. 

 
Figure 1. Strategies to reduce greenhouse gases emissions from agriculture 

(Lenka et al., 2013) 

Mittigation Options in Agriculture 

Reduce emissions

ÅReduce methane emissions from paddy field

ÅShift to low-carbon and renewable biomass fuels

ÅReduction in energy use in agriculture sector

ÅImproved energy management

ÅReduce crop residue burning

ÅReduce enteric methane formation

ÅReduce those subsidies and taxes which enhance greenhouse gas 
emissions

ÅDrainage of crop lands

ÅManure Management

ÅEfficient fertilizer nitrogen management

Carbon capture

ÅSoil carbon sequestration

ÅSoil and water conservation measures

ÅAfforestation and Reforestation

ÅConservation agriculture

ÅRestoration of degraded lands
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ADAPTATION STRATEGIES  

 Any perturbation in agriculture can considerably affect the food systems and thus increase 

vulnerability of large fraction of the resource poor population. Thus we need to understand the 

possible coping strategies by different sections and different categories of producers in India. 

Long-term adaptations are major structural changes to overcome adversity. Following are 

important adaptation strategies useful in coping with adverse effects of climate change. 

 

Agrobiodiversity 

Genetically-diverse populations and species-rich ecosystems have greater potential to adapt to 

climate change.  The selection of crops and cultivars with tolerance to abiotic stresses (e.g. 

high temperature, drought, flooding, high salt content in soil, pest and disease resistance) 

allows harnessing genetic variability in new crop varieties if national programmes have the 

required capacity and long-term support to use them.  

 

Replacing globalization with localization 

Farming systems should aim at maximizing plant biomass production from locally available 

diversified resources. The direction and magnitude of the impacts will depend on the specific 

cropping system as well as on regional conditions, but there is little doubt that adaptation 

measures at several levels are required. Concerning the agronomic practice, these adaptation 

options would primarily relate to changes in land use (e.g., changes in crop and cultivar choice) 

and crop management (e.g., changes in input use, irrigation and sowing dates).  

 Agricultural insurance 

Agricultural insurances are expected to offer a valuable contribution to adaptation. From an 

economic perspective, the expansion of existing as well as the introduction of new agricultural 

insurance products may assist farmers in coping with climate changeïinduced changes in their 

income risks. It also protects farmers from such losses.  

 

Fertilizer/nutrient management 

Optimal nutrition and most favourable soil tillage greatly affect water circulation within plants, 

which is a highly effective method of combating drought. Application of the right amount and 

combination of fertilizer nutrient can address the problem of environmental stress.  In addition, 

adjustments in production intensities, in particular due to fertilizer use, can help to mitigate 

negative impacts of climate change and reduce production risks (Lenka et al., 2013).  

 

Land use and management 

Changes in land use and management such as land-use to maximize yield under new conditions, 

application of new technologies and new land management techniques, and water-use 

efficiency related techniques are key to long term adaptation strategies.  

 

Drought management 

Drought is one among very important weather extremities of climate change. Drought will limit 

plant growth and reduces leaf area thus affecting productivity. Improving water management 

will enhance the role of smallholder irrigation in adapting to decreasing water resources 

associated with climate change and variability.  

 

Use of wastewater for peri-urban irrigation 

In most cities, peri-urban irrigation is a significant part of informal irrigation. In major cities in 

India, the absence of a suitable network of sewers results in pollution of the urban environment, 

affecting poor people who rely on waste water for peri-urban irrigation. The use of the 

wastewater contaminates agricultural products that are eventually marketed as gardening 
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products. However, with adequate treatment, urban wastewater, with an acceptable threshold 

quality, can be used as source water for irrigation. It is possible to produce various crops of 

community interest for consumption (vegetable, flowers and fruits), relying on irrigation with 

recycled wastewater. Use of recycled water reduces pressure on diminishing water resources 

and minimizes competition with drinking and industrial water in urban areas. Even in the rural 

areas, reuse of kitchen wastewater for micro-irrigation should be encouraged.  

 

Governance interventions 

Effective communication between science and policy - necessary for well informed adaptation 

policy making - is often hampered by misunderstandings about the phenomenon of uncertainty 

in the science. Indian government has realized the need for appropriate governance measures 

to enhance climate change adaptation and mitigation of the negative impacts. These responses 

should increase the opportunities to meet urgent needs for potable water, sanitation, irrigation, 

and hydropower, among others.  

 

Conclusion 

The Greenhouse gas mitigation and adaptation options should be included in national policies, 

laws, investment strategies, education and extension programmes. Successful adaptation will 

require a mix of pre-emptive and reactive adaptive strategies that respond to the combined 

changing challenges and opportunities posed by climate change and other social, economic and 

institutional pressures. The mitigation options should be cost effective, profitable and easily 

implemented in farmerôs field. There are several constraints and limitations to the adoption due 

to lack of mitigation options, availability of direct seeding machines, inadequate knowledge, 

and institutional support, as well as the farmerôs attitudes toward mitigation options.  
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Climate change, caused by the increase in concentration of greenhouse gases (GHGs) 

in the atmosphere, has emerged as the most prominent environmental issue all over the world. 

It will have a considerable impact on agriculture including crops, livestock and fisheries. 

Agriculture, crucial for ensuring food, nutritional and livelihood security of India, is exposed 

to the stresses arising from climatic variability and climate change. Agriculture sector is also a 

major contributor to the enhanced greenhouse effect with the emissions of carbon dioxide, 

methane and nitrous oxide from agricultural soils and livestock (Lenka et al., 2015). During 

1970-2010, the GHGs emission from Indian agriculture has increased by about 75%. The 

increasing use of fertilizers and other agri-inputs and the rising population of livestock are the 

major drivers for this increase in GHGs emission. The relative contribution of Indian 

agriculture to the total GHGs emission from all the sectors of the country, however, has 

decreased from 33% in 1970 to 18% in 2010. Mitigation of GHGs emission from agriculture 

can be achieved by sequestering C and reducing the emissions of methane and nitrous oxide 

through changes in land-use management and enhancing input-use efficiency. A win-win 

solution would be to develop such mitigation strategies that help in climate change adaptation 

and promote sustainable agricultural development. 

 

Introduction  

Agricultural lands occupy about 40% of the earthôs land surface (FAO, 2015). About 

70% of the agricultural lands are used for pasture, 27% are arable lands, mainly devoted to 

annual crops and only 3% for permanent crops. Global harvested area for all crops has 

increased from 1.06 billion hectares (Bha) in 1961 to 1.38 Bha in 2011, a 30% increase (FAO, 

2015). Global population during the same period has increased from 3.08 to 7.24 billion, a 

135% increase. The ratio of farm land to people therefore, declined from 0.344 ha in 1961 to 

0.191 ha in 2011, a 45% decrease. Productivity of crop, however, has increased considerably. 

For example, cereal production has tripled from 0.87 billion ton to 2.59 billion ton during the 

period (FAO, 2015). Growing demand and technological improvements have led to widespread 

changes in livestock production systems from smallholder mixed systems to large-scale 

commodity-specific systems, from roughages to concentrate feeds, and from dispersed to 

concentrated production. Aquaculture increased over that period, from negligible in 1950 to 

over 40 Mt by 2008 (FAO, 2010). 

Global warming, caused by the increase in concentration of GHGs in the atmosphere, 

has emerged as the most prominent environmental issue all over the world. These GHGs viz. 

carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) trap the outgoing infrared 

radiations from the earthôs surface and thus raise the atmospheric temperature. The Inter-

Governmental Panel on Climate Change (IPCC), in its Fifth Assessment Report, has reiterated 

that warming of the climatic system is unequivocal. The anthropogenic influence on the 

climatic system is evident from the increasing concentrations of GHGs in the atmosphere and 
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the positive radiative forcing. As a result, the temperature of atmosphere and ocean is going 

up, snow and ice are melting fast and sea level is rising. This global climate change will have 

considerable impact on the crop, soil, livestock, fishery and pest. 

Agriculture is crucial for ensuring food, nutritional and livelihood security of India. It engages 

almost two-third of the workforce in gainful employment and accounts for a significant share 

in Indiaôs gross domestic product. Several industries depend on agricultural production for their 

requirement of raw materials. Due to its close linkages with other economic sectors, 

agricultural growth has a multiplier effect on the entire economy of the country. The 

agricultural sector is believed to contribute to the greenhouse effect and the ensuring climate 

change is likely to have adverse impact on this sector. Various agricultural activities such as 

land clearing, cultivation of crops, irrigation, animal husbandry, fisheries and aquaculture have 

a significant impact on the emission of GHGs and consequently on climate change (IPCC, 

2014). An in-depth understanding of trends in emission of GHGs, their drivers, and the relation 

between the two, is essential for comprehending the need for mitigation and adaptation. The 

objectives of this paper are to evaluate the emission of GHGs from agriculture, analyze the 

drivers and implications and assess the potential of various mitigation options. 

Sources of GHG emission and removal from agriculture  

Sectorial distribution of GHG emission comparing the emission levels at 2004 (AR4) 

and 2010 (AR5) is given in figure 1.  By sector, the largest sources of greenhouse gases were 

the sectors of energy production (mainly CO2 from fossil fuel combustion), and agriculture, 

forestry and landȤuse (AFOLU) (mainly CH4 and N2O). The contribution of AFLOU 

(agriculture, forestry and landȤuse) to total emission has come down from 31% (2004) to 24% 

(2010).  Identification of GHG sources and quantification of GHG emission from agriculture 

sector has passed through many phases of refinement. The 1996 IPCC inventory guidelines 

require emission reporting from the following six categories: Energy; Industrial Processes; 

Solvent and other product use; Agriculture; Land-use change and forestry (LUCF); Waste. 

These categories were revised in the 1996 revised guidelines, where LUCF was expanded to 

include emissions/sequestration from land under continuous use. The new category Land-use, 

land-use change and forestry (LULUCF) was thus created. In the 2006 IPCC guidelines the 

categories have been altered and amalgamated, with only four sectors to which GHG emissions 

are now attributed. The Agriculture and LULUCF sectors were combined to produce the sector 

Agriculture, forestry and other land-use (AFOLU). Figure 2 gives a schematic presentation of 

emission by sources and removals by sinks in agriculture.  

In agriculture the non CO2 sources (CH4 and N2O) are reported as anthropogenic GHG 

emissions, however. The CO2 emitted is considered neutral, being associated to annual cycles 

of carbon fixation and oxidation through photosynthesis (IPCC, 2007).  Soil respiration is 

roughly balanced by the net uptake of CO2 through plant photosynthesis. Carbon inputs to the 

soil are determined by the quantity, quality and distribution of primary productivity. The 

organic matter decomposition and microbial respiration are influenced by soil physic-chemical 

and biological soil properties controlling the activity of soil microorganisms and fauna.  Also 

there is growing consensus on soil respiration and hence CO2 evolution is higher when any 

organic material is added to soil. Similarly soils with higher soil organic carbon (SOC) content 

emit more CO2 than soil with low SOC. There by increasing concentration of CO2 in the 

atmosphere. On the other hand, higher concentrations of atmospheric CO2 also will stimulate 

the growth of most plants, especially C3 agricultural crops. Increased productivity can supply 

more plant residues to the soil, possibly increasing storage of SOM. But, higher level of 

atmospheric CO2 is also coupled with temperature rise which would have both positive and 

negative effect on plant productivity. If the productivity decreases it would have negative effect 

on soil carbon storage.  Thus, accounting CO2 emission and removal in agriculture should be 

considered in creating GHG inventory from agriculture. Further, the link between agriculture 
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and climate change must be assessed and presented accurately and consistently. Flaws in the 

assessment of agricultureôs contribution will lead to dispute, failure to trust the science, and 

consequently, failure to act. Global recognition of the extent of agricultureôs contribution to 

GHG emissions is required, as is quantification of how its contribution compares to that of 

other emission sources.  

 

 

Figure 1. Comparing AR4 and AR5 the sectoral distribution of greenhouse gas emissions 

showing the percentage of emission with respect to the total. AR4 represent emission level at 

2004 and AR5 2010.  
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Figure 2. Schematic presentation of sources and sinks of GHGs in agriculture, forestry and 

other land use (AFLOU) (Lenka et al., 2015). 
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Key mitigation options in agriculture forestry and other land uses  

To reduce the impact of climate change mitigation and adaptation are the two key 

options available. Mitigation options are focused at reducing the emissions of GHGs from 

agriculture sector at the same time meeting the demands of food production by growing 

population. Mitigation activities are traditionally employed as natural resources conservation 

measures, but they generally serve the dual purposes of reducing the emission of GHG from 

anthropogenetic sources, and enhancing carbon óósinkôô. Forestry sector holds the key to the 

success of mitigation efforts, and has great potential to sequester carbon through reduced 

emissions from deforestation and degradation (REDD), afforestation and reforestation, and 

forest management. A variety of options exists for mitigation of GHG emissions in agriculture. 

The most prominent options are improved crop and grazing land management (e.g., improved 

agronomic practices, nutrient use, tillage, and residue management), increasing partial factor 

productivity and input use efficiency, restoration of organic soils that are drained for crop 

production and restoration of degraded lands (lenka et al., 2014, 2017 & 2019). Lower but still 

significant mitigation is possible with improved water and rice management; set-asides, land 

use change (e.g., conversion of cropland to grassland) and agro-forestry or other perennial 

planting in agricultural lands; as well as improved livestock and manure management (Pathak 

et al., 2011). Many mitigation opportunities use current technologies and can be implemented 

immediately, but technological development will be a key driver ensuring the efficacy of 

additional mitigation measures in the future. Also the suitability and recommendation of 

mitigation technology is site specific and need based. There are few constraints and challenges 

in transfer of these mitigation technologies to farmerôs field. There is a need to address the 

issues and constraints and devise ways in achieving the large scale adoption of climate friendly 

agricultural practices. The established linkage of GHG emission with climate change has led 

to international negotiations and the recognition of carbon (C) as a tradable commodity.  

Agriculture practices with low C foot-print can be a triple win in form of enhanced adaptation, 

increased mitigation and stability in the food security and sustainability in the country. The 

imposition of a CO2 tax on agricultural activity would result in a reduction of agricultural 

production, particularly for GHG-intensive commodities. In contrast, if farmers were rewarded 

for carbon sequestration activities (specifically agro-forestry) this would lead to intensification, 

as more inputs are applied to the land remaining in agriculture. Emissions per unit of 

agricultural land would increase but would decline per unit of output. They are also supportive 

of arguments made by others that if global agriculture is to meet the needs of an expanding 

world population while simultaneously contributing to mitigation of GHG emissions, changes 

in the structure of production and intensification will be required (Lenka et al., 2015). Carbon 

offset program can be successful in agriculture sector only if the carbon credits to be traded are 

in a bulk quantity, easily measurable and there are buyers to buy the credits. Thus, measures at 

the government level to effectively integrate farmers into carbon trading processes are needed. 

For example, if conservation agriculture is considered as a tradable activity, then the scale of 

adoption should be sizable so that a pool of credits is generated. Similarly, degraded land 

restoration measures and soil health improvement programs can be brought into the C trading 

network.   

 

Trade-offs between Crop Production and GHGs Emission 

The demand for rice and wheat, contributing about 77% to the total food grains production in 

India, is expected to increase. This increased production can be achieved through higher use of 

farm inputs, particularly irrigation and fertilizer. However, the increased use of nitrogenous 

fertilizer and irrigation would enhance the emission of GHGs. There is a need to quantify the 

trade-offs between production and GWP of rice and wheat crops so as to develop suitable 

technologies to increase food production and reduce GWP by increasing the carbon efficiency 
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ratio. Therefore, gain in one area (increased yield) would cause loss in the other (increased 

GWP). But in some cases, a ówin-winô situation can be achieved. Options that reduce GHGs 

emissions and increase yield and CER, are clearly the most desirable ones. There is a greater 

need today for more rational management practices including efficient use of inputs, 

particularly irrigation and N (Pathak et al., 2011). 

 

Implications for Indian Agriculture  

Indian agriculture is said to be a gamble of the monsoon. Thus, precipitation extremes 

in terms of high intensity rainfall causing floods and long dry spells during summer monsoon 

seasons has the most severe impact on the agriculture production scenarios and livelihood of 

the rural population. Further, the factors of risk and uncertainty get amplified under the 

changing climate scenario. The variations in day and night time temperature may subject the 

crop plants to gradual alterations in their physiological behaviour and may change the onset of 

key phonological events. As crop cultivars are characterized by growing degree days (GDD) 

requirements, a higher average temperature condition due to reduced diurnal temperature 

range, can reduce the crop growth period and the crop yield. The increased aerosol loading in 

the earthôs atmosphere is reported to reduce the incoming solar radiation, considered to be a 

key input for photosynthesis. The production constraints due to a rise in temperature and 

reduced crop growth period, is further increased due to reduced low solar radiation under the 

changing climate.  

 Climate change and agriculture both play a very significant role in the global 

environment. The agriculture sector requires heavy reliance on irrigation, use of fertilizer and 

crop residue burning etc. all of which impose a direct impact on climate change via greenhouse 

gases. Change-Gil Kim (2010) describes ñthe flow of the impact of climate change on the arable 

and live stock sector are made known by biological changes including the change of flowering 

and harvesting seasons, quality change and shifts of areas suitable for cultivation and irrigation 

in Indiaôs agrarian productivity.ò Researchers show that world temperatures could by 4 degrees 

Celsius this century and by 2025, two-thirds of all nations will confront water supply stress and 

2.4 billion people will live in countries unable to provide sufficient water for basic health, 

agriculture and commercial needs. Climate change is increasing the pressure on already scarce 

resources and negative impact on agriculture which is perceived by the farmersô. Climate 

change affects food security in complex ways. It impacts crops, livestock, forestry, fisheries 

and aquaculture, and can cause grave social and economic consequences in the form of reduced 

incomes, eroded livelihoods, trade disruption and adverse health impacts. However, it is 

important to note that the net impact of climate change depends not only on the extent of the 

climatic shock but also on the underlying vulnerabilities. According to the Food and 

Agriculture Organization (2016), both biophysical and social vulnerabilities determine the net 

impact of climate change on food security. The way forward is 1) adoption of sustainable 

agriculture 2) climate smart agriculture 3) climate resilient agriculture 4) enhance livelihood 

security and 5) need for more impact assessment studies 

 

Conclusions 

Agricultural practices are the major sources of GHGs emission. But, agriculture can 

also mitigate GHG emissions through the reduction in N2O and CH4 emissions, as well as 

through carbon sequestration, particularly in the developing world. For Indian agricultural 

production systems to be viable in the future, there is a need to identify soil management 

systems that are climate change compatible, where soil organic C is enhanced or at least 

maintained and GHGs emission is reduced. It would require increased Research and 

Development efforts on mitigation and adaptation, capacity building, development activities 

and changes in land-use management. A win-win solution would be to develop such mitigation 
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strategies that may help sustainable agricultural development such as increasing soil organic C 

content. Policies and incentives should be evolved that would encourage the farmers to adopt 

mitigation options, improve soil health, use water and energy more efficiently. 
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Chapter 13 

MODELING CARBON SEQUESTRATION IN SOIL -PLANT SYSTEM  

 Pramod Jha  

Indian Institute of Soil Science, Nabi Bagh, Berasia Road, Bhopal-462038 

Introduction  

 

Modeling is an approach used to infer SOC stocks and distributions in conditions where they 

have not been measured, such as: (1) under future climatic conditions, (2) at locations or for 

soil types or regions where no measurement exists, (3) for pasture management scenarios that 

have not yet been tested, e.g. use of new grass species or changes in fertilization or grazing 

regime. The inability to measure SOC stocks directly can have various causes, such as difficult 

access to representative sampling points, lack of equipment or that the number of samples 

needed to representatively cover a certain area of interest exceeds those affordable. 

Furthermore, the information obtained by direct measurements is not always sufficient to 

answer all relevant questions related to SOC stock and dynamics. 

 

Choice of model  

The choice of modeling approach should consider the purpose and spatial scale of the study, 

as well as the availability of quality data to run the model. The complexity of the model should 

be aligned to the context, but the simplest, locally validated model is preferred. Internal 

calibration of a model (based on region-specific data), where model ñfactorsò are adapted based 

on experiments, leads to more accurate results, regardless of the level of assessment. 

 

Check data availability  

Data availability for both model input parameters and to test model outputs shall be 

investigated before choosing a modeling approach. 

 

Preliminary data 

The amount and type of SOC shall be used to initialize the model to produce reliable estimates 

of SOC amount over the simulation period. Good estimates of the SOC and C input from the 

vegetation and land use and conditions for many decades prior to the simulation period should 

be used to improve the ability to accurately predict the initial SOC, by calibrating model 

parameters where needed. 

 

Model validation and calibration 

To minimize model uncertainty, the model shall be validated for the conditions (e.g. country 

or climatic zone) in which it will be applied when possible. If a model is not validated for the 

region of interest, the model should be calibrated using local time series of SOC stocks. 

Thereby, only a limited number of parameters should be modied and only those that do not 

have many interdependencies with other parameters. 

 

Sensitivity analysis 

A model sensitivity analysis and uncertainty assessment should be conducted to inform 

decisions about the suitability of the model, and provide valuable information on which model 

inputs and processes are most important.  

The following three levels represent different methodological modeling approaches and 

range from the use of default data and empirical equations to the use of more complex, specific, 
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locally validated functional or mechanistic models. 

These three levels are:  

Å Level 1: óEmpiricalô Models  

Å Level 2: óSoilô Process Models  

Å Level 3: óEcosystemô Models 

 

Level 1: óEmpiricalô Models 

One of the best-known empirical approaches is the computational method for 

estimating SOC stock changes developed by The Intergovernmental Panel on Climate Change 

(IPCC, 2003, 2006). This empirical approach computes projected net SOC stock changes over 

a 20 year period. This is assumed to be the default period for SOC stocks to attain a new steady 

state (referred to as óequilibriumô) although this may take much longer, even more than 100 

years (e.g. Poulton et al 2018). 

 

Level 2: óSoilô Process Models  

Soil organic carbon stocks and changes may be estimated at this level by using models that 

simulate SOC dynamics through time, considering the effects of climatic and soil factors 

together with land use and management variables. Models at this level take account of 

underlying dynamic processes and variables determining SOC stocks and changes by using 

mathematical functions that describe in detail the physical and chemical processes involved, or 

by using robust empirical functions based on general physical-chemical principles to simulate 

and integrate different processes. 

 YASSO, ICBM C-TOOL, CANDY or Roth-C (Jenkinson et al., 1990; Coleman et al., 

1997) is some examples of this type of models. RothC has been one of the most widely used 

SOC models in the last 20 years (Campbell and Paustian, 2015). Although it was originally 

developed and parameterized to model the turnover of organic C in arable top soils, it was later 

extended to model turnover in other biomes, and to operate in different soils and under different 

climates (Coleman et al., 1997). Although these models are more complex than empirical 

approaches, they have relatively few data requirements and it is relatively easy to obtain 

climatic, soil and productivity data inputs to run them. Soil carbon inputs from plant residues 

and animal excreta need to be estimated, but they may be derived from above-ground net 

primary production, root: shoot ratios, livestock efficiencies and harvest, and plant material 

digestibility 

 

Level 3. Ecosystem models 

 At this level, the use of dynamic, process oriented, more complex and locally calibrated 

SOC models is proposed. As in ólevel 2ô models, SOC changes in time are simulated 

considering the effects of climate, soil, land use and management variables on SOC dynamics. 

However, óEcosystem Modelsô also integrate these variables to simulate soil processes other 

than carbon turnover that may have a direct or indirect impact on SOC dynamics. Thus, 

óEcosystem Modelsô, using different sub-models, simulate above and belowground plant 

biomass growth and carbon inputs, soil water dynamics, nutrient dynamics and their 

interactions. 

 There is range of existing Ecosystem models for estimating SOC includ-ing: EPIC, 

CENTURY, DNDC, DAISY and SOCRATES. Tested using long-run data sets and locally 

calibrated, these óecosystem modelsô generally show a good ability for predicting SOC 

dynamics across a range of land use, soil types and climatic regions. 
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An example from DNDC Model 

 

Accurate simulation of soil organic carbon (SOC) dynamics is vitally important in 

researching the carbon cycle in terrestrial ecosystems. Especially, the application of SOC 

model at the regional scale has major implications for regional and global carbon cycling (Shi 

et 2009). The DNDC (DeNitrification & DeComposition) model, developed developed by Li 

et al (1992), is a process-orientated simulation tool of soil carbon and nitrogen based on 

biogeochemistry cycles and this model is one among the most widely used models in the world.  

The C stored in soils is mainly in form of organic matter. SOC content is highly 

dynamic affected by ecological drivers (e.g., climate, vegetation, and anthropogenic activity), 

soil environmental factors (e.g., temperature, moisture, pH, redox potential, and substrate 

concentration gradients), and biochemical or geochemical reactions (e.g., decomposition, 

assimilation, leaching etc.) (Li, 2000, 2001; Li et al., 2004). Soil organic carbon (SOC) have 

received attention in past few years in terms of the potential role they can play in mitigating 

the effect of elevated atmospheric CO2. Process-based soil organic C (SOC) models are widely 

used for simulating, monitoring, and verifying soil C change (Basso et al. 2011). Soil organic 

matter (SOM) turnover models are very effective at simulating changes in SOM associated 

with different agricultural management systems or with climatic changes. Among the existing 

SOM models, the Denitrification-Decomposition (DNDC) model developed by Li et al. (1992) 

has been widely used for simulation of soil carbon dynamics. The DNDC model is a process-

base model of carbon (C) and nitrogen (N) biogeochemistry in agricultural ecosystems. The 

entire model is driven by four primary ecological drivers, namely climate, soil, vegetation, and 

management practices. It is inherently important for a successful simulation to obtain adequate 

and accurate input data about the four primary drivers. The Denitrification-Decomposition 

(DNDC) model is a process-oriented computer simulation model of carbon and nitrogen 

biogeochemistry in agro-ecosystems.  

As described in detail by Li et al. (1992, 1994, 2000, 2003), and in the userôs guide, the 

DNDC model consists of two components. The first component, consisting of the soil climate, 

crop growth and decomposition sub-models, predicts soil temperature, moisture, pH, redox 

potential (Eh) and substrate concentration profiles driven by ecological drivers (e.g., climate, 

soil, vegetation and anthropogenic activity). The second component, consisting of the 

nitrification, denitrification and fermentation sub-models, predicts emissions of carbon dioxide 

(CO2), methane (CH4), ammonia (NH3), nitric oxide (NO), nitrous oxide (N2O) and dinitrogen 

(N2) from the plant-soil systems. The entire model forms a bridge between the C and N 

biogeochemical cycles and the primary ecological drivers (Li et al. 1992, 1994; Li 2000). 

 

Input files required for DNDC model initiation  

For initializing and running the model at regional scale, there is a requirement of adequate data 

sets. Applying the DNDC model to estimate the SOC storage in arable land requires spatial 

databases of soil properties, daily weather, cropping and other data of agricultural management 

practices. 

Some of the input files/dataset required for running the DNDC model is mentioned below. 

 

Climate 

Minimum- daily mean air temperature (in °C), daily rainfall (in mm) 

Optional- daily minimum air temperature (in °C), daily maximum air temperature (in °C), solar 

radiation (MJ m-² day-1) wind speed 
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Soil 

Minimum- land use type (upland crop field, rice paddy field, moist grassland/pasture, dry 

grassland/pasture, pristine wetland), soil texture (sand, loamy sand, sandy loam silt loam, loam, 

sandy clay loam, silty clay loam, clay loam, sandy clay, silty clay, clay, organic soil), bulk 

density (in g/cm³), soil pH, field capacity (water filled pore space, 0-1), wilting point (water 

filled pore space, 0-1), clay fraction (in %, 0 - 1), hydraulic conductivity (in cm min-¹), soil 

organic carbon (in kg C kg-¹), NH4+ and NO3-concentrations (in mg N kg-¹), slope (in %) 

microbial activity index (0 - 1) Optional-SOC partitioning (in %, into very labile litter, labile 

litter, resistant litter, humads and humus) 

 

Management 

Crop 

Minimum- crops per year crop type default maximum biomass production (kg dry matter ha-

¹), planting date, harvest date, Fraction of leaves and stems left in the field (in %) Optional- 

initial biomass (kg dry matter ha-¹), initial photosynthesis, efficiency maximum photosynthesis 

rate (in kg CO2 ha-¹ hr-¹), development rate in vegetative state, development rate in 

reproductive state 

 

 

Tillage 

Number of applications per year, tilling date, tilling method (mulching, ploughing slightly, 

ploughing with disk or chisel, ploughing with mouldboard) 

 

Fertilisation 

Minimum-number of applications per year, fertiliser date, fertiliser type (urea, anhydrous 

ammonia, ammonia bicarbonate, NH4NO3, (NH4)2SO4, Nitrate, (NH4)2HPO4), fertiliser 

amount Optional-release control nitrification inhibition 

 

Manure amendment 

Number of applications per year fertilizer, date, manure type (farmyard manure, green manure, 

straw, slurry animal waste, compost), manure amount 

 

Weeding 

Weeding problem (not existing, moderate, serious), number of applications per year, weeding 

date 

 

Flooding 

Number of times per year, starting date, end date, water leaking rate, flood water, pH 

 

Irrigation  

Number of irrigation events per year, irrigation date, irrigation amount, irrigation water pH 

 

Grassland 

Number of grazing and/or cuttings, starting date (grazing), end date (grazing), application date 

(cutting) 
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An example of data input required for DNDC simulation  

Some of the steps should be followed for initiation of DNDC model is expressed below. 

1. Creation of climate file- one can use note pad for creation of climate file. An 

example is given below. First column is day of a year, 2nd column is maximum 

temperature (oC), third column is minimum temperature (oC) and last (4th) column 

is rainfall in cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Soil information-The data on soil related parameters has to be generated which 

includes, soil type, depth clay content, pH, bulk density, soil carbon content and 

carbon allocation in different pools. 

 

3. Farming management- The data on crop related activities has to be generated 

which includes crop type, sowing and harvesting date, tillage and fertilization 

details and also irrigation scheduling with amount. 

 

An example of data requirement for initiation of DNDC model 

 

Site name     Jabalpur 

Latitude (N)     ééé.... 

Longitude (E)     éééé. 

Soil name    Black soil  

Experimental period (years)  2001-2010  

Topsoil depth (cm)    100  

Clay content (%)    52 

Bulk density (Mg m-1)   1 .30  

pH      7.8 

Initial topsoil SOC (kg C kg-1)  0.0072 

Kharif crop     Soybean 

Sowing date    6/25(6/20-6/30)  

Tillage date     5/3, 6/20  

Total N applied (kg ha-1)  20 (20-0) 

Harvest date     9/25 (9/15-9/25)  

Rabi crop Wheat 

Planting date (s)    11/15 (11/10-11/20)  

Harvesting date (s)   3/30 (3/25-4/05) 

Tillage date     09/20, 10/05, 10/11  

Total N applied (kg ha-1)   120  

Number of N application times  3  

Jabalpur_2001 

1 24.2 12.2 1.8 

2 17.2 11.7 0.0 

3 17.5 11.1 0.0 

4 16.2 6.1 0.0 

5 20.2 6.7 0.0 

6 17.0 2.9 0.0 

- - - - 

- - - - 

365 23.7 7.1 0.0 
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Date of straw application   no  

Amount of straw applied (kg C ha-1)  no 

 

The DNDC model has been validated throughout the world by using long-term and short-term 

experimental data to test its behavior on the modeling of the carbon biogeochemical process in 

agricultural soils (Li 2000). The sensitivity studies are carried out to ascertain DNDC behavior 

in simulating soil carbon response to changing of climate, soils, and agricultural practices. The 

input parameters for running the model can be easily be collected. Caution to be exercised, in 

defining the model carbon pools as the final output of SOC is sensitive to carbon allocation in 

different pools of soil organic matter.  The model must be calibrated with respect to soil organic 

carbon before using it for simulation purpose. For calibration of the model, datasets of long 

term experiments should be used.  

 

 

Carbon dynamics using DNDC model (Case Study LTFE, Jabalpur) 

 

Each of the SOM pools has a specific decomposition rate subject to temperature, moisture and 

N availability. The organic matter in the litter pools will be broken down by the soil microbes. 

When the microbes die, their biomass will turn into humads pool. Humads can be further 

utilized by the soil microbes and turned into passive humus. During the sequential 

decomposition processes, a part of the organic C becomes CO2, and a part of the organic N 

becomes ammonium (Adapted from Zhang et al., 2006). 

Depending on the partitioning of soil C into the different pools, decomposition of SOC 

during a growing season may result in very low or very rapid rates of mineralization and supply 

of nutrients. Thus, for the same initial total SOC value, the model may simulate vastly different 

yields under identical environmental and management conditions depending on how the SOC 

is partitioned into different pools (Basso et al., 2011). The inappropriate initialization of SOC 

pools can also lead to inaccurate assessment of inter-annual variability (Yeluripati et al., 2009). 

Typical values of the C fractions in each pool may be provided by model developers, but 

caution should be used because such information may prove to be unreliable for the soil and 

cropping system being simulated (Basso et al, 2011). In DNDC model, the model assumes 

default value for fraction of soil organic carbon in litter, humad and humas (active, slow and 

resistant pool) irrespective of soil texture class. We have determined the different carbon pools 

of soils under different treatments of Jabalpur and the same was calibrated with respect to 

DNDC model.  

 Long-term incubation study was carried out to ascertain carbon distribution in different 

carbon pools. Soil organic carbon content was divided into 3 pools (active, slow and resistant 

pool). Resistant organic C (acid non-hydrolysable fraction) was determined using the method 

suggested by Rovira and Vallejo (2007). The carbon in active+slow pool also known as the 

acid-hydrolyzable pool was computed by subtracting acid non-hydrolyzable carbon (bio-

chemically stabilized carbon) from the TOC content of soil. SOC pools are divided into active 

and slow pools according to their turnover time on the assumption that a negligible amount of 

CO2 was evolved from the acid non-hydrolyzable fraction (Cr) during the incubation period 

(Paul et al., 1997). In Jabalpur (the C content of the acid non-hydrolysable fraction was higher 

than the cumulative C in the acid-hydrolyzable pools (active (Ca) + slow (Cs)) for all the three 

treatments. The proportion of carbon in the acid non-hydrolysable fraction was 52, 65 and 66% 

under the control, NPK and NPK+FYM treatments. There was 18% depletion in C content of 

the slow pool of TOC over the control in the treatment of chemical fertilization (NPK). We 

suggest that additional C input in the NPK and NPK+FYM treatments contributed C more 

towards the acid non-hydrolysable fraction in fine textured soil. NPK+FYM increased the C 
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content of the active, slow and acid non-hydrolysable fractions by 99, 22 and 33%, respectively 

over the NPK treatment.  The increase in Cr at Jabalpur even with NPK alone indicates that the 

resistant C content of soils could be increased even without the application of FYM in heavy 

textured soils owing to their high carbon stabilization capacity. 

DNDC simulates SOC dynamics by tracking the turnover of four SOC pools, namely 

plant residue (or litter), microbial biomass, humads (or active humus), and passive humus. Each 

pool consists of two or three sub-pools with specific decomposition rates subject to 

temperature, moisture, redox potential and N availability in the soil. As soon as fresh crop 

residue is incorporated into the soil, DNDC will partition the residue into very labile, labile and 

resistant litter pools based on C/N ratio of the residue. The lower the C/N ratio, the more of the 

residue will be partitioned into very labile or labile pool. Each of the SOM pools has a specific 

decomposition rate subject to temperature, moisture and N availability. The DNDC model has 

been validated throughout the world by using long-term and short-term experimental data to 

test its behavior on the modeling of the carbon biogeochemical process in agricultural soils (Li 

2000). The sensitivity studies are carried out to ascertain DNDC behavior in simulating soil 

carbon response to changing of climate, soils, and agricultural practices. The input parameters 

for running the model can be easily be collected. Caution to be exercised, in defining the model 

carbon pools as the final output of SOC is sensitive to carbon allocation in different pools of 

soil organic matter.  The model must be calibrated with respect to soil organic carbon before 

using it for simulation purpose. For calibration of the model, datasets of long term experiments 

should be used. 

 

 

 
 

Figure 1. Simulated and measured soil organic carbon content (%) at LTFE of Jabalpur under 

the treatment of 100% NPK using DNDC model from 2001 to 2008. 
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Figure 1. Simulated and measured soil organic carbon content (%) at LTFE of Jabalpur under 

the treatment of 100% NPK+FYM using DNDC model from 2001 to 2010. 

 

Implications related to model initiation  

Simulation accuracy of global bio-geochemical carbon model depends on the initial carbon 

content of soil and their relative distribution of soil carbon pools. No definite method of 

quantification of soil carbon pools differentiation has been proposed by the model developer. 

Basso et al. (2011) developed iterative procedure for computation of soil carbon pools for 

initialization of DSSAT-Century model. Predicted changes in SOC should also be compared 

with measured data that represent the spatial and temporal range of model inferences to assess 

uncertainty and bias (Falloon and Smith, 2003; Ogle et al., 2007). The availability of reliable 

measurements of total SOC may not be sufficient to properly initialize soil C models.  
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