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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 (@rirestrial 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 of2&Dexchanged annually between the land and
atmosphere as gross primary productivity is estimated at ~120 Gtabgrabout half of it is
released by plant respiration giving a net primary productivity of ~60 GuCHgterotrophic
soil respiration andrfe return ~60 Gt C yrto the atmosphere. However, there is an imbalance
between emissions and uptake, caused by anthropogenic activities leading to increased
concentration of C®in the atmospheré&.he global carbon budget shows that as compared to
atmaspheric increase of 3.1 Gt Cyin 1990s the atmospheric load increased at a rate of 4.3
Gt C yr1 during the years 2002 to 2011 (Table 1). The €Qission in India increasedfdld
and accounts for ~4.5% of global emissidremd use changes and management are estimated
to contribute 6% to 39% of the GQ@rowth rate.

Table 1 Global carbon budget (Gt C yr1) during 1990s and 2002L1. Errors represent +
standard deviation. Positive fluxes indicate emissions to the atmosphere and negative
fluxes are losses from the atmosphere (sinks)
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Several strategies have been advocated for stabilizing atmospheric abundanee of CO
The three main strategies to lower £€missions includeeducing the global energy use,
developing low or na&arbon fuel, and sequestering £@rough natural and engineering

technigues. fie 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 maytbrédouted 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 deptWé¢layutham et al., 20QPwhich 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 3
60% in soil organic carbon (SOC) concentration of cultivated soils. Total soil inorganic carbon
(SIC) poolin soils ofndia 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 worldods total SI C.lIsthahe SI1 C
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 ecaegions have low SOC. Such stock of SGCagain influenced by soil type
particularly the clay content. In the Ind&angetic 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 ét, 2004). The carbon stocks are higher in the surface soils

of hot semiarid and hot subhumid moist agegological regions (AERs 4 and 13) followed by

hot arid, hor suthumid, dry and hot subumid (AERs 2, 9 and 15). The contribution of SOC

stock in theoverall 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
perhumid climate with a cool winter for-2 months.

Strategies for C sequestrion in agro-ecosystems

Agro-ecosystems can play an important role in mitigating €@issions through biotic C
sequestration in soils and vegetatiBecause of historic losses of C from soils, estimated to
be 41 to 55 Gt, the soils now offer an opportyfor 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 itslecomposability and land management practices (Benbi and Nieder 2009).
Improved management of ageagosystems can significantly enhance C sequestration in soils.
Managemenpractices 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 inputeéc@gystems
can be achieved in a number of ways such as selection of high biomass producing crops, residue
recycling or residue retention by lessened tillage interegifyiication 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, changifigm 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 na 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 cropesidues 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 perenn
vegetation




Globally, potential for C sequestration in soils over 50 yesiod has been estimated to
be 2443 Gt C through improved management of existing agricultural soils, restoration of
degraded lands, permanent-asides of surplus agricultural lands in temperate developed
countries and restoration of -B0% of former vetlands now being used for agricultuiéis
would correspond with about®% of the anthropogenic G& produced annuallyThe
potential of soil carbon sequestration in India is estimated at 39 to 52 Tg @hych includes
restoration of degraded s®i{7.29.4 Tg C yr), and reduction in erosieinduced emission of
C (4.37.2 Tg C yn) (Lal, 2004). Pedogenesis of secondary carbonates play a significant role
in C sequestration (21:35.6 Tg C yn) through formation of CaC£br MgC(s and leaching
of Ca(HCQ)2 especially in irrigated systems. The rate of formation of secondary carbonates
may range from 30 to 130 kg-bgr-1 (Pal et al 2000)In India, more than 100 million hectares
are classified as degraded and greatly depleted in SOM; 35% ofdhissarassified as salt
affected wasteland. It has been suggested that only by reclamationaffesztitd wasteland
in India, up to 2 Gt C could be sequestefidtere is a considerable uncertainty in the estimates,
concerning both C flux rates and s@Gilstorage 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 theecommended management practices.

Technological options that have been found to be efficient for soil C sequestration in Indian
agroecosystems include integrated nutrient management and manuring, crop residue
incorporation, mulch farming and/conservatiagriculture, agrdorestry 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 soilggregation (Benbi et al., 1998) and greater C sequestration especially
in macreaggregates (Benbi and Senapati, 2010; Sodhi et al, 20@8)rporation of organic
manures induces decomposition of organic matter where roots, hyphae and polysaccharides
bind mineral particles into micraggregates and then these miaggregates bind to form C
rich macreaggregates. This type of C is physically protected within maggregates. The
free primary particles are cemented together into raggregates by perssstt 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 andtgreaturn of crop residues, root biomass
and root exudates to soil. Results of ay2ar 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 sequestratoas related to increased productivity of rice and wheat (Fig.

1). Soils under adequately fertilized rivegneat system have been found to sequester 70% more
SOC as compared to maimdeat system
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Fig. 1. Relationship between soil organic carbon andiic@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 lasgsiem.

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 totaliat 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 adtihessed.
projected C sequestration potentials do notlieily 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 gganic matter turnover

The pdential 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 ELsimasand La
Nino. It is welkknown that soil respiration is significantly influenced by temperature (Benbi et
al. 2019) and it is generally believed thatofDrise in temperature doubles the rate of
decompositioni.e., Quo=2. It is, therefore, speatked 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 atmosph®eweral studies have shown that C
mineralization increases with increasetemperature 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 increasedyb4-9 per cent at A5 C temperature and the effect diminished to abe8it 2
per cent at 38C. 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 CO
concentration influences SOM storage through its effect on primary production. Generally, it
is expected that increase in temperature will enhance the rate of SOMpbesition, which
decreases SOC content. Increased temperature together with elevateshCéhtration 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 soll fertility, crop productivity and
terrestrial cycling of carbon (C), nitrogen (N) and sulfur (S) has long been recognized. Soll
organic matter imparts desirable physical environment to soils by favoaielgting 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, tlée 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 disappearaf@ctices and conditions that
favor higher and faster evolutiaaf COz2 oppose buildup 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, buildng materials and fuel. As of today, more terrestrial organic matter has been lost in
the form of CQthan it has been sequestered in soils. These losses from soils, particularly that
of tropics, which are already of low fertility are clearly of concerrrafation to future
productivity.

Global Pool Size

The global pool of SOM is estimated to contain about 3000 Pg C. This compares
with estimates of 700 Pg C in abegeund 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 RzalC as ¢
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 (ast&ybtored 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-seiiclimate, rarely exhibit organic
carbonexceeding 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 greaiby
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 tagutropical 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 heetaglobally and the forest soils store about 582 Pg
of SOC (excluding litter, estimated to be betweer820Pg) 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 forés 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 animalsiarabial biomass
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and the dead organic matter is formed by chemical and biological decomposition of organi
residues. The dead organic matter may be differentiated into unaltered material (in which
morphology of the original material still exists) and thierad 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 generallyp-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 fractionath 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 differentvents 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 technigs. Generally, humus is distinguished betweenmonic and
humic substances. Non humic substances comprise compounds belonging to-kmowwue!l
classes of biochemistry such as amino acids, proteins, carbohydrates, lipids, lignin, nucleic
acids, pigmentshormones 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 solubleater 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¢,asnumber 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 S@Mre 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 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 byhysical 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 particulatecorgan
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 hyphapores, 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 intelaggregate and occluded have been defined. Light fraction is
isolated by dengy flotation in liquids ranging in density from 166 g cns after a certain



degree of dispersion of the soil. The fractions: coarse, light and free POM represent the labi
or unprotected pool of SOM. Occluded organic matter is the-aggaegate fraagin of POM

that is trapped and physically protected within mige250 nm) and macre (>250 mm)
aggregates. It differs considerably in composition as compared to free organic matter. Clay
content influences POM through its effect on soil aggregation. eggge occluded POM has

a slower turnoverate than does unprotected POMeaaresult 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, stiil alegh 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 sterm 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 coarsextured soilslt is especially important to N
retention and availability isandy soils, as the proportion of total N in POM is higher than in
finer textured soils.

i) Organomineral complexes

Most of the organic matter in soils is intimately associated with the mineral components,
particularly with clay and sHsized particlesFormation of organomineral complexes results
in stabilization of organic matter in terrestrial ecosystems. Organomineral complexes are
generally separated into silt and clay size fractions @53 and micre (53-250 nm) and
macre aggregates (>256m). 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 dividedndt(262000
mm), silt (220 mm) and clay (<2nm) sized fractions. Whereas secondary organomineral
complexes were divided into mier¢g<250 mm) and macre (>250 nm) aggregate sized
complexes with further sublivisions into small microaggregates (<2fn) and large
microaggregates (2050mm). Clay sized complexes have the highest concentration of organic
matter (5675% of the SOM) followed by sH{20-40%) and sandsized fraction has the least
(<10%) concentration. The OM complexed with clay is domindgdnicrobial 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 wheraasd silt
clay- bound organic matter is more inéinced 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, th 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 nitrogBayer 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 tillagetilhege resulted in the largest increase
of C and N tocks in the minerahssociated SOMDegryze et al. (2004pund that afforestation
on a former cropland resulted in the largest C sequestration in the fine intraaggregate POM
(53-250mMm), whereas in the successional soils, C was preferergelyestered in the mineral
associated and fine intaggregate POM C pools. Obviously, the identification of different
fractions of SOM has implications for understanding C sequestration in terrestrial ecosystems.



Table 1. Some characteristics of primanganomineral complexes isolated from temperate
arable sandy soils (adapted fr@hristensen, 2001

Characteristic Sandassociated  Silt-associated Clay-associated OM
OM oM

Composition Enriched in plant  Enriched in plant Enriched in
polymers derived aromatic¢ microbial products

and depleted in plan
residue components

C/N ratio Large Medium Small
Proportion of total SOM <10 20-40 50-70
(%)

C enrichment factor @ <0.1 1-5 2-15
Cation exchange capaci 10-150 60-350 300900
(mmol kg1)

Surface area (n9-1) <10 10-50 25100

#Ec= mg C a1 fraction/mg C g whole soil

A recent intedlaboratories 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 actilemtderived 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 traditioal 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 SOMturnover 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:

ax .
5= KX

where X is soilC or N content at a given time; Kk is first order decomposition rate constant (per
time), and tis 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 wesldtfrom changes in the
composition of soil organic matter. One of the strategies to accommodate changing values of
k is to consider SOM as a muttompartment entity. Small homogenous pools with a high
turnover rate and pools of greater size with slotuemover 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 diérent 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 aerpools of dead SOM.

The SMB pool is further subdivided into two or more components such aprottted
(labile, dynamic) and physically protected (resistant or stable) biomass; cell walls and
cytoplasm; or labile cell carbon and assimilated live bi@nasactive and inactive biomass.



The dead SOM is further divided into two or more pools based on stabilization mechanis
bioavailability, and biochemical and kinetic parameters. Generally, it is divided into 'slow' or
‘physically stabilized' pools witturnover 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 gb 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
devdoping a better understanding of SOM dynamics but a major limitation is that most of the
conceptual pools do not correspond to experimentally verifiable fractions.

Organic matter

Added organic matter
or litter

——

Decomposable Recalcitrant
or metabolic or structural

Soil organic matter

Soil microbial biomass
or active SOM Dead SOM

Zymogenous

— Slow or physically
stabilized

Autochthonous

/{ Labile
N — Passive or chemically

Resistant stabilized

" Active

Figure 1.Schematic representation of organic matter partitioning into conceptual g®ols
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 SciencePAU, Ludhiana

Total organic carbon

Take dry and groundoil 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 60@000C.

Water soluble carbon

Take 10g soil (<2mm) in a 50 ml centrifuge tube and add 20 ml of double distilled
water. The soilvater 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 adtabgaken
in a 250 mlErlenmeyer flaskThen, 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 tétiwater is added to it. Then, it is
titrated against 0.01 @mmonium iron (1) sulfate hexahydrate (FAS) standard solutsnmg
5 to 6 drops of diphenylamine indicator. FAS consumed is recorded and WSC can be calculated
as:

WSC (mg kg = vol. of K2Cr207 consumed x CF % 3 X

— 8 VA
—TX(3X0.07),\ 5 X—

where b and \s represent the volume of FAS consumed for titratiomlahk and samples
respectively and CF represents conversion factor to C.

Hot water-solublecarbon

Twenty-gramsoil 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 &hdrbps 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 ecatided and the mixture
is kept at 125° 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-plgadylicanthranilic acid
+ 0.2 g sodium carbonate). It follows treaction:

K2Cr207 + 4H2SOs + C = Cp(SOy)3 + Ke'Sw + CO2 + 4H0 + O
Amount of HWSC can be calculated as:

HWSC (mg kar) = Vol. of K2Cr207 consumed x CF x 3 X—3
8
—Sx(3x0.2)x 3 X—
= w w x300

where W and \s represent the volume of FAS used for titrating blank and soil samples
respectively and CF representseersion factor to C.



Potassium permanganateoxidizable carbon (KMnOas-C)

Method proposed by Blagt 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 kivn&lded
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., therabsorbance of
prepared samples and blank are measured on spectrophotometer at 565 nm: KMnO
concentration can be estimated from a standard calibration curve. The overall reaction is:

AMn+7 %2 %% Y- 4Mn+4 (reduction)
3Co Y2 Y2YaY2- 3Cra  (OXidation)

Z 3 3 3

X 103

The amount of KMn@C (mg kgi) =

3

where the dilution factor is 50/2, V is volume of standardized KMagled to soil samples
and 9 is conversion factor for calatihg mg C from mM KMn@consumed.

From the concentration of KMnxidizable C, carbon management index (CMI) is
calculated by the procedure outlined by B&tial (1995).

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

where CPI represents Carbpaol index and LI indicates the Lability index. Calculations of
CPIl 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

Organic C fractions of different oxidizability

Walkley and Bl ackds (1934 ¢tal(@eol)usedtodeterdhing i e d
TOC-fractions of different oxidizability. Four fractions of decreasing oxidizability/ lability are
separated adding 5, 10 and 20 ml of concentrated sulphuric aS@{Hseparaty to three
flasks containing 2 g soil and 10 ml of 1 N®207 in each. The three different solutions
having K2Cr207 to H:>SQuratio 1:0.5, 1:1 and 1:2 correspond to 12 N, 18 N and 2430H
respectively. These fractions oxidized are categorized as a&bilg,llabile, less labile and
recalcitrant.

Very labile C (GL)= organic carbon (OC) oxidizable under 12 XSl

Labile C (Q) OC oxidizable under 18 N43Qs - OC oxidizable under 12 N4
Less labile C (G) = OC oxidizable under 24 N43Qs - OC oxidizable under 18 N4
Recalcitrant C (€)= TOC - OC oxidizable under 24 N43Os

For calculation of lability index (LI), three labile fractions vizLCCL and QL are expressed
as proportion to TOC; multiplied by weightages of 3, 2 and fe@ssely (given empirically
on the basis of their ease of oxidation) and added.

Lability Index =—— wo WG wp
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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 ai®OC) dynamics are not well
understood. To enhance SOC sequestration the information regarding laggregate store
and protects SOC is essential for adoption of proper management practices. Soil structure and
soil organic matter (SOM) are two of theost dynamic properties that can easilyalffected
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 agnitude 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 influengsiagdar
and stabilization of aggregates in relation to SOC sequestration is limited. Although it is well
known that soil can be a major sink of atmospherie,@@chanisms of interaction between
soil structure and SOC dynamics are not well understood. Moess of transfer and secure
storage of atmospheric CO2 into otthang-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. Thbjective 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 througgeland
conversion and adoption sgecommended 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 exsystems owing to the depletion of the SOC pool in cultivated soils. In general,
cultivated soils normally contain 505% of the original SOC pool. The depletion of the SOC
pool is caused by oxidation/mineralization, leaching and erosion. How the sailmcgabon
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 agregate stores and interacts with SOC is essential for developing management
strategies toward the enhancement of C sequestration at regional and global scales. Soll
aggregates formed through the combination of mineral particles with other binding agknts a
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 ralgomoisture 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, theiplas 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 reduabin of zeta potential can be organic and inorganic. Inorganic binding agents
include polyvalent cations like @aand Mg+ They form electropositive links between
electronegative soil particles which causes the individual colloidal particles to comeetogeth
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



depend on the action of stabilizing agents. Microbial polysaccharistabilize
macroaggregates, whereas humic compounds stabilize microaggregates. The binding agent
responsible for stabilizing and arranging the aggregates are classified as temporary, transient,
and persistent agents.

Temporary agents comprise plant rodtsigal 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 temporaggnts 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 substaes. Clay particles are adsorbed by theselCsubstances 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. dmsient 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 interaletywith
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,aradepd
cations. They are associated with microaggregation andtésngSOC sequestration. These
humic compounds of high molecular weight are relatively recalcitrant and form bonds-of clay
humic complexes through chelation of carboxylic or hydroxideggeouth 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 soiface 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, aer@n, water infiltration, and water retention, which lead to a
decrease in soil bulk densifyraditionally, aggregate indices, such as mean weight diameter
(MWD), geometric mean diameter (GMD), and the Aggregate Stability Index (ASI) have been
used to asss 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 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 streans and rivers. Measurements of SOM and aggregate size at restoration sites
should be considered during restoration practidggregate size is important because of the
sizebased variation in composition and function. The three primary soil aggregatarsZé)
primary particles, (2) microaggregates, and (3) macroaggregates. Primary particles have
di ameters | ess t han 50 em, mi t2r500a g g me g aatnad
macroaggregates have diameters gr eaytheld t han
together by microbial polysaccharidesand humic matter. Beceuismaggregates are
physically protected by SOM, they are also able to store C longer than in macroaggregates.
Macroaggregates are composed of multiple microaggregates that are h#idrtbgefungal
hyphae and plant rootSypically, macroaggregates contain higher concentrations of OM than
microaggregates. Macroaggregates also have a significantly faster turnover rate than
microaggregates. That may be explained by chemical recalciti@gemometallic complexes,
or physical protection from SOM in microaggregates.



Determination of aggregate size distribution and stability

Several methods have been proposed to determine size distribution and stability of soll
aggregates. Wedieving metld is most commonly used. In this technigues 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
oneeh of six sieves are determined by drying
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 big@ricemotor). The
sets of sievesicludeeach 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 abou60 g of airdried 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 resir ilowest 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 theest 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-evgigihed 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 andfihthe weight of the dry

soil aggregates in each beaker.

Add 30340 ml of HO2zinto beaker containing dry soil aggregates for decomposition of
organic matter which is potential binding agent of primary particles. Repeat the
process till the complete demposition 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 mines. 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 odeied and weighed. Calculate the percent
distribution of aggegates in different size ranges.

Calculations:

MO: Total mass of aggregates on oven dry basis

M1: Ovendry mass of aggregates retained on 4 mm sieve
M2: Ovendry mass of aggregates retained on 2 mm sieve
M3: Ovendry mass of aggregates retained on 1 mm sieve
M4: Ovendry mass of aggregates retained on 0.5 mm sieve
M5: Ovendry mass of aggregates retained on 0.25 mm sieve
M6: Ovendry mass of agregates retained on 0.1 sieve



M7: Ovendry mass of primary particles retained on 4 mm sieve
M8: Ovendry mass of primary particles retained on 2 mm sieve
M9: Ovendry mass of primary particles retained on 1 mm sieve
M10: Ovendry mass of primary p#cles retained on 0.5 mm sieve

M11: Ovenrdry mass of primary particles retained on 0.25 mm sieve

M12: Ovendry mass of primary particles retained on 0.1 mm sieve

M13: Ovendry mass of unaggregated material less than 0.1 mm in diameter

% WSA > 0.5 mm = [(M1+M2+M3+M4+M5)/MO] x100 %

Total aggregation, after correction for primary particles =

% WSA > 0.25 mmafter correction for primary particles = [{(MM7)+(M2-M8)+(M3-
M9)+(M4-M10)+(M5 -M11)}/M0]x100

Wei ght Di ametienXi ( MWDWI = X

Where, Xi= Mean opening of the sieve (eg. 0.05, 0.175, 0.375, 0.75, 1.5, 3.0 m#0.fak,0
0.1-0.25, 0.250.5, 0.51.0, 12, 24 mm size classes, respectively). Wi = Weight of retained
aggregates (g) n = Number of size classes.

Geometric Mean Diameter (GMD) = exf i=t-nWilogXi) [ i=1-n W())x

Yoder apparatus and sieve sets used for aggregated size analysis



Soil Organic Carbon Determination Methods

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

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 soll, after treating with sulphurous acid (H2SO3)
to destroyCaCOg3, is ignited Bilica tubes which results in the evolution of CO2. The CO2
thus evolved is, then absorbed in a weighed dioga 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 soiltaken 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 finelyugdosample 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 nottafie 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 (K2Cr207) and the
reaction is facilitated by the heat gerteth when concentrated H2SO4 is mixed with 1 N
K2Cr207 solution. The excess of K2Cr207 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 becausf its flocculating effect). The quantity of substances
oxidized is, then calculated from the amount of K2Cr207 reduced or used for the oxidation.
The highest temperature attained by the heat of dilution reaction produced on addition of
H2S04 is approximtely 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 ITKRD7
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 orthophosphroiit @goth 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 Ferrousmnonium Sulphate solution. The end point in this
titration will be a change of the colour fromplet to bright greenNote the volume of the
Ferrous Ammonium Sulphate solution used and calculate the results as given below. Run a
blank titration also in th 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 exceskRO7 = Y ml
Vol. of 1 N K2Cr207 used for the oxidation of carbon =



(X-Y)/2 ml

1ml of 1 N K2Cr207 = 0.003 g of organic carbon

% organic carbon in the soil = {X)/2 x 0.003 x 100/1 = A
% organic matter = A x 1.724

Interpretation: % Organic Carbon Rating

Below 0.40 : Low ;

0.400.75: Medium ;

Above 0.75: High

Soil organic carbon stock determination:

SOCstock in tonnes of carbon per hectare (t C/ha) will be soil organic carbon (%) x (mass of
soil in a given volume). Faxample, 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 hatee SOC
a depth of 10cm (0.1m) per hectare (10 090vh  (0.013) x (1.2 x 0.1 x 10 000) = 15.6tC/ha.
Using the conversion factor of 1.72, the amount of S@dald be:15.6 x 1.72 = 26.8 tonnes

of organic matter.

3. Losson-ignition method

The lossortrignition 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%Csoil mass at 550°C) / soil mass at 105°C x 100
4. Rapid microwave digestion method fodetermination of total organic carbon in soil

A simple method of total organic carbon (TOC) determination in soil that involved wet
digestion of KCr207-H2SOs-soil mixture in a commercial microwave oven followed by
spectrophotomteric measurement of Cr (lll) 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 takennh. Dodical
flasks and reacted with 5 mL of 1 Ne®r207 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 sktetn glas 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 ~
1998). After digestion, the flasks were takem auod allowed to cool. Thereafter, the contents
were transferred to 5L graduated centrifuge tubes and diluted tor80volume with double
distilled water. The contents were centrifuged at 5000 rpm for 5 min. For determining organic
C content of the sangs, light absorption of Cr (lll) 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, Hyderabathdia). The concentration of organic carbon was calculated from
a stadard calibration curve prepared with sucrose (C12H22011). Standard solutions of 0,
0.25, 0.50, 1.0, 2.0, 5.0, and 10 mg of suci©seere used to prepare a calibration curve. An
aliquot of 0.5 mL from each standard solution along with 5 mL of 12@riO7 and 5 mL of
concentrated H2SO4 were added to -b@l0 conical flasks. The mixture was digested in
microwave oven as per the procedure described for soil samples. Light absorption by the

50



digested mixture was measured at 590 nm. A calibration curve was cvedthy plotting
absorbance values against sucr@sstandards. 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 kgt1m1).

TOC g kg: = C from standat curve (g) x 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
determiration 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 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

Observations and calculations

|. Bulk volume of the soil

Length of the core = L cm

Inner diameter of the core =D cm

Vol ume of the soil <co
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 f€Mcds- Mc) g

Bulk density of the soil = (McdsMc ) / §4) (
L] g cmsor Mg ms

c mj

¢«

Variation in carbon pool determination with change =
of soil bulk density

The soil having bulk density of 1.3 Mg#and carbon content of 1.5 % whive 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 after five years. But, the carbon value
remained the same i.e. 1.5% then the carbon stitek5 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.



Chapter 5

COMPOSTING AND RESIDUE MANAGEMENT
Sandeep Shrma and Neemisha
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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 &gritdtural
industry in order to improve resource utilization and diminish food industry impact en non
renewable resources (Godfray al 2010). In this context, organic waste which consists of
sewage sludge, animal residues, agricultural residues aadpimcessing 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 (Missedbed®dR12).Agricultural
residues are generated in huge quanttieddwide 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 becstle rice 1is the primary staple food
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 degradationsoiltifé/ati et al 2007).
Disposal of rice straw is usually done by burning in open fieldtas@stimated that one tonne
rice residue on burning releases 13 kg particulate matter, 60 kg CO, 146Q,K8) Ky NOX,

0.2 kg SQ.

The animal manuresclude 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 amposting, 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-eagidues to about 50 % and results in
stable product that can be used to enhance the pbtlysiaical and biologal properties of the
soil (Kumar and Goh, 2000

Composting is the natural and biological process of decomposition of organic matter
by microorganisms under controlled conditiamsl produce a safe, stable and nutrient enriched
soil amendment (Zhangt d 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 pase (1640 oC) lasting for few hours to some days, (b) thermophilic phase (42
650C) |l asting for few days, but i1 tdéds duration
second mesophilic phase is where the microbelanize the substrate, and (dpt is the
maturation or curing phase in which compost can become more mature and stable (Ryckeboer
et al2003).Depending upon the type of decomposition process composting can be divided into
two categories as anaerobic and aerobic (Mis#ral 2003). h anaerobic composting,
decomposition occurs either in absence or limited supply of oxygen which results in
proliferation of anaerobic microorganismdigthanobacteriales Methanococcalesand
Methanomicrobiales)These organisms develop intermediate com@gswuch as methane,



organic acids, hydrogen sulphide etc. In the absence of oxygen, these compounds
accumulated and are not metabolized further. This results in development of strong odours an
phytotoxicity which reduces the pH due to production giaoic acids. Since the composting
process occurs at letemperature 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 matsed produce carbon dioxide (€Qammonia,

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 thermophilicomposting is a dynamic process brought about by the
combined activities and rapid succession of mixed microbial populations (Maegaget al

2010). The important bacterial and actinobacterial genera isolated from comp&ssibus,
Clostridium Cytophaga Pseudomonas Sporocytophaga, Thermomonosporand
Thermoactinomycetesmpotant fungi areAbsidig Aspergillus Coprinus, Chrysosporium
Geotrichum Humicolg Mucor, Penicillium, Phanerochaeteand 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 cattaibs 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 temperatur@i5s °C, followed by thermophilic

range at 570 °C. High temperature is reached during aerobic composting where pathogens
are destroyed at 5% while, weed seeds are destroyed 406 he 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 naikesvor
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 mitmewucompost.

Some of these machines can be attached to farm tractors or front end lodders, otiedfs are
propelledand fitted with water tank. The schedule of turning depends on rate of decomposition,
moisture content, porosity of material and tinie@mposting. 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 windr®assive aerated windrow method
eliminates the need for composting bypplying 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 athimney 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
mateial 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 isl glaeea 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. fpart this
decomposition of organic wastes can be enhanced through inoculation with microorganisms



capable degrading lignocellulosic material and hence can reduce time of compGstitagn
factors such as aeration, moisture, C:N ratio, temperature,ptaftemical content, size of
the residue, nutrients and pH affects the process of composting (Misie903; Iglesias and
Perez 1992)Aerobic composting requires large amounts of oxygen, particularly at the initial
stage for the growth of aerobic mieorganisms, 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 885 per cent is necessary to support the metabolic activity of

the micreorganisms. If the compost pile is too dry composting occurs more slaile

moisture content more than 65 per cent results in anaerobic conditions. In practice, it is
advisable to start the pile with moisture content afé&per cent, finishing at about 30 per

cent. C:N ratio of raw materials play very important role inodggosition 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 miorganisms which delays
decomposition process. A C:N ratio of lessntt2®: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-diganisms

require nutrients (carbonnitrogen, 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
microarganims whereas, lignin is highly resistant to microbial degradation. Recalcitrant nature

of lignin reduces bioavailability of the other calhll constituents. Polyphenols include
hydrolysable and condensed tannins which bind to cell wall and protemsnidking 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 incldes 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 acceleratdsvelopment 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 (Cpool 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 subsurface 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 CO
and other greenhouse gases (GHGSs), especially since 4t oh tle industrial revolution,
has increased interest in the worlddés soil s
misuse and soil mismanagement have exacerbated emissiong anh€ather GHGs into the
atmosphere, a strong belief exists that enmgnitie 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 ad 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 hedeytured compared with sandy or liglitured
soils, and in poorly drained than in welained soils. Agricultural préces 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 \valéing capacity,
improving yields and good nutrition, @tng droughtolerant soils, restoring degraded
cropland and grasslands and nurturing biodiversity, with positive consequences on local
economies.

The study was conducted at Punjab Agricul
Coordinated Researchr R j ect on I ntegrated Far nlBige Syst e
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 ofhortipslture
aguaculturedairy-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
wasutilized 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 sgq m
area, 300 sq m was meant for dairy, aquaculture andfaggstry, rspectively. In addition to
this, boundary plantations with craneberry (Karonda) and galgal were also done.

This manuscript describes thetal carbon sink and greleouse gas emission from
integrated farming system and its role in soil C sequestratiordhgirgy the rate of enrichment
of atmospheric C®

Soil Carbon Sequestration

Carbon sequestration implies net removal o@0Om the atmosphere and its transfer into a
long-lived pool (e.g., solil, biota). The process of C sequestration may be biotiote.akhe

biotic process occurs through photosynthesis or other biogenic factors. Soil C sequestration is



a biotic process, although sequestration of Soil Inorganic Carbon (SIC) may also occur b
abiotic processes. Soil C sequestration involves enrichaieht 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 leadad 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, decreasingonansource

pollution, redicing siltation of waterways and lakes) (Letl al, 2003; Follett, 2001). A

principal environmental benefit is the decrease in the rate of enrichment of the atmospheric
concentratonof C®& I n additi on, i mproving gacitylto qual i
oxidize methane (Ck), 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 gpear 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 watentaedt 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 withmore 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
patlogens 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 andDiscussion

Estimates for carbon sequestration through integrated farming systems vary considerably. The
table 1 demonstrated that in the integrataxning systems, highest grdeuse gas was
emitted by livestock component measure@281.6COz-e(kg) followed by horticultural unit
(663.5COz-e(kg)), aquaculture (414.60z-e(kg)) and different cropping systems. The agro
forestry unit showed least grémuse gas emissions. The intentional integration of trees and
shrubs into crop and animal farming ®yat can create multiple environmental, economic and
social benefits. It can increase SA&afdinale 2007 ande Stefano and Jacobs@®17) and
sequester between 0.2 and 5.3 GtC per year in Solsséana 201,7hot counting the carbon
sequestered in theood, with most carbon sequestration in the tropics and subtr@hcet

al, 2018 and Feliciano, 2018) also increases biodiversity, stabilizes the soil, improves water
infiltration and dihoell 80il7fandeSsn, 207 f ar mer 6 s vy
Among the different cropping systems, turmearidon (72.3 C@-e(kg)) cropping system
released minimum C£Xo the atmosphere. On the contrangizegobhi sarsotbajra fodder
(445.7 COz-e(kg)) cropping system released maximumz2@Othe atmosphere followedyb
rice-potatespring maize,maize (cobs) and fodddéxerseerrbaby corn and mizewheat
summer moongbeaA 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 vi@845.1COz-e(kg) and théotal greenhouse

gas emission from IFS wagl572.1 CQ-e(kg). The negativeign indicated that the no
greerhouse gas was emitted from IFS rather there was more sink or absorption thiaGO
emission. The results of table 1 clearly elucidated that IFShpvdved to be a climate smart
agricukure as there was sink of gréemse gas rather than emission.



Table 1: Net GHG emission in IFS Model (C@-e in Kg)

Carbon Sources Enterprises CO2-e(kg)
1 Cropping System
Cs1 MaizeWheatSummemmoongbean 281.8
CS2 Maize (cobs) and fodddéBerseerrBaby corn 284.4
CS3 Rice-PotateOnion 198.1
CS4 Maize-Berseem fodder and seed 217.7
CS5 Maize+cowpeadVheatSummer moongbean 275.9
CS6 Maize-Gobhi sarsofBajra fodder 445.7
CS7 TurmericOnion 72.3
CS8 Rice-PotateSpring maize 313.7
CS9 TurmericWheat (Agreforestry) Litter of poplar | 56.3
Fodder crops 213.4
HorticulturalVegetable crops 663.5
Paddyspecial 241.9
Livestock (Cattle) 2331.6
Kitchen garden 262.5
Pond 414.0
Carbon Sink Agro-Forestry Sink 7803.0
Total Biomass/compost adde&ink 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 fasgstgm (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 sma®ntinuously make gains on all fronts. The
climate smart strategies like choice of suitable crop and cultivars, integrated farming system,
agraforestry and crop diversification can help minimize negative impacts to some extent and
strengthen farmersybsustainably 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 agriculturagsracti

like integrated farming system which are sustainable, economic and environmentally sound.
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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 causedextansern 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 &19R@lobally, 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 pho&ynthesis 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 carbonsink 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, GISbased spatially explicit approaches have been developed for prgpdeareferenced
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 procdssedmodels with GIS to estimate carbon
sequestration of terrestrial ecosystems and to conductienglanning spatially [Wang et al.
2010]. Therefore, there is an urgent need to apply GIS technique to demarcate carbon pool unit
of forest ecosystem and thealues 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 betwsampling 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 (Fronm 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 technidguissegard
(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, phosphorouspt@ssium, 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 soibth.

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 identificaticheoEpatial
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 soflorming factors, such as terraicljmatic, 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 seflorming factors exhibit small spatial variations that prevent them from
contributing to the development of sddndscape models. Thus, the selection of suitable
auxiliary variables to complete soil mapping in plain areas is challenging. The traditional
meaurement 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 arege@uice
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 sbérg 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 successfubig us 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 tagorrelation 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
encouner 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 peribchef Thus, numerous
soil-forming factors have been used to developi fmldscape models. Wang et al. [2017]
estimated the SOC distribution by using nine environmental variables (e.g., precipitation,
temperature, land use, and elevation) with booste@ssmgn 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 HeiheifRer Basin, China. Wang et al. [2018ktimated 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 demstnate 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, ae 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, respondintpetospatial
heterogeneity of soil properties through environmental factors with small differences is
difficult, especially in smalscale areas where the variation of environmental variables is
obscured. Hence, suitable environmental variables shoulddmeskto 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 properéis 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 (LSDRnodel by comparing the temporal responses to a rainfalk éven
map soil texture, SOC, and other properties. The LSDF model combined with land surface
spectral or temperature variations uses stio remote sensing images to predict soil
properties [Zeng et al. 2017]. The contradiction between return time atdlgesolution



limits the development of higprecision soil maps. Hyperspectral images have been used to
guantitatively predict soil properties through the spectral reflectance of the surface soil
[Castaldi et al. 2016; Guo et al. 2019]. However, serfaegetation 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 produch 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 solil fertilizer influences the soil structure and crop growth
[ D6 Hod. 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 exponentiabredatp 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 rema$ensing 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., ND 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 rap from a July 26, 2004 image when mapping the spatial distribution of
SOC. TaghizadeMehrjardi et al. [2016] mapped SOC using data mining techniques with
some ancillary data that included ratio VI (RVI), sadjusted VI (SAVI), and NDVI on March
28, 20B. 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 statos@nd
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 infarrahtiat 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 Guanzharea. 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 largearea croprelated WULC (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 MODISderived EVI, NDVI, and WDRVI time series. Nagy et al. [2018] used MODIS
NDVI time series to foecast 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 sateliiased time series observations (including NDivie
series) and four procesmsed 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 stoffaygg 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. Thasy researchers attempted to extract the
valuable information of NDVI time series data in the digital soil mapping of SOC and



determine the optimal model for predicting SOC in a plain region on the basis of previou

studies.

Generic mapping of soil grics: 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)

Classmatching

Derive average SOC stocks per class: soil type
which a national map exists, or combination w
other spatial covariates (e.g. land use categ
climate type, biome, etc.). This approach is use
the absence of spatial coordinateshaf $ource data

Geomatching

Point locations with spatial referencing are overla
with geographic information system (GIS) layers
important covariates (e.g. a soil map). Upscaling

based on averaged SOC values per mapping unif

Digital sall
Mapping

Data mining and
Geostatistics

Multiple regression, classification tree, random
forests, regressiekriging, kriging with external
drift.

(Dobos, 2006)

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 futurehanges 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 thd satura
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 sgregpplications. 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 fiel@égional 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 conditionand 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 19862005 average, regardless of which carbon dioxide emisgiatisvay 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 t6¢C.70.5 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 rdtsof 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 raegehdbise gases
cause the greenhouse effect on planets. The primary greenhouse gases in Earth's atmosphere
are water vapor (¥D), carbon dioxide (Cg), methane (Ch), nitrous oxide (NO), and ozone
(O9).

Agriculture sector is the major contributor of GH@sigsions next to industry and energy
sector. The important anthropogenic GHGs are carbon dioxidg (6i@ous oxide (RO) and
methane (Ck), and their levels have increased by 146% (405.5+£0.1 ppm), 257% (1859%2 ppb)
and 122% (329.9+0.1 ppb), respectivisgn preindustrial (before 1750) levels (WMO, 2018).
Although the concentrations of Glnd NO are lower relative to CObut the global warming
potentials (GWPs) of CHand NO are 28 and 265 times higher, respectively, than that ef CO
over 100yeartime scale (IPCC, 2014). According to an agreement ublhéed Nations
Framework Convention on Climate Chargigned orDecember 2015 ndia has pledged to
reduce its carbon (C) emissions33% by 2030.

The GHG emissions from agriculture are mainly tlgiowenteric fermentation from
livestock production, rice cultivation, synthetic fertilizers, and crop residue burning. The major
source ofN20 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 i mpact s, sever al domestic measures
Action Plan on Climate Change. As a part of the global effort on22#@ cimate 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 8% %3by 2030 from
2005 levels. India is already on the path to achieve the tasjutarget of emissions intensity
reduction by 225% 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 mitigagtiores. 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 telenique. The size and design of the chamber depends upon the type of GHGs and
objectives of study. The measurement of2&G@d CH 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 sCMhich escapes to the atmosphere
primarily by diffusive transport through the rice plants during the growing season. Therefore,
for the measurement of GhHbig size chamber is used which can cover ritantp The
production of gas from soil is determined in term of gas fluxcblecting gas samples
periodicallyfrom thechambersandmeasuringhe changen concentration of gaswith time
duringtheperiodof linearconcentratiomhanggHutchisorand 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 B x 30 cm x 100cm of 6-mm acrylic sheetss used ér
collecting gas samples from crop fields (Pathak et al 2(Hig) 2aandb). The chamber is
equipped with battery operated fan for mixing the air in head space, a vent tube for pressure
equilibrium and a rubbereptum 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 anchd@assampleshouldbetakenfromtheheadspacenmediately after
sealing and at equal time intervals thereafter over a period not exceeding Aleudsawing
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.

Rubber septum
Thermometer - — 1

e 2
L4+ 30cm

. 100 cm.
Sampling box -—

Plants

Water -

l,l

Water filled channel -— r

Figure 1. Gas collection Chamber (Adopted fra Pathak et al 2013)

Analysis of Greenhouse Gas
Concentration of CH N20 and CQcan be determined in air samples as per the method
described byPathak et al 2013).



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
conentration of GHG.

GC Components

—

I\

rc-m- Gas Flow Controller
CULINIL BITTY L VA Y

Methane

Concentration of CHin 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 hydrogén(Hz-air) flame. Air samples containing GHre
introduced into the GC by a syringe fitted with a thnesy nylon stopcock through a gas
sampling valve attached with injection port. Qi¢t separated from other gass components
on a Porapak Q column with column temperature maintained & &8d N as a carrier gas
at flow of 20 ml mini. The concentration of CHwill be detected using a FID maintained at
2500C keeping H flow rate of 30 ml min. A software provide with GC is used to plot and
measure the peak area. ThesGkhndards (1, 5 and 10 ppm) are used as a primary standard.

Figure 2. Gas Chromatograph and its components

Nitrous oxide

Concentration of BD in the gas samples is analysed by Gas Chromatogttgzh f
with an electron capture detector (ECD) and
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% af§érmethane or Y are kept
as 1418 cim 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. AsG@vare is used to plot
and measure the peak area. Th® Ntandard300, 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
met hani zer consists of a 60 x 1/80 stainless

the heted valve oven, and thermostated to 880 Column effluent is mixed with hydrogen
gas at a rate of 20 ml/min before entering the methanizer. The methanizer converts the, CO



and CQ to methane and detected by the FID. The response opiduced from C®on
the FID is much greater compared to methane in the sample. Calculation of flux can be done
similar to methane as G@& measured as methane. Standard €4inples (350, 500 and 700
ppm) are to be used for Gi@libration.

Calculation of gas fluxes

The emission rates of three gasmm becalculated by the concentratiorcrease in the inner
the chamber for a specific time intergake et al. 202D

GaR (mgmzhr1) = (o @A) dps * (273R73+T)

where GaRR is the emission rate of gasepC/ mt i's the maha)rofegas e r at
concentrations in the chamber for the specific imerval, V is the chamber volume §nA

is the surface area of tcdhamberin2) , J i s nh) ef eathegassunderya stgndardized

state, and T ithe temperatureC) inner the chamber.
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Climate change is an 1 mportant environme
attention during the recent past. Global climate change commonly referred to as global
warming, is a seriouswwironmental issue affecting human life and planet earth. The continued
increase in C® 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 ricecalosiguting
27-36% and 5357%, respectively (Hayashi et al 2014). Amongst states, Uttar Prade6f (53
mt) leads for residue generation followed by Punjab5#4nt), Maharashtra (466 mt) and
West Bengal (Lohan et al 2013). But majority of the croplres{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 fromhez system (RWS)
while remaining 16% is contributed byher types of crop rotations (Shafie 2016). Burning of
rice residues in NorthVest India poses a threat to environment (about 75% of greenhouse
gases (GHG) emissions from agesidues burning are Glnd the remaining orA@urth was
N20) and soil healthlang 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 indicatailof s
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 turmesponsible 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 notillage management, crop residugergion/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 rganaent 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#mperate and tropical ecosystems,
respectively (Lal et al. 2007; Ghimire et al. 2015). In South Asia the low soil organic carbon
(8 to 10 g kan) in the cultivated land has resulted from nutrient depletion, intensive tillage,
erosion, unbalanced fergation, and residue removal and in Bangladesh alone about 16.2 Mg
C ha1was 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
waterlogged soil environment of rice field include changes inoxegotential, soil pH,
reduction of C, N, and sulfur (S) (Fageria et al. 2011). For example, SOC is lost anCO
CHa4 emissions from anaerobic soils via sequential oxidatieduction reactions mediated by



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-8&dson drainage, intermittent flooding, or
rotation of flooded rice with upland cropping can mitigates@rhissions fromice-based
cropping systems (Weller et al. 2016). Drying and rewetting in rice double cropping and
seasonal drying in rieevheat and ricenaize rotations may enhance competition between
aerobic, facultative anaerobic and obligate anaerobic microorganismslize 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 rapaigreater loss of SOC than SOC
loss from continuously flooded soils (Cassman et al. 1996). Studies also reveal that production
of nitrous oxide (MO) from nitrification and denitrification occurs at higher redox levels than
the redox level of CHprodudion (Masscheleyn et al. 1993). This may cause a greater SOC
loss as C@ and additional influence on global warming througifoMNemission compared to
that in the continuously flooded systems. Tillage, crop residue, and nutrient management
practices are ligly 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 éditain
tropical systems specifically from rideased production systems in South Asia. In the, did not
find any significant effect of crop residues incorporation to increase SOC in a conventionally
tilled riceewheat system. Ghimire et al. (2012) reportiedt SOC content was 11% greater
under netillage and residue added treatments than under conventional tillage and no residue
added treatments under conventionally tilled-sdesat system in Nepal. The development of
Happy seeder for sowing of wheat imastling 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). Surfacapplication 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. 208f8yhdae
mulch (3 ton ha yri1) appears to increase SOC stock compared to other mulch, such as cassia
(3 ton ha1) and ipomoea mulch (3 tonihpapplications in a ricevheat 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 continueus rice
wheat rotation, ggication 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). Thoughitin 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 orcdingaration/ 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 fromuith year onwards as compared to removal or burning of
rice straw (Table 1).



The data given in Table 1 clearly indicates that in the first three years, the average whe
yield declined in all the straw management practices over the conventional metiuwd raj
wheat after the removal of rice straw and also the system productivity and fourth year onward,
the trends reversed. The (dogheat) productivity started decreasing in the plots where rice
straw was removed and it improved considerably following 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 cropwheat system) productivity and
soil organic carbon (SOC) after 10 years
The results of 68 experimenttudies conducted in China revealed that compared with straw

Treatments in vi _
Grain yield (Mg ha-1) System
1-3 yrs deStte'mt 4-10yrs | productivity | SOC
roauctivi
Rice | Wheat p(Mg ha.l)y Rice | Wheat | (M3 ha1)
TPR | CT
(WSR) | wheat |63.7| 53.1 116.8 | 61.4| 49.0 110.4 | 0.420
(RSR)
TPR | ZT
(WSR) ‘é’gea‘ 63.2| 50.4 1136 |58.9| 53.6 1225 | 0.679
(HS)
TPR | CT
(WSR) | wheat | 64.0| 50.5 1145 |68.2| 53.4 121.6 | 0.746
(RSI)
TPR | ZT
(WS) ‘é"geat 61.1| 49.9 1110 |70.1]| 55.2 1253 | 0.746
(HS)

removal (SR), Sl significantly sequestered SOC2Mcm depth) at the rate of 0.35 (95% ClI,
0.3110.40) Mg C ha yr-1and increased crop grain yield by 13.4% {284 %). The combined

Sl at the rate of 3Mg C hayr-1 with mineral fertilizer of 200400 kg N ha yr-1 was
demonstrated to be the best farming practice, where crop yield increased by 32.7%6(47.9

%) andSOC sequestrated by the rate of 0.85 (U154¥5)Mg C haz yr-1. Sl 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 égiagedl. The SOC
responses were highest in the initial starting phase of SlI, then subsequently declined and finally
became negligible after P82 years. However, crop yield responses were initially low and then
increased, reaching their highest level at1Blyears after SI. Overall, our study confirmed

that Sl 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 armmther regions with different climate conditions.

Ex-situ management of rice straw
It can be done by preparing prali char from rice straw



Rice straw bio char: It is a carbon rich porous product obtained after thechmmical
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

Itis prepared by heap method.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 arliron li
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 locatée ingper 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 aggrout 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. Thisewdrotess usually

takes 1012 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 riceagtrcan be converted in to approximately-8.6

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 optiowever, 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 streomchar on crop productivity and soil
organic carbon is given in Table 3.

Table 3. Effect of rice straw biochar and nitrogenon crop productivity and SOC in rice-
wheat system

Amendment Grain yield (Mg ha) SOC
Rice Wheat (mg kg1)
2013 | 2014 | 2015 | 201314 | 2014 20145-16

15

No-amendment | 5.30 |5.97 |6.32 |3.43 3.22 4.01 4.1

RSB 594 |6.90 |7.25 |4.07 3.72 4.80 5.2
(12.1) | (15.6) | (14.7) | (14.6) (15.5) | (19.7)

C.D(0.05) 0.35 |0.20 |0.20 |0.18 0.38 0.13 0.064

Figures in parenthesis indicateiftrease 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 centincrease in grain yield of rice varied
from 12.1 to 15.6 during three years of #tedy 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 acgmi@imount of SOC

and threatened the sustainability of agriculture in the region. Conservation management



systems such as reduead naetillage, and crop residue incorporation/ retention or rice straw
bio char increased SOC accumulation and improvetisadility of agricultural systems. No
tillage increased soil aggregation, improved other soil properties, and favourably influenced
SOC accretion. Improved understanding of SOC dynamics aneblantlatmosphere
interaction of GHGs in continuously floodlentermittently flooded and upland rite&sed
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 dwies 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
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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 ob.Adhderstanding of thensount and
dynamics of the different forms under soil/climafgecific situations is critical to enhancing
sequestration of SOC within a land unit. Howevée increasing concentration of carbon
dioxide in the atmosphere causes global warming. Thereflmgalgscientific 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 agreedlimit atmospheric increase of
temperature to less than 2 °C compared teiqtastrial 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 seteflihisigoal,

a voluntary action plan to implement farming practices that maintain or increase soil C stocks

in agricultural soils is required (Chambers et28116) Because C is actively cycling among

di fferent terrestr i alsisstosgy mteracting with thdSe in athert h e W
ecospheres: biosphere, atmosphere and hydrosphere. Estimat@ddepth, soil C reservoir

of 1505 Pg (petagram = #3y = billion metric ton) (Batje, 2014) is about 2.68 times the biotic

(560 Pg) and 1.7times the atmospheric (867 Pg) stocks. Furthermore, ~55% of the total SOC

stock to tm, 62% to 1.5 m, 67% to-@&, and 77% to -3n depth is stored below 3fin 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 anleast 1
depth.

Soil organic matter (SOM) exerts a major influemeemaintaining soil quality and
ecosystem functionality. Many studies have shown that greater SOM in sod-hagefits of
restoring soil fertility and improvements in soil physical properties such as aggregation, water
infiltration, hydraulicconductivity and compactiorB(air et al.2006a). These improvements
generally translate to greatproductivity 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
sajuestration in soils. It is wetlkecognized that C fluxes in soil may be better understood by
isolating active/labile and recalcitrant/ntabile pools of SOM by physical, chemical and
biological techniques. Stocks of organic C in soils are determinedtivovariables, namely
SOC concentration and bulk density. Accurate measuremergedi@stration rates over time
in soils based on typical repeated measure desigosssitates the estimation of both variables
each time and if a specifiedeasurement ¢¢h is to be used, an adjustment to account for
equivalent masses will beequired if bulk density varies through time (Ellettal 2002;
McKenzieet al.2008) A number of methods, with several variants, have been proposed to
enumerate SOM supools. 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



adopt standard protocols.

Measurement of Soil Carbon

In general, one or more of the foNong 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
bet ween the newtpoadtitceatameatdc (3) mass bal
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 oflong-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 #ibyl. fert
Inorganic carbon can be classified into two types: (i) carbonates derived from weathering of
rocks andl(ii) carbonates derived from the direct absorptd€O into the soilsThe SIC can
be a significant carbon pool and has been estimated tolighaas 9361738 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 neitherlde 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. Theneasurement 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)
guantification of soil organic and inorganic carbon content in the collected soil saifides.
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, eatesctable organi€, hot water
soluble C, KMnQ-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 &lcht 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 amzyme 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 timxidaf
organic matter and loss of volatile organic compounds if samples are air edroagprior 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 al;euring 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 éxidize 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 dichromaZe(QX) in the
presence of sulphuric acid {60s). The dilution of HSOQs provides heat for the oxidation
reaction but only about 705% of SOC reacts with4Cr207. Dry combustion method is based



on thermal oxidation of organic C and decomposition of inorganic C toaC@mperature
between 1000 and 1600 °C. The method doedifferentiate between organic C and inorganic
C present in charcoal, coal and other+homus materials. Carbonates if present in the sample
have to be removed, prior to analysis, by acidtpratment. However, there is a possibility of
losing SOM durig acid treatment. Different automated instruments determine total C, N and
H in soils in the presence ok@nd chromium dioxide (Crfas catalyst) at 1700800 °C. In
this method, soil sample is oxidized in the presence@ combustion tube. The oxagid C,
N and H are carried by Hem 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 comgiisee thermal conductivity
detectors connected in series and separated by two traps to quagtjigrtd 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 sidi, 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 (Belldviaurel and McBratney 2011).

A variety of spectroscopic and rebte sensing methods such as inelastic neutron
scattering and gammray spectroscopy (Wielopolski et al. 2003), radid neaiinfrared and
diffuse reflectance spectroscopy (Reeves et al. 2006), remote sensing imagery (Chen et al.
2000) and laseinduced brakdown spectroscopy (Gehl and Rice 2007) have been proposed
for measurement of SOChese techniques provide the possibility of repetitive and sequential
measurements for spatial and temporal evaluation of soil C stock at a large scale and thus
circumventsome 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 421% to the total greenhouse gas (GHG) emission in
India. Combined with land use change and forestry (LUCF), it is the sém@ast source of
GHG emission in Indialnitial 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 (UNFCA@92. Even if this staliization was achieved,
sea level rise and global warming would continue to increase over centuries because of the
inertia of the earth systeniditigation activities are traditionally employed as natural resources
conservation measures, but they genesslye the dual purposes of reducing the emission of
GHG from anthropogenetic sources, and enhanc
key to the success of mitigation efforts, and has great potential to sequester carbon through
reduced emissionsdm deforestation and degradation (REDD), afforestation and reforestation,
and forest management . Il ndi ads vast area of
be an important area for sequestering carbon in soils. India being the largest prodigeer of
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 optionare 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 cgighifi
mitigation is possible with improved water and rice managemenéss#dts, land use change
(e.g., conversion of cropland to grassland) and-&gestry; as well as improved livestock and
manure management. Many mitigation opportunities use cureehthdlogies 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 mitigatiors action to decrease thatensity ofradiative forcingin order to
reduce the potential effects gfobal warming(IPCC glossary). Capturing the potential of
agricultural mitigation and its ebenefits will require new and additional resources, multiple
funding streams, innovative and flexible forms of financing, and the unequivocal eligibility of
agriculture, includhg 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 letggm process that necessitates loegn interventions

at local, national and regional levence it is likely that some climate change will occur over

the next 100 year s, 06ada pnstteduoerth@impaatefclimate n s u
change on agriculture, individuals and societies. Adaptation reduces vulnerability of crops,


mailto:sangeeta_2@rediffmail.com
http://en.wikipedia.org/wiki/Radiative_forcing
http://en.wikipedia.org/wiki/Global_warming

livestock, human and society on the whole to adverse effects of climate change. Climate chan
adaptation will be needed in arety of ecosystems, including agezosystems (crops,
livestock, grasslands), forests and woodlands, inland waters and coastal and marine
ecosystemsPlanning of climate change adaptation invariably is complicated by multiple
policy criteria and interesthat 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, trafie 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 ovextteeneral
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 broumghit &y issues related to the rate (and
magnitude) of change of climate, the potential for-hwe@ar changes and the long time
horizons. All these issues are plagued with substantial uncertainties, which make anticipatory
adaptation difficult. The fact &t we have partial knowledge of future climate is in itself a new
challenge.

Mittigation Options in Agriculture

/Reduce emissions

AReduce methane emissions from paddy field
AShift to low-carbon and renewable biomass fuels
AReduction in energy use in agriculture sector
Almproved energy management

AReduce crop residue burning

AReduce enteric methane formation

AReduce those subsidies and taxes which enhance greenhouse gas
emissions ‘

ADrainage of crop lands
AManure Management ‘
AEfficient fertilizer nitrogen management

\ /

(Carbon capture |

ASoil carbon sequestration

ASoil and water conservation measures
A Afforestation and Reforestation
AConservation agriculture |
@estoration of degraded lands

Figure 1. Strategies to reduce greenhouse gases emissions from agriculture
(Lenka et al., 2013)



ADAPTATION STRATEGIES
Any perturbation in agriculture can considerably afféet tood 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 noajstructural changes to overcome adversity. Following are
important adaptation strategies useful in coping with adverse effects of climate change.

Agrobiodiversity

Geneticallydiverse populations and speciésh ecosystems have greater potential to atap
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 varietigzational programmes have the
required capacity and lorgrm 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 littlbt dbat 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 inpef wrigation 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 chiadgeed 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 céating 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
negativeimpacts of climate change and reduce production risks (Lenka et al., 2013).

Land use and management

Changes in land use and management such asitand maximize yield under new conditions,
application of new technologies and new land management temw®i and watense
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 affigcpiroductivity.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 petrban irrigation

In most cities, perurban rrigation 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 -peloan irrigation. The use dhe
wastewater contaminates agricultural products that are eventually marketed as gardening



products. However, with adequate treatment, urban wastewater, with an acceptable thresh
guality, can be used as source water for irrigation. It is possibletuge 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 andiurstrial water in urban areas. Even in the rural
areas, reuse of kitchen wastewater for miargation should be encouraged.

Governance interventions

Effective communication between science and policgcessary 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 impactgefpesses

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 premptive and reactive adaptive strategies thagiamed 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

i mpl ement ed i n f ar makcondtsints ancelimithtionsTolthe adeptiandue s e v
to lack of mitigation options, availability of direct seeding machines, inadequate knowledge,
and institutional support, as wel/l as the fa
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Climate change, caused by the increase in concentration of greenhouse gases (GHGSs)
in theatmosphere, 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 securitindfa, isexposed
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 s@hd livestock (Lenka et al., 2015). During
19702010, the GHGs emission from Indian agriculture has increased by about 75%. The
increasing use of fertilizers and other agputs and the rising population of livestock are the
major drivers for this in@ase 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 201G@idd4tion of GHGs emission from agriculture
can be achieved byeguestering C and reducing the emissions of methane and nitrous oxide
through changes in langse management and enhancing inme efficiency.A win-win
solution would be to develop such mitigation strategies that help in climate chdagtation
and promote sustainable agricultural development

Introduction

Agricul tur al | ands occupy about 40% of tF
70% of the agricultural lands are used for pasture, 27% are arable lands, mainly devoted to
annualcrops and only 3% for permanent crogobal harvested area for all crops has
increased from 1.06 billion hectares (Bha) in 1961 to 1.38 Bha in 2011, a 30% ir{Eve@se
2015) Global population during the same period has increased from 3.08 to 7i@d, il
135% increase. The ratio of farm land to people therefore, declined from 0.344 ha in 1961 to
0.191 hain 2011, a 45% decrease. Productivity of crop, however, has increased considerably.
For example, cereal production has tripled from @#lion ton to 2.59 billion torduring the
period (FAO, 2015)Growing demand and technological improvements have led to widespread
changes in livestock production systefnem smallholder mixed systems to largeale
commodityspecific systems, from roughages toncentrate feedsand from dispersed to
concentrated productioquaculture 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 emergd as the most prominent environmental issue all over the world. These GHGs viz.
carbon dioxide (C@), methane (Ck and nitrous oxide (PD) trap the outgoing infrared
radiations from the earthoés surface and t hu
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 GHGse mtrtiosphere and
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the positive radiative forcing. As a result, the temperature of atmosphere and ocean is goi
up, snow and ice are melting fast and sea level is rising. This global climate change will have
considerable impact on the crop, soil, livestdidhery and pest.

Agriculture is crucial for ensuring food, nutritional and livelihood security of India. It engages
almost twaethird of the workforce in gainful employment and accounts for a significant share
in I ndiabs gr oss ddustresdepend onagriouttunatptoductiSrefor their a |
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 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 aquacultere hav
a significant impact on the emission of GHGs and consequently on climate change (IPCC,
2014). An indepth understanding of trends in emission of GHGs, their drivers, and the relation
between the two, is essential for comprehending the need for mitigatbadaptation. 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

Sectorid 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 agecult
forestry and landise (AFOLU) (mainly CH4 and N20). The contribution of AFLOU
(agriculture, forestry and laddase) 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 emissiomeporting from the following six categories: Energy; Industrial Processes;
Solvent and other product use; Agriculture; Larsg 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 categengd,and
landuse change and forestry (LULUCF) was thus created. In the 2006 IPCC guidelines the
categories have been altered and amalgamated, with only four sectors to whigm&diGns
are now attributed. The Agriculture and LULUCF sectors were combined to produce the sector
Agriculture, forestry and other langse (AFOLU). Figure 2 gives a schematic presentation of
emission by sources and removals by sinks in agriculture.

In agriculture the non C&sources (Ckland NO) are reported as anthropogenic GHG
emissions, however. The G@mitted is considered neutral, being associated to annual cycles
of carbon fixation and oxidation through photosynthesis (IPCC, 2007). Soilatsspirs
roughly balanced by the net uptake ofGRrough 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 aneentled by soil physichemical
and biological soil properties controlling the activity of soil microorganisms and fauna. Also
there is growing consensus on soil respiration and heneee@flution is higher when any
organic material is added to soil. Slanly soils with higher soil organic carbon (SOC) content
emit more CO2 than soil with low SOC. There by increasing concentration oinCiBe
atmosphere. On the other hand, higher concentrations of atmospheradsGWill stimulate
the growth of mostlants, especially €agricultural crops. Increased productivity can supply
more plant residues to the soil, possibly increasing storage of SOM. But, higher level of
atmospheric C®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 €@ission and removal in agriculture should be
considered in creating GHG inventory from agriculture. Furtherlinkebetween agriculture



and climate change must be assessed and presented accurately and consistently. Flaws i
assessment of agricultureds contribution
consequently, failure to act. Globalrgcai t i on of the extent of ag
GHG emissions is required, as is quantification of how its contribution compares to that of
other emission sources.
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Figure 1. Comparing AR4 and AR5 the sectoral distribution of greenhouse gasoemis
showing the percentage of emission with respect to the total. AR4 represent emission level at
2004 and AR5 2010.
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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 sectomat 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

anhr opogenetic sources, and enhancing carbon

success of mitigation efforts, and has great potential to sequester carbon through reduced

emissions from deforestation and degradation (REDD), afforestation amdstafemn, 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 residaagement), 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 pssible with improved water and rice managementasgtes, land

use change (e.g., conversion of cropland to grassland) andoagstry 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 recomutremadd

mitigation technology is site specific and need based. There are few constraints and challenges

in transfer of these mitigation technologi e:

issues and constraints and devise ways in achievingripe $cale 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 Gobt-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 CQ@ tax on agricultural activity would result in a reduction of agricultural

production, particularly for GHé@ntensive commodities. In contrast, if farmers were rewarded

for carbon sequestration activities (specifically afgnestry) this would lead to intsification,

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 imeet 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 successfuagriculture 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 caouggtinto the C trading

network.

Trade-offs between Crop Production and GHGs Emission

The cemand for rice and wheatpntributing about 77% to the total food grains production in
India, is expected to increagénis increased production can be achietredugh 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
tradeoffs between production and GWP ofaiand wheat crops so as to develop suitable
technologies to increase food production and reduce GWP by increasing the carbon efficiency



ratio. Therefore, gain in one area (increased yield) would cause loss in the other (increas
GWP). But in some casesp wiwm né si tuation can be achi e
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 rrigation 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 temperaay 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 conddue to reduced diurnal temperature
range, can reduce the crop growth period and the crop yield. The increased aerosol loading in
the earthdos atmosphere is reported to reduce
key input for photosynthesiShe 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.Changéi | Kim (2010) descr i bnetchangédoe thdarablev o f
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 I ndiads agr asearchens shpw thad woddttemperatunes could By 4 degrees
Celsius this century and by 2025, ttvords 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 |Iimpact on a@matecul t ur
change affects food security in complex ways. It impacts crops, livestaektrig 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 chateyends 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 saturThe 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 theajor sources of GHGs emission. But, agriculture can
also mitigate GHG emissions through the reduction #® Mnd CH emissions, as well as
through carbon sequestration, particularly in the developing wbdd.Indian agricultural
production systems to beable 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 reducédwould require increased Research and
Development effort®n mitigation and adaptation, capacity building, development activities
and changes in landse management. A winin solution would be to develop such mitigation



strategies that may help sustainable agricultural development such as increasing soilbrgani
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
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Introduction

Modeling is an approach used to infer SOC stocksdestdbutions 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, .euge of new grass species or changes in fertilization or grazing
regime. The inability to measure SOC stocks directly can have various causes, suatults diffi
access to representative sampling points, lack of equipment or that the number of samples
nealed to representatively cover a certain area of interest exceeds those affordable.
Furthermore, the information obtained by direct measurements is not alwéggesuto

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 medpreferred. Internal
calibration of a model (basedonreg®wmp eci fi ¢ data), where model
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 simuta 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 here 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 interestthe 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 argsis 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 methodicignodeling approaches and
range from the use of default data and empirical equations to the use of more compleg, specifi



locally validated functional or mechanistic models.
These three levels are:
A Level 1: OEmpiric
A Level 2RessMo®&si | 6 P
A Level 3: O0OEcosyst

[ 6 Model s

al
r o
em6 Model s
Level 1: 6Empirical 6 Model s

One of the bestnown 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 ) year period. This is assumed to be the default period for SOC stocks to attain a new steady
state (referred to as O6equilibriumd) althouc
years (e.g. Poulton et al 2018).

Level 2: 0Soil 6 Process Model s
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 takataatou
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 physheahcal principles to simulate
and integrate different processes.

YASSO, ICBM GTOOL, CANDY or RothRC (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 3@ars (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 undert differe
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 irfputs plant residues
and animal excreta need to be estimated, but they may be derived fromgatnave net
primary production, root: shoot ratios, livestock @ffncies 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 o6l evel 20 mo
considering the effects of climate, soil, land use and management variables on SOC dynamics.
However , OEcosystem Model sé also integrate t|

than carbon turnover that may have a direct or indirect impact on SOC dynamics. Thus,
OEcosystem Model s énodely simmutate abbve famdebel@emgrourddspu b
biomass growth and carbon inputs, soil water dynamics, nutrient dynamics and their
interactions.

There is range of existing Ecosystem models for estimating SOC 4mgjudEPIC,
CENTURY, DNDC, DAISY and SOCRATES. Tested using leng data sets anadally
calibrated, these Oecosystem model sd gener a
dynamics across a range of land use, soil types and climatic regions.



An example from DNDC Model

Accurate simulation of soil organic carbon (SOC) dynamicsitaly 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 (DeN:itrification & DeCompostipmodel, developed developed by Li
et al (1992), is a processientated 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 iform 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 gradies), 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 ngtigatin
the effect of elevated atmospheric CO2ocesshased soil organic C (SOC) models are widely
used for simulating, monitoring, and verifying soil C change (Basso et al. Zdillyrganic
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 DenitrificatieDecomposition (DNDC) model delegped 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 ecologicah@rs, 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 Denitrifie@goomposition
(DNDC) model is a procesoriented computer simulation model of carbon and nitrogen
biogeochemistry in agrecosystems.

As described in detail by Li et al. (1992
DNDC model consists of two components. The first component, congsadtthe soil climate,
crop growth and decomposition saiodels, predicts soil temperature, moisture, pH, redox
potential (Eh) and substrate concentration profiles driven by ecological drivers (e.g., climate,
soil, vegetation and anthropogenic activitflhe second component, consisting of the
nitrification, denitrification and fermentation subodels, predicts emissions of carbon dioxide
(CO2), methane (Ck, ammonia (NH), nitric oxide (NO), nitrous oxide ({D) and dinitrogen
(N2) from the plansoil sysems. 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 scalerghs 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 fds/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 n# day1) wind speed



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, cldyam, sandy clay, silty clay, clay, organic soil), bulk
density (in g/cm3), soil pH, field capacity (water filled pore spa€g), Qvilting point (water

filled pore space,-Q), clay fraction (in %, G 1), hydraulic conductivity (in cm mi#, soll

organc carbon (in kg C kg), NHs+ and NQ-concentrations (in mg N K, slope (in %)
microbial activity index (G 1) OptionatSOC partitioning (in %, into very labile litter, labile

litter, resistant litter, humads and humus)

Management

Crop

Minimum- cropsper 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 Qptianal
initial biomass (kg dry matter K3 initial photosynthesis, efficiency maximum phagtothesis

rate (in kg CQ ha! hr1), 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 chiseploughing with mouldboard)

Fertilisation

Minimum-number of applications per year, fertiliser date, fertiliser type (urea, anhydrous
ammonia, ammonia bicarbonate, NNDs3, (NH4)2SOs, Nitrate, (NH)2HPOQu), fertiliser
amountOptionatrelease control nitrifidgon 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 applis 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 ofgrazing and/or cuttings, starting date (grazing), end date (grazing), application date
(cutting)



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 dimate file- one can use note pad for creation of climate file. An
example is given below. First column is day of a yearc@lumn is maximum
temperature dC), third column is minimum temperatus€} and last (4) column
is rainfall in cm.

Jabalpur_2001

242 122 1.8
17.2 11.7 0.0
175 111 0.0
16.2 6.1 0.0
20.2 6.7 0.0
17.0 29 0.0

OO, WNE

365 237 71 0.0

2. Soil information-The data on soil related parameters has to be generated which
includes, soiltype, 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 Zatidn
details and also irrigation scheduling with amount.

An example of data requirement for initiation of DNDC model

Site name Jabalpur
Latitude (N) eeée. ...
Longitude (E) eéeéé.
Soil name Black soil
Experimental period (years) 20012010
Topsoil depth (cm) 100

Clay content (%) 52

Bulk density (Mg ) 1.30

pH 7.8

Initial topsoil SOC (kg C ka) 0.0072

Kharif crop Soybean
Sowing date 6/25(6/206/30)
Tillage date 5/3, 6/20
Total N applied (kg ha) 20 (200)

Harvest date

Rabi cropWheat
Planting date (s)
Harvesting date (s)
Tillage date

Total N applied (kg ha)

Number of N application times

9/25 (9/159/25)

11/15 (11/1611/20)
3/30 (3/254/05)
09/20, 10/05, 10/11
120
3



Date of staw application no
Amount of straw applied (kg C ha no

The DNDC model has been validated throughout the world by usingéomyand shofterm
experimental data to test its behavior on the modeling of the carbon biogeochemical process in
agricultual 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 collectetioiCaube 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 simulatiqourpose. 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 theersel
decomposition processes, a part of the organic C becomgsa@®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 sason 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 ¢timehs@C
is partitioned into different pools (Basso et al., 2011). The inappropriate initialization of SOC
pools can also lead to inaccurate assessment ofanteral variability (Yeluripati et al., 2009).
Typical values of the C fractions in each pool nieey 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 organcarbon 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 nbgdrolysable fraction) was detemed 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-mgdrolyzable carbon (bio
chemically stabilized carbon) from the TOC content of §1C 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 nbgdrolyzable fraction (Cr) during the incubation period
(Paul et al., 1997)n Jabalpur (th€ content of the acid nelmydrolysable fraction was higher
than the cumulative C in the adydrolyzable pools (active (Ca) + slow (Cs)) for all the three
treatments. The proportion of carbon in the acid-hpdrolysable fraction was 52, 65 and 66%
underthe 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 €€ mor
towards the acid nehydrolysable fraction in fine textured soil. NPK+FYM increased the C



content of the active, slow and acid Aoydrolysable fractions by 99, 22 and 33%, respectively
over the NPK treatment. The increase in Cr at Jabalpur even witaldRe 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 ,puanisely
plant residue (or litter), microbial biomass, humads (or active humus), and passive humus. Each
pool consists of two or three sylools with specific decomposition rates subject to
temperature, moisture, redox potential and N availability in dile 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 to 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 kbegn and shorterm experimental data to
test ts 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 peadiive 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 mustdadibrated 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.
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Figure 1. Simulated and measured soil organic carbon content (%) at LTFE of Jaivadisu
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 bigeochemical carbon model depends on the initial carbon
content of soil and their relative distribution of soil carbon pools. No definite method of
guantification of soil carbon pools differentiation has been proposecehyddel developer.
Basso et al. (2011) developed iterative procedure for computation of soil carbon pools for
initialization of DSSATFCentury model. Predicted changes in SOC should also be compared
with measured data that represent the spatial and tenmpoga 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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