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Introduction more Length of Growing Period (LGP) to allow
The Indo-Gangetic Alluvial Plains (IGP) of India higher cropping intensity without irrigation (Figs.
extends from 2145 to 3P 0 N latitudes and 74 2 and 3).
15 to 9P 30 E longitudes (Fig. 1) and includes the  The IGP, with about 13% geographical coverag
states of Punjab, Haryana, Delhi, Uttar Pradestin India, produces nearly 50% of the food grains fo
Bihar, West Bengal, Himachal Pradesh, northerd0% of the total population of India. However,
parts of Rajasthan and Tripura. The plains cover eecent reports of the land use and soils of the I1G
total area of about 43.7 m ha and represent 8 agrmdicate a general decline in soil fertility (Bhandari
ecoregions (AERs) and 14 agro-ecosubregionst al. 2002; Gupta, 2003). Soils which earlier rarely
(AESRSs) (Velayutham et al. 1999) (Table 1). showed any nutrient deficiency symptoms are nov
A closer look at table 1 allows us to divide thedeficient in many nutritional elements. Long term
entire IGP, India into 7 bioclimatic systems with asoil fertility studies have shown reduction in soil
general tendency toward increase in rainfall andrganic matter content as well as in the othe
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Figure 1. Location map of the IGP, India showing agro-eco-subregions.
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Figure 2. Distribution of mean annual rainfall (MAR)
in different bioclimatic systems in IGP, India.

Figure 3. Variation of length of growing
different bioclimatic systems.

period in

Table 1. Description of Agro-Ecological Regions and Subregions of the Indo-Gangetic Plains, India.

SIl.  AER & Description Location (State and Districts) Area
No. sub- (000 ha)
region (%)*
number
1 2 3 4 5
2 Western Plains, Hot Arid Ecoregion, LGP <60 days 3112
(7.1)
1 2.1 Marusthali plains, hot hyper-arid, Punjab : Southern part Ferozepur 358
very low AWC, LGP<60 days Rajasthan: Hanumangarh and Ganganagar (0.8)
2 2.3 Kachch Peninsula, hot hyper-aridPunjalh Muktasar, Bathinda, Central Ferozepur 2754
low AWC and LGP <60 days and South Faridkot (6.3)
Haryana: Bhiwani, Hisar, West Mahendragarh
4 Northern Plains, Hot Semi-Arid Ecoregion, LGP 90-150 days 13265
(30.4)
3 4.1 North Punjab Plain, Ganga-YamuRanjahh Amritsar, Kapurthala, Sangrur, Patiala, 7599
Doab, hot semi-arid, medium Moga, Faridkot and Ferozepur (17.4)
AWC, LGP 90-120 days Haryana Kurukshetra, Kaithal, Karnal, Jind,
Sonepat, Panipat, Rohtak, Faridabad, Gurgaon,
Mahendragarh, Rewari
Uttar Pradesh: Meerut, Ghaziabad,
Bulandshahr, Aligarh, Mathura, Etah, Agra,
Mainpuri, Firozabad, West Muzafarnagar,
South Moradabad and South Etawah
4 4.3 Ganga-Yamuna Doab, RohilkhandJttar Pradesh :Budaun, Hardoi, Farrukhabad, 5666
and Avadh Plain, hot moist semi- Kanpur, Unnao, Varanasi, Etawah, Southern (13.(
arid, medium to high AWC, LGP  Shahjahanpur, northern parts of Jalaun,
120-150 days Hamirpur, Banda, Mirzapur, Allahabad,
Pratapgarh, and Sonbhadra
9 Northern Plains, Hot Sub-humid (dry) Ecoregion, LGP 120-180 days 9763
(22.3)

(Continued)
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Table 1. (Continued)

1 2

3 4 5

5 9.1

Punjab and Rohilkhand Plains, Jammu & Kashmir. Southern parts of 3630
hot/dry moist sub-humid transition, Jammu (R.S. Pura) and Kathua (8.3)
medium AWC and LGP 120-150 Himachal Pradesh Parts of Kangra,

days Una & Bilaspur

Punjalh Gurdaspur, Hoshiarpur, Rupnagar,
Nawashahar, northern parts of Amritsar,
Kapurthala, Jalandhar, Ludhiana and Patiala,
Chandigarh and Union Territory

Haryana Ambala, Yamuna nagar, northern
parts of Kurukshetra & Karnal

Uttar Pradesh: Saharanpur, Bijnaur, N-E
Muzaffar nagar, Northern Muradabad, West
Rampur, S-W Nainital

Rohilkhand, Avadh and south  Uttar Pradesh: Barielly, Pilibhit, Sitapur, Bara 6133
Bihar Plains, hot dry sub-humid, Banki, Sultanpur, Azamgarh, Ghazipur, Lucknow, (14.0
medium to high AWC and LGP southern parts of Nainital, Lakhimpur kheri, Mau,
150-180 days Faizabad and Balia, Rampur (east), northern parts

of Shahjahanpur, Hardoi and Jaunpur, Varanasi

(east), Rai Bareli, and Fatehpur

Bihar : Bhojpur, Rohtas, Aurangabad, Gaya,
Jahanabad, Nalanda, patna, Nawada

13 Eastern Plains, Hot Sub-humid (moist) Ecoregion, LGP 180-210 days 10219
(23.4)

7 13.1 North Bihar and Avadh Plains, Uttar Pradesh: Bahraich, Gonda, Basti, 8778
hot dry to moist sub-humid with  Gorakhpur, Deoria, northern Faizabad, (20.1)
low to medium AWC and 180-210 Azamgarh, Mau and Balia and southern
days LGP parts of Siddharthanagar and Maharajgang

Bihar : Paschim and Purba Champaran,
Sitamarhi, Gopalganj, Siwan, Saran,
Muzaffarpur, Vaishali, Madhubani, Darbhanga,
Samastipur, Begusarai, Khagaria, Madhopura,
Saharsa, Purnia, Katihar, Bhagalpur, Munger,
Godda, Northern Patna, Devghar, Santhal
Pargana and Sahibganj

8 13.2 Foothills of Central Himalayas, Uttar Pradesh: North of Lakhimpur, Bahraich, 1441
warm to hot moist, high AWC Gonda, Basti, Gorakhpur and Deoria (3.3)
and LGP 180-210 days

15 Bengal Plains, Hot Sub-humid to Humid (Inclusions of Per-humid Ecoregion, 6641
LGP 210-300 days (15.2)

9 15.1 Bengal Basin and north Bihar ~ West Bengal Kolkata, Haora, Hugli, 5861

Plains, hot moist sub-humid with  Medinipur, Bankura, Birbhum, Bardhaman, (13.4)

medium to high AWC and LGP Murshidabad, Nadia, 24 Parganas (N&S),
210-240 days Maldah, West Dinajpur
Bihar : East Sahibgan;

(Continued)
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Table 1. (Concluded)

1 2 3 4 5
10 153 Teesta, lower Brahmaputra Plain\West Bengal Jalpaiguri and Koch Bihar 780
hot moist humid to per-humid Tripura : Dhalai district (northern part) (1.8)
medium AWC and LGP 270-300
days
16 Eastern Himalayas, warm per-humid AER, LGP 270-300 days 216
(0.5)
11 161 Foot-hills of Eastern Himalayas, West Bengal Southern parts of Jalpaiguri 100
warm to hot per-humid, low to and Koch Bihar (0.2)
medium AWC and LGP 270-300
days
12 16.2 Darjeeling and Sikkim HimalayasWest Bengal Part of Jalpaiguri district 116
warm to hot per-humid, low to (0.3)
medium AWC and LGP 270-300
days
17 North-Eastern hills (Purvachal), warm, per-humid AER, LGP >300 days 82
(0.2)
13 17.2 Purvachal (Eastern Range), warniripura : West Tripura (Part), 82
to hot, per-humid, low to medium South Tripura (Part) (0.2)
AWC and LGP >300 days
18 Eastern Coastal Plain, hot sub-humid to semi-arid AER, LGP 240-270 days 393
(0.9)
14 185 Gangetic delta, hot moist, West Bengal Medinipur, Sagar Islands of 393
sub-humid to humid, medium South 24 Parganas (0.9)
AWC and LGP 240-270 days.
Total 43691
(100)

essential nutrients, that had higher levels ofhe soils in the arid and semi-arid environments
nutritional elements in the earlier years (Bhandarprevailing in some parts of the IGP are abundant i
et al. 2002; Abrol and Gupta, 1998). The biologicainorganic carbon in the form of calcium carbonate
activity of soils has gradually declined resulting in ~ The adverse climatic conditions in arid and
reduced efficiency of applied inputs (Abrol andsemi-arid agro-ecoregions induce the precipitatiol
Gupta, 1998). As a consequence parts of the IG&f CaCQ, thereby depriving the soils of €an soil
have an aridic environment at present (Eswaran and
van den Berg, 1992). The sustainability ratings o
some soil series of the IGP for the rice-whea o
cropping system indicate many soil constraints
including low SOC (soil organic carbon) (Table 2). =4 w
It is in this context that the soils of the IGP of the
Indian subcontinent require focused attention. e ——— R

Soils under arid and semi-arid climates in IGP gz e i mre e .
cover 16.4 m ha and lack in organic carbon due tEigure 4. Distribution of bioclimatic systems in IGP,
high rate of decomposition (Fig. 4). Interestingly,ndia.
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Table 2. Suitability of different soils for rice and wheat in the IGP.

Sr. AESR Soil Series Rice  Wheat Constraints for soil Overall
No. systems suitability rating
for Rice-Wheat
system
1 2.1 Masitawali & Nihalkhera S3sw S2s Aridity, frequent deposition S3sw

of Aeolian sand; seasonal
flooding; calcareous

substratum
2 2.3 Jassi Pauwali & S2sw  S3sw Sandy soils, wind erosion, S3sw
Jodhpur Ramana low nutrient status
3 4.1 Fatehpur S3s S3s Highly saline and sodic, S3
Phaguwala S2s S3 imperfect drainage, S3
Zarifa Viran & Ghabdan N1n N1n micronutrient deficiency N1n
4 4.3 Bijapur S2s S1 Highly saline and sodic, S2s
Hirapur and Sakit N1n N1n waterlogging, poor quality N1n
groundwater
5 9.1 Dhoda S2sw  S1 Low nutrient holding S2sw
Jagjitpur S3sn S3n capacity, highly saline S3sn
Bhanra S3sw  S3sw and sodic S3sw
Berpura S2s(1) S1 S2s(1)
6 9.2 Basiaram & Itwa S2s(1) S1 Salinity & Sodicity, S2s(1)
Simri S2s(1) S2w(1) impeded drainage S2s(1)w(1)
Akbarpur N1n N1n N1n
7 13.1 Bahraich S2s S2w(1) Frequent flooding S2w(1)
13.2 Haldi S2s(1) S1 Deficient in Zn, Fe & S S2s(1)
9 15.1 Sasnaga & Konarpara S2s(1) S2w(1) Frequent flooding and S2s(1)
Hangram, Amarpur, S1 S2w(1) waterlogging, salinity, low S2s(1)
Modhupur nutrient status
10 15.3 Barak S2s(1) Sis Frequent flooding and S2s(1),
Seoraguri S1 S2w(1) waterlogging, low nutrient S2s(1)
status
11 16.1 Singivita S2 S2s(1) Seasonal flooding S2s(1)
16.2
12 17.2 Khowai and Nayanpur S1 S2w Seasonal flooding and
waterlogging
13 18.5 Sagar S1 S2sw(1) Salinity, poor drainage S2sw(1)
S1 = Suitable; S2 = Moderately suitable; S3 = Marginally suitable;
N1 = Currently unsuitable but can be improved (Sys, 1976 &ebyd 1991)

s = Soil related constraints (texture, structure, CaGitent, depth and low OC)
w = Wetness related constraints (flooding and drainage)

n = Constraints related to salinity and alkalinity

- = not available
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exchange complex with a concomitant developmentate, i.e., 0.8-0.9 mg per 100 g of soil per year ir
of soil sodicity in the subsoils. The subsoil sodicitythe first 100 cm of the profile (Pal et al. 2000).
impairs the hydraulic conductivity of soils. This Therefore, attempts to increase and stabilize yielc
self-terminating process (Yaalon, 1983) will lead toin arid and semi-arid regions by extension of
the formation of sodic soils with exchangeableirrigation may end up very badly, if adequate care
sodium percentage (ESP) that decreases with depil.not taken to prevent the menace of formation o
Therefore, the formation of pedogenic (secondary£aCQ. A schematic view of such a long term
CaCqQ has been identified as a basic process thatevelopment of soil degradation process is show
initiates the development of sodicity. The processn figures 5 and 6.

of CaCQ formation in soils is now considered as  Restoration of organic and inorganic carbor
a basic and natural process of soil degradation (Pahlance and its follow-up requires basic informatior
et al 2000, 2003; Srivastava et. al 2000). In soils of carbon stock in soils of the IGP. The presen
IGP the CaCQhas been formed during the semi-study assumes importance since the knowledge c
arid climate prevailing for the last 4000 year B.P.carbon stock will facilitate in deciding appropriate
and the rate of formation is proceeding at a very fastoil and land management techniques.

5 o > 4000 yrs E:.l |
i » Thick vegetation
I. | f » High rairfall |
o ||V N || Rairfal | [oLowPET
E | |+ 5all fayer deep down
Cwliiiit 1171 Call layer ihe a0 by leaching
H

T 4, b [Cawwe |
g rdog 1 R b |
TI{VE] ] I I "k + Duforestation
Loy | PELE Y T . i+ Low rainfall
p | foiiihd Raifal S LA e PR
I fennnt A e e NRET | St yer e susce
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5 1 I A
i LR -j|j- v~ 100 yrs BP
- dezrprreas bl Galt dayer on the
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Figure 5. Degradation of soils in IGPvis-a-viscause-effect relationships over geologic time scale (the length
and thickness of arrows indicate relative contribution of rainfall and PET).
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et al 2000, 2003; Srivastava et. al 2000). In soils of 
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Figure 6. Degree of soil degradation in terms of sodicity, CaC@nd depletion of OC in soils of IGP as
influenced by climate (1: Randhwa, 1945; 2: Srivastava et al. 1994, 1998; 3: known land history with
introduction of canal irrigation; Also see Velayutham et al. 2002).

Source of Data to Compute Carbon Stock et al. 2000; Velayutham et al. 2000). The bulk
in Soils density (BD) data is not available either in soil
Difference in sampling methods, exact season asurvey reports or in published literature. For the
collecting soil samples on different types ofpresent study BD values were generated for th
landscapes, kinds of vegetation, and above all th&oils where they were not available. In a few
method of soil analyses in the laboratory determineeports, however, BD values were available an
the quality of organic carbon data of soils. Usuallywere used to compute the total SOC and SIC (so
Walkley and Black’s method (Jackson, 1973) is annorganic carbon) stocks. BD values were measure
accepted technique to generate SOC data. Foy standard method (Black, 1965).
inorganic carbon the information on equivalent of
calcium carbonate content in soils has been used &°mputation of Soil Carbon Stocks
the base. The CaCG@ontent in soils is determined The total carbon stock in soil is calculated following
by standard acid-base titration method (Jacksorthe methods described by Batjes (1996). The firs
1973). To quantify the degree of expression oktep (step 1) involves calculation of OC by
effervescence viz., very slight, slight, strong andnultiplying OC content (g/g), bulk density (Mgim
violent (Soil Survey Division Staff, 1995) the entire and thickness of horizon (m) for individual soil
field observations of the established soil series oprofile with different thickness varying from 0-30,
India (Lal et al. 1994) were correlated with their0-50, 0-100 and 0-150 cm. In the second step (Ste
quantitative CaCQequivalent value obtained from 2) the total OC content per unit area determined b
laboratories. this process is multiplied by the area (ha) of the so
The necessary information about soil organiaunit distributed in different agro-ecological
and inorganic carbon were obtained from the existingubregions (AESRs) of the IGP (Velayutham et al
primary database of National Bureau of Soil Survey1999). Thus total SOC content is calculated ir
and Land Use Planning, Nagpur, India (Murthy eterms of Pg (1 Pg = 10g). For SIC the calculation
al. 1982; Sehgal et al. 1988; Bhattacharyya et alvas made using 12% C value in Ca@Sing steps
1989, 1992, 1994, 1995, 1996; Lal et al. 1994; Pal and 2.
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Soil Organic Carbon Stock in the IGP

the SOC stock is high (Table 3). This is due to mor:

Figure 7 indicates SOC stock in different AESRsaerial coverage of dry and warmer areas in the IG|

in the IGP. Although organic carbon content in the

In an earlier attempt to delineate the sufficient

soils of warmer areas (arid and semi-arid) is lesgind deficient zones, 1 per cent level of organi

kilometers
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Figure 7. Organic carbon stock (Pg) of first 150 cm depth of soils in AERs of the IGP.
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Table 3. Total carbon stock in soils of the IGP, India.

AESR AESRs/Characteristics Carbon  Depth Carbon stock (Pg)
No. range (cm)
0-30 0-50 0-100 0-150
2.1 Marusthali plains, hot hyper-arid very low SOC 0.0008 0.0022 0.0039 0.0074
AWC, LGP<60 days SIC 0.0168 0.0164 0.0360 0.0581
TC 0.0176 0.0186  0.0399  0.0655
2.3 Kachch Peninsula, hot hyper-arid, low SOC 0.0214 0.0310 0.0413 0.0157
AWC and LGP <60 days SIC 0.0029 0.0060 0.3341  0.5802
TC 0.0243 0.0370  0.3754  0.5959
4.1 North Punjab Plain, Ganga-Yamuna Doab, SOC 0.0609 0.1056  0.1770  0.2307
hot semi-arid, medium AWC, LGP SIC 0.1103 0.1769 0.3636  0.9422
90-120 days TC 0.1712 0.2825 0.5406  1.1729
4.3 Ganga-Yamuna Doab, Rohilkhand and SOC 0.0517 0.0773  0.1535 0.2032
Avadh Plain, hot moist semi-arid, medium SIC 0.0000 0.0285  0.1523  0.8566
to high AWC, LGP 120-150 days TC 0.0517 0.1058 0.3058  1.0598
9.1 Punjab and Rohilkhand Plains, hot/dry moist SOC 0.0786 0.0497 0.0997 0.1376
subhumid transition, medium AWC and SIC 0.0020 0.0046  0.0065  0.0098
LGP 120-150 days TC 0.0806 0.0543 0.0162 0.1474
9.2 Rohilkhand, Avadh and south Bihar Plains, SOC 0.0639 0.0961 0.1472  0.2391
hot dry subhumid, medium to high AWC SIC 0.0000 0.0000 0.0000 0.0000
and LGP 150-180 days TC 0.0639 0.0961 0.1472  0.2391
13.1 North Bihar and Avadh Plains, hot dry to SOC 0.0649 0.1370  0.2265  0.3440
moist subhumid with low to medium AWC  SIC 0.0000 0.4925 1.0187 2.0733
and 180-210 days LGP TC 0.0649 0.6295 1.2452  2.4173
13.2 Foothills of Central Himalayas, warm to hot SOC 0.1024 0.1391 0.2503 0.3054
moist, high AWC and LGP 180-210 days SIC 0.0000 0.0000 0.0000  0.0000
TC 0.1024 0.1391 0.2503 0.3054
15.1 Bengal Basin and north Bihar Plains, hot SOC 0.0985 0.1530 0.2474  0.2407
moist subhumid with medium to high SIC 0.0050 0.0251  0.0488  0.0598
AWC and LGP 210-240 days TC 0.1035 0.1781  0.2962  0.3005
15.3 Teesta, lower Brahmaputra Plain, hot moist  SOC 0.0542 0.0698 0.1511  0.1908
humid to perhumid medium AWC and SIC 0.0000 0.0000 0.0000 0.0000
LGP 270-300 days TC 0.0542 0.0698 0.1511  0.1908
16.1 Foot-hills of Eastern Himalayas, warm to SOC 0.0096 0.0136  0.0208  0.0279
hot perhumid, low to medium AWC and SIC 0.0000 0.0000 0.0000 0.0000
LGP 270-300 days TC 0.0096 0.0136  0.0208  0.0279
16.2 Darjeeling and Sikkim Himalayas, warm to  SOC 0.0087 0.0091 0.0176  0.0246
hot perhumid, low to medium AWC and SIC 0.0000 0.0000 0.0000 0.0000
LGP 270-300 days TC 0.0087 0.0091 0.0176  0.0246
17.2 Purvachal (Eastern Range), warm to hot, SOC 0.0005 0.0008 0.0016  0.0020
perhumid, low to medium AWC and SIC 0.0000 0.0000 0.0000 0.0000
LGP >300 days TC 0.0005 0.0008 0.0016  0.0020
18.5 Gangetic delta, hot moist, subhumid to SOC 0.0122 0.0147  0.0221  0.0309
humid, medium AWC and LGP 240-270 days SIC 0.0000 0.0000 0.0000  0.0000
TC 0.0122 0.0147  0.0221  0.0309
Total SOC 0.6283 0.8990 1.5600  2.0000
SIC 0.1317 0.7500 1.9600  4.5800
TC 0.7600 1.6490 3.5200 6.5800
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carbon was considered as the tentative boundafiaitam and Bhattacharyya, 2004). This observatio
between sufficient and deficient zones (Velayuthaniurther supports 1 per cent value of SOC as a lim
et al. 2000) considering OC equilibrium value at 1-of sufficient or deficient zones of organic carbon.
2 per cent (Saikh et al. 1998). In an effort to identify ~ On the basis of 1 per cent SOC, it has bee
systems for carbon sequestration in semi-arid tropiasbserved that 5 AERs (13.2, 15.3, 16.1, 16.2 an
of India, it was reported that forest and horticulturall7.2) comprising only 6 per cent area of the IGF
(citrus) systems reach a quasi-equilibrium value ofalls in sufficient zone of organic carbon and the
nearly 0.9-1.0 per cent SOC in shrink-swell soilsremaining 9 AERs comprising 94 per cent area o
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Figure 8. Map showing sufficient and deficient zones of organic carbon in the IGP.
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the IGP are under deficient zone (Fig. 8). Soilsshows that the area of the AESRs 9.1 and 15.1 fal
under all categories of humid climate do notunder very low (VL) CaCQ AESR 13.2
however, fall under sufficient zone of SOC exceptcorresponds to low (L), the AESRs 2.1, 4.1, and 4.
in about 6% of the area. The remaining areas undéall under medium (M) and AESR 2.3 as high
humid climate are deficientin SOC due to intensiveCaCQ, (H) zones. The area estimates suggest th
agricultural practices (Abrol and Gupta, 1998).very low, low, medium and high CaG@ontent
However, when point data on OC content werecorrespond to very slight, slight, strong and violen
compared it was found that the cooler humid tracteffervescence observed in the field cover 21.7, 3.:
of the IGP (AESR 13.2 and the AESRs 15.3, 16.81.2, and 6.3%, respectively. The remaining area
and 16.2) have sufficient OC in the first 30 cm ofconstituting 37.5% area of the IGP do not contair
soil depth (Table 6 — described later). Similarany CaCQin the first 150 cm soil depth (Fig. 9).
observations were earlier made in soils of Madhya

Pradesh and Tripura (Bhattacharyya et al. 1996/0tal Soil Carbon Stock in the IGP
Bhattacharyya & Pal, 1998; Bhattacharyya et alThe total carbon stock (TC) in different agro-
2000a) and in other parts of India (Velayutham egcological regions (Sehgal et al. 1992) of the IGF

al. 2000). (Figs. 10 & 11) indicates that the AERs 4 and 13

(hot semi-arid and hot subhumid moist) have the
Distribution of Soil Inorganic Carbon highest carbon stock followed by AERs 2, 9 and 1
Stock in the IGP (hot arid, hot sub-humid, dry and hot sub-humid

The presence of free carbonates in soils and paremioist to humid) (Fig. 11). The contribution of SOC
materials is confirmed by the effervescence withstock in the overall total carbon stock decrease
dilute hydrochloric acid (1:4) in the field. The with depth and SIC stock increases, indicating al
amount and expression of effervescence is affectédverse relation between these two forms of carbo
by size distribution and mineralogy as well as by(Fig. 10).

the amount of carbonates in the soil (Soil Survey The SOC, SIC & TC stocks of each AESR at
Staff, 1995). Till date, there is no report about the30, 50, 100 and 150 cm depth of soils are show
quantitative expression of carbonates of soils ifin Table 3.

terms of their mapping. To quantify the degree of  Figure 7 shows the spatial distribution of total
expression of effervescence viz., very slight, slightcarbon stock in different AERs in the IGP. The
strong and violent, the entire field observations oAERs 4 and 13 have the highest carbon stoc
the already established soil series of India (Murthyfollowed by AERs 2, 9 and 15. Due to their low
etal. 1982; Lal et al. 1994; Sehgal et al. 1988) weraereal extent other AERs have poor TC stock. It i
correlated with their quantitative CaCequivalent  observed that the contribution of OC stock over the

values obtained from laboratories. TC stock in the IGP decreases from 83% at 30 cr
The values for different degrees of effervescenceepth to 30% at 150 cm depth whereas SIC increas

were ascertained as follows: at the corresponding soil depth.

Very slight effervescence : <2.5% CaCO

Slight effervescence 1 2.5 - 5.0% CacO Low and High Organic Carbon in Soils of

Strong effervescence : 5.0 - 13.0% CgCO the 1GP

Violent effervescence : >13.0% CaCO The poor base soils under humid tropical climate

These values were used to draw the Ca@@p with relatively high annual rainfallDystrusteptd
of the IGP (Fig. 9). The CaCQlistribution map Haplusteptsind Ultisols) with similar pH and CEC
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Figure 9. Map showing different degrees of CaCQcontent in the soils of the IGP.

can differ in terms of content of OC due to cool orand Haryana, does not, however, allow a highe
warm winter months (Bhattacharyya and Pal 199850C build up except in the coolderai areas

Bhattacharyya et al. 1992, 2000a; Velayutham et al]AESR 13.2) with Mollisols (Tables 4 and 5).
2000). The mere presence of cool winter in manyigher accumulation of OC in soils is related to
parts of the IGP covering northern states of Punjabegetative cover supported by high rainfall. Such
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Figure 10. SOC, SIC, and TC stock in the IGP.

Figure 11. AER wise distribution of SOC, SIC and

situation is common in the eastern parts of the IGR¢ in the IGP in
under humid to per-humid agro-ecoregion (Table

first 150 cm of soils.

1). When point data on OC content were compareaf rainfall, temperature and other substrate (soil
it was found that the cooler humid (AESR 13.2) andyuality determines the amount of OC accumulate
humid to per-humid (AESRs 15.3, 16.1 and 16.2)n soils to qualify them as Mollisols, or other orders
areas have sufficient OC in the first 30 cm of soilike Alfisols, Aridisols, Entisols and Umbric

depth (Table 6). Similar observations were earlieintergrades of Inceptisols commonly observed ir
made in the soils of Madhya Pradesh and Tripurghe IGP (Fig. 12). This indicates that the mos
(Bhattacharyya et al. 1996; Bhattacharyya and Patonducive condition favouring accumulation of OC
1998) and in other parts of India (Jenny &in soils of the IGP should be humid to per-humid
Raychaudhuri, 1960; Velayutham et al. 2000 climate punctuated with a cool winter for 2-3

Bhattacharyya et al. 2000a). The combined influencenonths.
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Figure 12. Accumulation of OC in soils of the IGP as influenced by rainfall, temperature and substrate

quality. Bhattacharyya et al. (1999). *SCD = Surface Charge Density.
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Table 4. Carbon stock in various soil orders of the IGP, India. (values in Pg)
Soil orders Carbon Soil depth range in cm
0-30 0-50 0-100 0-150
1. Entisols SOC 0.080 0.130 0.250 0.274
SIC 0.010 0.270 0.610 1.050
TC 0.090 0.400 0.860 1.324
2. Inceptisols SOC 0.330 0.480 0.790 1.152
SIC 0.030 0.310 0.660 1.444
TC 0.360 0.790 1.450 2.596
3. Alfisols SOC 0.100 0.150 0.250 0.284
SIC 0.080 0.160 0.340 1.372
TC 0.180 0.310 0.590 1.656
4. Mollisols SOoC 0.120 0.150 0.250 0.269
SIC 0.000 0.000 0.000 0.115
TC 0.120 0.150 0.250 0.385
5. Aridisols SOoC 0.001 0.02 0.023 0.021
SIC 0.008 0.014 0.348 0.610
TC 0.009 0.03 0.371 0.631
TOTAL SOC 0.630 0.910 1.560 2.000
SIC 0.130 0.750 1.960 4.587
TC 0.760 1.660 3.520 6.587
Table 5. Carbon stock in Mollisols of the IGP, India. (values in Pg)
Subgroups Carbon Soil depth range in cm
0-30 0-50 0-100 0-150
Aquic Hapludolls SOC 0.0980 0.1211 0.2083 0.2201
SIC Nil Nil Nil 0.1155
TC 0.0980 0.1211 0.2083 0.3356
Typic Hapludolls  SOC 0.0183 0.0260 0.0420 0.0492
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0183 0.0260 0.0420 0.0492
Total SOC 0.1163 0.1471 0.2503 0.2693
SIC 0.0000 0.0000 0.0000 0.1155
TC 0.1163 0.1471 0.2503 0.3848
Carbon Stock in Soil Orders Entisols: This soil order is commonly found in

Out of the 12 soil orders in Soil Taxonomy (Soilalmost all parts of the IGP encompassing differen
Survey Staff, 1999) 5 orders were identified in theclimatic areas. These soils occupy 8.3 m ha are
IGP (Table 4) and the SOC stocks in 5 soil ordersovering 19 per cent of the IGP. These are common
were estimated and may have relevance in comparirgpserved in young geomorphic surfaces, deser
it in soils occurring elsewhere and can also servand in coasts. A few Entisols commonly occur in
as an international reference. lower topographic situation in a hydromorphic
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Table 6. Organic carbon and calcium carbonate content of some representative soils from various agro-eco
subregions (AESRs) of the IGP, India.

Horizon Depth pH CEC Organic carbon  Calcium carbonate equiv
(cm) (water) {cmol(+)kg} (Percent) (Percent)

AESR 2.1 (MAT 27C; MAP 218mm; LGP < 60 day9djypic CamborthidgRajasthan)

A 0-20 8.5 6.0 0.01 14
Bwl 20-53 8.5 6.1 0.01 6.4
Bw2 53-110 8.6 8.1 0.01 10.2
Ck1 110-144 8.6 7.0 0.01 11.0
Ck2 144-168 8.4 8.5 0.08 11.3
Ck3 168-180 8.5 10.2 0.01 3.9
AESR 4.1 (MAT 25C; MAP 700mm; LGP 90-120 day3)ypic Natrustalfs(Haryana)

Al 0-5 10.4 10.2 0.30 0.5
A2 5-24 10.3 12.8 0.30 0.9
Btnl 24-56 9.8 14.8 0.20 14
Btn2 56-85 9.8 14.6 0.20 3.3
BCkn 85-118 9.6 11.2 0.10 12.4
Ckn 118-140 9.2 9.8 0.10 20.5
AESR 9.1(MAT 25C; MAP 800mm; LGP 120-150 day3ypic HaplusteptgPunjab)

Al 0-15 9.3 10.3 0.42 1.0
A2 15-28 10.1 111 0.21 1.0
Bwl 28-60 10.5 9.2 0.07 1.0
Bw2 60-72 10.5 11.7 0.08 1.0
Bw3 72-98 10.2 12.5 0.07 1.0
Bw4 98-135 10.0 14.0 0.08 1.0
AESR 13.2(MAT 22C; MAP 1500mm; LGP 180-210 dayAguic Hapludolls(Uttar Pradesh)

Ap 0-15 7.1 26.9 2.1 0.0
Al 15-38 8.0 24.3 14 0.0
Bgl 38-53 8.3 215 11 1.2
Bg2 53-66 8.3 13.9 0.7 2.7
Cgl 66-94 8.4 10.0 0.5 25
Cg2 94-135 8.4 8.9 0.4 2.6
AESR 15.1(MAT 26C; MAP 1500 mm; IGP 210-240 day$ypic EndoaqualfgWest Bengal)

Ap 0-14 6.4 13.7 0.48 0.5
BA 14-38 6.9 15.0 0.20 0.9
Bt1 38-98 7.2 22.5 0.19 14
Bt2 98-150 7.5 25.6 0.10 2.3
AESR 15.3 (MAT 258C; MAP 2000-3200; LGP 270-300 day®ypic DystrudeptgfAssam)
Ap 0-25 4.5 13.6 1.84 Nil
B1 25-75 4.5 12.8 1.60 Nil
B2 75-150 4.6 14.4 0.86 Nil

(Continued)
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Table 6. Continued

Horizon Depth pH CEC Organic carbon  Calcium carbonate equiv
(cm) (water) {cmol(+)kg} (Percent) (Percent)
AESR 16.1 (MAT 23C; MAP 2600-3000 mm; LGP 270-300 day$dimic DystrudeptgWest Bengal)
Ap 0-25 5.0 6.5 1.4 Nil
Bwl 25-75 5.6 6.2 0.7 Nil
Bw2 75-150 5.7 7.5 0.6 Nil
AESR 16.2 (MAT 14C; MAP >2500 mm; LGP 270-300 dayslumic DystrudeptgWest Bengal)
Ap 0-25 4.6 9.3 3.2 Nil
Bwl 25-75 4.6 7.2 1.3 Nil
Bw?2 75-150 4.7 8.4 1.3 Nil
AESR 17.2 (MAT ~22C; MAP >3000 mm; LGP > 300 day3ypic Epiaquep(Tripura) )
Ap 0-13 5.5 7.8 1.3 Nil
Bgl 13-24 5.4 8.4 11 Nil
Bg2 24-43 5.3 8.9 0.4 Nil
Bg3 43-65 5.0 14.6 0.6 Nil
Bg4 65-115 5.2 15.6 0.5 Nil
AESR 18.5 (MAT ~26.7C; MAP 1900 mm; LGP 240 - 270 day$ypic Haplaquep{West Bengal) )
Ap 0-25 6.6 22.0 0.7 Nil
Bwl 25-75 7.5 25.7 0.2 Nil
Bw?2 75-150 7.8 26.1 0.2 Nil
Bg3 43-65 5.0 14.6 0.6 Nil
Bg4 65-115 5.2 15.6 0.5 Nil

MAT — Mean Annual Temperature; MAP — Mean Annual Precipitation; LGP — Length of Growing Period

(aquic moisture regime) environment. In the IGP,approximately 20 percent of the TC stock in the IGF
Entisols dominated by sand$#sammenis are (Tables 4 and 7).

common in Rajasthan whereas Entisols develOp(':‘I(%ceptisols:Most of the IGP soils are grouped into

by .fltuwal dgposﬂ; Kluventl and with aqw.c the Inceptisols. In the IGP, the Inceptisols occupy
moisture regimes Huvaquenty are common in
g q 23.0 m ha area and cover 53 per cent area. /

Punjab, Uttar Pradesh and West Bengal. b | | ) h terist ing f
. ubgroup levels various characteristics ranging fror

The SOC stock of Entisols ranges between 0.0§ .g P ) ) i g g
moisture regime to fluvial characteristics are

and 0.27 Pg in the upper 30 cm to 150 cm depth, _ _ _
respectively (Table 4). Within various subgroups O]¢observed. Inceptisols occur mostly in the plains o
Entisols, Typic Ustifluventdiave higher SOC stock unjab, Uttar Pradesh, and West Bengal. A fev
than other subgroups (Table 7). Inceptisols also occur in the lower topographic
The SIC stock increases down the depth (Tab|§ituation in a hydromorphi@guicmoisture regime)
7). In Typic Ustipsamment€aCQ is not present. environment in West Bengal and Tripura. These ar
In TypicFluvaquent€CaCQ,is not found in the first mostly utilized for paddy cultivation.
30 cm whereas it is present in the lower horizons. The SOC stock of Inceptisols ranges from 0.3:
Total SIC stock in these soils is 1.05 Pg (Table 7)to 1.08 Pg in the first 30 cm and 150 cm depth o
The total carbon (TC) stock in Entisols is 1.32soils, respectively (Table 4). Among the various
Pg in the first 150 cm soil depth which is subgroups of Inceptisolgypic Haplusteptshave
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Table 7. Carbon stock in Entisols of the IGP, India. (values in Pg)
Subgroups Carbon Soil depth range in cm
0-30 0-50 0-100 0-150
Typic Torripsamments SOC 0.0007 0.0011 0.0016 0.0021
SIC 0.0049 0.0084 0.0180 0.0286
TC 0.0056 0.0095 0.0196 0.0307
Typic Ustipsamments SOC 0.0025 0.0037 0.0073 0.0098
SIC 0.0000 0.000 0.000 0.000
TC 0.0025 0.0037 0.0073 0.0098
Typic Ustifluvents SOC 0.0610 0.0999 0.1941 0.2097
SIC 0.0029 0.2590 0.5815 0.9946
TC 0.0639 0.3589 0.7756 1.2043
Typic Fluvaquents SOC 0.0179 0.0266 0.0433 0.0524
SIC 0.0000 0.0015 0.0104 0.0261
TC 0.0179 0.0281 0.0537 0.0785
Total SOC 0.0821 0.1313 0.2463 0.2740
SIC 0.0078 0.2689 0.6099 1.0493
TC 0.0899 0.4002 0.8562 1.3233

the maximum content of SOC in the first 150 cmPunjab, Uttar Pradesh and Haryana. At places i
depth of soils followed byAquic Haplustepts, Punjab and Bihar these are found in lowel
Fluventic HaplusteptsUdic Haplustepts Vertic ~ topographic situation in hydromorphicaduic
Endoaquepts Typic Endoaquepts Aeric Moisture regimes) situation. These Alfisols occupy
Endoaquepts, Typic Haplustep@nd Humic about 8.1 m ha covering 18.5 per cent area in th
Dystrudepts(Table 8). IGP.

Like Entisols, SIC stock of Inceptisols also ~ The soil subgroups namelfypic Natrustalfs
decrease down the depth. It is interesting to obsenf@llowed byTypicEndoaqualfsAeric Endoaqualfs
that out of 10 subgroups of Inceptisols 6 subgroup@”quUiC Natrustalfontain maximum amount of
do not have any inorganic carbon reserves. Maximura OC stock in the IGP. Out of a total OC stock of
CaCQ has been found to be formed in feventic  0-282 Pg, 46 percent SOC is stored Tipic
HaplusteptsThe SIC stock for other three subgroupshNatrustalfs(Table 9).
namelyTypic HaplusteptsAeric Endoaqueptsand The SIC stock in Alfisols increases with depth.
Udic Haplusteptsire also substantial in the first 150 Out of 4 subgroups of Alfisols, only one soil
cm depth of soils. The SIC stock of the Inceptisolsubgroup viz. Aeric Endoaqualfsdo not contain
in the first 30, 50, 100 and 150 cm depth of soildcaCQ,. The CaCQcontent is maximum iffypic
is shown in Table 8. Natrustalfswhich contributes about 75 per cent of

The total C stock in the Inceptisols is 2.52 Pghe total SIC stock of Alfisols (Table 9) in the first
in the first 150 cm which is 38 per cent of the totall50 cm of soils.

C stock of the soils of IGP (Tables 4 and 8). The total carbon stock in the Alfisols ranges
from 0.1823 to 1.6536 Pg in the first 30 to 150 cir
Alfisols: Alfisols in the IGP with sodicity occur in depth of soils, respectively. The highest content o
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Table 8. Carbon stock in Inceptisols of the IGP, India. (values in Pg)
Subgroups Carbon Soil depth range in cm
0-30 0-50 0-100 0-150
Aquic Haplustepts SOC 0.0199 0.0277 0.0466 0.0592
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0199 0.0277 0.0466 0.0592
Fluventic Haplustepts SOC 0.0380 0.0598 0.1086 0.2036
SIC 0.0000 0.2212 0.3686 0.7584
TC 0.0380 0.2810 0.4772 0.9620
Udic Haplustepts SOC 0.0314 0.0500 0.0957 0.1441
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0314 0.0500 0.0957 0.1441
Vertic Endoaquepts SOC 0.0341 0.0503 0.0669 0.0827
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0341 0.0503 0.0669 0.0827
Typic Endoaquepts SOC 0.0297 0.0280 0.0621 0.0822
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0297 0.0280 0.0621 0.0822
Aeric Endoaquepts SOC 0.0214 0.0297 0.0547 0.0714
SIC 0.0000 0.0286 0.1142 0.2570
TC 0.0214 0.0583 0.1689 0.3284
Typic Haplustepts SOC 0.1479 0.2247 0.3351 0.4845
SIC 0.0307 0.0561 0.1801 0.4283
TC 0.1786 0.2808 0.5152 0.9128
Humic Dystrudepts SOC 0.0096 0.0136 0.0208 0.0278
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0096 0.0136 0.0208 0.0278
Total SOC 0.3320 0.4798 0.7905 1.1520
SIC 0.0307 0.3059 0.6629 1.4437
TC 0.3630 0.7857 1.4534 2.5292

total carbon at 150 cm of Alfisols corresponds to  Only two subgroups of Mollisols are identified
about 29 per cent of the total carbon stock of thén the IGP (Table 6). The soil subgroup vi&quic
IGP (Tables 4 and 9). Hapludollsare observed to contain 0.22 Pg wherea

Mollisols: Mollisols contain more than 1 per cent Typic Hapludollscontain 0.05 Pg of SOC in the first
iLSO cm depth (Table 5).

OC in the surface layers (Bhattacharyya and Pal,
1998; Velayutham et al. 2000). These soils occurin  The Mollisols in the IGP generally do not
a very limited area in the terai and sub-Himalayarctontain CaCQ However, a little amount of CaGCO
regions of the country (Deshpande et al. 1971) anid observed in one of their subgroups below 100 cr
occupy 1.4 m ha covering 3.5 per cent area of théTable 5).

IGP, India.
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Table 9. Carbon stock in Alfisols of the IGP, India. (values in Pg)
Subgroups Carbon Soil depth range in cm
0-30 0-50 0-100 0-150
Typic Natrustalfs SOC 0.0547 0.0827 0.1293 0.1317
SIC 0.0159 0.0345 0.2154 1.0289
TC 0.0706 0.1172 0.3447 1.1594
Aquic Natrustalfs SOC 0.0112 0.0187 0.0331 0.0442
SIC 0.0666 0.1084 0.1039 0.3094
TC 0.0778 0.1271 0.1370 0.3536
Aeric Endoaqualfs SOC 0.0165 0.0258 0.0418 0.0580
SIC 0.0000 0.0000 0.0000 0.0000
TC 0.0165 0.0258 0.0418 0.0580
Typic Endoaqualfs SOC 0.0153 0.0228 0.0422 0.0501
SIC 0.0021 0.0147 0.0257 0.0337
TC 0.0174 0.0375 0.0679 0.0838
Total SOC 0.0977 0.1500 0.2464 0.2840
SIC 0.0846 0.1576 0.3450 1.3720
TC 0.1823 0.3076 0.5914 1.6536

The total carbon stock ranges from 0.1163 tdl per cent to 9.6 per cent of the total carbon stoc
0.3848 Pg in the first 30 to 150 cm depth of soilspf the IGP (Tables 4 and 10).
respectively. The total carbon stock in Mollisols has
a share of 8.1 per cent of the total carbon stock 0pOC and SIC Stock in the IGP, India and
the IGP (Tables 4 and 5). World

Table 11 shows the SOC and SIC stock of the |G}

Aridisols: In the IGP, a small part in the state ofindia, tropical regions and the world. It is interesting
Rajasthan is represented by Aridisols. These soil® note that SOC stock of the IGP constitutes 6.45¢
contain appreciably higher amount of CaCthese of the total SOC stock of India, 0.30% of the
soils occupy 2.754 m ha covering about 6 per centopical regions and 0.09% of the world in the first
area of the IGP. 30 cm depth of soils. The corresponding values fo

In Aridisols, the SOC stock is relatively less. SIC are 3.20% for India, 0.17% for tropical regions
The two soil subgroupsTypic Camborthidsand and 0.06% for world, respectively. Figure 13 shows
Typic Calciorthids,contain 0.0053 and 0.0157 Pg the relative proportion of SOC and SIC in the IGP
SOC respectively, in the first 150 cm soil depthFigure 14 indicates that IGP has only 3% SOC
(Table 10). The SIC stock ranges from 0.0076 testock of the country. The impoverishment of SOC
0.6096 Pgin first 30 to 150 cm of soils, respectivelyin the IGP as compared to tropical regions an
The total carbon stock ranges from 0.0088 tawvorld in general and to India in particular is thus
0.6306 Pg in similar depth ranges and account faapparent.
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Table 10. Carbon stock in Aridisols of the IGP, India. (values in Pg)

Subgroups Carbon Soil depth range in cm
0-30 0-50 0-100 0-150
Typic Camborthids SOC 0.0001 0.0010 0.0023 0.0053
SIC 0.0048 0.0080 0.0181 0.0295
TC 0.0049 0.0090 0.0204 0.0348
Typic Calciorthids SOC 0.0011 0.0174 0.0206 0.0157
SIC 0.0028 0.0060 0.3296 0.5801
TC 0.0039 0.0234 0.3502 0.5958
Total SOC 0.0012 0.0184 0.0229 0.0210
SIC 0.0076 0.0140 0.3477 0.6096
TC 0.0088 0.0324 0.3706 0.6306
Table 11. Total carbon stock in IGP, India and other regions.
Region IGP, India Soil depth range (cm)
0-30 0-100 0-150
< Pg >
SOC 0.63 1.56 2.00
(6.45/0.30/0.09)* (6.23/0.39/0.10)* (6.67/0.32/0.08)*
SIC 0.13 1.96 4.58
(3.20/0.17/0.06)* (8.76/0.93/0.27)* (—l—1—)*
Total 0.76 3.52 6.58
(5.50/0.27/0.0.08)* (7.42/0.58/0.16)* (10.28/—/—)*
Indiat
SOC 9.77 25.04 29.97
SIC 4.06 22.37 34.03
Total 13.83 47.41 64.00
Tropical Regions
SOC 207 395 628
SIC 76 211 —
Total 283 604
World?
SOC 704 1505 2416
SIC 234 722 —
Total 938 2227 —

* Values in parentheses indicate % of stock in India, Tropical Regions and the world respectively,

- = figures not available
! Bhattacharyyaet al (2001)

2 Batjes (1996)
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Figure 13. Relative proportion of SOC and SIC Figure 14. Relative share of SOC stock of the IGP
stock in IGP in different soil depth range. over that of India.

Correlation of Carbon Content with Soils,
Climate and Crops in IGP, India

Correlation of Soil Carbon Content (SOC) with
selected soil parameters

Correlation between SOC and pHhe soils of IGP
contain variable amounts of SOC depending ol
rainfall or aridity which results in higher degree of
decomposition and absence of luxuriant vegetatior..
All these factors indirectly influence the soil reactionFigure 15. Correlation between pH water and SOC

(pH). Increase in aridity increases the pH due " IGP, India (0-30 cm soil depth).

precipitation of CaCQand this increases the ESP., .4 gaRr Therefore, the formation of calcium

Therefore it is expected that an increase in ramfal&arbonate is also a basic process for the developme

or decrease in aridity retards the formation ofof sodicity (Pal et al. 2000) to increase soil pH. It

CaCQand alsq decreas.es soil pH. Therefore, ONnfg expected that the soils (especially those unde
can expect an increase in SOC with the decrease 8;ier tracts) of IGP, India may have a positive

soil pH (Bha’Ftacharyya et al. 2003). _correlation between SIC and pH. The data observe
The relation between pH (water) and SOC 'Sollow a trend similar to that shown in figure 16,

ir?ve.r_f,e in the S_OHS of IGF_) (Fig 15). A highly which indicate a highly significant correlation
significant negative correlation between SOC an(ér = 0.496)

pH (r = 0.67) was observed.

prinEEr

Correlation between SOC and Cl&he significance
Correlation between SIC and pAihe soils of IGP  of nature and content of clay as substrate has be
have both pedogenic and non-pedogenic calciurgtressed as the most important factor influencini
carbonate (Pal et al. 2000). The formation oforganic carbon dynamics (Arrouays et al. 1995)
pedogenic calcium carbonate can be attributed solefoils containing minerals with higher surface ares
to ranges from and to semi-arid climate. This leadare the most suitable substrate for sequesterir
to precipitation of CaCpand increase in the ESP organic carbon (Bhattacharyya and Pal 2003a
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Figure 16. Correlation between pH water and SIC  Figure 17. Correlation between SOC and Clay in
in IGP, India (0-150 cm soil depth). IGP, India (0-30 cm soil depth).

Since the finer colloids have more surface area Rigure 18 shows the relation between SIC and Cla
positive correlation between clay particles and, |Gp. |ndia.

organic carbon is expected. The data generated

through this study also supports this connotation aRelation between SOC and BD

shown in figure 17. A highly significant correlation Bulk density (BD) indicates the weight of all the

between SOC and clay (r = 0.616) is observed iarganic and inorganic materials of a given volume

the soils of the study area. An earlier study on blackf soil. Higher SOC shows lower BD. High clay

soils also indicated a similar correlation betweercontent and introduction of a farm machinery cause

substrate and SOC (Bhattacharyya et al. 2003). compaction of subsurface layer, which increase
BD. Bulk density also varies with the content of

Relation between SIC and Clay coarser fragments in soils. There is a growing

It has been reported that clay and organic mattefPCePt that BD might change due to change in lan

. use pattern. In a study of Zagrous Mountains o
remain as a complex form known as clay-humus

complexes. SIC present, mostly in the form ofIran, Hajabassi et al. (1997) reported an increase

) . BD. Figure 19 shows the negative correlation
calcium carbonate, also has a cementing effect in

binding inorganic colloids; mainly in binding the
clay-fractions. It has been reported that the amour
of finer particles dominated by shrink-swell minerals
and sodium in exchange complex may control the
water movement in an Ultisol profile (Bhattacharyya
et al.2003). Therefore, in an arid climate the high
ESP in the clay exchange site increases th
precipitation of carbonates and hence a positiv
correlation between clay and SIC is expected. Thi
model of understanding, however, does not hol
good for the soils of IGP. The probable reason coul ap

be that many areas in IGP, India experience morgigure 18. Correlation between SIC and
rainfall as compared to the areas under VertisolsGP, India.

Eo il ]

Clay in
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Bl g

: Figure 20. Correlation between SIC and BD in IGP,
Figure 19. Correlation between SOC and BD in IGP, |ndia.
India.

between SOC content and BD in first 30 cm deptt
soils.

Relation between SIC and BD

Since SIC is contributed by CaG@e increase in ~ *

content of SIC increases BD value as shown it

figure 20. Similar observations were earlier made

by Bhattacharyya et al (2003) while studying the

black soils of the central and southern India. - ' B

Relation between SOC and CEC Figure 21. Correlation between SOC and CEC in

It is well-known that the interaction between organic'GP’ India.

carbon and soil colloids and the building up of SOC _ _
is a function of quality of substrate (Tate and ThengC2CQ Present in soils of IGP perhaps do not
1980: Bhattacharyya and Ghosh, 1994, 1995: Fe”é}osnlvely influence CEC as shown in figure 22.
and Bear, 1997; Parfitt et a2002). Because of Correlation between Carbon and Climate
higher surface area and surface charge mostly tf?ﬁ IGP, India

clay components act as the substrate of the soils to

store SOC. The cation exchange capacity (CE elatu;n beMet;n SOC and SI(‘:jvs. MAR andl M_A
may therefore be considered as an indirect2ny factors influence SOC and SIC accumulatior

measurement of the quality of soil substrate in soils. Rainfall and temperature have been reporte

It is therefore expected that SOC and CECP be major climate factors which help in building
should show a positive correlation. Figure 21SOC (Jenny and Raychaudhari, 1960; Velayuthar

supports this as indicated by highly significant&t al-2000).

correlation (r = 0.514). The correlation trend between SOC and SIC v
MAR is just opposite. SOC increases if rainfall
Relation between SIC and CEC increases in IGP, India (Fig. 23) while SIC increase

CaCQ, the contributing factor for SIC, may block With decreasing rainfall (Fig. 24).

exchange spots as a cementing agent and reduce Similarly, the trend of correlation between SOC
CEC. However, the trend of relation between SiGind SIC vs MAT is also opposite. SOC decrease
and CEC does not support this. It indicates that theith increase in MAT (Fig. 25) while the reverse
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is observed with SIC vs MAT correlation earlier been reported as inverse (Bhattacharyya

(Fig. 26)

al. 2000a). Similar observations were found for

The general relation between SOC and SIC hasoils of IGP, India as shown in figure 27.

et

=

Figure 22. Correlation between SIC and CEC in
IGP, India.

(1T o

Figure 23. Correlation between SOC and MAR in
IGP, India.

W0

Figure 24. Correlation between SIC and MAR in
IGP, India.

ENT [T

Figure 25. Correlation between SOC and MAT in
IGP, India.
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Figure 26. Correlation between SIC and MAT in
IGP, India.

P

Figure 27. Correlation between SOC and SIC in
IGP, India.
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Correlation of carbon content with crops acceptor. However, the decomposition of organi
SOC in various land use systen@utting across matter in the absence of oxygen is slow, incomplete
different AESRs, horticultural system shows highestaind inefficient. Besides, the formation of recalcitran
SOC content (1.12%) in IGP, India (Fig. 28).complexes with organic matter in these soils rende
(Naitam and Bhattacharyya, 2004). Among theprganic mater less prone to microbial attack
agricultural systems some major cropping patterngsahrawat, 2004). All these factors along with
were studied. These are paddy-wheat, paddy-paddyecreased humification of organic matter lead to ne
cotton-wheat and groundnut (Fig. 28). accumulation of organic matter in paddy-paddy

It has been generally observed thatcereal-basg;,stems_ The SOC built-up under submerge
systems contribute to higher accumulation and.,ngitions is the reason for maintaining high organi
stabilization of organic matter (West and POStmatter and productivity in paddy-paddy systems ir

2002; Ludwig et al. 2003) es.pecial.ly n pad_dy'IGP, India. The study therefore indicates the benefit
paddy systems. The mechanisms involved in a

i ) ) . of this crop in IGP for maintaining soil health.
preferential accumulation of organic matter in
wetland paddy soils have been explained mainl)slc in various land use systems
due to anaerobiosis and the associated chemical and
biochemical changes that take place in submergeT)h
soils following their prolonged flooding under water. In 9&neéral, cotton-wheat cropping pattern registere
The decomposition of soil or added organic mattepigher SIC in first 150 cm depth of soils followed
is relatively fast, complete and efficient underby paddy-wheat, groundnut and paddy-padd
aerobic condition where oxygen is the electrorcropping patterns (Fig. 29).

e horticultural system does not contain CaCO

S0 [V

Figure 28. SOC content (0-30 cm) and cropping pattern in IGP, India.
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Figure 29. SIC content (0-150 cm) and cropping pattern in IGP, India.

Carbon Transfer Model 100 cm depth of soilTable 11, Fig. 31).

Nearly 60 per cent area in the IGP, India falls under

arid, semi-arid, and dry sub-humid bioclimatic Organic Carbon Sequestratio Figure32 shows
systems. In India, calcareous soils have been reportéte pathway of conversion of inorganic form of
to cover 228.8 m ha area which represents 69.4 pearbon to organic form by plants (through
cent of total geographical area of the country (Paphotosynthesis) and by soils (through incorporatiot
et al. 2000). Earlier studies have been conducted @f organic matter and its decomposition). The
the content, occurrence and nature of Ca@O organic matter from plants and decaying animal
Indian soils (Pal et a000; Pal and Bhattacharyya, and microorganisms after decomposition in soil is
2000; Srivastava et a2002). Table 12 shows the sequestered in organic form. This is more in per
bioclimatic systemvis-a-vis agroecological humid, humid and sub-humid ecosystem with mea
subregions (AESRs) of India. It is interesting toannual rainfall of 1500 mm and above. The organi
note that the IGP, India extends with a rainfall ofcarbon sequestration in soil under natural condition
2800 mm in the east to 218 mm in the far west. Oufwithout any better agricultural management practic
of 14 AESRs, 7 AESRs show accumulation ofincluding irrigation) in semi-arid and arid climate
CaCQ insoils (Fig 30). On an average 4.58 P¢ also takes place, but its degree is, however, low t
total SIC stock is stored in first 150 cm depth ofvery low.

soils in 29.5 m ha of the IGP which constitute 67.5

per cent area of the K5India (Table 1Fig. 31).  Inorganic Carbon SequestratiorThe atmospheric
This inorganic carbon pool in the IGP is aboutCO, alongwith the CQformed by respiration of the
8.8 per cent of the total SIC pool of India in firstroots and soil animals (both micro and macro
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Table 12. Distribution of rainfall in different bioclimatic systems.
[AESR: Agro ecosubregions; H : Humid; PH : Per-humid; SH (m) : Sub-humid (moist); SD (d) :
Sub-humid dry; SA (d) : Semi-arid dry; A : Arid]

AESR BIOCLIMATE MAR STATION STATE
18.5 H 1700 Sagar Island West Begal
17.2 PH 2065 Agartala Tripura
16.2 PH 2800 Darjeeling (South) West Begal
16.1 PH 2800 Baghdogra West Bengal
15.3 PH 2600 Silchar West Bengal
15.1 SH (m) 1586 Midnapur West Bengal
13.2 SH(d) 1355 Pantnagar Uttaranchal
13.1 SH(m) 1115 Pusa Bihar
9.2 SA(d) 1254 Phaijabad Uttar Pradesh
9.1 SA(d) 704 Ludhiana Punjab
4.3 SA(d) 763 Kanpur Uttar Pradesh
4.1 SA(d) 799 New Delhi Delhi
2.3 A 461 Hissar Haryana
2.1 A 218 Hanumangarh Rajasthan
] . forms HCO, in an aqueous solution in soil
g CO, (9) + HO (liquid) ——— H,CO, (liquid)
g The generally higher level of soluble and

Figure 30. Rainfall distribution in different AESRs
showing accumulation of CaCQ (Red coloured

areas)

Frpa, Of0 e

Figure 31. SIC stock in different bioclimatic system

in the IGP.

Hica e ale & AERH

Eiockmaliz Syafam

L

)
i &,
. I I 5
0 — - d i
H'm BEH'm =M i ]

Wi H S sk

[ m

g

51T mioek

exchangeable Caions react with HCO, to form
soluble Ca(HCQ), in the soil environment.

Ca* + HCO, ——— Ca(HCQ),

Calcium bicarbonate moves down the soil profile
in per-humid, humid and sub-humid (moist)
bioclimate and depending on the quantity of rainfal
Ca(HCQ), gets concentrated deep down in the
soils. Thus, it is not generally observed in soil
profiles within 150 cm depth which is usually the
lower limit of profile depth examined in the field.

With the onset of dry climate, the
pedoenvironment also gets dry. The dry
pedoenvironment initiates the formation of calcium
carbonate as powdery lime which gets accumulate
over time and increase in size to form lime
concretions ¢oncg. The amount of sucltonca
increases with depth. With lesser rainfall the
concentration of thesmncasncrease and gradually
cover the entire depth of soil profile. The genesi:
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Figure 32. Carbon transfer model showing organic and inorganic carbon sequestration in soil.
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and characteristics of thesencascalled pedogenic mentioned that a few AESRs did not show CaCO
carbonates have been detailed elsewhere (Pal et &l.soils within 150 cm depth (Fig. 30).

2000; Srivastava et al. 2002). Influence of biotic It has been stated that inorganic carbor
control in the formation of pedogenic Ca{@s sequestration in soils through the formation of
also been reported (Monger and Gallegos, 2000pedogenic CaCQs a bane and requires managemen
This is the reason why CaGCBecomes common in interventions. Chemical treatments of soils alongwitf

soils of arid to sub-humid (moist) bioclimatic Vegetative cover (either plantations and/or
agriculture/horticulture) help in dissoluting the native

CaCQ as explained above. This may save thes
soils from further degradation (Fig. 33 a and b).

systems.

Dissolution of Pedogenic Calcium Carbonaté:
has been reported that in soils of dry bioclimate _ )

exchangeable sodium percentage (ESP) and g:aCSorreIatlon between SOC-and SICin .the Dry Tracts
content increase with pedon depth (Pal 2600, of the IGP, India:A negative correlation between

. . . SOC and SIC in the arid (AESRs 2.1 and 2.3), sem
This depth function suggests that due to the formation ! id ( )

¢ cacq sodicity develops initially in the subsoil arid (AESRs 4.1 and 4.3), sub-humid (dry) (AESR
° ] Q ety V p' ,I ”_ y I_ Ubsol 9.1) and sub-humid (moist) (AESR 13.1) is generally
regions. The subsoil sodicity impairs the HC of

X _ ~ " observed (Fig. 34). The regression equations al
SO'I_S (PaI. et algOOO) and with th_e passage of t'meshown in Table 13. The relationships indicate the
entire soil profile becomes sodic.

driving effect of SOC in the dissolution of carbonate
The native source of CaGQets dissolved g 5 nsequent mobilization enhancing Ca nutritior
through the actions of acidic root exudates anghetier soil structure, better hydraulic properties thu
carbonic acid formed due to evolved Carbon'diindirectly promoting a better crop growth. Better
oxide from root respiration in aqueous solution. The:rop growth in turn initiate more roots to increase
formation of calcium bicarbonate takes place.  partial pressure of COto further the process of

dissolution of native CaCQOGetting dissolved in

CaCQ - HCO,& Ca(HCQ), -~ C&"+HO+CQ1  \ater, the soil CO concentrated from SOC
(r‘(’,ﬁae”fuj;ﬁs) decomposition can thus be transformed to th

precipitated carbonatéa bicarbonate in solution.

The soluble Ca(HCg, helps restoring the
soluble and exchangeable Ca levels in soilsyalidation of Carbon Transfer Model

decreasing ESP and improving soil structure torhe soil scientists, agronomists, environmenta
increase hydraulic conductivity. The C@volved experts, forest experts, botanists and zoologis
goes back to atmosphere and thus makes the cydiave always stressed on the source of OC as far
complete (Fig. 17). This model of C-transfer fromplant nutrition and health of soils are concerned
inorganic (atmospheric CPto organic (CHO), Despite the availability of various estimates of the
organic (CHO) to inorganic (CQin soil and then world storage of SOC, there is very little effort to
to CaCQ and again from inorganic (CaQ)Oto  estimate the carbon stored in inorganic form
inorganic (CQ), which indirectly help in better primarily as calcium carbonate. Efforts have,
vegetative growth (organic) in improved soil however, been made to take stock of the inorgani
environment, is largely active in all the bioclimatic carbon mass in desert soils and in the soils of th
systems in the IGP, India with drier climate showingworld (Batjes, 1996). It has been stated that th
more inorganic carbon sequestration. It may beoils, which store large quantity of carbonates, pla
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Figure 33. Carbon transfer in semi-arid and arid bioclimatic systems of (a) chemically degraded land, and
(b) areas showing management intervention (the size of circle and letters indicate relative proportion of
individual component)

an important role in the global carbon cycle.simultaneous decrease in native CaC&harma
However, the role of these carbonates as a probabded Bhargava, 1981) (Table 14). During 30 month
source of calcium nutrition in soils of India was of cultural practice the dissolution of CaC(x2
reported only recently (Pal et al. 2000; Bhattacharyyanm) was 224 mg per 100g soil in the first 100 crr
et al. 2001). The huge source of Ca@®arid and  of profile (Pal et al. 2000). These sodic soils were
semi-arid ecosystem seems to be useful during threclaimed by this improved the activity of urease
establishment of vegetation by appropriateand dehydrogenase by about three fold (Rao ar
ameliorative methods in these soils as the planBhai, 1985). These examples demonstrate th:
roots can dissolve the immobile CaCénd can although the presence of Cag}@as been considered
ultimately trigger the process of Ca release in thef doubtful significance as displacement of
soils and thus can act as a natural ameliorant for trexchangeable Na by Ca (from Cag @ soils with
sodic soils. Importance of calcium as environmentapH 8.0, it can be greatly affected by factors like
sensor was reported recently (Nayyar, 2003). management interventions (Gupta and Abrol, 1990
After 30 months of reclamation of sodic soilsthrough which SOC content increased considerabl
of the IGP with gypsum followed by rice cropping (Swarup et al. 2000). This fact assumes importanc
in the reclaimed sodic soils showed that rice as firgbn considering the fact that the SIC stock in the IGI
crop creates an environment for the dissolution ois more than double the SOC stock in first 150 cn
native CaCQ as reflected in the increase of°Ca depth (Table 4). This huge SIC stock in the IGF
and Mg* ions in the exchange complex andremains as a hidden treasure in terms of availab
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Table 13. Relation between SOC and SIC in selected BM spots in IGP, India.

AESRs Districts State Parent Climate Regression Equation r No. of
Materials obser-
MAR MAT vations
(mm)  (C)
2.1 Hanumangarh Rajasthan  Ghaggar 270 24.9 (SIC) = -0.8289 (SOC) -0.22 12
alluvium + 0.8335
(Siwalik)
2.3 Jodhpur Rajasthan  Aeolian/ 250-300 26.7 (SIC)= -20.354 (SOC) -0.51 12
Alluvium + 3.2915
Hisar Haryana Alluvium 440 24.5 (SIC) = -1.0026 (SOC) -0.05 79
+ 1.089
4.1 Sangrur Punjab Alluvium 435 24.0
Patiala 650 24.5
Karnal Haryana 600-700 25.0
Gurgaon 780 23.9
Delhi 714 23.8
4.3 Aligarh, Etah U.P. Alluvium 763 25 (SIC) = -5.4183 (SOC) -0.63 13
+ 1.7509
9.1 Patiala Punjab Alluvium  700-1000 24.5 (SIC) = -0.144 (SOC) -0.30 15
Kapurthala 700-1000 24.8 + 0.139
13.1 Bahraich U.P. Alluvium 1200 25.0 (SIC) = -0.1174 (SOC) -0.17 6
Pantnagar + 0.8373
15.1 Bardhaman  West Bengal Alluvium 1400 26.6 (SIC) = -0.1554 (SOC) 0.33 43
+ 0.1499

calcium for plants. By improving vegetative cover(Naitam and Bhattacharyya, 2004). The huge
these soils could be ameliorated with two foldinorganic carbon stock in the form of CaCO
gains. Firstly, the vegetation itself will help soils in appears to be immobile since its apparent insolubilit
sequestering organic carbon and secondly dissolution the arid to semi-arid climate. It has been mentione
of CaCQ by root exudates will improve soil drainage that the inorganic carbon present in sub-humid t
with better soil structure (Pal et al. 2000;humid ecosystem can be made available to plan

Bhattacharyya et al. 2000a). by the dissolution of CaCQhrough root exudates.
_ Logically, vegetation in the arid and semi-arid
Conclusions ecosystem might have a strong influence in slov

Recent studies on forest soils indicate that the O@issolution of calcium carbonate which can not
content of soils sharply declines when put toonly provide necessary nutrition to plants but alsc
cultivation even within 15 years of cultivation. can trigger the process of natural amelioration o
Irrespective of the initial carbon level of soils, therethese sodic soils in semiarid and aridic ecosysten
is a tendency of soils to reach a quasi-equilibrium  Higher accumulation of SOC is related to
which has been reported as 1-2 per cent for red soil®getative cover supported by high rainfall and i
of eastern India (Saikh et al. 1998) and about 0.5 observed in eastern parts of the IGP under hum
to 0.8 per cent in black soils of central Indiato per-humid AER. However, due to intensive
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Table 14. Difference in soil properties after gypsum treatment.*

Depth pH ECe Anionic composition of SAR Exchangeable cations ESP gaCC
(cm) (1:2) (dS m) the saturation extract (cmol(p+)Kg equiv.
(cmol dm?) <2mm (%)
CO, HCOo, I SO, Ca Mg Na K

Untreated sodic soll

0-13 10.3 83 10.0 500 160 120 794 Nil Nil 6.2 06 89.8 1.0

13-29 104 89 290 40.6 20.0 7.9 96.9 — — 5.6 0.4 933 2.1
29-59 10.0 438 7.4 29.0 15.0 8.0 44.7 0.2 0.2 6.5 04 878 1.8
59-89 9.6 2.5 0.7 22.0 5.0 8.0 317 0.3 Nil 8.2 0.3 931 1.0

89-116 9.6 25 0.5 6.5 6.0 20.0 1438 1.0 0.6 5.9 02 737 1.2
116-160 9.6 — 15 6.0 4.0 105 128 0.6 0.7 1.8 0.1 8.2 4.6

Gypsum treated sodic soil

0-14 8.6 1.2 Nil 3.5 4.0 10.0 5.5 3.3 2.1 0.7 0.5 11.6 0.8

14-31 9.1 14 — 6.0 3.0 8.3 15.6 2.6 1.6 2.1 0.3 308 1.2

31-62 9.4 1.9 — 5.0 4.0 11.1 8.3 2.2 1.0 5.8 0.3 55.2 1.0

62-88 9.4 1.7 0.4 8.0 4.0 7.5 17.4 25 1.8 7.1 0.3 60.6 0.9
88-121 9.5 2.0 2.0 9.5 3.2 9.6 13.6 1.3 1.2 7.7 02 754 2.7
121-165 9.6 2.3 4.0 9.0 2.0 100 143 0.5 0.7 1.9 0.2 559 6.9
*Source:Sharma and Bhargava, 1981

agricultural practices, these areas have becomtechnique for OC sequestration will also trigger the
impoverished in SOC over time (Bhattacharyya ehidden carbonate resources. Such areas can
al. 2000). The cooler humid and humid to per-easily identified through the maps generated f«
humid climate have been found to be the mosshow sufficient and deficient zones in term of SOC
conducive situation for soils to be enriched in SOContent, SOC and SIC stocks and other mag
as observed in Mollisols of the sub Himalayangenerated through this study. Such exercise ce
region, Central and Western India (Bhattacharyyaventually help in developing a support system fo
and Pal, 1998; Velayutham, et &000). This the decision makers in terms of land use
suggests that there is a greater scope of Ofanagement.
sequestration of soils under semi-arid and humid _
tracts of the IGP. In this regard, continuousP€rspective
application of FYM and green manure in rice-wheafThe present scenario of change in climate, like th
cropping system in calcareous sodic soils of the IGIsing of temperature and shrinking of annual rainfal
has improved the OC status substantially (Goswamn major geographical areas of the country will
et al. 2000). The sequestration of OC in calcareousontinue to remain as a potential threat for tropica
sodic soils of the IGP is also possible not onlysoils of Indian subcontinent specially in view of the
through agricultural practice but also throughphenomenon of global warming (Gadgil, 1995).
agroforestry and silviculture (Gupta and Rao, 1994)Situations of this nature will therefore demand
The knowledge on both SOC and SIC stock cagareful management interventions to dissolve nativ
thus decide the areas for actual rehabilitatiorCaCQ, in the soils of the IGP (Fig. 18) in terms of
mechanisms in terms of OC sequestration. Thisestoring and maintaining soil health for a sustainabl
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agricultural productivity (Bhattacharyya and Pal,Bhattacharyya, T. and Pal, D.K. 1998ccurrence of
2003). This will require periodic monitoring of Mollisols - Alfisols - Vertisols associations in
benchmark spots to assess the level of changes in Central India - their mineralogy and genesfaper

soil properties with special reference to organic and ~ Presented in National Seminar of Indian Society of
inorganic form of carbon in soils. Soil Science, 16-19 Nov. 1998, Hisar, India.
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