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Abstract

Fifty two pedons spread over 28 benchmark spots of Vertisols and Alfisols were studied for soil biological
properties and other C fractions (soil microbial biomass ¢, soil respiration dehydrogenase activity, soil
microbial biomass N, mineralizable N, water soluble C and soluble carbohydrates, water stable aggregates,
water stable aggregates C, humic and fulvic acid C, etc.) in different systems viz., agricultural, horticultural,
forest and wasteland. The agricultural system represents dominant crops namely cereals, soybean and cotton.
The horticultural system represents mandarins. The forest systems represent teak and sal. The selections of
benchmark spots were limited to a mean annual rainfall range from 1448 to 520 mm in semi-arid tropics. The
present experiment was conducted under various bio-climatic condition such as sub-humid moist (>1200
mm), sub-humid dry (1200-100 mm), semiarid dry (1000-850mm), semi-arid moist (850-550 mm) and
arid (<550 mm). The active pools of SMBC comprised 3.2 to 5.6 % of SOC in Vertisols and 1.2 to 5.7 %
of SOC in Alfisols. WSC comprised 0.80 tol4.1 % of SOC in Vertisols and 1.5 to 4.9 % of SOC in Alfisols.
WSCarbohydrates comprised 15-40.3 % of SOC in Vertisols and 10.5 to 25 % of SOC in Alfisols. In sub-humid
moist regions, the SMBC content followed the order: forest (teak)> soybean-wheat>paddy-wheat>cotton
(HM). In sub-humid dry regions of Vertisols, the SMBC was maximum under horticultural system (citrus),
followed by intercropping (cotton + pigeonpea) and mango-orchard. In semi-arid moist regions, SMBC and
SR were higher under intercropping system (soybean+ pigeon pea) compared to soybean —gram system. The
soil biological activity in terms of SMBC, SMBN can be improved with concomitant increase of water-soluble
carbon and carbohydrates by better management practices. Among field crops, legume-based intercropping
system (soybean + pigeonpea and greengram + pigeonpea) restored higher amount of SOC, SMBC compared
to double crop in rotation (soybean-wheat/paddy-paddy cropping system). Among the horticultural-based
cropping systems, citrus with high management has better SOC restoration compared to mango orchard.
Cotton-based cropping system either as intercropping or sequential cropping registered least improvement of
SOC storage. In Vertisols, the percentage of water stable aggregates and concentration of carbon in WSA was
higher than Alfisols. Water stable aggregates, carbon concentration increased with decrease in size class. By
and large, the maximum concentration of SOC in the water stable aggregates was observed in <0.1 mm size
aggregates. In 0-30 cm soil depth, passive fraction of HA-C was relatively higher than FA-C in surface whereas
FA-C increased with soil depth. The percent variations in passive fractions among different cropping systems
were not pronounced as compared to active and slow pool of C.
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Introduction

Improved agricultural practices have great potential to increase the amount of carbon (C)
sequestration in cropland soils. Adoption of recommended management practices (RMPs) in
agriculture contributes not only to soil conservation but also helps in enhancing the amount of
organic carbon (SOC) in soil through carbon sequestration and in mitigating adverse effects of
excessive carbon dioxide (CO,) emission on climate change. Climate change refers to long-term
alterations in temperature, precipitation, wind, and other elements that cause fluctuations in
climate (IPCC, 1996). In terrestrial ecosystems, SOC is the largest pool and globally contains
over 1550 Pg C, followed by the soil inorganic carbon (SIC) pool that contains 750-950 Pg
C (Batjes, 1996; Eswaran et al., 1993; Schiesinger, 1995). Terrestrial vegetation is reported
to contain an additional 600 Pg C (Houghton, 1995; Schimel, 1995). Thus, the soil C pool
(SOC plus SIC) is about four times larger than the terrestrial vegetation pool and three times
larger than the atmospheric C pool. The location of the soil-C pools extends across the surface
of the earth. The net annual increase in atmospheric CO,-C is estimated to be about 3.3 Pg
yr! (Sarminto and Wofsy, 1999). Consequently, even a small annual percent change in the
amount of C storage or release from these large terrestrial C stock could affect the net change
in atmospheric CO,. About 20% of the earth’s land area is used for growing crops (Allmaras et
al., 1999) and thus farming practices have a major influence on C storage in soil and its release
into the atmospheric as CO,. Within a cropping/farming system, the equilibrium level of SOC
can be related linearly to amount of crop residue applied to soil (Larson et al., 1972; Rasmussen
et al., 1980). Paustain et al., (1992) identified that higher residue lignin content also positively
influences the SOC content. The net rate of accumulation of SOC depends on the extent to
which the soil is already filled by SOC i.e., the size and capacity of the reservoir. Surface residues
generally decompose slowly than those incorporated by tillage because the former have less
contact with soil microorganisms (Reicosky et al., 1995) and soil water (Grant, 1997). Further,
observations by Reicosky et al. (1997) strongly indicated that mechanical disturbance of soil by
tillage increases the decomposition of SOC. Practices that increase residue, and/or plant growth
result in enhanced SOC sequestration (Lal et al., 1999; Bruce et al., 1999). Use of conservation
tillage (i.e., no-till, ridge-till, and mulch-tillage), maintaining higher levels of residue cover on
conventionally tilled crop-land, planting cropland to permanent cover, and improved fertility
management can increase SOC sequestration (Lal et al., 1998). The potential to sequester more
carbon (C) in soils by increasing cropping intensity and N fertilization in semi-arid, dryland areas
could contribute in mitigating agricultural effect on atmospheric carbon dioxide (CO,) levels
and its effect on global climate change. The beneficial effect of SOC is more than improving soil
quality and fertility. Its hidden value lies in its ability to help moderate the greenhouse effect on
environment by reducing atmospheric enrichment of CO,. Thus, we need to understand how
management practices such as fertilization, tillage, and cropping systems can potentially enhance
SOC storage and improve environmental quality.

An important objective of the sustainable management of resources is to increase soil organic
carbon (SOC) pools i.e., active, passive and slow pools of C by soil management, soil water
conservation and soil fertility regulation and these are all important aspects in improving carbon
sequestration in soil (McGill et al., 1981; Parton et al., 1987; van Veen et al., 1984). Significant
advances in both understanding and managing the behavior of soil organic matter (SOM) as a
source or a sink of plant nutrients will only be achieved through carbon sequestration studies
at conceptual level. Evaluation of the content and susceptibility to mineralization of organic



C, N, S, and P as a function of aggregate size have provided another approach to study the
behavior of SOM. Elliott (1986) found that the contents of C, N, and P in aggregates decreased
with aggregates size; however, C/N and C/P ratios narrowed with decreasing aggregates size.
Keeping in view the above facts, an inter-institutional collaboration project involving ICRISAT
(Hyderabad), IISS (Bhopal) NBSS & LUP (Nagpur) and CRIDA (Hyderabad) was initiated
to identify systems for carbon sequestration under different agroecosystems with varying land
management practices in the semi-arid tropics (SAT) region of India. This paper deals with the
changes in soil biological properties in the selected benchmark sites of SAT as influenced by
different landuse management options.

Materials and methods

The sites are located at the semi-arid tropic benchmark sites of India under sub-humid moist
and dry regions, semi-arid dry and moist region, and arid regions. Soil samples were collected
from different diagnostic horizons of selected profiles in this region with different landuse
management practices. Annual average rainfall of the study area varies from 1100 to 1500 mm
(sub-humid moist) to <500 mm (arid), of which 75 to 80 % precipitation takes place from June
to September in a year. The soil of the study site includes Vertisols and Alfisols. Under each
agroecosystem, the profile samples were collected from high, low and farmers’ management
systems. The study was initiated during 2001. For the present study, after harvest of different
crops, soil samples were taken profile wise upto 0 to 150 cm depths. Two cores per depth
increment were composited for each plot.

Aggregate separation and C distribution

To study the slow pools of C concentration in macro-aggregates and micro-aggregates, sub-
samples (>2 mm) were used for aggregate separation by wet sieving method (Camberdella and
Elliott, 1992; Elliott, 1986). 100-g sub-samples (capillary-rewetted) were wet sieved through
double stage Yodder’s apparatus through a series of five sieves to obtain six size fractions: (i)
>2000 [m, (ii) 1000 to 2000 [m, (iii) 500 to 1000 [m (iv) 250 to 500 [m, and (v) 53-250 [m
(vi) <53 [m.

To determine the percent of sand-free in the size classes, soil from each of the size classes was
shaken overnight with 1% (W/V) of sodium hexametaphosphate by the method described by
Elliott (1986), and sieved through a 53 [m screen. After rinsing several times with deionized
water, the sand fraction retained on sieve was oven dried at 65°C and weighed on dry weight
basis. Sand-free total C concentration was calculated with the following formula:

(C ) fraction

1-(Sand portion) , .

Sand free (C) fraction =



Characterization of Organic C Pools

Organic C content of whole soil and extract were determined from each treatment by digesting
soil samples with K,Cr,O, and H,SO, at 150°C for 30 minutes in a block digester (Nelson and

Sommers, 1975). Mineral-N: (2M KCl-extractable mineralizable N (NH,-N and NO,-N) was
determined with steam distillation (Bremmer, 1965) from whole soil samples.

Active Pools of C

Hot-water soluble carbon (WSC) and carbohydrates were estimated by the method described
by McGill et al., (1986). Microbial biomass C (SMBC) and microbial biomass nitrogen (SMBN)
were determined by the ethanol-free chloroform-fumigation and incubation method (Jenkinson
and Powlson, 1976).

Passive Fraction of C

The principal extraction procedure (Stevenson, 1994) was performed by seperation after
extracting with freshly-prepared sodium hydroxide (0.5 M NaOH) at pH 13.0 with acid wash
(0.1 N HCI). This principal extract was utilized to estimate humic acid (HA) and fulvic acid
(HA).

Results and discussion

Effects of different landuse management on SMBC, SMBN, N __, SR,
WSCarbon, and WSCarbohydrates and Dehydrogenase activity

Various carbon fractions were estimated from different landuse management systems viz.,
cultivated arable crops, horticultural crops and forest lands in sub-humid moist and dry regions
of Vertisols and Alfisols. The active pool of soil microbial biomass C (SMBC) comprised 3.2 to
5.6 % of total organic carbon (TOC) in Vertisols and 1.2 to 5.7 of TOC in Alfisols, water-soluble
C (WSC) comprised 0.80 to 14.1% of TOC in Vertisols and 1.5 to 4.9% of TOC in Alfisols,
and water-soluble carbohydrates comprised 15-40.3% of TOC in Vertisols and 10.1 to25 %
of TOC in Alfisols. Overall, in Vertisols, SMBC was relatively higher (145-324 mg kg') than
Alfisols (122.5-213.6 mg kg!), irrespective of landuse management system (Fig.1 and 2). Other
parameters such as soil respiration (SR), soil microbial biomass nitrogen (SMBN) and mineral
nitrogen (Min-N) also followed the similar trend as SMBC in these two soils groups (Fig.3,
4,5,6,7 and 8). For WSC, it varied from 153 to 291 mg kg-1 in Vertisol and from 160 to 366 mg
kg in Alfisol (Fig 9 and 10). The content of WSCarbohydrates was relatively more in Vertisol
than Alfisol (Fig.11 and 12). The activity of dehydrogenase (DHA) varied from 22 to 50 mg TPF
g in Vertisol and in Alfisol, it varied from 37.6 to 53 mg TPF g (Fig. 13 and 14). There was no
fixed trend of soil biological activity under both the soil groups when moisture regimes receded
from sub-humid moist to arid regions.

Compared to sub-humid moist and sub-humid dry regions in Vertisols, the activity of SMBC,
SMBN and SR values were relatively lower in sub-humid dry region than sub-humid moist
region (Fig.1, 3 and 7). The similar trends of these parameters were also observed in semi-arid
moist and semi-arid dry regions of Vertisol. The soil biological activity decreased substantially
under arid regions in Vertisol as compared sub-humid moist and dry regions in the same soil
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group. In Alfisol, the activity of SMBC, SMBN and SR values followed the order: semi-arid
moist>sub-humid moist> semi-arid dry (Figs. 2, 4 and 8). The DHA in Vertisol was maximum
in sub-humid dry regions followed by semi-arid dry, arid, semi-arid moist and sub-humid moist
(Fig.13). In case of Alfisol, the activity of DHA was higher in semi-arid moist, followed by
semi-arid dry and sub-humid moist (Fig.14). On an average, the content of WSC and soluble
carbohydrates in Vertisol were on par in the sub-humid moist, sub-humid dry and semi-arid
moist ecosystems. These values decreased in semi-arid dry and arid regions (Figs.9 and 11).
The content of WSC and carbohydrates were relatively higher in sub-humid regions of Alfisol,
followed by semi-arid dry and semi-arid moist (Figs.10 and 12). The Min-N content in sub-
humid dry region was maximum in Vertisol, followed by semi-arid dry, arid and sub-humid
moist regions. In Alfisol, the content of Min-N followed the order: sub-humid moist> semi-arid
moist>semi-arid dry (Fig.6).

In both the soil groups, the activity of SMBC, SMBN and SR values were maximum in forest soils,
followed by horticulture and then agriculture system, irrespective of agronomic management
practices. It was also observed that the activity of SMBC was higher under agriculture system in
sub-humid moist, followed by semi-arid moist of Vertisol and Alfisol (Figs.1 and 2). The activity
of SR and SMBN also followed the similar trend as SMBC in these cropping systems. The
activity of dehydrogenase was higher under agriculture/or forestry system in sub-humid moist
region of Alfisol, followed by agriculture system in semi-arid moist and agriculture system in
semi-arid dry regions in Alfisols (Fig.14). In case of Vertisol, the DHA was higher in agriculture
system, followed by horticulture and forestry system (Fig.13).

The soil biological activity and soluble fractions of C almost decreased with increased soil depths
and thus in the present study our various biochemical attributes are confined to mostly to 0 to
30 cm depth. We have given depth-wise details of biological parameters in Annexure-I. Under
sub-humid moist region in Vertisol, the SMBC and SR were maximum under forest (teak),
followed by soybean-wheat (FM), paddy-wheat, (HM), cotton (HM) paddy-wheat (LM) (Fig.
19). In case of sub-humid dry regions in Vertisols, the SMBC followed the order: citrus (HM) >
cotton intercropping with pigeonpea (FM) > mango-orchard (HM) > soybean-wheat or gram-
wheat system (HM or FM) (Fig. 20). Basal respiration also followed the similar trend to that of
SMBC in these systems (Fig.19 and 20). Among four cropping system in semi-arid moist regions
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in Vertisol, SMBC and SR values were maximum in intercropping systems of cotton/green gram
with pigeonpea (FM), followed by soybean + pigeonpea system (FM) and soybean-gram (HM) in
rotation (Fig. 21). Whereas, in case of semi-arid dry regions legume-cereal (soybean-wheat, FM)
cropping system was maximum in term of SMBC and SR, followed by soybean-pigeonpea (FM)
and intercropping of cotton with pigeonpea/sorghum (FM). The least was observed in paddy-
wheat system but the basal respiration (SR) was maximum in intercropping system (cotton +
pigeonpea + sorghum (LM)) even after low management (Fig. 22). High intensive cropping such
as triple-cropping system of sugarcane-wheat-gram (FM) in semi-arid dry region in Vertisols
registered relatively more SMBC, followed by double cropping system (paddy-paddy, (HM))
and wasteland system (Fig.23). Overall, in arid regions, biological activities were comparatively
lower than sub-humid and semi-arid region in Vertisols. It was observed that in arid regions
of Vertisols, the SMBC and SR values were comparatively more in double cropping system
of cotton-wheat or chickpea, followed by cotton-bajra system than soybean/wheat/chickpea
system (FM) (Fig. 24).

The SMBC and SR values were almost similar in different cropping systems in Alfisols of sub-
humid moist and semi-arid moist regions, (Figs. 25, 26) In case of semi-arid dry region in Alfisols,
the activity of SMBC and SR were relatively higher in intercropping system (sorghum+ castor
(LM)), followed by vegetable-based cropping system and the least was observed in castor—
pigeonpea system (Fig.27). These results indicated that the soil biological activity depends
upon year-round soil moisture regime, temperature, and precipitation, agronomic management
practices and vegetations.

Mineral N (N__) was relatively more in HM of cultivated soils under paddy-wheat system
(22 mg kg') in Vertisols of sub-humid moist, followed by soybean-wheat system in farmers’
management and the least was observed under teak forest (Fig. 28). In case of SMBN, the values
were maximum under teak forest (28 mg kg'), followed by soybean-wheat system and the least
was observed under low management in paddy-wheat system (Fig.28). Higher values of N
in cultivated soils may be attributed to regular addition of N through fertilizer and manure but
the SMBN was relatively more in forest soils compared to cultivated soil, which indicates that



inorganic fertilizer cannot help to improve substantial amount of SMBC and SMBN compared to
forest system. Forest litter may help to improve WSC and WSCarbohydrates, which eventually
acted as a bio-energy and therefore, it helps to improve the proliferation of SMBC and SMBN.
Our earlier findings also concluded that there was no significant build up of biomass C, N, P
and S due to inorganic fertilizer addition alone. Organic matter addition positively improved
SMBC and associated nutrients of SMBC (Manna and Swarup, 2000). Mineral N (N__ ) was
maximum in intercropping system (cotton + pigeonpea (FM)), followed by horticultural- based
cropping system, (citrus (HM)) and soybean-wheat system in Vertisols of sub-humid dry regions
(Fig.29). In case of SMBN legume-based cropping system (soybean-wheat (FM)) registered
maximum value, followed by intercropping system and horticultural-based cropping system
(citrus/mango-orchard). The least was observed under cotton based cropping system under
farmer’s management (cotton+ pigeonpea (FM), Fig.29).

The N__ content in cotton/pigeonpea/soybean-gram with high management system in Vertisols
of semi-arid moist (Fig. 30) was maximum, followed by intercropping system (sorghum +
pigeonpea (FM)) and the least was observed under intercropping system (cotton/green gram
+ pigeonpea (FM)). In case of SMBN, the values were maximum under intercropping system
(cotton/greengram + pigeonpea (FM)), followed by soybean + pigeonpea system (Fig.30).
This study clearly brought out the fact that the improvement of N . was relatively higher in
intercropping system compared to crops in rotations. Further, it was observed that the content
of N was relatively lower in legume-based cropping system (soybean-wheat, FM) than cereal-
based cropping systems (paddy-paddy (FM), cotton + pigeonpea/sorghum (LM)) but SMBN
was relatively higher in soybean-wheat system, followed by intercropping system and the least
was observed under paddy-wheat system in Vertisols of semi-arid dry soils. (Fig.31). Out of
nine cropping systems in Vertisols of semi-arid dry region, SMBN was maximum in wasteland,
followed by sorghum/sunflower/cotton system and the least was observed in sunflower-sorghum
system (Fig.31 and Fig.32). The SMBN was maximum in Vertisols of arid region under cotton
based (cotton-wheat) cropping system, followed by cotton-bajra with low management system.
(Fig.33). There were marked variations of mineral N in cultivated maize/mustard system
compared to forest system (Fig.34) in Alfisols of sub-humid moist region. The SMBC content
also followed the similar trend to that of mineral N in these system. Biomass N was relatively
more in teak forest than sal forest (Fig.34). In cereal-based cropping system (finger millet, FM),
the SMBN was relatively higher than finger miller /red gram/ groundnut in Alfisols of semi-arid
moist (Fig.35). Compared to cropping systems (sorghum-castor (HM), fallow-system, castor +
pigeonpea (FM) and vegetables) in Alfisols of semi-arid dry regions, the values of SMBN and
mineral N were higher in vegetable-based cropping system, followed by sorghum-castor system.
The least was observed in castor + pigeonpea system (Fig.36).



300 1

N

o

o
1

SMBC (mg/kg)
>
o

Landuse management system

Sor+pigeonpea/blackgram-pigeon (FM)
Cotton/greengram+pigeonpea (FM)*
Soybean+pigeonpea (FM)
Cotton/pigeonpea/soybean-gram (HM)

oooOm

SR (mg/kg)

250 1

200 -

150

100 -

50

Landuse management system

B Sor+pigeonpea/blackgram-pigeon (FM)
O Cotton/greengram+pigeonpea (FM)*
O Soybean+pigeonpea (FM)

O Cotton/pigeonpea/soybean-gram (HM)

Fig. 21 Effects of different landuse management on SMBC and SR under different SAT benchmark Vertisols

of semi-arid moist regions at 0-30 cm soil depth.

300 7

200 -

100 -

SMBC (mg/kg)

Landuse management system

B Soybean-wheat (FM-I)

O Paddy-wheat (FM-II)

B Cotton+pigeonpea/sorghum (LM)
O Cotton+pigeonpealsorghum (LM) B Fallow-chickpea (TM)
O Sorghum/pigeonpea+green-gram (FM-I)

O Paddy-paddy (FM-I)
O Soybean-pigeonpea (HM)

3007
200 4

°

=

£

= 100+

n

0_
Landuse management system

Soybean-wheat (FM-I) o ML
O Paddy-wheat (FM-Il) ZeaEER )
B Cotton+pigeonpea/sorghum (LM) Soybean-pigeonpea (HM)
O Cotton+pigeonpea/sorghum (LM) B Fallow-chickpea (TM)
O Sorghum/pigeonpea+green-gram (FM-I)

Fig. 22 Effect of different landuse management on SMBC and SR under different SAT benchmark Vertisols

of semi-arid dry regions at 0-30 cm soil depth.

300

200 A

100

SMBC (mg/kg)

0 4

Landuse management system

Pigeonpea/sunflower-sorghum (FM)
O Sugarcane/jowar-wheat-gram (FM)
Wasteland

O Cotton/ground-wheat

O Paddy-paddy (HM)

O Fallow-sorghum+sunflower (LM)

O Sorghum/sunflower/cotton
Cotton+blackgram (HM)
O Paddy-paddy (LM)

2007

100

SR (mg/kg)

0
1 Landuse management system

Pigeonpea/sunflower-sorghum (FM)

O Sugarcane/jowar-wheat-gram (FM)

B Wasteland

O Cotton/ground-wheat

Paddy-paddy (HM)

O Fallow-sorghum+sunflower (LM)

O Sorghum/sunflower/cotton
Cotton+blackgram (HM)
O Paddy-paddy (LM)

Fig. 23 Effects of different landuse management on SMBC and SR under different SAT benchmark Vertisols

of Semi-arid dry regions at 0-30 cm soil depth.

10



200

150

SMBC (mg/kg)
)
IS)

a
o

Landuse management system

B Cotton-bajra (LM-1) O Cotton-bajral/linseed (LM-I1)
B Cotton-wheat/chickpea (HM) B Soy/wheat/chickpea (FM)

SR (mgl/kg)

200 7

150

100 1

50 1

Landuse management system

B Cotton-bajra (LM-I) O Cotton-bajra/linseed (LM-II)
Cotton-wheat/chickpea (HM) B Soy/wheat/chickpea (FM)

Fig. 24 Effects of different landuse management on SMBC and SR under different SAT benchmark Vertisols

of arid regions ar 0-30 cm soil depth.

3001
250 4
200

1501

SMBC (mg/kg)

100+
50 -

Landuse management system

B Maize/mustard (LM)
Forest (sal)

O Forest (teak)
O Minor millet/sweet potato (LM)

SR (mg/kg)

2501

200 A

150

100

50

Landuse management system

B Maize/mustard (LM)
@ Forest (sal)

O Forest (teak)
O Minor millet/sweet potato (LM

)

Fig. 25 Effects of different landuse management on SMBC and SR under different SAT benchmark Alfisols

of sub-humid moist regions ar 0-30 cm soil depth.

2507

200

150

1004

SMBC (mg/kg)

50+

Landuse management system

I Finger millets (FM)
O Finger millets/pigeon/red gram/groundnut
E Finger millets (HM)

SR (mg/kg)

250 1

200+

150 1

100

50

Landuse management system

Finger millets (FM)
O Finger millets/pigeon/red gram/groundnut
B Finger millets (HM)

Fig. 26 Effects of different landuse management on SMBC and SR under different SAT benchmark Alfisols

of semi-arid moist regios at 0-30 cm soil depth.



250

200

150 A

100+

SMBC (mg/kg)

50 A

Land use management system

Sorghum-castor (HM) H Hosegram/vegetables

O Castor+pigeonpea (FM) B Permanent fallow

O Sorghum-castor (LM)

SR (mg/kg)

2007

150 1

100 1

50 1

Land use management system

B Sorghum-castor (HM) Hosegram/vegetables

O Castor+pigeonpea (FM) B Permanent fallow

O Sorghum-castor (LM)

Fig. 27 Effects of different landuse management on SMBC and SR under different SAT benchmark Alfisols

of semi-arid dry regions at 0-30 cm soil depth.

25 -
20
2 15
(=)
£
z 101
©
£ 5
s
0,

Land use management system

B Paddy-wheat (HM)
O Soybean-wheat(HM)

Forest(teak)

O Paddy-wheat(LM)
O Soybean-wheat( FM)

H Cotton(HM)

SMBN (Mg/kg)

35 1
30 1
25 1
20 1
15 1
10 1

Land use management system

O Paddy-wheat(LM)
O Soybean-wheat( FM)

HE Cotton(HM)

H Paddy-wheat (HM)
O Soybean-wheat(HM)

Forest(teak)

Fig. 28 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Vertisols of sub-

humid moist regions at 0-30 cm soil depth.

= A NN
o o o O

Mineral-N (mg/kg)
o

o

Landuse management system
mCotton+pigeonpea (FM) O Cotton+pigeonpea (FM-I)

ESoybean (ITDA)

O Soybean-wheat (FM)
OCitrus (HM)

W Soy -gram/wheat (FM)

O Soybean-wheat (HM)
O Soy-gram mango orchard (HM)
@ Citrus (LM)

SMBN (mg/kg)

N
(6]

o 4N
g o u o

o

Landuse management system
m Cotton+pigeonpea (FM) O Cotton+pigeonpea (FM-I)

B Soybean (ITDA)

O Soybean-wheat (FM)
OCitrus (HM)

B Soy -gram/wheat (FM)

O Soybean-wheat (HM)
O Soy-gram mango orchard (HM)
m Citrus (LM)

Fig. 29 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Vertisols of sub-

humid dry regions at 0-30 cm soil depth.

12




Mineral-N (mg/kg)

Landuse management system

B Sor+Pigeonpea/blackgram-pigeon(FM)
[ Cotton/greengram-+pigeonpea(FM)*

M Soybean+pigeonpea(FM)

[ Cotton/pigeonpea/soybean-gram(HM)

30 1

25 4

20 4

15 1

10 4

SMBN (mg/kg)

Landuse management system

B Sor+pigeonpea/blackgram-pigeon(FM)
[ Cotton/greengram+pigeonpea(FM)*
Soybean+pigeonpea(FM)

[ Cotton/pigeonpea/soybean-gram(HM)

Fig. 30 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Vertisols of semi-

arid moist regions at 0-30 cm soil depth.

14 1

. 127

o

< 10 A

(<2}

£ 5

Z 6

o

o 4 A

£

= 2 A
0_

Landuse management system

W Soybean-wheat(FM-I)

[ Cotton+pigeonpea/sorghum(LM)

O Sorghum/pigeonpea+green-gram(FM-I) & Paddy-wheat(FM-II)
b Soybean-pigeonpea(HM) 0 Paddy-paddy(FM-I)
0 Cotton+pigeonpea/sorghum(LM) B Fallow-chickpea (TM)

251

N
o
!

=
(5]
1

=
o
!

SMBN (mg/kg)
(]

0 Landuse management system
W Soybean-wheat(FM-I)
I Cotton+pigeonpea/sorghum(LM)
O Sorghum/pigeonpea+green-gram(FM-1) & Paddy-wheat(FM-1I)
O Soybean-pigeonpea(HM) O Paddy-paddy(FM-I)
O Cotton+pigeonpea/sorghum(LM)

M Fallow-chickpea (TM)

Fig. 31 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Vertisols of semi-

arid dry regions at 0-30 cm soil depth.

20

15

10

5 4

Mineral-N (mg/kg)

04

Landuse management system

W Pigeonpea/sunflower-sorghum(FM)
@ Sugarcane/jowar-wheat-gram(FM)
O Wasteland

O Cotton/ground-wheat

m Paddy-paddy(HM)

O Fallow-sorghum+sunflower (LM)

Sorghum/sunflower/cotton
O Cotton+blackgram(HM)
W Paddy-paddy(LM)

30 1

N
o
1

SMBN (mg/kg)
IS

0_

Landuse management system

W Pigeonpea/sunflower-sorghum(FM)
@ Sugarcane/jowar-wheat-gram(FM)
O Wasteland

0O Cotton/ground-wheat

m Paddy-paddy(HM)

O Fallow-sorghum+sunflower (LM) @ Paddy-paddy(LM)

[ Sorghum/sunflower/cotton
O Cotton+blackgram(HM)

Fig. 32 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Vertisols of semi-

arid dry regions at 0-30 cm soil depth.

13



20 7
15 7]
15 1
2 10 A
2 10 5
)
z E 5|
e 5 =
= z
= o
s =
7]
0 41 0 -
Landuse management system Landuse management system
Cotton-bajra (LM-I) O Cotton-bajra/ linseed (LM-I) m Cotton-bajra (LM-I) [ Cotton-bajral linseed(LM-I1)
@ Cotton -wheat/chickpea (HM) @@ Soy/wheat/chickpea (FM) m Cotton-wheat/chickpea(HM) @ Soy/wheat/chickpea(FM)

Fig. 33 Effects of different landuse management of Mineral-N, SMBN SAT benchmark Vertisols of arid dry
regions at 0-30 cm soil depth.

30 7 -
20
25 1
5 i
% 20 4 _ 15
H g
z 15 4 g’ 10 1
S 10 A z
s s 5
= 5 - n
0 0 -
Landuse management system Landuse management system
W Maize/mustard(LM) O Forest(teak) W Maize/mustard(LM) O Forest (teak)
Forest(sal) O Minor millet/sweet potato(LM) Forest(sal) O Minor millet/sweet potato (LM)

Fig. 34 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Alfisols of sub-
humid moist regions at 0-30 cm soil depth.

18 20
16
o 14 15 4
X
> 12 =
£ 10 <
4 @ 10 4
= 8 £
;
s 4 =
2
0 0+

Landuse management system

Landuse management system

B Finger millets(FM)
O Finger millets/pigeon/red gram/groundnut
@ Finger millets(HM)

W Finger millets(FM)
O Finger millets/pigeon/red gram/groundnut
@ Finger millets(HM)

Fig. 35 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Alfisols of semi-
arid moist regions at 0-30 cm soil depth.

14



20 7
207
15 A
g‘ 151
S =
€ 104 2
< 10 =S
Z g 107
= E
= z
5 )
£ 51 ;
s =
0 ) 1
Landuse management system Land use management system
W Sorghum-castor(HM) [ Sorghum-castor(LM) B Sorghum-castor(HM) O Sorghum-castor(LM)
[ Castor+pigeonpea(FM) Hosegram/vegetables [ Castor+pigeonpea(FM) Hosegram/vegetables
[ Permanent fallow E Permanent fallow

Fig. 36 Effects of different landuse management of Mineral-N, SMBN of SAT benchmark Alfisols of semi-
arid dry regions at 0-30 cm soil depth.

Interrelationship between SMBC, SR, DHA, SMBN, N_. , WSC and
WSCarbohydrates

It was observed that SOC was significantly correlated with SMBC (r=0.68) in Vertisols of sub-
humid moist regions, (r=0.92) in Vertisols of semi-arid moist, (r=0.31) in Vertisols of semi-arid
dry, and (r=0.73) in Alfisols of sub-humid moist region. Respiration rate (SR) was significantly
correlated with the SOC (r=0.52) in Vertisols of sub-humid moist regions, (r=0.84) in Vertisols
of semi-arid moist, and (r=0.80) in Alfisols of sub-humid moist. Relationship between WSC and
DHA was also significant in Vertisols under sub-humid dry (r=0.75), semi-arid moist (r=0.88),
semi-arid dry (r=0.67), and arid soil (r=0.77). WSCarbohydrates was significantly correlated
with DHA in the Vertisols of sub-humid moist (r=0.76), sub-humid dry (r=0.63), semi-arid
moist (r=0.54), semi-arid dry (r=0.78), and arid soils (r=0.66). In sub-humid moist and
semi-arid dry regions of Alfisols significant correlation were observed between DHA vs. WSC
and DHA vs. WSC and DHA vs. WSCarbohydrates. However, no significant correlation was
observed under semi-arid dry regions in Alfisols. It was also observed that SMBC and DHA were
significantly correlated with WSC and WSCarbohydrates under Vertisols and Alfisols. SMBN
was significantly correlated with N__ . It was (r=0.60) in Vertisols of sub-humid dry, (r=0.73)
in semi-arid dry, (r=0.58) in arid regions, (r=0.88) in Alfisols of sub-humid and (r=0.96) in

sub-humid dry regions.

Distribution of water stable aggregates and organic carbon distribution in
aggregates under different agroecosystems as influenced by various landuse
management systems

In the semi-arid tropical region of India, it was found that on an average the percentage of
water stable aggregates under Vertisols (63.7%) was higher than that of Alfisols (59.4%) in
the 0-30 cm soil depth. In Vertisols, the percentage of water stable aggregates was the highest
under arid ecosystem (74.9%) whereas in Alfisols, the percentage of water stable aggregates
was the highest under sub-humid moist ecosystem (72.4%). Under sub-humid moist and semi
arid dry ecosystems the percentage of water stable aggregates were higher under Alfisols than
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Vertisols. Whereas under semi-arid moist ecosystem the percentage of water stable aggregates
under Vertisols was higher than that of Alfisols (Fig. 37). Both in Vertisols and Alfisols, the
percentage of water stable aggregates under horticulture and forest based system was higher
than the agriculture based system (Fig. 38). This may be attributed to intensive tillage operation
under agriculture-based system than horticulture and forest system. In Alfisols, the percentage
of water stable aggregates under agriculture and forest system was lower than Vertisols. The
percentage of water stable aggregates under wasteland was the minimum among the systems.

In sub- humid moist ecosystem the percentage of water stable aggregates under Vertisols was
less than that of the Alfisols, both under agriculture and forest systems. Among the agriculture
systems, soybean/paddy-wheat cropping system recorded the highest percentage of water stable
aggregates (79.5%) in Vertisol and minor millet based cropping system had the highest percentage
of water stable aggregates in Alfisols (79.1%) (Figs. 39 and 40). In Vertisols the percentage of
water stable aggregates under teak forest (71.3%) was lesser than Alfisols (77.9%).

In sub-humid dry ecosystem, the average percentage of water stable aggregates under Vertisols
was 57%. In this ecosystem, the percentage of water stable aggregates under horticultural system
(59.9%) was higher than the agriculture system (57.5%). The maximum percentage of water
stable aggregates was observed under agri-horticultural system i.e. soybean/gram/mango orchard
system (77.8%). Among the agricultural systems, the maximum percentage of water stable
aggregates was recorded in cotton + pigeonpea intercropping system (69.3%) (Fig.41).

In semi-arid moist ecosystem the percentage of water stable aggregates under Vertisols (60.3%) was
higher than Alfisols (31.2%). Among the agricultural systems soybean + pigeonpea intercropping
system registered the highest percentage of water stable aggregates (71.3%) in Vertisols (Fig.
42). In Alfisol, the crop diversification from finger millets to pigeonpea and groundnut improved
the percentage of water stable aggregates than sole crop of finger millet (Fig. 43).

In semi-arid dry ecosystem, the percentage of water stable aggregates under Vertisol (58.6%)
was less than that of Alfisol (69.7%). In Vertisol, the percentage of water stable aggregates under
wasteland of Kovilpatti was minimum (22.7%) among different management systems (Fig. 44).
Among the agricultural systems, soybean + pigeonpea intercropping registered the highest
percentage of water stable aggregates (85.5%). The percentage of water stable aggregates under
paddy-wheat system (83.1%) was significantly higher than the continuous paddy-paddy system
(55.9%). Continuous pudding of soil in paddy-paddy system might have resulted in breaking
down of soil structure, resulting in lower percentage of water stable aggregates. Among the
cropping systems, cotton-based cropping system registered the minimum percentage of water
stable aggregates (43.2%). Keeping the soil fallow in the rainy season significantly improved the
percentage of water stable aggregates (82.7%) in Vertisol. Among the fallow based systems,
fallow-chickpea registered higher percentage of WSA than fallow -sorghum + sunflower system.
The percentage of water stable aggregates under sorghum based cropping system was significantly
higher in Alfisol (78.5%) than Vertisol (47.8%). Keeping the soil permanently fallow reduced the
percentage of water stable aggregates (56.3%) than agricultural system (71.9%) in Alfisol (Fig.
45). The root biomass in agricultural system might have helped in soil aggregation in this soil.

In arid ecosystem, the percentage of water stable aggregates of Vertisol was the highest among
different agroecosystems. Among different agricultural systems, cotton-based cropping systems
registered higher percentage of water stable aggregate (76.0%) than soybean-wheat/chickpea
system (71.6%) (Fig. 46).
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In the semi-arid tropical region of India, the concentration of soil organic carbon (SOC) in
different size classes of aggregates was higher in Vertisol than Alfisol (Fig. 47). Irrespective of
soil type as the size of the aggregates decreases, the concentration of SOC increases. In Vertisol,
agriculture system registered higher concentration of SOC in all the size classes than forest
and horticultural systems, whereas in Alfisol forest system registered higher concentration of
SOC in all the size classes than that of agriculture system (Fig. 48). However, keeping the
soil permanently fallow registered lower SOC concentration in all the size classes than that of
agricultural system in Alfisol. This may be attributed to lower microbial activity due to lower
root biomass in permanent fallow than that of agricultural system. The minimum concentration
of SOC in all the size classes of aggregates of Vertisol was recorded in wastelands.

In sub-humid moist ecosystem, the concentration of SOC in the WSA was higher in Vertisol
than in Alfisol of all the size classes except 2-1 mm (Fig.48). Both in Vertisol and Alfisol, the
concentration of SOC in WSA under agricultural system was higher than that of forest soil in
all the size classes except 2-1 mm. Both under agricultural system and teak forest system, the
concentration of SOC in WSA was higher in Vertisol than Alfisol in all the size classes. Among
the agricultural systems, paddy-based system registered the highest concentration of SOC in
all the size classes of WSA in Vertisol (Fig. 49). In Alfisol, maize-mustard cropping system
registered higher concentration of SOC in WSA than minor millet system in all the size classes
except 1-2 mm size aggregates (Fig. 50). Among the forest systems, sal forest recorded higher
SOC concentration in all the size class of aggregates than teak forest system.

In sub-humid dry ecosystem the SOC concentration in WSA under agricultural system was
higher than that of horticultural system in Vertisol. Among the agricultural systems, the highest
SOC concentration in WSA was registered in cotton + pigeonpea intercropping system (Fig.

51).

In semi-arid moist ecosystem, the concentration of SOC in WSA was higher under Alfisol than
Vertisol. In Vertisol, cotton + pigeonpea/soybean registered the highest SOC concentration in
WSA in all the size classes expect 1-0.5 mm size (Fig. 52), whereas in Alfisol finger millet system
under farmers management registered the highest SOC concentration in WSA (Fig. 53) up to
first 30 cm soil depth.

In semi-arid dry ecosystem, the concentration of SOC in WSA was higher under Vertisol than
Alfisol. Among the agricultural systems, soybean + pigeonpea registered the highest concentration
of SOC in WSA. The SOC concentration in WSA under paddy-paddy system was lesser than
paddy-wheat system. This may be attributed to the fact that under paddy-paddy system, due to
intensive pudding operation the soil aggregates get broken down, exposing the organic carbon,
which gets oxidized. This fact is supported by lower percentage of water stable aggregates under
paddy-paddy stem than paddy-wheat system (Fig. 54). Among the cropping systems, sorghum
based cropping systems registered the highest SOC concentration in WSA both in Vertisol and
Alfisol. Among the fallow based cropping systems, the concentration of SOC in WSA was higher
in fallow-chickpea system than fallow-sorghum system upto 0.5 mm size class but the trend was
reverse above 0.5 mm size aggregates. However, in Alfisol, keeping the soil permanently fallow
registered lower SOC concentration in WSA of 0.5-0.1 mm and 1-0.5 mm size classes than the
agricultural system (Fig. 55). In Vertisol, the concentation of SOC in WSA was minimum under
wastelands.
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In arid ecosystem, the concentration of SOC in WSA of Vertisol was the highest under cotton-
bajra intercropping system in all the size classes except 0.5-1 mm size aggregates where cotton-
bajra/linseed recorded the highest SOC concentration. Cotton-based cropping systems registered
higher SOC concentration than soybean-based system in macro aggregates of 2-1 and 1-0.5 mm
size whereas in micro-aggregates, reverse trend was observed (Fig. 56).
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Fig. 47 Concentration of soil organic carbon in
different size of aggregates of Vertisol and Alfisol.

Fig. 48 Concentration of soil organic carbon in
different size of aggregates under different agro-
ecosystem.
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Fig. 50 Water stable aggregate carbon of Alfisol at
0-30cm under sub-humid moist ecosystem.
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Fig. 52 Water stable aggregate cabon of Vertisol at
0-30 cm soil depth in semi-arid moist ecosystem.
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Fig. 54 Water stable aggregate carbon of Vertisol at
0-30 cm soil depth in semi-arid dry ecosystem.
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Effects of different landuse management on passive pool of carbon
(HA-C and FA-C)

HA-C was relatively higher in surface (0-30 cm) compared to sub-surface horizon, whereas FA-
C was relatively higher in sub-surface horizons compared to surface horizons. The passive pools
of C such as HA-C was relatively higher in Vertisol (26 to 36 %) compared to Alfisol (25 to
32%) (Figs. 15, 16), while FA-C was greater in Alfisol compared to Vertisol (Figs.17, 18).

The passive fraction of HA-C and FA-C in sub-humid dry region of Vertisol was maximum
followed by sub-humid dry, arid, semi-arid dry and semi-arid moist (Fig.15 and 17), whereas in
Alfisol, the content of these pools were maximum in sub-humid moists, followed by semi-arid
moist and semi-arid dry ecosystem (Figs.16 and 18).

The content of HA-C under horticulture-based crop was maximum in sub-humid dry region
in Vertisol and sub-humid moist region under forestry in Alfisol. (Figs. 15 and 16). There was
not much variation of HA-C fraction in agriculture and forestry system in sub-humid moist and
semi-arid moist region of Alfisol and the values decreased substantially in agriculture system of
semi-arid regions in Alfisol (Fig.16). Similarly, there was no variation in FA-C of agriculture /or
forestry system under subhumid moist regions of Alfisol and in wasteland in semi-arid region of
Alfisol (Fig.18). There was not much variation in the content of FA-C in agriculture, horticulture
or forestry in sub-humid moist, dry and semi-arid dry regions in Vertisol. However, the values
decreased in agriculture or wasteland under semi-arid dry and dry region of Vertisols (Fig.17).

HA-C fraction was maximum under soybean-wheat system, followed by paddy-wheat (HM)
system and the least was observed in paddy-wheat with low management system. FA contents
varied from 22 to 43 % of soil organic matter and it was maximum (32% of SOM) in paddy-
wheat system at 0-30 cm depths whereas in teak forest soil, these values were maximum (43
% of SOM) at 0-150 cm soil depth (Annexure 1). The similar trend of increasing pattern of
FA fractions in sub-humid of dry regions at lower depth was observed. In Vertisols of semi-
arid moist region, the content of HA varied between 22.6 and 28.7 % and it was maximum
under intercropping system and the lowest was observed in cotton/pigeonpea/soybean-gram
system with HM. The proportion of FA contents varied from 28% to 31.1 % of SOM and the
similar trend to that of HA fraction was followed in these cropping system. There were no
much variation in HA-fractions among inter cropping systems (cotton + pigeonpea, sorghum/
pigeonpea + gram, soybean-wheat system and fallow-chickpea) except soybean-wheat and
paddy-wheat system under farmers practices in Vertisols of semi-arid dry regions. In case of
FA concentration, reverse trend was observed under these systems in semi-arid dry regions. It
was also observed that the contents of HA varied from 12.8 to 38.4 % of SOM and it was the
lowest under sorghum/sunflower cotton system in Vertisols of semi-arid dry regions. Fulvic acid
contents also followed similar trend to that of HA. In Vertisols of arid regions, there was not
much variation among four cropping system in HA fractions but relatively higher values were
observed under cotton-wheat/chickpea (HM) and soybean-chickpea system at lower depths in
Vertisols of arid-regions. In Alfisols of sub-humid moist ecosystem, teak forest and in semi-arid
dry regions, finger-millet (FM) cropping system registered the maximum HA content. The FA
fractions also followed the similar trend to that of HA. In Alfisols of semi-arid dry regions, the
HA fraction was maximum in sorghum-castor system and under permanent fallow system, HA
fraction was relative higher under lower depths (0-150 cm).
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Summary and conclusions

The study site was spread over a wide range of annual rainfall and the soils varied in texture
from sandy-loam to clay. Significantly different levels of SOC were found amongst the landuse
management practices. The salient findings on biological properties of these sites are given
below.

SOC of forest, namely teak, sal was two times higher than the corresponding cropped
soils.

The active pools of SMBC comprised 3.2 to 5.6 % of SOC in Vertisols and 1.2 to 5.7 % of
SOC in Alfisols.

WSC comprised 0.80 to14.1 % of SOC in Vertisols and 1.5 to 4.9 % of SOC in Alfisols.

WSCarbohydrates comprised 15-40.3 % of SOC in Vertisols and 10.5 to 25 % of SOC in
Alfisols.

In sub-humid moist regions, the SMBC content followed the order: forest (teak)> soybean-
wheat>paddy-wheat>cotton (HM).

In case of sub-humid dry regions of Vertisols, the SMBC was maximum under horticultural
system (citrus), followed by intercropping (cotton + pigeonpea) and mango-orchard.

In semi-arid moist regions, SMBC and SR were higher under intercropping system (soybean+
pigeonpea) compared to soybean — gram system.

The soil biological activity in terms of SMBC, SMBN, can be improved with concomitant
increase of water-soluble carbon and carbohydrates by better management practices.

Among the field crops, legume-based intercropping system (soybean + pigeonpea and green
gram + pigeonpea) restored higher amount of SOC, SMBC compared to double crop in
rotation (soybean-wheat/paddy-paddy cropping system).

Among the horticultural-based cropping systems, citrus with high management has better
SOC restoration compared to mango orchard. Cotton based cropping system either as
intercropping or sequential cropping registered least improvement of SOC storage.

In Vertisols, the percentage of water stable aggregates and concentration of carbon in WSA
was higher than Alfisols. Water stable aggregates carbon concentration increased with
decrease in size class. By and large, the maximum concentration of SOC in water stable
aggregates was observed in <0.1 mm size aggregates.

In 0-30 cm soil depth passive fraction of HA-C was relatively higher than FA-C in surface
whereas, FA-C increased with soil depths. The percent variations in passive fractions among
different cropping systems were not as pronounced as compared to active and slow pool

of C.
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About 11SS g

Since the middle of sixties the research on nutrients, water and energy leaned heavily towards applied
aspects and has already paid rich dividends to Indian agriculture and Indian economy as a whole.
However, if Indian agriculture is to become nationally more sound and internationally more competitive,
it will have to receive greater support from basic and strategic research. In the years to come, the
sustainability of soil productivity will encounter the problems associated with poor resource base, high
inputs, mainly fertilizer and water, high-energy use and environmental degradation. Therefore, the
future gains of enhancing food production in a sustainable manner can essentially be realized through
the generation and adoption of more appropriate nutrient and water management technologies that
are based on basic and sound strategic research information. In view of the fast changing scenario
of Indian agriculture, and the growing importance of enhancing and sustaining productivity of soil
resource, the ICAR established the Indian Institute of Soil Science (IISS) in 1988 at Bhopal, Madhya
Pradesh, India to conduct basic and strategic research on this aspect. IISS has been actively engaged
in the research work under National Agricultural Technology Project (NATP).

Please write to:

Director, Indian Institute of Soil Science

Nabibagh, Berasia Road,Bhopal - 462038, INDIA
Phone : +91-755-2730946 /2732162/2730970/2733372
Fax :+91-755-2733310

Email : director@iiss.ernet.in

d

)
ICRISAT
Science with a human face

The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) is a non-profit, non-political organization
that does innovative agricultural research and capacity building for sustainable development with a wide array of partners
across the globe. ICRISAT’s mission is to help empower 600 million poor people to overcome hunger, poverty and a
degraded environment in the dry tropics through better agriculture. ICRISAT belongs to the Alliance of Centers of the
Consultative Group on International Agricultural Research (CGIAR).

ICRISAT-Patancheru
(Headquarters)
Patancheru 502 324
Andhra Pradesh, India
Tel +91 40 30713071
Fax +91 40 30713074
icrisat@cgiar.org

ICRISAT-Bamako

BP 320

Bamako, Mali

Tel +223 2223375
Fax +223 2228683
icrisat-w-mali@cgiar.org

ICRISAT-Liaison Office
CG Centers Block

NASC Complex

Dev Prakash Shastri Marg
New Delhi 110 012, India
Tel +91 11 32472306 to 08
Fax +91 11 25841294

ICRISAT-Bulawayo
Matopos Research Station
PO Box 776,

Bulawayo, Zimbabwe

Tel +263838311to 15
Fax +263 83 8253/8307
icrisatzw@cgiar.org

ICRISAT-Nairobi

(Regional hub ESA)

PO Box 39063, Nairobi, Kenya
Tel +254 20 7224550

Fax  +254 20 7224001
icrisat-nairobi@cgiar.org

ICRISAT-Lilongwe

Chitedze Agricultural Research Station
PO Box 1096

Lilongwe, Malawi

Tel +265 1 707297/071/067/057
Fax +265 1707298
icrisat-malawi@cgiar.org

ICRISAT-Niamey

(Regional hub WCA)

BP 12404, Niamey, Niger (Via Paris)
Tel +227 20722529, 20722725
Fax +227 20734329
icrisatsc@cgiar.org

ICRISAT-Maputo

c/o IIAM, Av. das FPLM No 2698
Caixa Postal 1906

Maputo, Mozambique

Tel +258 21 461657

Fax +258 21 461581
icrisatmoz@panintra.com

www.icrisat.org
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