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Abstract

Restoration and improvement of soil quality is the prerequisite for ensuring agricultural productivity and food security in
India. Although intensification enhanced food production, it led to a decline in factor productivity, health of environment,
and an impairment in soil quality. The declined soil quality is manifested through impaired ecosystem services and also
loss in yield and profitability. Soil organic C (SOC) is considered as the panacea for maintaining the soil quality through
improved microbial activities, water availability and nutrient use efficiency. The present review emphasizes the need for
maintenance of SOC content in Indian soils challenged with high oxidative loss out of high temperature, good moisture and
cultivation led soil perturbations. Importance of balanced fertilization through soil test, integrated nutrient management, and
adoption of innovative farming practices such as conservation agriculture for enhancement of SOC storage and consequent
improvement in soil quality even under intensive cultivation in various agro-climatic regions of the country is emphasized.
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Introduction

India achieved food security through intensification of its
agriculture for production of enough food, feed, bioenergy
and fiber to meet the demand of burgeoning population.
The intensification and the resultant food security is accom-
plished at the cost of sustainability of the production sys-
tem, because of serious land degradation and deterioration
of soil quality (Basak and Mandal 2018). Despite several
fold increase in crop production, Indian agriculture is still
stuck with low factor productivity, low input use efficiency
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and increased cost of production. Although, we may be suffi-
cient in food but nutritional security of our population is still
a challenge. Currently, India is the home of 16% of global
population but with only 2.4% of its land area. Population
explosion drastically shrank the land availability, with land:
human ratio changed from 0.34 ha in 1951-1952 to 0.14 ha
in 2012-2013 and it is apprehended to decline further.
Therefore, further strain on finite soil resources is inevi-
table making it prone to degradation in meeting perceived
agricultural productivity and sustaining economic growth
(IPES-Food 2016).

Soil productivity improvement

Productivity of the soils of India can be estimated by the
quantum of annual food grain production. After independ-
ence, India achieved many folds improvement in agricul-
tural productivity with remarkable hike in production of
foodgrains (5.4), horticultural crops (10.1), fishery products
(15.2), milk (9.7) and eggs (48.1) compared to 1950-1951
(Chander 2019). Green revolution led agricultural technolo-
gies like, use of fertilizers, improved high yielding varie-
ties, reclamation and management of problem soil using
amendments (gypsum, lime, etc.), and expansion of irriga-
tion network have contributed to productivity improvement.
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Table 1 Soil quality indicators identified for different agro-ecology(s) and cropping system(s) in India using long-term fertility experiments and

experiments conducted on farmers’ fields

Agro-ecology

Cropping system

Indicators identified

Sub-tropical northern Indo-Gangetic Plains (Bhaduri and
Purakayastha 2014)

Semi-arid sub-tropical western India (Chaudhary et al.

2018)

Sub-tropical lower Indo-Gangetic Plains (Basak et al.
2016¢)

Sub-tropical lower Indo-Gangetic Plains (Biswas et al. Rice-rice

2017)

Southern Deccan (Sharma et al. 2015)
Southern Deccan (Sharma et al. 2008)

Semi-arid Deccan basalt (Bhattacharyya et al. 2018)

Rice—wheat

Maize (rice)-wheat

Rice—potato—sesame

Maize—wheat

Cotton—sugarcane/

Water stable aggregates, oxidizable organic carbon (SOC),
DTPA extractable Fe and Zn, microbial biomass C (MBC),
mineralizable N and dehydrogenase activity

Bulk density, MBC, alkaline phosphatase and micro-arthro-
pod population

Cation exchange capacity, pH, NH,OAc extractable K and
dehydrogenase activity (for Inceptisols)

Bulk density, pH, SOC, mineralizable N and f-glucosidase
(for Entisols)

Very labile C, mineralizable N, MBC and dehydrogenase
activity (for Alfisols)

Bulk density, DTPA Zn, urease and f-glucosidase activity
(for Inceptisols)

Aggregate stability, pH, SOC and dehydrogenase activity
(for Entisols)

Aggregate stability, SOC, mineralizable N and f-glucosidase
activity (for Alfisols)

Exchangeable Ca, KMnO, oxidizable N, Olsen’s P, NH,OAc
extractable K and MBC

Sorghum-mungbean Mean weight diameter, hydraulic conductivity, KMnO,

oxidizable N, DTPA Zn, Cu and MBC
Hydraulic conductivity, clay and alkalinity

chickpea/pigeon-

pea

Sub-tropical northern Indo-Gangetic Plains (Masto et al.
2007)

Sub-tropical lower Indo-Gangetic Plains (Chaudhury et al.
2005)

Brahmaputra Valley (Mandal et al. 2005) Rice-rice
East and south-eastern coastal plain (Majhi et al. 2019) Rice-rice
Sub-tropical northern Indo-Gangetic Plains (Purakayastha  Rice—wheat

etal. 2019)

Sub-tropical northern saline soil of Indo-Gangetic Plains
(Soni et al. 2021)

Maize—wheat

Jute-rice—wheat

Wheat—vegetables
Sorghum-wheat

KMnO, oxidizable N, SOC, MBC, alkaline phosphatase
activity, bulk density and DTPA Zn

Olsen’s P and NH,OAc extractable K, MBC, mean weight
diameter and SOC

NH,OAc extractable K, DTPA Zn, SOC, per cent base satu-
ration and dehydrogenase activity

Cation exchange capacity, reserve K, total N and DTPA Zn

SOC, DTPA Zn, and Mn, NH,OAc extractable K, aggregate
stability, MBC and mineralizable N

a-glucosidase activity, MBC, electrical conductivity (EC,),
KMnO, oxidizable N, MBC:MBN after sorghum and
MBC:MBN, EC_, MBC, urease activity, KMnO, oxidiz-
able N after wheat

DTPA diethylenetriamine pentaacetic acid, KMnO,, potassium permanganate, NH,OAc ammonium acetate

for monitoring soil health and providing soil health card may
not be sufficient. Inclusion of plant-led strategies to comple-
ment or even substitute the soil-led ones with empowerment
of farmers through electronic and other media may be a rea-
sonable option (Saha et al. 2015).

Soil quality and crop productivity

Intensification of agriculture has created a huge stress on
soil and impaired its quality. Soils became fatigue that led
to declined partial factor productivity of applied inputs and
ultimately farm profitability. The declining soil quality is
evident from several indicators such as depletion in organic
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C, appearance of multi-nutrients deficiencies, impairment
of biological activities etc. (Basak et al. 2016a, b, c; Biswas
et al. 2017; Choudhury et al. 2018). Imbalances in applica-
tion of nutrients, build-up of phosphates, residual effect of
agrochemicals in intensively cultivated areas cause deterio-
ration in soil quality. Physical perturbations like wet till-
ing/pudding for paddy, excessive and repeated tillage for
tuber crops, intensity of cultural practices, poor drainage
also caused breakdown of soil structure and disturbances
to habitat of soil biota (Basak and Mandal 2018). Under
intensive cultivation, as occurs in Indo-Gangetic Plains and
some parts of the country, all these problems are triggered
with the burning of crop residues aggravating carbon (C),
nitrogen (N) and sulphur (S) losses and inflicting heat stress
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to soil living system (Lohan et al. 2018). Rehabilitating
and reverting from degradation or regaining its productive
state needs time and expensive corrective measures (Man-
dal et al. 2016; Basak et al. 2014). These severely degraded
soils sometimes lost their resilience (Mandal 2013) causing a
serious dent in the already depleted soil wealth of our nation.
A well-focused attention is needed to rehabilitate these soils
in the most intensively cultivated areas to strengthen the
backbone of our national food security. Balanced fertiliza-
tion, integrated (with organics) nutrient management, green
manuring, cover crop, crop rotation and diversification,
adoption of resource conservation technologies are some
of the win—win strategies for sustaining yield and upkeep-
ing soil quality (Mandal et al. 2008; Bhardwaj et al. 2020).
Most of these practices are known to add some additional
amount of organic C in soil. This C plays a central role in
maintenance of soil quality (Mandal 2011; Benbi 2015). To
ensure balanced fertilization and assess soil quality, testing
of soil is a must. Of late, Government of India has taken
two useful initiatives viz., providing ‘Soil Health Card’ for
140.0 million farm holdings and coating urea with neem-
oil (Azadirachta) towards ensuring good soil quality and
balanced fertilization with increased efficiency for making
farming cost effective and remunerative (Saha et al. 2016).
However, a few technical issues associated with such mega
task need to be addressed to make them more effective.
With intensification of agriculture, there is concomitant
increase in fertilizer consumption. Once, fertilizer consump-
tion is increased, there is possibility for its indiscriminate use
with attendant imbalances in rates of the fertilizing nutrients
particularly NPK and loss in efficiency. This may also cause
deterioration in soil quality. Different researchers captured
such deterioration of soil quality by computing soil quality
index (SQI) under imbalanced fertilization with different
cropping systems under different agro-climatic regions of
the country. Most of researchers observed greater SQI val-
ues in soils cultivated with balanced and integrated (with
organics) use of NPK or with different resource conserva-
tion technologies over the imbalanced ones (Table 2). Adop-
tion of balanced fertilization practice, in fact, improved soil
quality as follows: SQIypg > SQIyp > SQIy than SQI., o1
These studies further highlighted the positive impact of inte-
gration of farmyard manure (FYM) or green manure (GM)
with NPK on restoration of soil quality (Fig. 3) along with
an improvement in yield and quality of the harvest under
intensive cropping system (Fig. 4). To ensure balanced fer-
tilization to crops, as indicated earlier, strengthening of soil
testing facilities with simple and high throughput methods
are essential for assessing intensity and extent of deficien-
cies and excess of the fertilizing nutrients in soils. Recently,
use of visible, near-infrared and mid-infrared spectroscopy
for rapid assessment of soil, crop and water quality has
been advocated. Further, to cover the entire country, some

Table 2 Effect of imbalanced, balanced and integrated fertilization on
soil quality index of different soils across India ( adopted from Man-
dal et al. 2005)

Soil type/nature of ferti- Control N NP NPK NPK+FYM
lization
Sandy loam (BCKV) 2.78 - - 2.69 3.63

Sandy clay loam (OUAT) 0.31 035 0.78 0.81 1.13
Sandy clay loam (NRRI) 2.77 291 321 3.10 4.00
Sandy loam (CRIZAF)  1.04 1.38 1.66 1.87 2.1

Sandy (CRIDA) 0.95 - 1.02 - 1.27
Sandy loam (BHU) 1.63 148 - 1.52 1.87
Sandy loam (ANGRAU) 0.92 - - 0.97 2.00
Clay loam (AAU) 2.27 2.60 259 279 2.84

BCKV Bidhan Chandra Krishi Viswavidyalaya, Nadia, West Bengal,
OUAT Odisha University of Agriculture and Technology, Bhubane-
swar, Odisha, NRRI National Rice Research Institute, Cuttack, Odi-
sha (formally CRRI), CRIZAF Central Research Institute for Jute and
Allied Fibers, Barrackpore, West Bengal, CRIDA Central Research
Institute for Dryland Agriculture, Hyderabad, Telangana, BHU
Banaras Hindu University, Varanasi, Uttar Pradesh, ANGRAU Acha-
rya N. G. Ranga Agricultural University, Hyderabad, Andhra Pradesh
(formerly), AAU Assam Agriculture University, Barbheta, Jorhat,
Assam

‘-’ Indicates non-existence of the concerned treatment in the studied
long-term experiment
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Fig. 3 Integrated nutrient management improves soil quality and sys-
tem yield (recalculated from Basak et al. 2016b, 2017); NPK 100%
NPK fertilizer, NPKF 100% NPK fertilizer+ farmyard manure,
NPKG 100% NPK fertilizer + green manure, NPKGB 100% NPK
fertilizer + green manure + bio-fertilizer  (Azotobacter — chroococ-
cum+ Pseudomonas putida), NPKP 100% NPK fertilizer 4+ paddy
straw

easy and low-cost methods such as proximal sensing using
remote sensing and hyperspectral spectroscopy etc. need
to be developed to complement soil test based fertilization
techniques. To increase use efficiency of plant nutrients and
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just by about 10-15% over the no organics (only NPK). Most
part of the externally applied C through organic amendments
is lost leaving a small portion to stay in soils. Such staying
or stabilization of C in soil is, however, regulated by several
factors including climate, substrate biochemistry, C loading,
soil characteristics, degree of perturbation to the system and
associated environment (Mandal 2011; Bhattacharyya et al.
2009). As indicated earlier, such a depletion of C could be
due to hot and humid climate prevailing in sub-tropical envi-
ronment in India. The reductive soil environment, puddling
and also the chemical composition of the residues might
have restricted such depletion of SOC. Incorporation of
crop residues also curb depletion of SOC. Interestingly, the
rate of conversion of crop residue C to SOC was about 1.6
times (4.2 vs. 6.9%) more in presence of organics compared
to that in its absence suggesting that organics might have
somehow facilitated this conversion of crop residue C to soil
organic C. These results thus suggest that extensive rather
than intensive or in other words more equitable application
of organic amendments in fields may be advisable for effect-
ing an overall higher C sequestration in soils and this process
may be accentuated in presence of legume than non-legume
crops (Mandal et al. 2007).

External supply of organics in soils is grossly inadequate
in our country to maintain soil quality; although there is
good amount of annual generation of city and agricultural
wastes. The total city waste generated in India is estimated to
be 188,500 t day~!, while production of agricultural wastes
mainly crop residues is about 679.3 Mt (million ton) per year
(NAAS 2010). Several researchers in the recent past estab-
lished the efficacy of city waste compost in saline and sodic
soil reclamation and soil quality improvement in rice—wheat
as well as pearl millet mustard cropping systems in Indo-
Gangetic plains of India (Sundha et al. 2020; Meena et al.
2016; Singh et al. 2018). Their use is, however, wrought
with many problems. For example, concerns have been
expressed by different investigators for using city compost
or sewage sludge in agricultural fields for its high contents
of heavy metals and harmful microorganisms. Once these
toxicants are inadvertently added to soil for using the waste-
compost and carbon rich sewage-sludge, it is extremely dif-
ficult to remediate the soil. Segregating carbon rich wastes
during collection time and their subsequent composting and
use, is the option. To start with, this may be initiated in
recently introduced establishment of Smart City concept of
the Govt. of India. To make effective use of sewage-sludge
as a source of carbon and nutrients (N, P and K), threshold
limit for their application for different soils and crops may
be standardized taking into consideration the scavenging
actions of soils and plants for those toxicants (Saha et al.
2017; Sundha et al. 2017). As to the agricultural wastes
are concerned, banning burning, innovation in collection
during harvesting through combined harvester and rapid

composting using fast decomposing cocktail of cellulolytic
organisms may contribute handsomely to harvest the other-
wise lost important source of carbon for agricultural soils.
However, we need a technology to decompose crop residue
in shortest possible time span to accommodate follow up
crops in cropping system. Attempts are on to have cocktail
of efficient organisms for in situ decomposition and genera-
tion of organics. Once it is done, it may improve nutrient
use efficiency, water productivity, reduction of emission of
GHGs, enhances soil organic C and restore soil quality (Saha
et al. 2017). Besides balanced/integrated fertilization, CA-
based approaches (no till; mulching, introduction of pulse)
would also add SOC and maintain soil ecosystem services.
Soil disturbances enhance SOC decomposition and promote
its vulnerability and decline hoarding and encourages its
loss from soil to atmosphere. Minimizing the disturbances
through adoption of reduced (no) tillage practices, logically
facilitate the hoarding of C into soil and accordingly the
problem of global climate change can be reduced and soil
quality be improved. The reduced tillage practice is benefi-
cial upon conventional tillage with known benefit of SOC
hoarding in the surface soil due to congenial soil tempera-
ture and moisture regime and protection of top soil erosion
(Soni et al. 2021). The positive effect of reduced tillage is
likely to be greater in tropical and subtropical than the tem-
perate regions. However, this tilling practice is in opera-
tion in the latter region since long and adoption of reduce
tillage in India is in progress in some pockets during rabi
season wheat (Choudhary et al. 2018). Results available
showed that the reduced tillage practices, in general, could
bring about an increase in SOC content in upper layer of the
soils (Table 4). The magnitude of such increase, however,
depends on the type of reduced tillage (zero tillage, harrow-
ing, ploughing, etc.) adopted and amount of crop residues
returned. However, recently it is reported that the reduced
tillage practice could not bring about much improvement
in the total amount of SOC present and also restoring soil
quality (Choudhury et al. 2018) (Table 5). National level
consortiums of scientists with different disciplines need to
take initiative for maximizing SOC sequestration that will
ultimately help us in formulating a rational C-management
policy in intensive agricultural system.

It is known that organic C content in soil is a function of
climate, vegetation and parent material besides other factors.
In agro-ecosystem, different crops are grown in sequence
and they contribute different amounts of crop residues and
root exudates and thus build up different amount of organic
C in soils. Nature of such organic C varies because of varia-
tion in root deposition and quality of crop residues. The SOC
content in soils also varied with different cropping systems
under intensive cultivation. Inclusion of green manuring
(GM) crops in cropping systems also leaves a good amount
of crop residues in soil and thereby improves SOC and
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Table 4 Influence of reduced tillage practices on organic C content (g kg™") in soils

Researchers/ Choudhury et al. Choudhury et al. Dixit et al. Parihar et al. Bhattacharyya Swarup and
(2018) (rice—wheat) (2018) (maize— (2018) (2018) et al. (2012) Singh (2009)
wheat)
Soil depth/treatment (cm)  0-10 0-10 0-15 15-30 0-15 15-30 0-15 0-15 15-30
Conventional tillage 4.6 55 7.1 4.1 5.1 4.4 11.2 9.1 5.6
Minimum tillage - - 8.1 4.3 - - - 106 64
Zero tillage 5.3 6.7 8.3 4.4 6.9 5.5 11.5 10.5 6.7

‘- Indicates non-existence of the concerned treatment in the studied long-term experiment

Table 5 Impact of tillage and residue on restoration of soil quality (
adopted from Choudhary et al. 2018)

Cropping Conven-  Conventional Zero tillage Zero till-
system and  tional tillage + resi- age +residue
management tillage due incorpo- incorporation
practices ration
Maize— 0.33 1.30 0.89 1.36

wheat
Rice-wheat  0.26 0.75 0.44 0.54

thus quality of soils (Mandal et al. 2008; Bhardwaj et al.
2020) (Fig. 5). Carbonaceous residues with high C:N ratio
under low land ecology or manures and composts that have
already undergone certain degree of decomposition before
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being added to the field could provide greater C stabilization
(Sodhi et al. 2009) with longer residence time than those
with low C:N ratio such as green manures (GM) under aer-
ated upland ecology. For example, between cereal straws and
GM, the latter lasts short even in congenial (rice) ecology.
Again, of the two straws, wheat stabilized more than rice;
while for almost all commonly used organic sources, GM
stabilized the least. It is a common occurrence that despite
application of GM for decades, there was hardly any SOC
build-up and residual effects on subsequent crop following
main crop with which it was applied. Therefore, to build up
soil C, use of crop residues or their partial decomposition
products like FYM or compost are the options in tropical
and subtropical countries like ours. The insights presented
on dynamics of SOC are useful to identify the pathways
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of C sequestration in soils. Once identified, this may lead
to evolving suitable agricultural strategies that have great
potential to improve SOC stocks and thus attenuate CO,
loading into the atmosphere and upkeep soil quality.

Conclusion

Maintenance of soil quality is the key for sustaining produc-
tivity of crops under intensive farming. Deterioration of such
quality of soils is manifested by a declining partial factor
productivity of inputs, soil structural breakdown, organic C
depletion etc. We argue that such deterioration can be curbed
simply by balanced/integrated fertilization and enhancement
in organic C content in soils. To ensure it, a wholesome test-
ing of soil is essential by strengthening existing soil testing
facilities. Again, rational use of inputs and innovative farm-
ing practices may also lead to enhanced SOC and conse-
quently quality of soils under intensive farming.
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