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1 Soil Amendments for 
Sustainable Intensification

Suhas P. Wani, Girish Chander, and G. Pardhasaradhi

1.1 � INTRODUCTION: SOIL HEALTH KEY FOR SUSTAINABLE 
AGRICULTURE AND ECO-SERVICES

Maintaining proper soil health is one essential element of sustainable agriculture and safeguarding 
ecosystem services. Beyond rendering provisioning services like food, fiber and fuel supply, soils 
play a critical role in services like climate regulation, water quality and supply regulation through 
soil functions of regulation of greenhouse gas (GHGs) emissions, filtration/buffering of substances 
in water, water infiltration and water flow in soil, etc. (FAO and ITPS 2015). Supporting cultural 
services and soil functions like nutrient cycling, soil formation, medium for seed/root growth and 
natural and cultural landscape diversity also depends on the state of soil health.

The swiftly rising population, however, has put pressures on soil resources globally and in the 
country and altered equilibriums for the various soil functions leading to the soil degradation. The 
world population of 7.2 billion in mid-2013 is projected to increase to about 8.2 billion by 2025, 
9.7 billion by 2050 and 10.9 billion by 2100 (UN 2016). Sustainable food security, thus, is the biggest 
challenge of the 21st century. In India as well, in spite of good progress in food-grain production 
from 74 Mt during 1966–1967 to 259 Mt during 2011–2012, the challenge of ensuring food security 
still persists as the population has grown tremendously from 361 million in 1951 to 1.21 billion in 
2011 and is expected to reach the levels of 1.4 billion by 2025 and 1.69 billion by 2050 (Government 
of India 2016; FAOSTAT 2013). Therefore, consistent efforts are needed to increase the current food 
production levels to more than 300 Mt by 2025 and around 380 Mt by 2050 (Amarasinghe et al. 2007).
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4 Soil Amendments for Sustainability

Carbon (C) storage is an important ecosystem function of soils that has gained increasing 
attention in recent years due to its direct relation to soil health and mitigation potential of GHGs. 
There are major opportunities for mitigation of CO2 and other greenhouse gas emissions through 
changes in the use and management of agricultural lands by maintaining or increasing stocks of 
organic C in soils (and biomass), and reduced emissions by the agricultural sector itself (Paustian 
et al. 1998; Whitmore et al. 2014). Inefficient nitrogen fertilizer related pollution is an issue 
of concern worldwide. Nitrogen fertilizer inputs in excess of crop requirements are linked to 
the enhanced release of the N2O, a GHG 300 times potent than CO2, and agricultural soils are 
the dominant source, contributing over 80% of global anthropogenic N2O emissions during the 
1990s.

The impact of soil degradation is especially severe on livelihoods of the poor who heavily depend 
on natural resources. The annual cost of land degradation at the global level was found to equal 
about US$300 billion (Nkonya et al. 2016). The analysis of the cost of land degradation across the 
type of ecosystem services shows that 54% of the cost is due to the losses in regulating, supporting 
and cultural services which are considered as global public goods. And hence reversing soil deg-
radation trends makes economic sense and need-based selection and use of soil amendments make 
critical components of the process.

1.2 � WIDESPREAD SOIL DEGRADATION: THREAT TO SUSTAINABILITY

Soil fertility decline is a major hindrance in enhancing food production and realizing productiv-
ity potential. Out of 1.5 billion hectares of cropland globally, nearly 38% is degraded (Scherr and 
Yadav 1996). Chemical degradation such as nutrient loss and salinization, a result of cropping 
practices, accounts for more than 40% of cropland degradation. Land in India suffers from varying 
degrees and types of degradation stemming mainly from inappropriate management practices. And 
the increased rate of soil degradation is contributing towards a decline in agricultural productivity 
leading to food insecurity.

Since soil resources are finite, requisite measures are required to rejuvenate degraded and waste-
lands, so that areas going out of cultivation due to social and economic reasons are replenished by 
reclaiming these lands and by arresting further loss of production potential.

1.2.1 � Low Soil Organic C levels

A fallout of the fertilizer subsidy is that chemical fertilizers are cheaper than organic fertilizers 
and so, farmers have moved away from using organic manure, which is very critical for preserving 
good soil health. Little addition of organics coupled with mismanagement has led to depletion of 
soil organic carbon (C), resulting in its low levels, which is one of the major factors in declining soil 
productivity. Soil analysis in crop fields across pilot mandals/blocks in Andhra Pradesh under the 
primary sector mission for prosperous and climate smart agriculture during 2015 shows most fields 
with low soil organic C levels (Table 1.1). The percentage of fields with low C levels across the dis-
tricts varied between 34 and 89%, and ten out of 13 districts in Andhra Pradesh were detected with 
most fields having low soil organic C. Earlier studies (Sahrawat et al. 2011) have also showed similar 
low levels of soil C in farmers’ fields across districts in Karnataka (31 to 81% of fields), Madhya 
Pradesh (0 to 53% of fields) and Rajasthan (1 to 84% of fields).

1.2.2 � Multiple Plant Nutrient Deficiencies

Nutrient mining in the post green-revolution era coupled with the imbalanced use of fertilizers 
has created multiple nutrient deficiencies, which threaten sustainability. An imbalanced use of 
fertilizers arises from the following causes: (1) The fertilizer subsidy of the government skewed 
the fertilizer consumption pattern in the country. This has resulted in more application of N and P 
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6 Soil Amendments for Sustainability

containing fertilizers, which is currently in the NPK ratio of 8:2.7:1 instead of 4:2:1; (2) Inadequate 
availability of the required fertilizers at the stipulated time in rural areas; (3) Lack of knowledge 
among farmers as to what nutrients are required by the crops and what is missing in their land. 
For inputs such as improved cultivars, seeds, pesticides, etc., private companies and their dealer 
networks provide information to the farmers. However, it is limited, or in some cases, no such 
practice exists for balanced fertilizers. Recently, based on the development research undertaken by 
the research institutions like ICRISAT and ICAR, now the government has undertaken an aware-
ness campaign for balanced nutrient management and soil analysis. The public infrastructure for 
soil analysis is poorly developed, and farmers rarely get information in time. Recent diagnostic 
results in Andhra Pradesh under the primary sector mission (Table 1.1) showed low soil organic C, 
which also indicates nitrogen (N) deficiency. Phosphorus (P) is the second most studied nutrient in 
fertilizer application by the farmers, and its deficiency across the districts ranged between 3 and 
38%. With regard to potassium (K), soils in Andhra Pradesh and India, in general, are adequate. 
However, there are emerging widespread deficiencies of secondary and micro nutrients like sul-
phur (S), zinc (Zn) and boron (B). Secondary nutrient S deficiencies across the districts in Andhra 
Pradesh ranged between 3 and 80%. Among micronutrients, Zn deficiencies ranged between 23 
and 87%; while B deficiencies ranged between 1 and 61%. Earlier studies (Sahrawat et al. 2011) 
have indicated similar macro, micro nutrient deficiencies in other states like Karnataka (16 to 80% 
for P, 64 to 94% for S, 32 to 90% for Zn, 36 to 91% for B), Madhya Pradesh (25 to 96% for P, 9 to 
100% for S, 5 to 97% for Zn, 17 to 100% for B) and Rajasthan (10 to 73% for P, 48 to 86% for S, 
0 to 83% for Zn, 25 to 100% for B).

1.3 � CHALLENGES OF DIAGNOSIS: KEY IN DECIDING RIGHT AMENDMENTS

Precise diagnosis of soil health is the foremost challenge to choosing appropriate amendments. 
In the process, soil sampling is one of the most important and the weakest link. The small-
est amount of sample collected must effectively represent the millions of kg soil in the field. 
Sampling issues can be taken care of through the participatory stratified soil sampling method 
(Sahrawat et al. 2008) wherein the target region is divided into three topo-sequences and sam-
ples are taken proportionately from small, medium and large farm-holding sizes to address the 
variations that may arise due to different management because of the different economic status 
in each farm size class. Within each farm size class in a topo-sequence, the samples are chosen 
carefully to represent all possible soil fertility variations as judged from soil color, texture, crop-
ping system and agronomic management. At the sampling unit in a farmer’s field, eight to ten 
cores of surface (0–0.15 m) soil samples are collected and mixed together to make a composite 
sample.

Sample chemical analysis is the next important step. A fragmented approach to soil analysis 
has restricted analysis to only macronutrients. Unless samples are thoroughly diagnosed for all 
key parameters with required precision, holistic recommendations are unlikely to come out. For 
example, currently, out of more than 1,600 static and mobile laboratories in India, only around 150 
can diagnose for available B, while 450 can do so for available S. Therefore, establishing state of 
the art laboratories makes better sense technically as well as operationally, and one such laboratory 
per district could be a better proposition to improve operational efficiency and precision, rather than 
many half or non-functional laboratories.

GIS interpolation of analysis results shows that various soil health parameters vary differently 
in different regions and hence more specific recommendations for the amendments at block/cluster-
of-villages/village/farmer level need to be developed and promoted, while taking into account the 
practical issues as well. There is an urgent need to have state of the art laboratories spread across 
the country which are accredited and follow the common methods using internal as well as external 
standards and more importantly put all the data in public domain for use by the policy makers, 
researchers and farmers as needed (Wani et al. 2016b).
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1.4 � AMENDMENTS FOR BALANCING SOIL NUTRIENT STOCKS

Taking into account the widespread mining of secondary and micro nutrients like sulphur, zinc and 
boron, along with primary nutrients, their amendments into the soil assume the most importance 
for sustainable productivity improvements to meet the challenges of food security in the country. 
Tracking and including amendments for other emerging deficiencies of secondary and micro nutri-
ents is also critical.

1.4.1 �F ood Production and Economic Benefits

Under exemplar ‘Bhoochetana’ initiative in Karnataka, the soil test-based micro and secondary 
nutrient amendments recorded significant productivity benefits that varied from 25% to 47% in 
cereals, 28% to 37% in pulses and 22% to 48% in oilseed crops (Chander et al. 2016). One rupee 
spent on these nutrient amendments brought returns of value Rs 3 to Rs 15. With this initiative in 
Karnataka state during 2009 to 2013, more than 5 million farmers are benefitted and net economic 
benefits through increased production were estimated at ~US$353 million (Rs 1963 crores) (Wani 
et al. 2017). Various pilot studies have also shown similar productivity and economic benefit with 
need-based amendments for micro and secondary nutrients (Wani et al. 2016a, 2015; Chander et 
al. 2014a, b, 2013a, b, 2012). Even in comparatively drier years, the application of balanced nutri-
ents through including micro and secondary nutrients significantly increases grain yield and above 
ground dry matter, which provides resilience against drought and food security (Uppal et al. 2015). 
So, it is quite evident that imbalance in fertilizer use substantially increases the cost of cultivation 
and also lowers its efficiency.

Good soil health is required to ensure the quality of food, and for food and nutritional secu-
rity. There is evidence of relation of soil quality and balanced fertilization with food qual-
ity. Along with higher food production with balanced fertilization, the food nutritional quality 
including micronutrients tends to improve (Sahrawat et al. 2008, 2013; Chander et al. 2013a; 
Wani and Chander, 2016). To address malnutrition in India, it is more economical and efficient 
to address food quality issues through soil health and diet diversification rather than through 
nutritional amendments externally. For example, pearl millet has large variability for iron and 
zinc, i.e. 300–600% more than that of rice and wheat, and is a major target crop for iron bio-
fortification (Wani and Govindraj, 2017). ‘Dhanshakti’ in pearl millet marks the first high-iron 
biofortified cultivar of any crop variety officially released and already adopted by farmers in 
India. Studies indicate the amounts of total iron and zinc absorbed from biofortified pearl mil-
let variety were higher than those from the non-biofortified variety. Thus, a holistic approach 
starting with identifying the soil nutrient deficiencies, meeting the crop demands through bal-
anced soil nutrient management and using biofortified cultivars can have increased micronutri-
ent uptake capacity as well as the capacity to have nutrient dense grains and fodder by increased 
nutrient-use efficiency and would significantly contribute to improved nutrition by increasing 
the daily micronutrient intakes as evidenced by bioavailability studies in millets (Wani and 
Govindraj, 2017).

The implication of such nutrient deficiencies is most often perceived in their impacts on reduced 
grain production and quality, but the outcome of soil nutrient depletion in crop-livestock faming 
system in the drylands is far beyond. It affects livestock feed quantity and quality (Haileslassie et 
al. 2011, 2013; Blümmel et al. 2009a, b). Crop residues are important feed components in the crop-
livestock systems, and the effects of improved nutrients input on feed availability and feed quality 
are very important. Improved fertilizer inputs affect crop residue yield and the quality. It increases 
metabolizable energy (ME) productivity (ME ha–1) and thereof the potential milk yield ha–1 by as 
high as 40% (Haileslassie et al. 2013). Thus, adding deficient micro and secondary nutrient inputs 
on crop land positively impacts productivity of the crop production and livestock compartment of 
mixed crop-livestock farming system and quality of the food and diversity of diets.
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A great learning of the scaling-up initiative in Karnataka, India is that ensuring food and nutri-
tional security need not wait for any new major scientific breakthrough, but a political will, collec-
tive action and innovations in a system to take simple technologies to farmers’ doorsteps (ICRISAT, 
2016). Soil health mapping to diagnose critical nutrients, and institutional arrangements for aware-
ness and capacity building along with access to critical micro and secondary nutrient amendments, 
brought significant growth in agriculture and rural economy. It promoted inclusive growth through 
improved incomes and livelihoods of the poor, and is therefore an effective strategy in the fight 
against hunger and malnutrition.

1.4.2 �I mprovement in Nutrients Use Efficiency

Subsidies and increased awareness about fertilizers have led to an increase in fertilizer consump-
tion from 11 kg ha–1 in 1970 to 89 kg ha–1 in 2004, and to 128.3 kg ha–1 in 2010–2011 (Wani et al. 
2016b). More importantly, while fertilizer consumption continues to rise substantially, the elasticity 
of output with respect to fertilizer use has dropped sharply. The average crop response was 25 kg 
of grain per kg of fertilizer during the 1960s, which fell to only 8 kg of grain per kg of fertilizer 
by the late 1990s (Kapur, 2011). During the previous decade, while fertilizer consumption grew by 
50%, the increase in food grains production was only 11%. The increase in fertilizer use has come at 
significant cost. The fiscal burden of fertilizer subsidy was ₹ 60 crore in the years 1976–1977, which 
shot up to over ₹ 70,000 crore in 2012–2013. In this context, it is high time to improve fertilizer use 
efficiencies and increase farm profits.

Studies (Chander et al. 2014a; Figure 1.1) show that need-based micro and secondary nutri-
ent amendments not only bring in productivity benefit, but also improve nutrient and most impor-
tantly nitrogen use efficiency. The results showed that the addition of deficient S, B and Zn bring in 
improvements in uptake efficiency, utilization efficiency, use efficiency and harvest index in N and 
P. The yearly doses (half of recommended dose of 30 kg S, 10 kg Zn and 0.5 kg B, the alternate year) 
prove more efficient from a fertilizer efficiency as well as productivity point of view.

1.4.3 �I mprovement in Water Use Efficiency

Moreover, improvements in agricultural productivity, resulting in yield increase and denser foli-
age, will involve a vapor shift from nonproductive evaporation in favor of productive transpiration 
(Rockström et al. 2007). Various on-farm studies also corroborate the benefits of application of 
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FIGURE 1.1  Effects of balanced nutrient management strategies on nitrogen use efficiency indices in maize 
at ICRISAT, Patancheru, India, rainy season 2010.
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deficient secondary and micronutrients in effectively utilizing available water to get higher crop 
yields (Chander et al. 2016, 2013b; Table 1.2). Keeping in mind the projected water scarcity, this 
favorable vapor shift leading into higher water use efficiency is desirable in modern agriculture. 
In rainfed agriculture, poor soil condition does not enable plants to effectively use the green water 
(water held in soil matrix) which is an issue of concern resulting in low use efficiency of rainwater. 
The contribution of green water in generating global food production is very high, as nearly 85% of 
total consumptive fresh water use in crop land and 98% in grass land (Rost et al. 2008; Hoff et al. 
2010). So, this vapor shift enhancing rainwater use efficiency through nutrient amendments is most 
important in sustainability of production systems.

1.4.4 � Soil Fertility Built-Up and C-Sequestration

Soil test-based micro and macro nutrient amendments are intended to rejuvenate soil health through 
balancing plant nutrients, while exerting productivity benefit. Various on-farm studies show 
improved soil health in terms of soil organic C and available nutrients like P, S, B and Zn under the 
balanced nutrition (Table 1.3). Better root growth and more shoot biomass addition under balanced 
nutrient management apparently accounts for higher soil organic C. Moreover, addition of deficient 
micro and secondary nutrients in balanced nutrition plots are expected to improve their contents. 
With improved soil health, residual benefits are also documented in such studies (Chander et al. 
2014b, 2013a) indicating resilience-building of production system.

TABLE 1.2
Effects of Balanced Nutrient Management Strategies 
on Rainwater Use Efficiency in Maize and Soybean 
at ICRISAT, Patancheru, Rainy Season, 2010

Treatment

Rainwater Use Efficiency (kg mm–1 ha–1)

Maize Soybean

Control 0.88 2.08

NP 3.50* 2.15

NP+SBZn (every yr) 4.02* 2.48

NP+50%SBZn (every yr) 5.33* 2.75*

NP+SBZn (every 2nd yr) 4.62* 2.67*

NP+50%SBZn (every 2nd yr) 3.97* 2.55

*	 Significant at p ≤ 0.05.

TABLE 1.3
Postharvest Soil Fertility Status in Rainy Season Groundnut 
in Farmers’ Fields in Nalgonda, 2010

Available Nutrients 
and Soil Organic Carbon

Farmers’ Practice 
(N+P+K)

Balanced Nutrition 
(FP+S+B+Zn)

Soil organic carbon (%) 0.27 0.29

Phosphorus (mg kg–1) 1.42 2.97

Potassium (mg kg–1) 57.0 60.5

Sulphur (mg kg–1) 3.20 3.77

Boron (mg kg–1) 0.18 0.24

Zinc (mg kg–1) 0.69 1.31
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Results of a long-term experiment at ICRISAT headquarter showed that soil test-based balanced 
fertilization along with improved crop varieties and landform management in Vertisols can seques-
ter 335 kg C ha–1 yr –1 (Wani et al. 2003). It was found that C inputs increased with continuous crop-
ping, particularly where soil test-based fertilizers were applied and when legumes were included 
in the system. Results showed that soil microbial biomass C responds more rapidly to the changes 
in management than soil organic C as such, and it serves as a surrogate for soil quality. Improved 
management of soils also resulted in higher (10.3 vs. 6.4%) biomass C as a proportion of soil organic 
C up to 120 cm soil depth.

In a study on monitoring changes in soil carbon between 1980 and 2005 (Bhattacharya et al. 
2005), in two important food production zones of India viz. the Indo-Gangetic Plains (IGP; Punjab, 
Haryana, Uttar Pradesh, Bihar and West Bengal) and the black and associated red (BSR; Andhra 
Pradesh, Madhya Pradesh, Karnataka, Gujarat and Maharashtra) soils, soil organic C stock of both 
the soils was found to increase during 1980 to 2005. However, the increase was more in the IGP than 
the BSR. This is due to the turnover of more biomass to the soils (both as above-ground and below-
ground biomass) as IGP contributed largely to high levels of crop production compared to the BSR 
soils. During the post-green revolution era, the cropping intensity in the IGP increased from 137% 
to 158%, while the BSR remained less intensively cultivated, with an increase in cropping intensity 
from 111% to 123%. Adoption of the management intervention (that included balanced fertilization) 
recommended by the National Agricultural Research System for agricultural land use, during the 
post-green revolution, helped maintain the health of soils in the IGP and BSR areas, without causing 
a decline in soil organic C since 1980.

Scaling-up improved management is the need of the day as the SOC stocks of Indian soils dem-
onstrate enough potential to sequester organic C (Pal et al. 2015). It is observed that vast areas of 
lands in arid, semi-arid and drier parts of sub-humid India are impoverished in soil organic C, but 
are high in soil inorganic C up to 30 cm depth. These specified areas are the prioritized ones for 
organic C management in soil. These areas cover 155.8 m ha, of which arid areas cover 4.9, semi-
arid 116.4 and dry sub-humid 34.5 m ha. Under different land use systems, soil organic C sequestra-
tion within the first 100 cm is observed to be higher in soils under forest, followed by horticultural 
and agricultural system (Pal et al. 2015).

1.5 � ORGANIC AMENDMENTS FOR REGULATING SOIL ORGANIC C POOLS

Soil organic matter has long been suggested as the single most important indicator of soil produc-
tivity. Even small changes in total C content can have a disproportionately large impact on key soil 
physical properties (Powlson et al. 2011). An increase of one ton of soil carbon pool of degraded 
cropland soils may increase crop yield by 5 to 400 kg ha-1 (Lal 2011). Low soil C levels (Table 1.1a–d) 
poses challenges for sustainability and external amendments for improving and maintaining soil 
C are needed. However, due to cheaper chemical fertilizers, farmers have moved away from using 
organic manure (ICRISAT 2016). Recycling large quantities of carbon (C) and nutrients contained 
in agricultural and domestic wastes (~700 million t organic wastes are generated annually in India) 
(Bhiday 1994) are needed to rejuvenate soil health for enhancing productivity (Chander et al. 2013a; 
Wani et al. 2014; Nagavallemma et al. 2004).

1.5.1 �C omposts

Vermicomposting is a simple process of composting with the help of earthworms to produce a better 
enriched end product. It is one of the easiest methods to recycle wastes to produce quality compost 
tailored to individual farm requirements (Wani et al. 2014). Vermicompost, however, is in general 
richer in nutrients than other compost due to better decomposition of it. Earthworms consume vari-
ous organic wastes and reduce the volume by 40–60%. The moisture content of castings ranges 
between 32 and 66%, and the pH is around 7.0. A mature vermicompost contains 9.8 to 13.4% 

Please check  
citation of “Table 
1.1a–d” here if 
correct.
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organic carbon, 0.51 to 1.61% nitrogen, 0.19 to 1.20% phosphorus and 0.15 to 0.73% potassium, 
and other plant nutrients like sulphur, calcium, magnesium, boron, zinc, copper, iron, manganese, 
molybdenum chlorine and nickel (Nagavallemma et al. 2004).

Pilot studies have shown the benefits of the integrated approach of using composts along with 
chemical fertilizers in higher yields even over the balanced nutrition solely through chemical fertil-
izers, while saving chemical fertilizers up to 25–50% (Figure 1.2; Chander et al. 2013a). In the pilot 
studies with soybean crop in Madhya Pradesh, the rainwater use efficiency (RWUE) was 0.97 to 
4.38 kg mm–1 ha–1 under integrated use of chemical fertilizers and composts, followed by 0.95 to 
3.85 kg mm–1 ha–1 with balanced fertilizers as compared with the FP having lowest RWUE of 0.83 
to 3.45 kg mm–1 ha–1. The impacts of organic composts on improving water productivity are implied 
through positively affecting the physical properties of soil that increase the extent to which it can 
absorb rainfall and hold water, making it available for later crop use. Soil organic C also influences 
the ability of soils to retain nutrients, microbial biomass activity and its role as a major source of 
nutrients, which altogether exert a positive effect on crop growth to effectively use available water. 
Similarly the nutrient management also records profuse root biomass that could effectively utilize 
scarce water from far-off places and convert otherwise unproductive evaporation loss into produc-
tive transpiration under the integrated approach treatment followed by balanced fertilizers.

Soil test-based amendments of nutrients with or without organic composts also tend to increase 
grain nutrient contents over the farmers practice (Figure 1.3; Chander et al. 2013a), with more 
benefits under an integrated approach. Conjoint application of nutrients along with vermicompost 
apparently reduces fixation and leaching losses of nutrients and thereby enhances their availability 
in soil and uptake by plants. Benefits of application of B in maintaining membrane integrity are also 
well known and hence may account for enhancing the ability of membranes to transport available 
nutrients.

1.5.2 �C onservation Agriculture and Residue Addition

Conservation agriculture (CA) refers to raising crops with minimal soil disturbance while retain-
ing crop residues on the soil surface. In CA, the benefits of enhanced soil fertility are considered 
more a function of increased inputs of organic matter as mulch (Giller et al. 2009). CA is a suitable 

0

500

1000

1500

2000

2500

3000

Guna Raisen Shajapur Vidisha Guna Shajapur Vidisha

G
ra

in
 Y

ie
ld

 (k
g 

ha
–1

)

Farmer' Practice (N+P+K)

Balanced Nutrition (FP+S+B+Zn)

Integrated Nutrient Management (50% BN + vermicompost)

Year 2010 Year 2011
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technique for soil erosion control and economic productivity enhancement, by avoiding soil ero-
sion losses through reducing the impact of raindrops and avoiding the detachment of soil particles, 
which accounts for 95% of erosion (FAO 2000). Retained crop residues promote more stable soil 
aggregates as a result of increased microbial activity and prevent any aggregate breakdown by direct 
raindrop impact as well as by the rapid wetting and drying of soils (LeBissonnais 1996), which is 
critical in water retention and infiltration. Due to enhanced rainwater infiltration under CA, soil ero-
sion may be reduced to a level below the regeneration rate of the soil. Experimental results show that 
runoff decreases exponentially with the proportion of soil surface effectively covered by residues, a 
30% cover of soil surface usually implying a reduction of runoff by >50% (Scopel et al. 2004). Soil 
cover not only protects soil against the impact of raindrops and gusty winds, but from the heating 
effect of the sun (FAO 2000; Bot and Benites 2005). CA helps to improve nutrient use efficiency as 
it reduces soil erosion, thereby preventing nutrient loss from the field and through appropriate use of 
deep-rooting cover crops that recycle nutrients leached from the topsoil (FAO 2001). CA has been 
found to positively affect the water balance of soils by improving rainwater infiltration (Govaerts 
et al. 2007; Shaxson et al. 2008), water holding capacity (Acharya et al. 1998; Govaerts et al. 2007; 
Mousques and Friedrich 2007; Govaerts et al. 2009) and reducing evaporative loss (Scopel et al. 
2004). With these benefits of water availability and soil quality, CA apparently brings in resilience 
of crops to adapt to changes in local climate and may emerge as an important climate change adap-
tation strategy and also climate change mitigation through possible C sequestration.

As regards the effects of CA on crop productivity, some studies claim that CA results in higher 
and more stable crop yields, while on the other hand there are also numerous examples of no yield 
benefits and even yield reductions, especially during the initial years of CA adoption. Short-term 
yield effects have been found to be variable (positive, neutral or negative yield response) (Mbagwu 
1990; Gill and Aulakh 1990; Lumpkin and Sayre 2009).

However, the results in on-station experiment at ICRISAT showed no significant effect on maize, 
chickpea and pigeonpea yield with or without residue addition (Jat et al. 2012). Retained residues 
reduced total seasonal runoff under both the normal as well as minimum tillage practices (Jat et al. 
2015). These results imply that under CA higher rainwater filters into the soil to add to the green 
water. Similarly, the peak rate of runoff, which indicates the erosive capacity of runoff water, is 
also decreased with residue addition. No significant benefit is observed by retaining residues in 
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FIGURE 1.3  Effects of nutrient managements on soybean (Glycine max) grain nutrient contents in Raisen 
district, Madhya Pradesh, India during rainy season 2010.
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improving water use efficiency. The difficulty in sowing through surface retained residues and poor 
seed to soil contact under residue retained plots apparently led to lower plant stand and crop yield 
(Jat et al. 2015). The residue addition, though, tended to improve soil organic C levels.

1.6 � AMENDMENTS FOR PROBLEM SOILS

One of the challenges of harnessing higher productivity levels and sustainability of agriculture is 
in expanding soil salinity/alkalinity, which has in recent times become a serious issue of concern. 
India’s total salt affected area is 6.74 m ha, out of which 3.79 m ha is affected with sodicity and the 
other 2.95 m ha with salinity (including 1.25 m ha coastal saline soils) (CSSRI 2017). Salt affected 
soils exist across the length and breadth of India covering 16 states/union territories; the maximum 
salt affected soils are in Gujarat (2.22 m ha) followed by Uttar Pradesh (1.37 m ha). With a scarcity 
of good quality irrigation water and rising pressure to produce more from every hectare of available 
arable land, the brackish groundwater is being increasingly used for irrigation (Dagar 2005), which 
is adding to the problem. The irrigation potential during the post-independence period has increased 
from 22.6 million ha in 1951 to about 92 million ha by the end of eighth plan, of which about 
42  million ha was from ground waters and the surveys indicated that poor quality waters being 
utilized in different states are 32 to 84% of the total ground water development (Dagar 2005). The 
increase in irrigated area as envisaged would lead to secondary salinization, consequentially lead-
ing to an estimated 16.2 million ha of salt affected area by 2050 (CSSRI 2015). Thus, salt affected 
soils and poor quality waters including wastewaters represent an opportunity that can be exploited 
to increase agricultural production and productivity to ensure national food and nutritional security.

Chemical amendments in alkaline soils, and drainage and leaching of saline soils, are well docu-
mented technologies. Studies using different amendments like gypsum, pyrite, sulphuric acid, nitric 
acid, press mud, aluminium sulphate, ferrous sulphate and farmyard manure proved that gypsum 
followed by pyrites are the most useful because of their easy availability and cost consideration 
(Tyagi and Minhas 1998). The dose of an amendment required for reclamation of alkali soil is gov-
erned by its initial exchangeable sodium percentage (ESP), tolerance of crops to be grown, texture 
and minerology of soil and depth to be reclaimed. For the initiation of the reclamation of alkali 
soils for cultivation of shallow rooted crops, an application of 50% of the gypsum requirement, 
which amounts to 10–15 Mg ha–1 in 0–15 cm soil, is sufficient (Dagar 2005). The cost of alkali soil 
reclamation at constant prices is rising. Overdependence on finite and non-renewable resources as 
amendments (gypsum, pyrites) for reclamation is not sustainable in the long run. Organic materi-
als together with inorganic amendments quicken the reclamation of alkali soils and also reduce the 
gypsum requirement (Dagar 2005). Taking into account the high costs, other alternate technolo-
gies like biological reclamation by exploiting the use of microbes, application of organic materials, 
diversification into silvi-pastoral systems, cultivation of salt-tolerant crop varieties and halophytes 
and grasses with no or reduced doses also needs to be considered and promoted.

1.7 � CONCLUSIONS

Food and nutrition security of rising population can be achieved by increasing the sustainability 
of agriculture through the adoption of science-led developments. Maintaining proper soil health is 
one essential element of sustainable agriculture and safeguarding ecosystem services. Hungry soils 
produce unhealthy food in insufficient quantities. The swiftly rising population has put pressures on 
soil resources and altered equilibriums for the various soil functions due to mismanagement lead-
ing to soil degradation. This has threatened the sustainability and food security and livelihoods. 
Depletion of soil organic C is one of the major threat taking into account its multifarious effect on 
soil chemical, physical and biological properties. Nutrient imbalances and mining of N, P, S, B and 
Zn have reached alarming levels across different regions, and need-based nutrient amendments 
have shown a productivity benefit of 20 to 50% along with benefits in resource use efficiency and 
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C-sequestration. Organic compost amendments along with nutrients not only enhance or maintain 
yield levels, but also cut costs of chemical fertilizers by 25 to 50%. The scope and trade-offs of 
conservation agriculture, especially residue incorporations, need to be studied thoroughly for any 
further scaling-up. Current salt-affected soils of 6.74 m ha and increase in its area due to secondary 
salinization as a result of overexploitation of water resources up to 16.2 m ha by 2050 is another 
challenge. Taking into account no scope for expansion of cultivated area, soil amendments like gyp-
sum or pyrites along with other management options in integrated ways for reclamation of alkali/
saline soils needs desired attention. In this challenging scenario, policies to promote macro and 
micro nutrient amendments in soil and the addition of organic composts by recycling organic wastes 
generated both in urban and rural areas and amendments for problem soils are desired. In order to 
achieve sustainable development without degrading lands there is an urgent need to adopt science-
led management of agriculture through diagnostic assays, specific and appropriate recommenda-
tions of the needed amendments, awareness building along with enabling policies and institutional 
mechanisms to make the needed amendments available to the farmers at the right time, at the right 
price and in the right quantities. Integrated nutrient management harnessing the full potential of 
biological, organic resources and filling the gap with the right chemical sources must be promoted.

ACKNOWLEDGMENTS

The authors duly acknowledge support from the governments of Karnataka, Andhra Pradesh, SDTT 
and SRTT in diagnosing soil health issues and promoting amendments for rejuvenating degraded 
soils.

REFERENCES

Acharya, C. L., O. C. Kapur and S. P. Dixit. 1998. Moisture conservation for rainfed wheat production with 
alternative mulches and conservation tillage in the hills of North-West India. Soil Till. Res. 46: 153–163.

Amarasinghe, U. A., T. Shah, H. Turral and B. K. Anand. 2007. India’s water future to 2025–2050. Business 
As-Usual Scenario and Deviations (IWMI Research Report 123). Colombo, Sri Lanka: International 
Water Management Institute (IWMI).

Bhattacharya, T., P. Chandran, S. K. Ray, D. K. Pal, M. V. Venugopalan, C. Mandal and S. P. Wani. 2015. 
Changes in levels of carbon in soils over years of two important food production zones of India. Curr. 
Sci. 93(12): 1854–1863.

Bhiday, M. R. 1994. Earthworms in agriculture. Indian Farming 43(12): 31–34.
Blümmel, M., S. Anandan and C. S. Prasad. 2009a. Potential and limitations of by-product based feeding 

systems to mitigate greenhouse gases for improved livestock productivity. In Diversification of Animal 
Nutrition Research in the Changing Scenario, Volume 1 (Lead Papers), ed. N. K. S. Gowda, S. Senani, 
R. Bhatta and D. T. Pal, 68–74. 13th biennial conference of animal nutrition society of India, 17–19 
December 2009, Bangalore, India, p. 168.

Blümmel, M., M. Samad, O. P. Singh and T. Amede. 2009b. Opportunities and limitations of food-feed crops 
for livestock feeding and implications for livestock-water productivity. Rangeland J. 31: 207–213.

Bot, A. and J. Benites. 2005. Creating drought-resistant soil. In The Importance of Soil Organic Matter: 
Key to Drought-Resistant Soil and Sustained Food Production. FAO soils bulletin 80, FAO Land and 
Plant Nutrition Management Service, 35–40. Rome: Food and Agriculture Organization of the United 
Nations.

Chander, G., S. P. Wani, K. L. Sahrawat and L. S. Jangawad. 2012. Balanced plant nutrition enhances rainfed 
crop yields and water productivity in Jharkhand and Madhya Pradesh states in India. J. Trop. Agric. 
50(1–2): 24–29.

Chander, G., S. P. Wani, K. L. Sahrawat, P. J. Kamdi, C. K. Pal, D. K. Pal and T. P. Mathur. 2013a. Balanced 
and integrated nutrient management for enhanced and economic food production: Case study from 
rainfed semi-arid tropics in India. Arch. Agron. Soil Sci. 59(12): 1643–1658.

Chander, G., S. P. Wani, K. L. Sahrawat, C. K. Pal and T. P. Mathur. 2013b. Integrated plant genetic and 
balanced nutrient management enhances crop and water productivity of rainfed production systems in 
Rajasthan, India. Commun. Soil Sci. Plant Anal. 44: 3456–3464.

9780815370772_C001.indd   14 5/16/2018   3:12:14 PM



15Soil Amendments for Sustainable Intensification

Chander, G., S. P. Wani, K. L. Sahrawat and C. Rajesh. 2014a. Enhanced nutrient and rainwater use efficiency 
in maize and soybean with secondary and micro nutrient amendments in the rainfed semi-arid tropics. 
Arch. Agron. Soil Sci. 61(3): 285–298.

Chander, G., S. P. Wani, K. L. Sahrawat, S. Dixit, B. Venkateswarlu, C. Rajesh, P. N. Rao and G. Pardhasaradhi. 
2014b. Soil test-based nutrient balancing improved crop productivity and rural livelihoods: Case study 
from rainfed semi-arid tropics in Andhra Pradesh, India. Arch. Agron. Soil Sci. 60(8): 1051–1066.

Chander, G., S. P. Wani, K. Krishnappa, K. L. Sahrawat, G. Parthasaradhi and L. S. Jangawad. 2016. Soil 
mapping and variety based entry-point interventions for strengthening agriculture-based livelihoods – 
Exemplar case of ‘Bhoochetana’ in India. Curr. Sci. 110(9): 1683–1691.

CSSRI. 2015. Vision 2050, Central Soil Salinity Research Institute (Indian Council of Agricultural Research), 
Karnal, Haryana, India. M/s Royal Offset Printers. p. 31. http://www.icar.org.in/Vision%202050%20
CSSRI%20Karnal.pdf (accessed June 22, 2017).

CSSRI. 2017. Extent and distribution of salt affected soils in India. http://www.cssri.org/index.php?option=com​
_content&view=article&id=122&Itemid=126 (accessed June 22, 2017).

Dagar, J. C. 2005. Salinity research in India: An overview. Bulletin National Inst. Ecol. 15: 69–80.
FAO. 2000. Soil conservation and management for small farms. Strategies and methods of introduction, tech-

nologies and equipment. FAO Soils Bulletin No. 77. Rome: FAO.
FAO. 2001. Conservation Agriculture case studies in Latin America and Africa, introduction. FAO Soils 

Bulletin No. 78. Rome: FAO.
FAO and ITPS. 2015. Status of the World’s Soil Resources (SWSR) – Main Report. Rome, Italy: Food and 

Agriculture Organization of the United Nations and Intergovernmental Technical Panel on Soils.
FAOSTAT. 2013. http://faostat.fao.org/site/550/default.aspx#ancor.
Gill, K. S. and B. S. Aulakh. 1990. Wheat yield and soil bulk-density response to some tillage systems on an 

Oxisol. Soil Till. Res. 18: 37–45.
Giller, K. E., E. Witter, M. Corbeels and P. Tittonell. 2009. Conservation agriculture and smallholder farming 

in Africa: The heretics’ view. Soil Till. Res. 114: 23–34.
Govaerts, B., M. Fuentes, M. Mezzalama, J. M. Nicol, J. Deckers, J. D. Etchevers, B. Figueroa-Sandoval and 

K. D. Sayre. 2007. Infiltration, soil moisture, root rot and nematode populations after 12 years of differ-
ent tillage, residue and crop rotation managements. Soil Till. Res. 94: 209–219.

Govaerts, B., K. D. Sayre, B. Goudeseune, P. De Corte, K. Lichter, L. Dendooven and J. Deckers. 2009. 
Conservation agriculture as a sustainable option for the central Mexican highlands. Soil Till. Res. 103: 
222–230.

Government of India. 2016. 2011 census data. Office of the Registrar General & Census Commissioner, 
Ministry of Home Affairs, India. http://censusindia.gov.in/.

Haileslassie, A., M. Blümmel, M. V. R. Murthy, M. Samad, F. Clement, S. Anandan et al. 2011. Assessment 
of livestock feed and water nexus across mixed crop livestock system’s intensification gradient: An 
example from the Indo-Ganaga Basin. Exp. Agric. 47: 113–132.

Haileslassie, A, M. Blümmel, S. P. Wani, K. L. Sahrawat, G. Pardhasaradhi and A. Samireddypalle. 2013. 
Extractable soil nutrient effects on feed quality traits of crop residues in the semiarid rainfed mixed 
crop-livestock farming systems of Southern India. Environ. Dev. Sustain. 15: 723–741.

Hoff, H., M. Falkenmark., D. Gerten et al. 2010. Greening the global water system. J. Hydrol. 384: 177–186.
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT). 2016. Strengthening 

Bhoochetana: Sustainable agriculture mission for improved livelihoods in Karnataka (GoK-
ICRISAT-BC). Available at: http://idc.icrisat.org/index.php/strengthening-bhoochetana-sustsainable​
-agriculture-mission-for​-improved-livelihoods-in-karnataka-gok-icrisat-bc/.

Jat, R. A., S. P. Wani, Piara Singh, P. Pathak, K. Srinivas, U. Kumar, E. Pavani and R. Velmurgan. 2012. Effect 
of conservation agriculture on productivity and economics of different cropping systems under rainfed 
conditions in the semi-arid tropics. Extended Summaries Vol 3, 3rd International Agronomy Congress, 
Nov. 26–30, 2012, New Delhi, India.

Jat, R. A., P. Pathak, S. P. Wani, Piara Singh, G. Chander and R. S. Sudi. 2015. Evaluating climate change 
mitigation and adaptation potential of conservation agriculture in semi-arid tropics of southern India. 
British J. Environ. Clim. Change 5(4): 324–338.

Kapur D. 2011. The shift to cash transfer: Running better but on the wrong road? Econ. Political Wkly. 46(21): 
80–85.

Lal, R. 2011. Sequestring carbon in soils of agro-ecosystems. Food Policy 36: S33–S39.
LeBissonnais, Y. 1996. Aggregate stability and assessment of soil crustability and erodibility. Theory and 

methodology. Europ. J. Soil Sci. 47: 425–437.

9780815370772_C001.indd   15 5/16/2018   3:12:14 PM



16 Soil Amendments for Sustainability

Lumpkin, T. A. and K. Sayre. 2009. Enhancing resource productivity and efficiency through conservation 
agriculture. In Proc. 4th World Congress on Conservation Agriculture ‘Innovations for Improving 
Efficiency, Equity and Environment’, pp. 3–9. New Delhi, India.

Mbagwu, J. 1990. Mulch and tillage effects on water transmission characteristics of an Ultisol and maize 
grain yield in SE Nigeria. Pedologie 40: 155–168.

Mousques, C. and T. Friedrich, T. 2007. Conservation Agriculture in China and the Democratic People’s 
Republic of Korea. FAO crop and grassland service working paper. Rome: Food and Agriculture 
Organization of the United Nations.

Nagavallemma, K. P., S. P. Wani, Stephane Lacroix, V. V. Padmaja, C. Vineela, M. Babu Rao and K. L. 
Sahrawat. 2004. Vermicomposting: Recycling Wastes into Valuable Organic Fertilizer. Global Theme 
on Agroecosystems Report No. 8. Patancheru 502 324, Andhra Pradesh, India: International Crops 
Research Institute for the Semi-Arid Tropic.

Nkonya, E. M., A. Mirzabaev and J. von Braun. 2016. Economics of Land Degradation and Improvement – 
A Global Assessment for Sustainable Development. United States: Springer International Publishing.

Pal, D. K., S. P. Wani and K. L. Sahrawat. 2015. Carbon sequestration in Indian soils: Present status and the 
potential. Proc. Natl. Acad. Sci., India, Sect. B Biol. Sci. 85(2): 337–358.

Paustian, K., C. V. Cole, D. Sauerbeck and N. Sampson. 1998. CO2 mitigation by agriculture: An overview. 
Climatic Change 40: 135–162.

Powlson, D. S., P. J. Gregory, W. R. Whalley, J. N. Quinton, D. W. Hopkins, A. P. Whitmore, P. R. Hirsch and 
K. W. T. Goulding. 2011. Soil management in relation to sustainable agriculture and ecosystem services. 
Food Policy 36(1): 72–87.

Rockström, J., M. Lannerstad., M. Falkenmark et al. 2007. Assessing the water challenge of a new green revo-
lution in developing countries. Proc. Natl. Acad. Sci. USA 104: 6253–6260.

Rost, S., D. Gerten, A. Bondeau, W. Luncht, J. Rohwer, S. Schaphoff et al. 2008. Agricultural green and blue 
water consumption and its influence on the global water system. Water Resour. Res. 44: W09405.

Sahrawat, K. L., T. J. Rego, S. P., Wani and G. Pardhasaradhi. 2008. Sulfur, boron, and zinc fertilization 
effects on grain and straw quality of maize and sorghum grown in semi-arid tropical region of India. 
J. Plant Nutr. 31(9): 1578–1584.

Sahrawat, K. L., S. P. Wani, A. S. Rao and G. Pardhasaradhi. 2011. Management of emerging multinutri-
ent deficiencies: A prerequisite for sustainable enhancement of rainfed agricultural productivity. In 
Integrated Watershed Management in Rainfed Agriculture, pp. 281–313. London, UK: CRC Press 
(Taylor & Francis).

Sahrawat, K. L., S. P. Wani and G. Pardhasaradhi. 2013. Balanced nutrient management: Effects on plant zinc. 
J. SAT Agric. Res. 11: 1–3.

Scherr, S. J. and S. Yadav. 1996. Land degradation in the developing world: Implications for food, agriculture, 
and the environment to 2020. Food, Agriculture, and the Environment Discussion Paper 14, IFPRI, 
Washington, D.C., pp. 1–129.

Scopel, E., F. A. M. Da Silva, M. Corbeels, F. O. Affholder and F. Maraux, F. 2004. Modelling crop residue 
mulching effects on water use and production of maize under semi-arid and humid tropical conditions. 
Agronomie 24: 383–395.

Shaxson, F., A. Kassam, T. Friedrich, B. Boddey and A. Adekunle. 2008. Underpinning Conservation 
Agriculture’s Benefits: The Roots of Soil Health and Function. Background Document for the: 
Workshop on Investing in Sustainable Crop Intensification: The Case for Improving Soil Health, Italy, 
Plant Production and Protection Division (AGP). Rome: Food and Agriculture Organization of the 
United Nations.

Tyagi, N. K. and P. S. Minhas. 1998. Agricultural Salinity Management in India. Karnal, India: Central Soil 
Salinity Research Institute.

UN (United Nations). 2016. World population prospects, the 2015 revision. Department of Economic and 
Social Affairs, Population Division, United Nations.

Uppal, R. K., S. P. Wani, K. K. Garg and G. Alagarswamy. 2015. Balanced nutrition increases yield of pearl 
millet under drought. Field Crops Res. 177: 86–97.

Wani, S. P. and G. Chander. 2016. Role of micro and secondary nutrients in achieving food and nutritional 
security. Adv. Plant Agric. Res. 4(2): 00131. DOI: 10.15406/apar.2016.04.00131

Wani, S. P. and M. Govindraj. 2017. Soil health to human and animal health through breeding biofortified cul-
tivars and balanced nutrient management for nutrition revolution in India. (Communicated). In: Insights 
on Global Challenges and Opportunities for the Century Ahead, pp. 269–274. Hyderabad, India: BS 
Publications, ISBN 978-93-5230-186-7.

9780815370772_C001.indd   16 5/16/2018   3:12:15 PM



17Soil Amendments for Sustainable Intensification

Wani, S. P., P. Pathak, L. S. Jangawad, H. Eswaran and Piara Singh. 2003. Improved management of Vertisols 
in the semi-arid tropics for increased productivity and soil carbon sequestration. Soil Use and Manag. 
19: 217–222.

Wani, S. P., G. Chander and C. Vineela. 2014. Vermicomposting: Recycling wastes into valuable manure for 
sustained crop intensification in the semi-arid tropics. In Bioresources for Sustainable Plant Nutrient 
Management, ed. Ramesh Chandra, K. P. Raverkar, pp. 123–151. Delhi, India: Satish Serial Publishing 
House.

Wani, S. P., G. Chander, K. L. Sahrawat and G. Pardhasaradhi. 2015. Soil test-based balanced nutrient man-
agement for sustainable intensification and food security: Case from Indian semi-arid tropics. Commun. 
Soil Sci. Plant Anal. 46(S1): 20–33.

Wani, S. P., G. Chander, K. L. Sahrawat, D. K. Pal, P. Pathak, G. Pardhasaradhi and P. J. Kamadi. 2016a. 
Sustainable use of natural resources for crop intensification and better livelihoods in the rainfed semi-
arid tropics of Central India. NJAS-Wageningen J. Life Sci. 78: 13–19.

Wani, S. P., G. Chander, T. Bhattacharyya and M. Patil. 2016b. Soil Health Mapping and Direct Benefit 
Transfer of Fertilizer Subsidy. Research Report IDC-6. Patancheru 502 324. Telangana, India: 
International Crops Research Institute for the Semi-Arid Tropics.

Wani, S. P., G. Chander and K. H. Anantha. 2017. Enhancing resource use efficiency through soil management 
for improving livelihoods. In Adaptive Soil Management: From Theory to Practices, ed. A. Rakshit et 
al., pp. 413–451. Singapore: Springer.

Whitmore, A. P., G. J. D. Kirk and B. G. Rawlins. 2014. Technologies for increasing carbon storage in soil to 
mitigate climate change. Soil Use Manag. 31(S1): 62–71.

9780815370772_C001.indd   17 5/16/2018   3:12:15 PM



9780815370772_C001.indd   18 5/16/2018   3:12:15 PM




