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Abstract
Increasing population and related food demand always remain the most imperative challenges for the developing world. It 
could only be attained by an increased agricultural production based on external inputs like mineral fertilizers and pesticides 
during the twentieth century. The green revolution-based modern agricultural practices have resulted in the substantial 
increase in grain yield at the cost of natural resource degradation. The externalisation of agriculture led to a considerable 
decline in soil fertility and environmental resilience. It calls for a different approach which should educate the farmers to 
utilise their traditional knowledge to produce more grains using less external inputs. This approach is known as sustainable 
agriculture which is the need of the hour, at present. The sustainable agriculture practices are derived from the amalgamation 
of traditionally adapted healthy practices with a modern development of agricultural systems. Thus, sustainable agricultural 
practices are supposed to be resource-conservative and resilient to the present climate change scenario. Moreover, a higher 
proportion of traditional inputs either in the form of resources or the knowledge may encompass the socio-economic balance 
among different societies. In this review, a brief insight has been given on the concept of sustainable agriculture, its need in 
the present scenario and a critical assessment in terms of challenges and opportunities for overall sustainability in develop-
ing nations by considering India as a model country. How the integration of traditional knowledge and modern agriculture 
practices will improve the agricultural productivity, soil quality and health as well as socio-economic balance, has also been 
discussed in terms of research opportunities.

Keywords Biodiversity · Ecological agriculture · Food Security · Green Revolution · Interaction · Organic farming

Introduction

Agriculture, the sole provider of human food, is the world’s 
largest industry and major land-use with a global spread 
on ~ 40% available land (Ramankutty et al. 2008; Chel and 
Kaushik 2011; Foley et al. 2011; Sah and Devakumar 2018). 
Agriculture plays a central role in the economic develop-
ment of a country (Bose and Mondal 2013). Moreover, the 
crop-based food products constitute ~ 78% of the average 

per capita energy needs worldwide, whereas other food 
sources such as milk, eggs and meat constitute another 
20% (Brevik 2013). Thus, the dietary demand of growing 
population is the basic need and it can only be achieved 
by increasing agricultural production. As per the Ministry 
of Statistics and Programme Implementation, Government 
of India, agriculture and its allied sectors contribute ~ 17% 
to the gross domestic product (GDP, for the years 2009 
and 2017). Moreover, it provides about two-thirds of the 
employment in India (Directorate of Economics and Statis-
tics 2016). Agriculture is the principal livelihood option for 
over 58% of rural households in India (Food and Agriculture 
Organization, FAO 2015). These dimensions of agriculture 
are depicted in Fig. 1. Thus, growth in the agriculture sector 
is directly linked with the employment generation and pov-
erty eradication in developing economies (Srivastava et al. 
2016). Further, this industry faces a number of challenges 
and is developing continuously by adapting several measures 
to cope up with diverse challenges (Fig. 2). 
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The population of India is expected to reach 1.5 billion by 
2050 with a current decadal growth rate of ~ 18% (Ministry 
of Home Affairs 2011). The increasing population acceler-
ated the pressure on natural resources throughout the world, 
but more specifically in India which has only 2.2% of world 
geographical area and supports 15 and 18% of livestock and 
human population, respectively (Ministry of Agriculture 
2015). Of the total land area in India, only 46% is avail-
able as cultivable land. Cereal (mostly rice–wheat crop-
ping) cultivation accounts for ~ 75% of the cultivable land 
(RWC 2005). To increase the agricultural production dur-
ing the latter half of the twentieth century, green revolution 
was introduced in India (Borthakur and Singh 2013; Singh 
et al. 2017). It was originally based on three principles, i.e., 
people need to eat, land resources are limited, and thereby 
increasing the yield through external inputs was a necessity 
(Lobell et al. 2014). Since the introduction of green revolu-
tion, the area under cereals has decreased from 38 Mha (mil-
lion hectares, in 1950–51) to 31 Mha (in 2003–04), while 
the production increased more than two times [from 15 MT 
(in 1950–51) to 38 MT (in 2003–04)] during the same time 
interval due to yield improvement from 408 to 1228 kg ha−1 
(Ramakrishna and Rao 2008). Therefore, green revolution 

Fig. 1  Importance of agriculture in present scenario

Fig. 2  Challenges to the agricultural sector
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led self-sufficiency in food production in India was taken as 
a role model for several developing countries for reducing 
hunger and increasing rural prosperity (Bose and Mondal 
2013). Though agricultural management based on green rev-
olution practices led to substantial increase in food produc-
tion, the later consequences in terms of undesirable environ-
mental degradation resulted in the critical scrutiny of these 
agricultural practices. Thus, an urgent need of ecological 
agriculture or sustainable agriculture has been suggested by 
the policy makers (Srivastava et al. 2016). This review has 
been developed to provide a thorough understanding on the 
agricultural sustainability by discussing the challenges to the 
agriculture (after green revolution) sector and the measures 
to overcome those challenges (opportunities) under climate 
change scenario with special emphasis on Indian agriculture.

Challenges for Indian agriculture

As stated earlier, the studies reported a twofold increase in 
the food production during the first 20 years of the launch of 
green revolution in India. This radical growth was achieved 
by seven fold and 375 fold increase in the consumption of 
chemical fertilizers and pesticides, respectively (Singh et al. 
2016a). This reckless development had some devastating 
effects (Bose and Mondal 2013). The external input-driven 
approach subdued the importance of internal regulation in 
the agro-ecosystem functioning, biological interactions, soil 
health and overall environmental sustainability (Srivastava 
et al. 2016). Thus, it resulted in a significant decline in soil 
quality and its multi-functionality (Singh 2000). Further, the 
positive effects of green revolution in the form of instant 
increase in food production at that time have gained a plateau 
as the yield is not rising now with the rates as observed dur-
ing the period of 1965–1980 (Kumar and Mittal 2006; Singh 
and Sidhu 2006; Dhillon et al. 2010). Moreover, excessive 
inputs of agrochemicals resulted in the increase in environ-
mental pollution caused by increased availability of free and 
reactive chemical species (like nitrate, phosphate, ammonia, 
chloride and heavy metal contents) in the soil system (Shiva 
1991; Singh 2001). The dooming effects of agro-chemicals 
on soil ecosystems can be easily seen in several regions in 
India, particularly in Haryana and Punjab states. Overall, 
green revolution led to a socio-economic disparity among 
the farmers by favouring agro-based industries, large land-
holding farmers and negatively influencing small landhold-
ing farmers on the one hand, and the environmental pollu-
tion, vulnerability of water resources, declining soil fertility 
and increased emissions of greenhouse gases (GHGs) on the 
other hand (Singh 2000). Therefore, the first and foremost 
challenge for the Indian agriculture is to feed the growing 
population (i.e. food security), followed by the judicious use 
of natural resources, by maintaining socio-economic balance 

(in the form of yield, market and livelihood) and incorpora-
tion of traditional knowledge and resource inputs (Fig. 2) 
(Kumari et al. 2019). These challenges are elaborated in the 
following sub-sections:

Food security

According to the recent estimate of United Nations, ~ 795 
million people in the world were undernourished in 
2014–2016 (Arulbalachandran et al. 2017). This figure was 
even higher earlier (i.e. 18.6% of total population during 
1990–92) and has declined to 10.9% in 2014–16, which 
showed a reduction in the share of undernourished people 
in a growing global population. However, it is still being 
significantly higher and a massive number of people need 
an active, healthy and wealthy life (Arulbalachandran et al. 
2017). Thus, the concept of food security which is based on 
food availability, accessibility, stability and its utilization 
(Schmidhuber and Tubiello 2007) came into the light. At the 
World Food Conference, 1974, the term “food security” was 
defined as the “availability at all times of adequate world 
food supplies of basic foodstuffs to sustain a steady expan-
sion of food consumption and to offset fluctuations in pro-
duction and prices” (Souza and Rao 2016). On the contrary 
to food security, United States Department of Agriculture 
(USDA) defines food insecurity as a situation of “limited 
or uncertain availability of nutritionally adequate and safe 
foods or limited or uncertain ability to acquire acceptable 
foods in socially acceptable ways” (Souza and Rao 2016). 
Thus, achieving food security in a sustainable way is the 
world’s most imperative sociological, political, economic 
and scientific challenge of the twenty first century.

Food insecurity is majorly a problem for those coun-
tries having high fertility rates, and thus, rapid population 
growth enhancing the challenge of meeting their nutritional 
needs adequately (United Nations Development Programme, 
UNPD 2007). A remarkable increase (of ~ 145%) in world 
food production is observed since the introduction of green 
revolution (Pretty 2008). However, the issue of food secu-
rity is still more pronounced in poor countries. According 
to an estimate (as in 2003), 2780 kcal day−1 is the aver-
age per capita global food requirement which is less than 
2200 kcal day−1 for poor countries (Pretty et al. 2006). The 
population growth is relatively high in India with a current 
population of ~ 1.27 billion. India stands at the 74th posi-
tion in the Food Security Index (Economic Intelligence Unit 
2017). However, the growth of food production was found 
higher than the population growth for the past three decades 
(Sharma and Arora 2006). India ranked 103rd in the Global 
Hunger Index 2018 (https ://www.globa lhung erind ex.org/
resul ts/). As per an estimate, there will be a requirement 
of ~ 122 MT of rice, 102 MT of wheat, 41 MT of course 
grains, 28 MT of pulses and 143 MT of milk to feed the 1.3 
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billon people in India by the year 2020 (Sharma and Arora 
2006). Therefore, agriculture production needs to increase 
by almost twofolds (from 206 MT at present to 380 MT) per 
annum to feed a population of 1.4 billion by 2025 (Majum-
dar et al. 2014).

Water scarcity and salinization

Water is a prerequisite for the agricultural production. For 
example, to produce one ton of grain, ~ 1000 tons of water 
is required (Arulbalachandran et al. 2017). The predominant 
monsoon-dependency of Indian agriculture led it always to 
be at crossroads (Mall et al. 2006; Srivastava et al. 2016). 
Precipitation and water availability is an uncertain phenom-
enon in India as well as in most part of the world (Sarkar 
et al. 2017; Singh et al. 2017); therefore, crop water require-
ment is mainly fulfilled by supplemental irrigation such as 
canal and well irrigation (Chowdary et al. 2005). Agriculture 
consumes ~ 70% of global surface water for irrigation and 
crop production. A twofold increase in the cropland area 
under irrigation is observed in the past 50 years (Foley et al. 
2011). Of the total global freshwater withdrawal, ~ 30% is 
used alone for rice cultivation (Ehrlich and Harte 2015). 
Further, more than 45% of total freshwater is consumed by 
flood-irrigated rice in Asian countries, which are two to 
three folds higher than that for maize and wheat like cereal 
crops (Singh 2013). Such resource-intensive agriculture 
enhances the crop yield by two- to threefolds. However, 
changing climate conditions impeded the continuous water 
availability in most countries of the world, which further 
impacted the sustenance of conventional irrigation practices 
(Du et al. 2015). Moreover, crop production is more influ-
enced by water scarcity as compared to the land degrada-
tion, especially in areas having inadequate rainfall. Thus, 
maintenance of the continuous water availability seems to 
be the major challenge for the present agriculture in the near 
future (Millennium Ecosystem Assessment 2005; Pretty 
et al. 2010; Alrøe et al. 2016).

Agricultural demand of stored water (ground and sur-
face water) for irrigation in India is already very high and 
it is expected to rise by 56% by 2050 (Kaur et al. 2013). 
India is the largest user (~ 230 km3  year−1) of groundwater 
in the world. Thus, water scarcity is expected to result in the 
food shortages, raising food prices and increase in the food 
imports by the resource poor countries (Arulbalachandran 
et al. 2017). In addition, injudicious use of water for irriga-
tion or increase in water availability due to climate change 
phenomenon also intensified the process of soil saliniza-
tion due to increased waterlogging (Kumar and Singh 2003; 
Wichelns and Oster 2006). Currently, waterlogging and soil 
salinization are affecting about 5.5 and 8.4 Mha areas in 
India, especially in Haryana state (Ritzema et al. 2008). 
Therefore, in addition to judicious use of water resources, 

proper irrigation water management also needs equal atten-
tion of the policy makers.

Soil quality deterioration

Soil is a viable system which faces the first and foremost 
consequences of agricultural practices (Singh et al. 2016a; 
Srivastava et al. 2015, 2016). Soil quality is the capacity of 
soil to interact with the ecosystem components for maintain-
ing its physico-chemical environment, biological productiv-
ity and promoting the health of plants as well as animals 
(Doran and Parkin 1994). Soil organic carbon (SOC) is one 
of the important indicators of soil quality which controls 
many soil properties such as nutrient cycling, soil struc-
ture maintenance and pesticide and water retention (Sathya 
et al. 2016; Srivastava et al. 2016). During green revolu-
tion decades, injudicious application of agrochemicals led 
to an alarming situation for the soil system (Srivastava et al. 
2016). Deterioration in soil organic matter (SOM) under 
intensive farming systems is the main cause of decline in 
soil quality (Sankar Ganesh et al. 2017). SOM plays a key 
role in long-term conservation of soil by regulating micro-
bial activities as it provides substrates for the decomposition 
by the microbes (Abiven et al. 2009).

The amount of C stored in soils is estimated at ~ 3000 Pg 
(Jansson et al. 2010) which acts as a potential sink of atmos-
pheric carbon dioxide  (CO2). Changes in SOC positively 
correlate with the soil biological indices such as microbial 
biomass and activity (Garcia et al. 1994). Based on mean 
annual rainfall, Indian agriculture can be categorised into 
five distinct bioclimatic regions with a spread over 160 Mha 
of land area (Bhattacharjee et al. 1982). The SOC levels in 
India vary in the range of 20–25 Gt C in the top 1 m (Sreeni-
vas et al. 2016), which is equivalent to 4–8 g kg−1 SOC 
levels for most cultivable soils (Lal 2016; Pal et al. 2015). 
Thus, India contributes 1.4–1.8% (of 1408 Gt) of the global 
SOC stock in the top 1 m (Nath et al. 2018).

As per an estimate by Smil (2002), about 40% of the 
human population derived their food product using chemi-
cal fertilizers produced by the Haber–Bosch process. The 
world nitrogen fertiliser demand is increasing at an annual 
growth rate of 1.7% (FAO 2011). Of the global nitrogen 
fertilizer use, the Asian continent alone consumes 68% 
(FAO 2011). India and China alone share ~ 49% (25 and 
24%, respectively) of the fertilizer consumption in Asia, 
majorly for wheat (18%), rice (16%) and maize (16%) crops 
(FAO 2011). Injudicious application of chemical fertiliser 
(and a subsequent reduction in organic manure inputs) is 
further enhancing the acidification of tropical soils which 
are already acidic by nature (Galloway et al. 2008). The soil 
acidification further leads to the degradation of soil qual-
ity and deterioration of soil productivity in the long term 
(Sankar Ganesh et al. 2017). Injudicious application of 
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chemical fertilisers, soil nutrient mining and deficiencies and 
poor cropping practices led to the degradation of more than 
60% of the agricultural land in India (ICAR 2010). Thus, 
sole application of chemical fertilisers in tropical agricul-
ture hindered the yield of major food crops on the one hand 
and deteriorated soil biodiversity, fertility and nutrient-use-
efficiency (NUE) on the other hand.

Nutrient availability

Fourteen elements are essential for proper plant growth 
and development, which are collectively called as nutrients 
(Sathya et al. 2016). Those elements needed in the higher 
amount are known as macronutrients whereas those needed 
in lesser amounts are known as micronutrients (Sankar 
Ganesh et al. 2017). Macronutrients are further divided into 
(1) structural nutrients, i.e., C, H, O; (2) primary nutrients, 
i.e., N, P, K and (3) secondary nutrients, i.e., S, Ca, Mg, 
whereas Fe, B, Cu, Cl, Mn, Mo, Zn and Ni come under the 
category of micronutrients (Sathya et al. 2016). Three pri-
mary nutrients present in the soil are most rapidly consumed 
by plants. Therefore, these three essential elements are exter-
nally supplied as commercial plant fertilizers, whereas bio-
logical nitrogen fixation (BNF), organic manures and plant 
residues constitute the other sources of nutrient supply 
(Sankar Ganesh et al. 2017). Like macronutrients, micro-
nutrients are also essential for plant growth but compara-
tively in low amounts. Micronutrients such as Cu, Mn, Fe 
and Zn act as co-factor for several enzymes involved in the 
carbohydrates, proteins, lipids and nucleic acids’ metabolism 
(Barker and Pilbeam 2015).

The nutrient concentration and their availability are the 
key factors for enhanced crop productivity (Kumar et al. 
2015). For example, rice crop productivity is highly influ-
enced by micronutrient availability (Zeng et al. 2011). Inju-
dicious application of organic and inorganic agrochemicals 
accompanied by surface runoff and soil erosion are causing 
deficiency of major macro- and micronutrients (Bronick 
and Lal 2005; Wakeyo and Gardebroek 2017). The nutri-
ent deficiency resulted in the retardation of various plant 
enzyme and/or protein functions, metabolic disturbances 
and cell damage which ultimately affect crop productivity 
(Gill and Tuteja 2010). Thus, nutrient availability is a major 
challenge in the present agriculture system. Nutrient, specifi-
cally micronutrient, mobility is governed by several factors 
like their concentration, operationally defined chemical frac-
tions, organic matter, pH and soil–plant–microbe interac-
tions (Shukla et al. 2015). Thus, it is imperative to improve 
NUE (capacity to utilize nutrients) by the judicious availa-
bility, nutrient cycling and utilization by the crop plants in an 
agro-ecosystem (Kumar et al. 2015) to improve crop growth 
and yields (Gourley et al. 1994). Thus, adapting improved 
agronomic management techniques, developing efficient 

crop varieties and promoting microflora-based agricultural 
practices are highly necessitated.

Socio‑economic status of farmers and their 
landholdings

As per the Government of India (GOI 2014) report, the small 
and marginal landholding farmers (SLHs), dominated by 
Scheduled Castes and Scheduled Tribes (Dev 2012), account 
for ~ 85% (117 million out of 138 million) of total agricul-
tural landholders. SLHs are cultivating over 72 Mha of land 
and contribute 50–60% of India’s total food requirement 
(Nath et al. 2018). Moreover, rural women account for ~ 83% 
share in Indian agriculture majorly due to migration of men 
towards rural non-farm sectors (Nath et al. 2018). Moreo-
ver, their landholdings occupy the world’s most ecologically 
and climatically vulnerable lands (IFAD 2012; GAP 2014). 
Thus, these farmers are the most susceptible group due to 
environmental degradation and continuously facing the chal-
lenges of hunger, poverty and further land degradation (Lal 
2016). The shift of farmer’s interests towards cultivation of 
cash crops (e.g., rubber, coconut and coffee), possibly due to 
weather instability and increased rate of meat consumption, 
is also threatening the long-term sustainability of Indian 
agriculture (Srivastava et al. 2016).

Overall, the challenges of food security, soil quality dete-
rioration and farmers’ socio-economic status altogether can-
not be achieved judiciously by sole dependency on green 
revolution-based agriculture practices due to their various 
undesirable impacts (Fig. 3). It is evident from various stud-
ies conducted throughout the world that regardless of the 
remarkable increase in the grain production, several crops 
(e.g., wheat) have not yet attained their ecological yield in 
several countries (Lal 2007). Thus, there is a strong need 
of alternative technologies which should be based on tra-
ditional knowledge, low external inputs and ecologically-
sound, for meeting these challenges (Srivastava et al. 2016). 
In the following sections, a brief insight has been given 
on different dimensions of emerging agricultural practices 
under the present climate change scenario for understand-
ing the concept, need, challenges and opportunities for the 
sustainable agriculture.

Need for sustainability in agriculture

It is now established that green revolution-induced agro-
chemical inputs and cropping systems exaggeratedly affected 
the biodiversity and its interactions within soil (Mander 
et al. 1999). Thus, the existence of most of the soil micro-
bial community, a major building block of soil ecosystem, 
has become marginalized (Pandey and Diwan 2018). As 
stated earlier, India is currently facing the twin challenges 

Author's personal copy



 Tropical Ecology

1 3

of producing high food to meet the requirement of growing 
population and reducing the environmental footprint of agri-
culture (Godfray et al. 2010; Foley et al. 2011; Saikia et al. 
2013; Srivastava et al. 2016). Adoption of green revolution 
improved the crop productivity initially till 2005; however, 
a stagnation and even reduction in yield is now reported in 
several regions of the world (Singh et al. 2016a; Srivastava 
et al. 2016). For example, 25–30% decline in rice and wheat 
grain yields was observed in the Philippines, India, Indone-
sia and Pakistan in the past 16 years, in spite of using recom-
mended cultural practices (Pretty 1995). The initial increase 
in crop productivity indirectly resulted in the global reduc-
tion of 161 Gt C emissions till 2005 by reducing the conver-
sion of marginal and vegetated land into agricultural land 
(Burney et al. 2010; Vermeulen et al. 2012). However, by 
the year 2016, 4.7% increase in India’s GHG emissions was 
observed (http://www.clima teact iontr acker .org), of which 
agriculture sectors contributed ~ 17% (Nath et al. 2018). 
The increased emission from agricultural sector is catalys-
ing the global warming and climate change phenomenon 
and expected to be severely affected by the climate change 
in the coming decades.

Previously, scientists’ explored only one dimension of 
agriculture, i.e., as a production system; however, the nega-
tive environmental responses of that aspect led to have a 
deeper look on the other dimension of agriculture, i.e., as an 
ecological system (Ramakrishnan 2007). Recently the focus 

of the agriculture has been shifted from only maximizing the 
yield in short-term to the holistic management of the natu-
ral resource base for long-term productivity to achieve food 
security (Narwal 2010). Soil health (a continuous capacity 
to function as a vital living system) is one of the imperative 
components for long-term agricultural productivity (Sathya 
et al. 2016). This can only be possible by adapting efficient 
and harmless resource conservative practices like bioferti-
lisers and organic matter inputs to the ecosystems (Fig. 4). 
Thus, to achieve the global population demand by maintain-
ing long-term crop productivity and improving soil health, 
there is an urgent need of sustainable agriculture (Barea 
2015).

According to Corwin et al. (1999) “the concept of sus-
tainable agriculture is predicated on a delicate balance of 
maximizing crop productivity and maintaining economic 
stability, while minimizing the utilization of finite natural 
resources and detrimental environmental impacts.” Tilman 
et al. (2002) define sustainable agriculture as “the prac-
tices that meet current and future societal needs for food 
and fibre, for ecosystem services, and for healthy lives, and 
that do so by maximizing the net benefit to society when all 
costs and benefits of the practices are considered.” It should 
integrate the sustainable agricultural practices along with 
a progressive co-ordination among the stakeholders using 
participatory learning and temporal adaptations (Srivastava 
et al. 2016). It should also add to the traditional ecological 

Fig. 3  Impact of green revolution-based agricultural intensification on different environmental components
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knowledge to produce more by using less resource to feed 
the world population (Badgley et al. 2007). Thus, it can be 
stated that sustainable agriculture is multi-dimensional, 
which is based on three main pillars, i.e., social, environ-
mental and economic sustainability (Clark and Dickson 
2003) representing three P’s framework of sustainable devel-
opment goals i.e., People–Planet–Profit (Arulbalachandran 
et al. 2017). Therefore, the primary goals of sustainable 
agriculture should be (based on Lichtfouse et al. 2009) as 
follows: (1) promoting a prosperous social livelihood to the 
farming communities, (2) promoting environmental steward-
ship in terms of improved soil quality and reduced depend-
ency on non-renewable resources with minimal damage to 
environmental resources, and (3) providing a more profitable 
farm income (Fig. 5).

Dimensions of sustainable agriculture

In the sustainable agriculture systems, integrated use of a 
wide range of soil, nutrients and pests management tech-
nologies (Pretty 1995) such as dung, crop residue and other 
bio-solids, BNF, mixed cropping, crop rotations, etc., has 
been promoted (Lal 2007; Narwal 2010). These measures 
led to improved soil quality and nutrient pools, biological 
diversity, climate resilience and ecosystem restoration by 
reducing soil degradation (Lal 2015), and also increasing 
socio-economic status of the farmers (Mtengeti et al. 2015). 

However, comparatively lower availability of organic and 
the subsidized rate of inorganic fertilizers is a major chal-
lenge for shifting towards sole organic management of agro-
ecosystems (Huang et al. 2015; Solanki et al. 2015). Thus, 
the increased organic inputs to the soil along with a balanced 
application of inorganic fertilizers in the form of integrated 
nutrient management (INM) are being promoted in sustain-
able agriculture for enhancing soil quality and nutrient pools 
(Sanchez 2002). In a nutshell, the basic strategy for sustain-
ability in agriculture lies in the fact that we need to produce 
more by using less environmental resources (Cassman et al. 
2003). To achieve basic goals of sustainable agriculture, sev-
eral new alternative practices such as conservation agricul-
ture and organic farming for soil management, water saving 
agronomic practices, INM, biofertilisers, precision agricul-
ture, etc. have been proposed and/or emerged (Mahajan and 
Gupta 2009; Singh et al. 2016a,b; Srivastava et al. 2016), 
which are elaborated in the following sub-sections:

Indigenous traditional knowledge

Indian agriculture, being a 10,000  years old practice, 
has emerged with inclusive traditional knowledge inputs 
throughout the development process (Borthakur and 
Singh 2013; Souza and Rao 2016). Indigenous Traditional 
Knowledge (ITK) is the knowledge acquired by the local 
people over a period of time by their real-time experiences 
through intimate interactions with the natural and physical 

Fig. 4  Need and basis of the sustainable agriculture
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micro-environments (Kolawole 2001). ITK, being a scien-
tific and sustainable knowledge base, is conveyed orally in 
several forms (e.g., stories, songs, beliefs, rituals, folklores, 
proverbs, cultural values, community laws, local language 
and agricultural practices) from generation to generation 
(Eagan and Dhandayuthapani 2019). It helps the rural 
communities for local-level decision making not only in 
agriculture but also in food preparation, education, health 
care and natural resource management (Warren 1993). ITK 
has immense potential for innovation due to their low cost, 
inherent dependency on local resources and less or non-
polluting nature (Eagan and Dhandayuthapani 2019). The 
emerging technologies, consensus and approaches are now 
developed as a blend of the indigenous knowledge with mod-
ern agro-ecological scientific understanding to enhance the 
food security and environmental protection (Umarani and 
Subramaniyan 2000). This local microcosmic base of tra-
ditional agriculture offers a promising model for the sus-
tainability in the agriculture. It could play a vital role in 
designing of the eco-friendly agricultural system as well 
as improving the livelihood of the rural population. Sev-
eral examples stand for portraying the importance of indig-
enous techniques in the modern agriculture system. Some 
of the examples are outlined as (based on Somasundaram 
et al. 2015): crop rotation, companion crops, mixed crops, 
mulching, green manure, tank silt application, intercropping, 
cover crop, addition of organic pesticides like Panchagavya 

(derived from five cow products viz., milk, curd, ghee, urine 
and dung) and many others (see: Somasundaram et al. 2015 
for more details). However, sole dependency on ITK will not 
help in meeting the food requirement of the population; thus, 
integration of modern technologies with ITK is needed for 
the agricultural sustainability (Sharma 2002).

Organic agriculture

Organic agriculture or farming is a form of sustainable agri-
culture which has potential to improve inherent soil qual-
ity by using traditional and extensive agricultural methods 
(Sankar Ganesh et al. 2017). It is based on the basic concept 
of increasing the role of microbial indigenous communi-
ties involved in various biogeochemical cycles in the natu-
ral ecosystem (Sathya et al. 2016). Organic agriculture has 
capacity to provide quality food without compromising the 
soil quality and health. Thus, organic agriculture is consid-
ered as one of the best agriculture alternatives for achieving 
agricultural sustainability (Ponisio et al. 2015). Its wider 
acceptance can be understood by the fact that more than 120 
countries are practicing organic agriculture over 35 Mha of 
the agricultural land, globally (Mahapatra et al. 2009; Singh 
et al. 2016b).

Organic agriculture has potential to meet about 25–30% 
of nutrient needs of Indian agriculture, at present (Sankar 
Ganesh et al. 2017). At world level, India stands at 33rd and 

Fig. 5  Illustrative representation of the concept of sustainable agriculture
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88th positions, respectively, in terms of total land and pro-
portion of land under organic cultivation to the total farm-
ing land area (Meena and Sharma 2015). Organic farming 
received wider attention in India during 2004–05 after the 
launch of National Project on Organic Farming (NPOF). 
At that time, it was practiced at 42,000 hectares which had 
increased by more than twofold (1.08 Mha) by 2010, leading 
India to stand as the second largest country in Asia for the 
area under organic cultivation (Meena and Sharma 2015; 
Singh et al. 2016b). To address the issue of sustaining crop 
yield by improving soil fertility and weed management via 
sustainable agricultural practices, the Government of India 
is now promoting organic farming methods derived from tra-
ditional farming practices like green manuring, weed man-
agement and biological pest control. Recently, Government 
of India held a high level parliamentary meeting under the 
chairmanship of Union Minister Dr. M.M. Joshi to discuss 
the present scenario of agriculture under the climate change 
conditions (https ://thewi re.in/agric ultur e/clima te-chang 
e-agric ultur al-decli ne; accessed on 04.01.2019). The com-
mittee stressed on encouraging organic farming in India and 
also for developing policies for wider adoptability of organic 
agriculture under climate change scenario. Till date, nine 
Indian States have drafted policies for promoting organic 
farming and four states viz., Uttarakhand, Nagaland, Sikkim 
and Mizoram have been declared as 100% organic-based 
cultivation states (Meena and Sharma 2015).

In organic farming, reduced use of synthetic fertilizers 
invites the input of organics (e.g., green manure, farmyard 
manure, vermicompost, legume cover crops, peat moss, 
municipal biosolids, earthworm castings, bone meal, fish 
emulsion, poultry wastes and bat guano) as well as increased 
dependency on biologically originated materials like biofer-
tilisers (Galvez et  al. 2001; Kumar et  al. 2015; Sankar 
Ganesh et al. 2017). Organic agriculture has already been 
established as a better alternative than chemical farming 
due to its positive consequences in terms of soil fertility, 
resource use efficiency, reduced environmental risks and 
traditional origin by involving local people benefits (Singh 
et al. 2016a, b; Srivastava et al. 2016). It can be better under-
stood by the fact that the N supplied through FYM sustains 
more crop productivity than that supplied by chemical N 
fertilizers (Sankar Ganesh et al. 2017). Thus, to meet the 
crop N demand, in spite of higher application of chemical 
fertilizers like urea, various organic-N sources (mentioned 
above) are extensively being explored.

As stated previously, SOC, a dominant component of 
SOM, plays an important role in balancing the GHG emis-
sions from agricultural sector. However, the organically 
managed systems showed comparatively higher GHG emis-
sion as compared to the conventional agriculture practices 
by enhancing the potential for soil C sequestration (Gattinger 
et al. 2012; Bhaduri et al. 2014; Chai et al. 2015). Greater 

organic matter build-up in organic fields helps to increase 
water holding capacity and reduce soil bulk density which 
leads to increase in the soil aggregate stability (Sihi et al. 
2017). In addition, organic agriculture practices improve 
soil quality by enhancing mycorrhizal fungal association and 
propagules in the soil (Gryndler et al. 2005). In a nutshell, 
organic agriculture systems maintain the sustainable crop 
production by reducing dependency on agrochemicals and 
encourage the resiliency of soil system for the long-term 
production capacity (Grinsven et al. 2015). However, avail-
ability of organic manure could be a major constraint for the 
sole organic agriculture. As per an estimate of Govt. of India 
(GOI 2016), ~ 3000 Tg of manure could be produced annu-
ally by over 500 million livestock population of the country 
(Nath et al. 2018). Moreover, in spite of several ecological 
benefits of organic agriculture, a recent study by Searchinger 
et al. (2018) highlighted some inconvenient truths about the 
organic agriculture related with higher GHG emissions from 
organically amended soil systems as compared to the chemi-
cal fertilizer applied soils. However, it needs further assess-
ment, and the relative GHG emissions in relation to SOC 
sequestration in soil should be evaluated for any conclusive 
results (Srivastava et al. 2018). Overall, the debate is still 
going on to adapt or not to adapt the sole organic agriculture 
system globally and the present consensus is lying on to 
judicious use of chemical and inorganic fertilizers in addi-
tion to various other emerging soil ameliorants (Singh et al. 
2019a).

Soil microbes as a tool for sustainable agriculture

Soil microbes are an essential and integral part of living soil 
system which play a vital role in regulating many important 
components like nutrient cycling (mobilisation and uptake 
of major nutrients), soil fertility, soil biodiversity and plant 
health (Prakash et al. 2015; Sathya et al. 2016). Soil micro-
bial community structure and functions are very sensitive 
to background conditions, and thus, serve as a better indi-
cator of the status of soil health and soil nutrient pool as 
compared to the non-living indicators (Prakash et al. 2015; 
Sathya et al. 2016). For example, soil biochemical proper-
ties (e.g., enzyme activities) act as quick indicators of soil 
quality (Sihi et al. 2017) as they are involved in catalysing 
various reactions involved in nutrient cycling, provide posi-
tive feedback to the plant–microbe interactions in the rhizo-
sphere and showed prompt responses to the environmental 
perturbations (Bhaduri et al. 2015).

Some of the most important functions of microbes for 
promoting plant growth and protecting soil health include 
nitrogen fixation, denitrification, phosphate and sulphate 
solubilisation, siderophore production, plant growth promo-
tion, immune modulation, pathogen control and signal trans-
duction (Prakash et al. 2015). Based on their availability 
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and functions, soil microbes have been classified as follows: 
plant growth promoting microorganisms (PGPM) such as 
phosphorus solubilising bacteria (PSB) and potassium 
solubilising bacteria (KSB), endophytic microbes (residing 
in internal tissues of plants), vesicular–arbuscular mycor-
rhiza (VAM) and BNF (Kumar et al. 2015; Jaiswal et al. 
2016; Sharma et al. 2016; Suman et al. 2016). Most of the 
microbes responsible for plant growth promotion belong to 
the endophytic microbial group which has ability to enter 
the host plants through wounds or root hairs present at epi-
dermal conjunctions (Suman et al. 2016). In the following 
sub-sections, soil microbial role has been discussed in two 
parts, i.e., as biofertilisers and as BNF agents in terms of 
their role in sustainable agriculture.

Biofertilisers

Extensive application of N- and P-based fertilizers created 
a potential deficiency of K availability in soil system which 
can either be fulfilled by addition of K-fertilisers or by some 
other sustainable manner (Jaiswal et al. 2016). A range of 
microorganisms with their multifaceted positive effects on 
the plants have been found in the rhizospheric zone, col-
lectively known as plant growth-promoting rhizobacteria 
or microorganisms (PGPR or PGPM). Somers et al. (2004) 
classified the rhizospheric microbes into four major catego-
ries based on their plant growth-promoting traits as follows: 
(1) biofertilisers (improves the nutrient uptake to the plant), 
(2) phytostimulators (increase the plant growth by produc-
ing phytohormones), (3) rhizoremediators (degrade organic 
pollutants), and (4) biopesticides (control diseases through 
antagonistic activity by the production of antibiotics, anti-
fungal metabolites and synthesis of extracellular enzymes).

Potassium is found in several forms in the soil and a 
major part remains unavailable to the plants. A major group 
of microorganisms have been identified which have capac-
ity to solubilise unavailable forms of K (such as minerals 
like micas, illite, and orthoclases) to the plant-available 
forms by releasing several organic acids. K-solubilising 
microorganisms are one of the best sustainable technolo-
gies, which solubilise the fixed form of K available for plant 
uptake (Jaiswal et al. 2016). PGPM have been reported to 
colonise roots of higher plants and help in nutrient acquisi-
tion (N, P and essential nutrients) or modify root architec-
ture by phytohormone production to improve plant growth 
(Sharma et al. 2016). Moreover, PGPM helps in releasing 
monobasic  (H2PO4

−) and dibasic  (H2PO4
2−) forms of P to 

the rhizosphere which can be easily absorbed by the plants 
(Bhattacharyya and Jha 2012). They help in promoting plant 
growth and enhancing the availability of key nutrients such 
as SOC (by 17–39%), N (by 8–82%) and P (by 13–44%) in 
the rhizosphere (Kumar et al. 2015; Sathya et al. 2016).

Some examples of PGDM include the following: (1) 
bacteria: Pseudomonas spp., Bacillus edaphicus, B. muci-
laginosus, B. megaterium, Acidithiobacillus ferrooxidans 
and some strains of Achromobacter, Pisolithus, Cenococ-
cum, Piloderma, Paenibacillus, Burkholderia, Aspergillus, 
Enterobacter, Herbaspirillum, Pantoea, Rhizobium, Strep-
tomyces and Clostridium; (2) fungi: Aspergillus, Penicil-
lium and Trichoderma; and (3) Streptomyces and Nocardia 
(actinomycetes) (Mittal et al. 2008; Sheng et al. 2008; Tal-
lapragada and Seshachala 2012; Meena et al. 2014; Zhang 
and Kong 2014). In addition to bacteria and fungi, a num-
ber of symbiotic associations of VAM with more than 90% 
plant species through external hyphae have been reported 
(Sharma et al. 2016). VAM associates with the plants for 
their C requirements and improves the fitness of host plant 
by scavenging minerals (macro- and micronutrients) in the 
agro-ecosystems (Atkinson et al. 2002; Brundrett 2002; 
Abo-Rekab et al. 2010). These fungal associations account 
for 50% of soil microbial biomass in agricultural soils (Ols-
son et al. 1999). Some major benefits of AM fungi to the 
crop plants include the following: improved nutrient uptake 
and cycling, nutrient transfer in intercropping systems, plant 
tolerance to biotic and abiotic stresses and interaction with 
other soil organisms (Priyadharsini and Muthukumar 2015).

Biological nitrogen fixation

Nitrogen (N), an essential element for all life forms, is 
required in large quantities for the synthesis of amino acids 
and nucleotides (Sathya et al. 2016). It can either be supplied 
as natural sources or through chemical fertilizers. As per a 
global estimate, only 33% fertilizer N is utilised by plants for 
various functions whereas 67% is usually converted to the 
non-reactive atmospheric  N2 (Vitousek et al. 1997). There-
fore, to improve the nitrogen use efficiency and reduce the 
ill-effects of chemical N in the environment, natural fixation 
processes like BNF are now getting greater importance in 
the sustainable agriculture policies. Symbiotic or biological 
N-fixation constitutes the most important natural source of 
N supply to the plants. BNF through legume crops is the 
imperative source of crop nutrition. BNF accounts for ~ 65% 
of N currently used in agriculture (Thamdrup 2012).

Use of legumes either as green manure, forage or for 
grains in crop rotation helps in BNF, restoring SOM level in 
soil and reducing pest and disease problems by their allelo-
pathic behaviour (Narwal 2010). The legume–rhizobial sym-
biosis fixes 13–360 kg N  ha−1 (Bohlool et al. 1992) which 
considerably reduces the chemical fertiliser N requirement 
(Bhattacharyya and Jha 2012). The total contribution of leg-
ume crops in India amounts to 2.24 Tg N year−1 (Rao and 
Balachandar 2017). Further, several crops like rice, wheat 
and sugarcane also have capacity to fix N without forming 
symbiotic relationships (Sathya et al. 2016). These crops 
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form association with free living diazotrophs and can fix 
10–160 kg N  ha−1 (Bohlool et al. 1992). Moreover, many 
cyanobacterial species have the inherent potential to fix 
atmospheric N, especially in the rice crop (Song et al. 2005) 
and thus, improve soil fertility and crop production. Cyano-
bacteria have filamentous structure which helps in retaining 
soil moisture and improves soil physical structure (Kumar 
et al. 2015). It produces mucilaginous substances and sev-
eral other metabolites like vitamins, amino acids, phyto-
hormones, phenolics and flavonoids (Kumar et al. 2015). 
Moreover, the heavy organic biomass of cyanobacteria after 
decomposition led to substantial increase in SOM level as 
well as N and P sequestration (Saadatnia and Riahi 2009). 
Moreover, a small fern called Azolla (Anabena azollae) has 
significant potential (~ 120 kg N  ha−1) to fix N in paddy field 
(Kohli and Mitra 1987). It further has capacity to fix up to 
400 kg N  ha−1 which is considerably higher than that fixed 
by legumes (Narwal 2010). Therefore, it has tremendous 
potential to reduce the inorganic fertilizer N demand and 
improve soil health, if used properly. Though the global N 
inputs to the crops through eco-friendly BNF amounts to 
55–60 Tg  year−1, it is comparatively less than the actual N 
requirements (Rao and Balachandar 2017). BNF accounts 
for a greater contribution (~ 11% of world contribution) in 
Indian agriculture by producing 5.20–5.76 Tg N year−1, of 
respective cereal crop and legume shares of 32 and 43% 
(Rao and Balachandar 2017).

Resource efficient agronomic practices

To manage the different components of agricultural sustain-
ability, several agronomic practices have been developed 
with the basic focus of enhancing resource use efficiency and 
reducing the GHG emissions and soil quality deterioration. 
Some of the resource efficient emergent agronomic practices 
are described in the following sub-sections:

System of rice intensification (SRI)

Rice is a water-intensive crop grown on a major part of 
India. Under the present situation of water scarcity, con-
servation of irrigation water is more imperative. Nowa-
days, several management practices such as aerobic rice 
cultivation, dry seeded rice and system of rice intensifica-
tion (SRI) for growing rice under non-puddled conditions 
have emerged for reducing the rice water requirement and 
GHG emissions without compromising crop yields (Stoop 
et al. 2002; Senthilkumar et al. 2008; also see: http://sri.
ciifa d.corne ll.edu/). Of various methods that have emerged 
recently, SRI gains wider attention of the farming commu-
nity, globally. SRI includes the basic principle of feeding 
the soil with chemical and/or compost fertilisers to feed the 
plants in response which ultimately resulted in the increase 

in crop productivity (Mishra et al. 2007, 2013). SRI is based 
on a package of modified resource conserving agricultural 
practices which include: (1) transplanting young seedlings 
for avoiding transplantation shock, (2) 1–2 seedlings per hill 
to avoid competition at the early growth stages, (3) wider 
plant spacing with increased inputs of organic fertilizers 
for avoiding resource competition and providing sustained 
nutrient supply to the young seedlings, and (4) maintain-
ing the soil moist but in aerobic conditions (not puddled 
anaerobic condition) to reduce  CH4 release and conserve 
water loss from seepage and evaporation (Stoop et al. 2002; 
Uphoff et al. 2011). The basic conditions applied in SRI 
contribute to reducing seed requirement, increased produc-
tive tiller number, healthier roots, less dependency on min-
eral fertilisers and irrigation water and comparatively more 
yield per unit area even under drought year (Balamatti and 
Uphoff 2017). SRI was first introduced in India in 2008 (in 
the Dharwad district of Karnataka), for improving the sus-
tainability of rainfed rice cultivation. Studies conducted on 
SRI suggested that it was readily welcomed by those farmers 
facing the problem of water scarcity and resource limita-
tions, especially SLHs (Balamatti and Uphoff 2017). Thus, 
SRI is helping the resource-poor farmers to increase their 
livelihood and economic returns in addition to environmen-
tal conservation. A study suggests that over 29,000 farmers 
had adopted SRI practices in the Dharwad and neighbour-
ing districts of Karnataka in less than 6 years. These results 
revealed the wider adaptation of SRI in India (Balamatti and 
Uphoff 2017). However, it is still awaiting its establishment 
and adaptation by large landholding farmers having inten-
sive and modern resource bases.

Conservation agriculture

Tillage modifies all the attributes of soil environment (Gal-
vez et al. 2001; Neelam et al. 2010). Soil disturbance by 
tillage is regarded as the primary cause of the SOC loss 
(Luo et al. 2010). Moreover, the disturbance created by 
tillage leads to increase in water demand as well as GHG 
emissions and deteriorates soil quality. Further, removal of 
crop residues for livestock fodder or biofuel production can 
threaten environmental quality and food security (Wolf et al. 
2003; Lal 2005). Therefore, measures have been proposed 
to reduce or avoid tillage and conserve residues in situ for 
crop production and soil quality improvement. Conserva-
tion agriculture is one of the well-known sustainable ways 
of agriculture (Hobbs et al. 2008) which fulfils these ill-
effects in an appropriate manner (Abrol and Sangar 2006). 
It is based on three principles viz., (1) minimal soil distur-
bance, (2) residue retention or mulching, and (3) sustained 
nutrient and weed management by crop rotation and cover 
crops (Paul et al. 2013).
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In India, the first principle of conservation agriculture, 
i.e., no tillage (NT), is majorly accepted and adapted in the 
widely practiced rice–wheat system of the Indo-Gangetic 
plains (Bhan and Behera 2014). The basic reason underly-
ing this acceptance includes the instant economic benefits 
of zero tillage technology to the farmers. Moreover, NT 
practices are less energy intensive, help in maintaining soil 
aggregate stability and enhance SOM build-up in agro-eco-
systems and thus, improve resource use efficiency and soil 
fertility. More than 1.5 Mha area in India is currently under 
conservation agriculture system (Jat et al. 2012). Shifting 
from conventional tillage to conservation tillage has been 
reported to reduce GHGs emission (Mishra et al. 2013), 
water requirement for irrigation and conservation of fun-
gal hyphae for better nutrient utilization and conservation. 
For example, some studies performed in the north eastern 
India showed that NT practice can increase SOC level by 
71%, whereas biological activity and yields by 47 and 49%, 
respectively, as compared to the conventional tillage in 
rice-based cropping system (Ghosh et al. 2010). Moreover, 
a reduction of 18.63 kg ha−1 in  CO2 emission and 126.75 m3 
 ha−1 in irrigation water use was reported from wheat crop-
ping system in India (Singh et al. 2016b). In addition to 
reducing  CO2 emission by increasing SOC level in soil, 
conservation agriculture practices (viz., residue retention) 
also help in reducing crop residue burning, thus decreasing 
the release of photosynthetically trapped atmospheric  CO2 
from the soil system. However, the sustainability analysis 
of residue retention and its wider adaptation is occasionally 
bargained by several other measures, which is a matter of 
concern for the agricultural sustainability.

Water saving techniques

Water resources are limited and currently facing multiple 
pressures under climate change conditions. Paddy and wheat 
crops are two water intensive crops with respective water 
use of 62 and 20% of total irrigation water applied; there-
fore, most of the strategies belong to the water conservation 
from paddy fields (Kaur et al. 2013). In India, especially 
in the Punjab and Haryana, various measures have been 
taken in to consideration for developing suitable adaptation 
strategies for sustainable water (especially groundwater) 
use. Kaur et al. (2013) extensively reviewed the water sav-
ing strategies applied in India and outlined following tech-
niques: improvement in irrigation efficiencies, reduction in 
application losses, use of laser levelling technology, shift-
ing transplanting time of rice, improved irrigation methods, 
crop diversification, recharge through drains using check 
structures, renovation of village ponds, roof top rainwater 
harvesting, wastewater recycling and water reuse (see: Kaur 
et al. 2013). In addition, several agronomic practices applied 
in modern agriculture are also based on reduced application 

of water for crop production. Researches are being carried 
out extensively to reduce water loss and increase water use 
efficiency by crop plants, in recent years.

Soil amendments

In addition to compost and vermicompost application to 
the soil under organic agriculture system, several other 
soil ameliorants are now added to the soil for restoring 
soil health and improving soil quality by enhancing SOM 
pool. Some of the amendments include the incorporation of 
biochar derived from lignocellulosic biomass, fly ash, sew-
age sludge and municipal solid wastes (Singh et al. 2016a). 
These amendments are either applied in the conventional 
practices or along with some recently adopted sustainable 
agricultural practices. Biochar amendment to soil has shown 
multifaceted applications in sustainable agriculture (see: 
Singh et al. 2015a), depending on the basic soil properties. 
Integration of biochar, a potential soil C sequestration agent, 
in conservation agriculture practices has been reported to 
show synergistic effects for enhancing SOC level, improv-
ing soil fertility and mitigating climate change (Singh et al. 
2015b). However, several agronomic benefits and environ-
mental risks associated with biochar application to the agro-
ecosystems depend on soil properties (Kuppusamy et al. 
2016; Singh et al. 2019b). Similarly, other soil ameliorants 
have also been proved to improve soil properties and crop 
yield, though they also have certain risks which need to be 
rectified before wider application. However, elaborate stud-
ies identifying the role and effect of various soil ameliorants 
in Indian agricultural fields still need substantial research.

Nano‑technology

To feed the mammoth population of India, resource conser-
vation and precision agriculture, adoption of new technolo-
gies is also needed (Agarwal et al. 2015). Nanotechnology, 
with its novel and precise approaches, presents a prompt 
alternative for these aspects, if used wisely. It offers enor-
mous opportunities for providing better solutions to the 
multiple problems in agriculture. Nanotechnology-based 
measures and devices viz., nano-fertilizers, nanosensors, 
nanopesticides and nanoformulations as biocontrol agents, 
are being explored for precision agriculture, early detection 
of contaminants, natural resource management, efficient 
delivery of agrochemicals and enhanced ability of nutrient 
absorption by plants (Baruah and Dutta 2009), in addition 
to application in plant breeding and genetic transformation 
(Torney et al. 2007). It assists in making agriculture pro-
ficient and resourceful, which further help in meeting the 
demand of food supply and safeguarding environmental sus-
tainability (Nair et al. 2010). Various soil physico-chemical 
properties like soil texture, SOM content, pH and cation 

Author's personal copy



Tropical Ecology 

1 3

exchange capacity majorly regulate the sorption, mobil-
ity and transport of nanoparticles in the soil (Benoit et al. 
2013). Studies reported positive impact of nanoparticles on 
seed germination, growth and vigour index of several crop 
plants (Singh et al. 2016c). Further, studies on the interac-
tion of nanoparticles with plants, microorganisms and soil 
are available (Bakshi et al. 2014; Mohanty et al. 2014); how-
ever, their impact on soil biota still needs more attention 
of the scientific communities. Thus, for wider application 
of nanotechnology, the fate, transport, bioavailability and 
consequent toxicity of nanoparticles need to be extensively 
explored under different soil conditions (Benoit et al. 2013). 
Overall, the basic resource utilisation mechanism applied 
under sustainable agriculture practices is illustratively pre-
sented in Fig. 6.

Agricultural sustainability under climate 
change conditions

Increasing concentration of GHGs in the atmosphere is 
regarded as the major anthropogenic cause for climate 
change due to global warming phenomenon. Agricultural 
activities contribute 10–12% of total GHG emission, glob-
ally (FAO 2015), whereas this figure is quite higher (i.e., 
19%) in India (Sharma et al. 2011). Reduction of GHG emis-
sions by reducing the causes of emissions such as fertiliser 

application and tillage applied in conventional agricultural 
sectors may compromise the food security by reduction 
in yield. Further, climate change may regulate the major 
dimensions of food security by severely affecting the future 
agricultural productivity (Mall et al. 2006; Schmidhuber 
and Tubiello 2007; World Bank 2008; Godfray et al. 2010). 
Under climate change scenarios, changes in temperature and 
precipitation pattern and intensity (via increased extreme 
events and spatio-temporal shifts), soil degradation as well 
as pest and pathogen behaviour imposed serious pressures 
on conventional agricultural systems, globally (Schmidhuber 
and Tubiello 2007; Calzadilla et al. 2013). It is well known 
that soil acts as a buffer by mediating soil microbial activi-
ties which resulted in the increased  CO2 (a major green-
house gas) fluxes. Thus, improved soil buffering capacity 
would help in mitigating the impact of climate change on 
the agricultural productivity. In regard to the projected cli-
mate change, agriculture needs to be progressive for adapta-
tion by recommending changes in agricultural practices by 
inculcating traditional knowledge with modern technologies 
(Eitzinger et al. 2009).

Over the past 50 years (from 1960 to 2010), GHG 
emissions have increased by 161% (14.81–38.71 Tg 
 Ceq  year−1) from the agriculture sectors majorly due to 
increase in inputs like chemical fertilisers, change in 
cropping pattern (monotypic monoculture cropping) and 
mechanisation of agriculture (Sah and Devakumar 2018). 

Fig. 6  Resource utilization mechanism for sustainable agriculture system
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Among crops, maximum GHG emission (23.75 Tg  Ceq 
 ha−1) is recorded from rice crop (Sah and Devakumar 
2018). Moreover, inorganic nitrogen fertiliser inputs are 
responsible for highest proportion of emissions among the 
agricultural inputs used, globally (Cheng et al. 2011; Yan 
et al. 2015). Though the land use change and fertiliser 
inputs increased the overall GHG (especially  CO2 and 
 N2O) emissions in the recent past, a substantial decline 
in  CH4 emission from Indian soils is reported due to com-
paratively lower SOC content and reduction in anaerobic 
environment for the paddy crops in the country (Mitra 
1992). Climate change is expected to have more severe 
impacts in India where ~ 45% population is relying on 
agricultural activities for their livelihood. There is an 
increase of 0.60 °C in mean annual temperature recorded 
in India over the past 100 years (Arora and Bhatt 2016). 
Based on the climatic conditions and crops grown, India 
is divided into 20 agro-climatic zones (Sah and Deva-
kumar 2018). Of different zones, 75% cultivated land 
comes under arid and semiarid regions (INECC 2010). 
Thus, Indian agriculture seems highly vulnerable under 
climate change conditions. Reduction in productivity of 
the food crops as well as an expected land scarcity under 
the climate change scenario is foreseen by 2050 (Nelson 
et al. 2010). According to an estimate, climate change is 
expected to decline 4, 6 and 18% yields of irrigated rice, 
rain-fed rice and late-sown wheat crops by 2020 in India 
(Arora and Bhatt 2016).

Climate change is expected to have severe impacts on 
the water resources, coastal zones, agriculture, human 
health, food security, ecosystems and biodiversity. Due to 
climate change, a decline in crop yield up to 30% is pre-
dicted in Central and South Asia (Arora and Bhatt 2016). 
The sustainable agriculture is expected to cope-up with 
the severe impacts of climate change due to their inherent 
capacity to develop ecosystem resilience, resource con-
servative nature and dependency on more biological or 
natural measures. Moreover, fossil-fuel based mechaniza-
tion in agriculture is also one of the major contributors to 
GHGs emissions from the agricultural sector. Promoting 
the use of renewable resources such as solar, biomass 
and biofuels, wind, geo-thermal, small-scale hydro-, 
tidal- and wave-generated power would help in reduc-
ing environmental damage and GHG emissions (Chel and 
Kaushik 2011). Government may play a central role in 
promoting the use of renewable energy technologies for 
agricultural activities by providing subsidies to the farm-
ers. Overall, sustainable agricultural practices have been 
developed and combined with various inherent measures 
to cope up to some extent with the adverse impacts of 
climate change without compromising the food security 
for the coming generations.

Future developments and concluding 
remarks for agricultural sustainability

Several resilient varieties are being developed by using plant 
breeding and other biotechnological measures. Such inno-
vation should be further carried out for other food crops. 
Introduction of mixed cropping and wisely managed crop 
rotation is also needed. Introduction as well as subsidized 
availability of renewable resources (e.g., electrification) in 
agriculture sector may help in further reducing environ-
mental problems of a country. Development in the field of 
precision agriculture can be beneficial in terms of manag-
ing agricultural sustainability under climate change condi-
tions. Research in the field of proper characterization and 
effects over various physico-chemical soil properties after 
soil amendments needs to be carried out further in India. 
A threshold dose for organic, inorganic, nanomaterials and 
biological agents in soil needs to be identified for different 
soil types to avoid negative impacts of these inputs. Further 
promotion of SLHs by providing some subsidies in terms of 
local carbon credit (based on SOC sequestration potential) 
can also be introduced for increasing the potential of soil C 
sequestration by these marginalized farmers.

Overall, this review provides a thorough understanding 
of green revolution and its impact on the socio-economic 
and environmental components. Challenges to the modern 
agriculture such as food security, soil quality deterioration, 
resource limitation and nutrient imbalances have also been 
explored. Agriculture based on higher natural and biologi-
cal on-farm based inputs for improving soil microcosm to 
environmental macrocosm by the people for the long-term 
benefits for the people can be called as sustainable agri-
culture. It is the urgent need of the hour for managing the 
people–plant–profit aspects in a single goal. The present sce-
nario showed a win–win approach for the initial phase of 
sustainable agriculture. However, for long-term sustainabil-
ity, the wider spread and adaptation of various sustainable 
agriculture practices by all the pillars of a society is needed. 
The change in the mind-set of people from considering agri-
culture as an economic system to ecological system is the 
major challenge. Proper integration of modern agricultural 
practices and adaptation by the farming communities should 
be assured in the near future. The severe impacts of climate 
change cannot be ignored in the coming decades. Therefore, 
policies and practices need to be developed for shielding the 
farming communities, especially small landholders, from the 
instant losses by the extreme events.
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