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PERSPECTIVE

A B S T R A C T

Besides contributing majorly in the growth of a country, agriculture is one of the severely affected
sectors at present. Several modifications and adaptations are being made in agricultural practices to
cope-up with the declining soil fertility and changing climate scenarios across the world. However,
the development and adoption of a single agricultural practice may not help in the holistic mitigation
of the impacts of climate change and may result in economic vulnerability to farmers. Therefore, it is
high time to develop and recommend a group of agricultural practices i.e., package-based
agriculture system having some compatibility for one another in the long term. In this article, a
viewpoint has been given on some emergent agronomic practices adopted in the tropical agro-
ecosystems which have potential to be developed as compatible agricultural package in
combination. Moreover, we also emphasized on exploring some key indicators/environmental
factors to assess the compatibility of different agronomic practices. For identifying the research
transition from single to combined agricultural practices, a bibliometric analysis was performed by
using conservation agriculture (CA), the system of rice intensification (SRI), organic agriculture and
soil (biochar) amendment as the major agronomic practices being used for improving agro-
ecological services such as improving nutrient cycling, soil fertility and crop productivity as well as
climate change mitigation. The results revealed that scientific communities are now paying attention
to exploring the role of combined agricultural practices for agro-ecological balance and climate
change adaptation. Moreover, the limitations of the adoption of agronomic packages under different
agro-climatic zones have also been highlighted. The recommendations of the study would further
help the environmental decision-makers to develop potential measures for climate change mitigation
without compromising the agro-ecological balance.
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H I G H L I G H T S

• Resource-conservation practices are emer-
ging for attaining sustainability in agriculture.

• The research is now progressing towards
combined application of emergent agronomic
practices.

• Role of agro-climatic zones is imperative in
developing compatible agronomic packages.

• Compatible agriculture packages may help
in buffering the yield penalty occurred in
single system.

• Compatible agriculture packages would be
the need for attaining true sustainability in
agriculture.
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1 Introduction

Agriculture provides a livelihood option for >50% of people
residing in rural areas, particularly in the developing nations
(FAO, 2015). However, agriculture always remains at cross-
roads because of its close inter-linkages with the increasing
global population, food security, diminishing natural resources
and greenhouse gas (GHG) emission (FAO, 2011; Singh
et al., 2019a) (Fig. 1). Earlier attempts to achieve the food
security through green revolution included a package of
genetically advanced high-yielding varieties, high rate of
external nutrient inputs as synthetic fertilizers, intensive use
of natural resources (water) and other agrochemicals (pesti-
cides) (Saikia et al., 2012). The green revolution increased the
crop yield, and thus, made the self-sufficiency in the required
food production of a country (Singh et al., 2019a). Green
revolution-based traditional crop management practices
require high production cost and are resource-use inefficient
(Jat et al., 2014). For example, massive consumption of
agrochemicals holds the major reasons for the increase in
food production during the first 20 years of the green
revolution in India (Singh et al., 2019a). However, the
resource-intensiveness of the agronomic packages in green
revolution later resulted in the severe degradation of
ecological health and its multi-functionality (Srivastava et al.,
2016a), leading to the stagnancy and/or even a decline of
25%-30% in cereal crop yield (Singh and Sidhu, 2006; Dhillon
et al., 2010; Bose and Mondal, 2013). In spite of using
recommended cultural practices, this trend was observed in
several parts of the world such as the Philippines, India,
Indonesia and Pakistan in the past 16 years (Pretty, 1995). In
this respect, a close view on the status of agriculture-
environment interaction is the urgent need of the hour.

Although any agricultural system is developed with a major
goal to enhance crop yield, for the long-term agricultural
sustainability, environmental health should be the major
concern. The traditional agricultural practices favor agro-
based industries and large landholding farmers, whereas

excessive agrochemical inputs increased the availability of
phosphate, nitrate, ammonia, chloride and different heavy
metals in the soil resulting in the declining soil quality and
increased environmental pollution (Foley et al., 2011; Godfray
and Garnett, 2014). Thus, the environmental impacts of
agriculture need to be assessed in terms of water, nutrient
(soil) and atmospheric (gaseous emission) components.

Water availability is one of the key factors determining the
crop growth and performance, thus, the agricultural produc-
tion. A twofold increase in the irrigated cultivated land is
observed in the last five decades (Foley et al., 2011). Irrigated
rice alone utilized 25%-30% (about 45% in Asian countries) of
surface water (IWMI, 2007; Ehrlich and Harte, 2015). More-
over, maintaining a regular water supply for crop irrigation is
the major challenge (Millennium Ecosystem Assessment,
2005; Alroe et al., 2016). Thus, the variability in water
availability induced by climate change is expected to further
decrease the crop productivity in the near future, particularly
for the rice crop (Du et al., 2015). Therefore, the wise use of
water resources by developing proper irrigation management
measures and improvement in crop water-use-efficiency is
highly required (Yang and Zhang, 2010).

The capacity of soil to function as a living system in
interaction with different components of the ecosystem is
considered as the soil quality (Doran and Parkin, 1994).
Further, soil organic carbon (SOC) is considered as the key
indicator of soil quality (Lorenz et al., 2019) due to various
ecosystem services provided by SOC such as soil structure
maintenance, water retention properties, nutrient cycling via
manipulating soil microbial communities (Smith et al., 2015).
Globally, most of the agricultural land is facing the problems of
soil acidification due to intensive N-fertilizer use, soil erosion
due to intensive tillage, nutrient imbalances due to intensive
nutrient mining, loss of biological diversity by soil disturbance
and agrochemical use resulted in considerable degradation in
soil quality, crop productivity, and overall soil fertility (Srivas-
tava et al., 2016a; Lal, 2020). The crop productivity is majorly
determined by the concentration and availability of major
nutrients in the soil matrix (Kumar et al., 2015; Srivastava

Fig. 1 An overview of integrated challenges majorly faced by the agriculture sector.
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et al., 2016b; Knapp and van der Heijden, 2018). Imbalances
in the nutrient cycling and availability directly affect the soil
quality (Lal, 2020). The deficiency of key nutrients required for
different metabolic processes resulted in retarded growth of
plants, and thus, decrease in crop yield (Gill and Tuteja, 2010;
Antichi et al., 2019; Singh et al., 2020a). Injudicious use of
chemical fertilizers supplies some essential elements
whereas induces the extensive mining of other nutrients
from soil system resulting in imbalances in nutrient availability
with time. Thus, improvement in nutrient-use-efficiency (NUE)
of plants for improving crop growth and yields is highly
required (Gourley et al., 1994).

Nowadays, agriculture is recognized as one of the major
contributors in GHGs emission (Burney et al., 2010).
Agricultural systems along with related forestry and fisheries,
and other land-use sectors (AFOLU) showed an almost
twofold increase in total GHG emissions over the past 50
years (Smith et al., 2015). Agriculture sector shared about
17% of this increase in total GHG emission (IPCC, 2015).
Among crops, paddy crop cultivation contributes the most
GHG (mainly CH4 and N2O) emission (IPCC, 2007; Hadi et al.
2010). Overall, the challenges for traditional agricultural
practices associated with deteriorating resource quality and
on-going climate change scenarios call for a set of modifica-
tion in these practices which should strike the balance
between the traditionally adapted knowledge and modern
cultivation techniques (Srivastava et al., 2016a; Singh et al.,
2019a).

1.1 The need for resource-conservative agricultural practices

In recent years, water scarcity and land degradation led to a
considerable shift in agricultural practices. Now, there is a
need to enhance crop yield with minimal environmental impact
from the agricultural systems (Sharif, 2011). These shifts in
agricultural practices are based on certain modification in
traditionally-adapted agronomic practices. For example,
Bhuiyan and Tuong (1995) suggested that maintaining a
continuous water condition throughout the crop season is not
necessarily required for paddy crop. Similarly, deep-tillage for
crop cultivation is also not necessarily required. To maintain
the agriculture production, improvement in soil biodiversity
and health are the key factors for achieving sustainability in
agriculture (Perfecto and Vandermeer, 2010; Chappell and
LaValle, 2011; Lal, 2020). Ecological health can only be
restored by adopting judicious resource utilizing agricultural
practices (Barea, 2015; Srivastava et al., 2016a). This can be
possible by including some practices like the application of
biofertilizers and related microbial inoculants, and increased
inputs of organic matter to the agricultural system having
greater compatibility for the long-term. Based on the assump-
tions, outlined in Fig. 2, to overcome the environmental
challenges for the agricultural sector, several practices have
emerged which are elaborated in the following paragraph.

Major agronomic practices such as conservation agricul-
ture for managing soil health (Kassam et al., 2009); the

system of rice intensification (SRI) and aerobic rice cultivation
for reducing water consumption and GHG emissions from
paddy fields; deficit irrigation, drip irrigation, mid-season
drainage for improving water-use-efficiency; and biofertilizer
and organic soil ameliorant for managing soil fertility (Delgado
et al., 2011; Thierfelder et al., 2017) have been emerged for
achieving agricultural sustainability. Conservation agriculture,
the SRI, organic farming and soil amendment based
agriculture can be considered as a better practice to fulfil
the objectives proposed by the IRRI for resource management
under climate change scenario (Choi et al., 2013). These

Fig. 2 An illustrative representation of major challenges

for traditional agriculture and possiblemitigation measures

by adapting emergent agronomic practices.

Fig. 3 Basic principles underlying for the development of

emergent agronomic practices for attaining agricultural

sustainability.
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systems are based on several principles, outlined in Fig. 3, for
the sustainable natural resource management without com-
promising crop production (Knowler and Bradshaw, 2007;
Mishra et al., 2013; Lal, 2015; Knapp and van der Heijden,
2018). Since these agronomic practices are still considered as
‘work in progress’ practices due to their versatility to adapt
new changes best suited for site-specific real-time experi-
ences (Kassam and Brammer, 2016), they can be further
considered as emergent agronomic practices. Thus, the
objectives of this review were to: (1) identify the research
progression in different emergent agronomic practices, (2)
assess the environmental impacts, and (3) explore the
potential of different practices for developing the agronomic
packages, for agro-ecological balance and climate change
adaptation.

This review is a step toward understanding the develop-
ment in emergent agronomic practices. The overall focus is on
understanding the combined application of agricultural tech-
niques, however, to do that, we applied the bibliometric tools
to analyze the state of research for different emergent
agronomic practices. Conservation agriculture, the SRI and
soil amendment based agronomic practices were examined
with respect to the literature addressing climate change and
nutrient cycling. As described in the next section, research
into emergent agronomic practices has yet to exploit the
benefits of a combined approach for developing package-
based agricultural systems.

2 Bibliometric analysis: methodology

The documents indexed in the Web of Science (core
collection) database from 2005 till 21st January 2021 were
considered to ascertain the trend of research. In the first step,
three searches were conducted using the terms “conservation
agriculture,” “system of rice intensification” and “soil amend-
ment” following the structured approach of Cobo et al. (2011)
and Yadav et al. (2021). Results of each search were refined
for “climate change” OR “nutrient cycling.” In the case of “soil
amendment” results, an additional step was added before the
final search by adding “biochar” OR “biofertilizer” OR “organic
manure.” The final results for each of the three searches have
been referred to by conservation agriculture, system of rice
intensification and soil amendment, respectively. We used the
“bibliometrix” package in R (ver. 4.0.2) for bibliometric analysis
(Aria and Cuccurullo, 2017). The keyword-plus (ID) term from
the Web of Science search results was used for the
bibliometric analysis. ID is a unique feature of the Web of
Science database where the articles are tagged with pre-
defined research areas according to the references cited in
the article. The IDs are different from the author's keywords;
hence provide a consistent and contextual basis of assess-
ment.

Keyword co-occurrence network plot and thematic evolu-
tion plots were used for analyzing the results. In the keyword
co-occurrence plot, the circles (nodes) represent a collection

of themes named by the most frequent ID, and the connecting
lines (edges) represent their linkages. A very frequent and
interlinked theme has a larger node and more edges. Similar
nodes form a cluster which is denoted by a color. Each cluster
is usually referred to by the name of its largest or the most
linked node. Further, thematic evolution analysis was per-
formed to identify the research trends for different agricultural
practices. For thematic evolution analysis, the time was
divided into two major classes as (1) representing the
research trend in last five years, and (2) showing the research
trend since the emergence of a particular research field (e.g.,
2004–2016 for conservation agriculture, 2009–2016 for SRI,
2010–2014 for soil amendments). Thematic evolution analysis
revealed the evolution of different themes with the time and
their segregation or aggregation with other related themes
under different periods. Moreover, this analysis also helps in
identifying the emerging themes for a particular research
topic.

In addition to the above-mentioned bibliometric analyses,
another literature survey was performed using Web of
Science and Scopus database for exploring the research
progression on combined agricultural practices. Different
keywords (e.g., conservation agriculture, system of rice
intensification, biochar, organic agriculture, organic farming,
and biofertilizer) were used in different combinations to
identify the studies dealing with the combined application as
the core objective of this study (Table 1). Based on the search
results, relevant literature dealing with the combined applica-
tion of different agronomic practices were mined for identifying
the compatibility of different practices to develop agriculture
packages for particular agro-ecosystems.

3 Emerging agronomic practices: research
trends

Based on the Web of Science search results (refined by
“climate change” OR “soil fertility”) of three different emergent
agronomic practices, the climate change and nutrient cycling
refined results for both conservation agriculture (Fig. 4A) and
SRI (Fig. 5A) showed an interlinked pattern whereas there
was lesser interconnection between thematic areas in soil
amendment results (Fig. 6A). A detailed description of the
keyword co-occurrence and thematic evolution analyses has
been given in the following sub-sections for different emergent
agronomic practices.

3.1 Conservation agriculture

Conservation agriculture is based on the principle of
integrated crop and soil management practices such as
reduced or no soil disturbance, permanent soil cover by
residue retention and crop rotation or multiple cropping
systems (Thierfelder et al., 2017). These principles are
based on in situ conservation of SOM and later lead to soil
carbon sequestration (Lal, 2004, 2015, 2020). Residue
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retention policy in conservation agriculture reduces crop
residue burning and related environmental pollution simulta-
neously with the improvement in soil properties (Kassam et
al., 2015). Moreover, conservation agriculture principles help
in reducing soil degradation and improve crop yield (Thier-
felder et al., 2017; Singh et al., 2019a).

Based on keyword co-occurrence analysis, three clusters
were identified which were dominated by conservation
agriculture, climate change and management (Fig. 4A). The
co-occurrence plot indicated the importance of Indo-Gangetic
plains, carbon sequestration, greenhouse gas emissions,
systems and food security in the conservation agriculture
cluster. Management approaches were aimed at organic
matter and SOC sequestration. From the perspective of
climate change, the role of organic carbon and ecosystem
services was one of the subject areas of conservation
agriculture research. Presence of Sub-Saharan Africa in the
climate change cluster and Indo-Gangetic plains in the
conservation agriculture cluster highlighted the importance
of these regions in conservation agriculture research.

The thematic evolution plot showed the evolution of
different research areas in conservation agriculture for the
2004 to 2021 period (Fig. 4B). Interesting to note was the fact
that during the 2004–2016 period, the yield was the major
focus of research, whereas during the 2017–2021 period,
conservation agriculture itself evolved as the major focus.
During the 2017–2021 period, conservation agriculture was
studied from the perspective of Africa, maize, water-use-
efficiency, northern Ethiopia, biodiversity, management and
yield. The impact of tillage and organic matter also occupied a

prominent position during the 2017–2021 period, indicating
their significance in the evolving research. Gradual identifica-
tion of conservation agriculture as the agronomic practice to
maintain soil nutrient cycles and mitigate the impact of climate
change was found to be increasingly recognized, as evident in
the thematic evolution.

3.2 The system of rice intensification (SRI)

The SRI is based on certain modified principles from the
traditionally adapted rice cultivation methods such as 10–12
days young seedlings transplantation, 1–2 seedlings per hill,
wider spacing between two hills, intermittent or minimal
irrigation only for saturating the soil, use of mechanical
weeder and increased proportion of organic fertilization
(Uphoff et al., 2011). The SRI is reported to improve crop
yield and water productivity (CIIFAD, 2014; Thakur et al.,
2014; Deelstra et al., 2018).

Research in the SRI, from the perspective of climate
change and nutrient cycling evolved into three clusters in the
keyword co-occurrence analysis (Fig. 5A). Food security and
resource-use-efficiency were found to be the dominating
themes in the climate change cluster. The SRI cluster included
the socio-economic aspects of management practices like
household income, technology, opportunities and intensifica-
tion. The SRI node was quite small but highly interlinked with
other thematic areas. This indicated that application of the SRI
has been frequently cited but research into its various aspects
is still in nascent stage from the perspective of climate change
and nutrient cycling.

Table 1 Number of studies found in the bibliometric analysis results for the combined application of different agricultural practices from the Web
of Science (Core Collection) and Scopus databases (searched on 21st January 2021).

S.N. Search words (Agronomic practice keywords) Number of studies in

different database

Web of Science Scopus

1 “conservation agriculture” AND “organic farming” 39 41

2 “conservation agriculture” AND “organic agriculture” 27 21

3 “biochar" AND “organic farming” 21 52

4 “conservation agriculture” AND “biochar” 20 21

5 “conservation agriculture” AND “system of rice intensification” 12 12

6 “conservation agriculture” AND “soil amendment” 5 20

7 “system of rice intensification” AND “organic farming” 5 10

8 “biochar" AND “organic agriculture” 4 8

9 “system of rice intensification” AND “organic agriculture” 2 2

10 “conservation agriculture” AND “system of rice intensification” AND “organic agriculture” 2 2

11 “conservation agriculture” AND “biofertilizer” 1 5

12 “system of rice intensification” AND “biochar” 1 3

13 “system of rice intensification” AND “soil amendment” 1 2

14 “conservation agriculture” AND “system of rice intensification” AND “biochar” 0 0
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Fig. 4 Keyword co-occurrence network plot (A) and thematic evolution plot (B) for search results of “conservation agriculture,” refined

with “climate change” AND “nutrient cycling” from the Web of Science (searched on 21st January 2021).
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Fig. 5 Keyword co-occurrence network plot (A) and thematic evolution plot (B) for search results of “system of rice intensification,”

refined with “climate change” AND “nutrient cycling” from the Web of Science (searched on 21st January 2021).
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Fig. 6 Keyword co-occurrence network plot (A) and thematic evolution plot (B) for search results of “soil amendment,” refined

with “biochar,” “biofertilizer,” “organic manure,” “climate change” AND “nutrient cycling” from the Web of Science (searched on

21st January 2021).
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Thematically, yield and productivity were the focus of
research in the SRI during initial (2009–2016) period of its
emergence (Fig. 5B). There was a general diversification of
themes from 2009 to 2021 period with the emergence of
climate change, agricultural technology, greenhouse gas
emissions and nitrogen as thematic areas during 2017–
2021. Though the literature on the SRI was available from
2009, it increased during the considered time. Research focus
has been increased into the role of the SRI in nutrient cycling
and climate change mitigation during the 2009–2021 period
(Fig. 5B).

3.3 Soil amendments (biochar, biofertilizer and organic
manure)

Organic farming helps in increasing soil organic matter (SOM)
content which further improves soil quality and fertility
(Srivastava et al., 2016a; Singh et al., 2019a). Further, a
surplus amount of crop residues are openly burnt in the field
which leads to soil nutrient loss and environmental pollution
(Singh and Sidhu, 2014). Biochar has been extensively
suggested for waste management and reducing crop residue
burning (Singh et al., 2015). Similarly, biofertilizer (or microbial
consortium) application has nowadays been recommended
for restoring soil health and productivity for attaining sustain-
ability in agriculture (Kumar and Verma, 2018). However, most
of the researches on soil amendments are isolated or
restricted to a particular theme e.g., soil fertility or climate
change mitigation approaches. The keyword co-occurrence
plot for soil amendments also showed very few linkages and
six clusters, indicating the isolated nature of developments
into climate change and nutrient cycling aspects (Fig. 6A). The
climate change cluster included carbon sequestration, and it
was also studied with respect to heavy metals and sewage
sludge. This was possibly due to multifaceted application of
biochar for improving soil fertility, C sequestration, pollutant
remediation and waste management (Singh et al., 2015).
Though the themes were found isolated, however, carbon
sequestration, greenhouse gas emissions, nitrous-oxide
emissions, black carbon and pyrolysis temperature dominated
the plot. All these keywords are mainly related to biochar
research which revealed the diversification of biochar
research among different soil amendments. The thematic
evolution of climate change, black carbon, soil, charcoal and
plant growth into black carbon (biochar) indicated their
significance in soil amendment research (Fig. 6B). The role
of biochar in mitigating climate change can be ascertained
from the position of black carbon and biochar during the
2017-2021 period.

Based on the results of bibliometric analysis, it can be
inferred that the research on emergent agronomic practices
for improving soil fertility and climate change mitigation are
emerging with the time. The thematic evolution plots for all the
three major practices revealed the research trend toward the
yield and productivity, resource-use-efficiency and physical
development of soil, and GHG emissions and climate change

mitigation in the recent five years. In the next section, detailed
insight into the environmental impacts of different emergent
agronomic practices has been given.

4 Environmental impacts of emergent
agronomic practices

Recently, Garbach et al. (2017) reviewed 104 studies with
contrasting farming practices and found that the SRI,
conservation agriculture and precision agriculture-based
agronomic practices showed ‘win-win’ or ‘win-neutral’
responses for both yield and ecosystem services. The
environmental impacts of a few highly recommended emer-
gent agronomic practices adopted in the tropical agro-
ecosystems have been outlined in the following sub-sections.

4.1 Soil properties

Improvement in root zone soil aeration is observed under the
SRI due to wider spacing between hills, minimal water use for
irrigation and cono-weeding practices (Uphoff et al., 2011;
Dass et al., 2015). Kumara et al. (2016) observed that aerobic
conditions, intermittent irrigation and organic amendments in
the SRI led to the increase in soil pH, increase in SOC and soil
N contents as compared to the traditional agronomic
practices. Increased soil N-availability in the root zone is
reported in the SRI method due to higher biological N-fixation
under aerobic conditions or availability of N from hetero-
geneous sources applied in the soil (Das et al., 2018). Higher
microbial biomass, enzyme activities and root growth para-
meters were observed in the SRI-rice cultivation method as
compared to the traditional agronomic practices (Rupela et al.,
2006), particularly during the post-rainy season (Thakur et al.,
2010).

Conservation agriculture practices with full adoption condi-
tions (three principles) have been reported to have consider-
able effects on different soil properties (Lal, 2008; Sapkota
et al., 2012; Lienhard et al., 2013). A decrease in soil bulk
density (at 15–20 cm soil depth) was reported in conservation
agriculture applied organic matter-rich soils (Khorami et al.
2018; Kumar et al., 2019). However, an increase in surface
soil bulk density was also reported during the initial years of
conservation agriculture adopted fields (Khorami et al., 2018;
Jat et al., 2019). Reduced mechanical disturbance and
increased organic matter inputs in conservation agriculture
lead to improved soil structure and erosion control (Abdalla
et al., 2013; Seitz et al., 2019). Residue retention and
reduced-tillage practices improved soil moisture and N-
availability (Peter, 2018; Parihar et al., 2019). The tillage
practices affect the soil aggregate dynamics and related
biological activity (Reeves et al., 2019). Significant increase in
SOC, soil N, dissolved organic C, microbial biomass and
community composition was reported under conservation
agriculture system (Wang et al., 2011; Guo et al., 2015, 2016;
Zhao et al., 2016; Khorami et al., 2018). However, a decrease
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in available N content on the soil surface was also observed
due to N-immobilization in the crop residue and microbial
biomass (Khorami et al., 2018; Singh, 2019). Crop residue
retention along with reduced-tillage facilitate the movement of
SOC and soil N to the deeper soil layers and reduce the rate of
residue decomposition in the top layer by providing suitable
micro-environmental conditions (Gathala et al., 2011; Kumari
et al., 2011; Khorami et al., 2018; Jat et al., 2019). Moreover,
planting of leguminous crops under crop rotation policy of
conservation agriculture improves soil porosity and nutrient
availability (Kassam and Brammer, 2013; Partey et al., 2016).

Organic amendment to soil showed improvement in SOC
level which resulted in improved SOC dynamics, and there-
fore, regular organic amendments are recommended for
improving soil vitality and nutrient pools (Lal, 2013; Srivastava
et al., 2016b; Knapp and van der Heijden, 2018; Singh et al.,
2019a, 2019b). Mishra et al. (2006) found that soils receiving
organic amendments stimulate the growth-promoting soil
bacteria proliferation. Biochar application leads to improve-
ment in soil structure and nutrient absorption potential (Wang
et al., 2016). Qu et al. (2014) reported a decrease in soil bulk
density and an increase in soil moisture content after a rice-
husk ash application. Combined application of biochar with
other organic amendments (e.g., organic manure, crop
residue) was also reported to improve soil WHC, moisture
content, soil pH, electrical conductivity and soil nutrients
(Kameyama et al., 2016; Singh et al., 2019b, 2019c). The high
cation exchange capacity of biochar reduces nutrient leaching
and increases nutrient availability in the root zone which
resulted in increased seed germination, plant growth, and
crop yield (Sparrevik et al., 2013). Sole biochar application
was reported to inhibit N-mineralization rate by reducing
ammonification and nitrification processes (Granatstein et al.,
2009; DeLuca et al., 2015). On the contrary, increased nutrient
availability was reported under combined biochar and com-
post applied soils (Fischer and Glaser, 2012; Schulz and
Glaser, 2012; Singh et al., 2019b). Several studies reported
higher microbial community growth and microbial biomass
under biochar amended soils (Biederman and Harpole, 2013;
Wang et al., 2016). The high surface area, porous quality and
higher availability of inorganic nutrients on the biochar surface
provide a favorable niche for microbial growth and prolifera-
tion (Warnock et al., 2010). Thus, emergent agronomic
practices have considerable potential to improve soil quality
and nutrient dynamics.

4.2 Water resource utilization

Several studies reported a reduction in irrigation water use
under the SRI and conservation agriculture systems of rice
and wheat cultivation which further led to the improvement in
water-saving and crop water productivity (Pascual and Wang,
2017; Das et al., 2018; Khorami et al., 2018; Li et al., 2018; Jat
et al., 2019). During low rainfall years, the SRI performance
was found better, though the water-saving and crop water
productivity was found slightly lower as compared to the high

rainfall years (Raj et al., 2017). Das et al. (2018) found
considerably higher crop water productivity under locally-
modified SRI practices. Jat et al. (2019) reported 67% higher
total water productivity under conservation agriculture-based
rice-wheat-mungbean cropping system as compared to the
traditional management system. Das et al. (2016) also
observed higher crop water productivity for the second and
third year of experimentation under conservation agriculture
system as compared to the traditional agronomic practices
applied in the pigeon pea-wheat cropping system. The
residue retention in conservation agriculture system improves
the soil moisture content and reduces evaporation loss which
leads to reduced water requirement and increased crop water
productivity. The studies performed in the arid regions showed
that biochar amendment either sole or in combination with
other organic ameliorants improve the soil hydro-physical
properties such as porosity, water-filled pore space and water
holding capacity which further improves crop water productiv-
ity (Agbna et al., 2017; Li et al., 2018; Singh et al., 2019c).
However, occasional yield penalty in sole biochar applied soils
due to nutrient immobilization and water scarcity may lead to
lower crop water productivity under biochar application
(Faloye et al., 2019).

4.3 Greenhouse gas emission

Greenhouse gas emission varies with soil type, soil pH,
temperature, soil moisture, SOC content, nutrient and water
management, crop types and growth stages. Therefore,
precise recommendations are difficult to provide under
different agricultural management practices (Thakur and
Uphoff, 2017). A net reduction in GHGs emission in terms of
their global warming potential (GWP) is reported in the SRI
practices due to aerobic conditions (Suryavanshi et al., 2013;
Thakur et al., 2014). Conservation agriculture practices have
been reported to reduce GHGs emission from the intensively
cultivated areas (Ceja-Navarro et al., 2010). However, an
increase in CO2 emission due to decomposition of crop
residues (Oorts et al., 2007; Peter, 2018) and a decrease in
CO2 due to reduction in tillage activities and residue burning
were observed under different studies (Alluvione et al., 2009;
Lal, 2013; Abdalla et al., 2016). Singh et al. (2009) also
observed higher cumulative soil CO2 efflux from the wheat
straw and Sesbania + wheat straw applied treatments,
however, the release of CO2 per unit of SOC was found
comparatively lower. It showed the SOC sequestration
potential of conservation agriculture system. According to
the estimates of FAO (2008), adoption of conservation
agriculture-based best management practices may help in
sequestering 1.8 tCO2 ha–1 yr–1. Therefore, a detailed
analysis of different climatic and edaphic conditions should
be kept in mind while recommending conservation agriculture
for a region (Kirkegaard et al., 2014; Reeves et al., 2019).
Singh et al. (2009) and Srivastava et al. (2018) reported higher
soil CO2 efflux from organic amendment applied plots, but the
soil CO2 efflux released per unit of SOC was considerably
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lower for the organic amendment as compared to the
chemical fertilizer applied soils. It revealed the high C-
sequestration potential of organic amendment applied soils
in the long term, and therefore, it needs further assessment.

Overall, different emergent agronomic practices lead to an
improvement in soil quality/health and crop productivity,
decrease in water use and GHGs emission (with some
exceptions) from the major cropping systems. However, there
is a need to assess the complementary behavior of different
emergent agronomic practices when applied in combination.
A brief account of the compatibility parameters of different
emergent agronomic practices is presented in the next
section.

5 Compatibility assessment of emergent agro-
nomic practices for agro-ecological balance
and climate change adaptation

Substantial research is being done with respect to agricultural
land management practices at the global scale for exploring
the ecological aspects of agriculture (Kassam and Brammer,
2016). As mentioned earlier, environmental implications of a
few emergent agricultural practices such as the SRI,
conservation agriculture and organic amendments in agricul-
tural fields have been widely explored (Sharif, 2011; Kassam
and Brammer, 2016). The bibliometric analysis results for
different combined emergent agronomic practices revealed
the following trend: conservation agriculture + organic amend-
ment > biochar + organic amendments > conservation
agriculture + biochar > conservation agriculture + SRI>SRI +
organic amendments (Table 1). These results revealed that
conservation agricultural practices have more compatibility to
incorporate soil amendments (organic, biofertilizer and
biochar) as well as SRI practices. Our in-depth literature
review identified 18 studies (12 experimental, 4 review and 2
meta-analysis) which were directly dealing with the combined
application of emergent agronomic practices (viz., conserva-
tion agriculture, SRI, organic farming and biochar) for
exploring the impacts on soil biophysical properties, plant
performance and yield, and climate change mitigation
(Table 2). Interestingly, out of 18 studies, 13 studies have
been published in the last three years (3 in 2018, 5 in 2019
and 5 in 2020) which revealed the emergence of the topic in
the last few years. Moreover, this trend analysis also revealed
that we may witness a number of studies dealing with the
combined agronomic practices in the coming years.

Basic principles of the emergent agronomic practices i.e.,
preserving the natural resources while producing at par crop
yield, remain same (Sharif, 2011). This indirectly revealed
their complementarity for each other (Kassam and Brammer,
2016). Recently several studies emphasized on the integra-
tion of most of these practices and exploration of the
environmental implication of an agronomic package for an
agro-ecosystem (Sharif, 2011; Kassam and Brammer, 2013,

2016; Knapp and van der Heijden, 2018; Peter, 2018). The
bibliometric analysis results for a combination of “conserva-
tion agriculture” AND “system of rice intensification” yielded 12
documents with 61 ID in Web of Science. The keyword co-
occurrence plot revealed the formation of three clusters
mainly dominated by conservation agriculture (Fig. 7). The
other two clusters represent the socio-economic (opportu-
nities and farmers; and rotation, performance and agriculture)
aspects of the combined conservation agriculture and the SRI
practices.

Kassam and Brammer (2013) suggested that the combina-
tion of the SRI with conservation agriculture may further
improve the rice-wheat crop performance by providing on-
farm inputs and suitable environmental conditions to the
plants (Table 2). The massive size of the conservation
agriculture node which was in close interaction with the SRI
(and system intensification) node represent that research
communities are focusing on the integration of SRI in on-going
conservation agriculture practices which provide opportunities
for better adoption by the farmers and improves the
performance and resource-use-efficiency (Fig. 7). The com-
bination of the SRI with conservation agriculture has been
termed as the ‘paradoxical agriculture’ which enables the
farmers to obtain more output with less input (Sharif, 2011).
The high level of organic matter on the top soil may improve
the soil biological activities which help in developing the
feedback mechanism of any system (Kassam et al., 2011).
Thus, incorporation of organic farming with SRI-conservation
agriculture system may further provide long-term benefits to
the whole system by improving soil, water and human health
(Sharif, 2011; Garbach et al., 2017). Sharif (2011) and Uphoff
et al. (2011) reported about the effort being made for
integrating SRI with conservation agriculture in the Indo-
Gangetic Plains of Pakistan, and the preliminary results
showed positive responses. Similarly, incorporation of some
similar approaches in the Jiangsu Province of China has been
also reported (Zhang and Lu, 2010). Studies of Khadka and
Uphoff (2019), Singh (2019) and Singh et al. (2020b) also
reported the at par system yields for rice-wheat cropping
system following the organic-SRI-conservation agriculture
combined packages. Though, yield penalty for individual
crops were also observed in these studies.

Biochar application to the conservation agriculture has
been suggested to improve the soil biophysical properties
which may help in better crop performance in degraded soils
(Peter, 2018; Singh, 2019; Nyambo et al., 2020a), and hold
substantial significance under the present climate change
scenario (Sparrevik et al., 2013; Nyambo et al., 2020b). Based
on the meta-analysis results on 193 studies on organic
farming and conservation agriculture application with 2896
comparisons, Knapp and van der Heijden (2018) reported
temporal stability ( –3%) in crop yield for the transition
between tilled and no-tilled cropping system. Knapp and van
der Heijden (2018) further suggested that the integration of
organic inputs in conservation agriculture systems may
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improve the crop yield and minimize the yield gaps.
Incorporation of biochar in different emergent agronomic
practices enhances the nutrient retention capacity, reduces
the GHGs emission and nourishes the soil biological activities
which increases the overall soil fertility and crop yields (Partey
et al., 2016; Singh et al., 2019b; Nyambo et al., 2020a,b).

The benefits and risks associated with the adoption of
compatible agriculture package in different climatic conditions
have been elaborated in Table 2. The outcome of the literature
survey revealed that the emergent agronomic practices
(conservation agriculture, the SRI, organic agriculture and
biochar/biofertilizer amendment) have considerable compat-
ibility to be used in a package for attaining agricultural
sustainability. Kassam et al. (2011) suggested some key
questions be asked in terms of compatibility of two agronomic
practices for a particular soil-climate system before applying
the integrated farming approach for any agro-ecosystem.
Some limitations and challenges may be observed during the
initial phases of adoption of compatible agronomic packages.
Thus, compatibility assessment of different agricultural
practices and their suitability for a particular agro-climatic
zone should be emphasized in the future agricultural
researches for developing climate-smart agricultural
packages.

6 Challenges and limitations for the adoption of
compatible agriculture packages

The combined application of different emergent agronomic
practices although provide several ecosystems services,
however, some criticisms and negative consequences have
also been reported in the literature. For example:

(i) The climatic variability in terms of precipitation and
temperature regimes have been considered as the major
challenge for developing compatible agriculture packages
(Campiglia et al., 2015). The variation in precipitation
regulates the nutrient (especially N) availability, and thus,
the crop performance and yield under sole organic input-
based emergent agronomic practices (Campiglia et al., 2015;
Cooper et al., 2016; Singh et al., 2019c).

(ii) No-tillage in conservation agriculture and minimizing the
puddling in SRI may create hardpans in the surface layer
during the initial years due to movement of heavy agricultural
vehicles. The hardpan may restrict the soil aeration, root
penetration and microbial activities after subsequent farming.
However, this can be overcome after a few years of adoption
due to crop residue retention, its decomposition and main-
tenance of sufficient organic matter content on the surface by
improved microbial activities when minimal tillage is applied

Fig. 7 Keyword co-occurrence network plot for search results of “conservation agriculture” AND “system of rice intensification”

from the Web of Science (searched on 21st January 2021).
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initially (Kassam et al., 2011; Kassam and Brammer, 2016).
(iii) Weed infestations under combined conservation-

organic agriculture systems due to tillage reductions is
another major challenge (Knapp and van der Heijden, 2018;
Antichi et al., 2019; Vincent-Caboud et al., 2019).

(iv) Nutrient immobilization by the microbes can be
observed under high C/N ratio biochar, organic manure and
crop residue application (Baldivieso-Freitas et al., 2018; Peter,
2018; Antichi et al., 2019; Singh et al., 2019b).

(v) Since most of the emergent agronomic practices are
based on organic-inputs for improving inherent soil health, the
increased labile nutrient availability may enhance the micro-
bial activities resulting in higher soil CO2 efflux and other GHG
emissions in the short term (Singh et al., 2019b; Nyambo
et al., 2020b). However, these adaptations will lead to build-up
of considerable SOC stock and reduced disturbances from
the tillage may increase the fungal diversity and mycelia
growth which leads to substantial soil C sequestration in long-
term (Singh, 2019).

(vi) Nutrient leaching to the local environment may also be
observed in case of unpredicted rainfall events as the case of
global climatic variability. However, this may be an occasional
phenomenon which can be managed by proper management
activities and precision agriculture practices.

(vii) Socio-economic status of farmers and government
policies are also the major challenge for wider adoption of
compatible agricultural packages under different agro-climatic
zones. Some of the practices (e.g., the SRI and organic
farming) have more suitability for small landholding farmers
whereas other (e.g., conservation agriculture and biochar
amendment) has more ligation for large landholding farmers
which may limit the regular distribution of the adoption of the
compatible agronomic packages at wider scale.

The limitations are site- and climate-specific in nature. The
studies from Mediterranean climate reported more nutrient
unavailability under combined agronomic practices due to
their long cold conditions which resulted in either nutrient
immobilization or reduced mineralization (Campiglia et al.,
2015; Baldivieso-Freitas et al., 2018; Antichi et al., 2019). On
the contrary, higher mineralization, and thus, faster decom-
position of organic content has been observed in tropical and
warm temperate conditions (Partey et al., 2016; Khadka and
Uphoff, 2019; Singh et al., 2019b; Nyambo et al., 2020a,
2020b). These limitations can be managed by improving crop
rotation policies related to different climatic conditions,
mechanical weed management, incorporation of moderate/
minimal dose of inorganic fertilizers at critical growth stages of
crops and providing incentives to the farmers in case of yield
penalty (Cooper et al., 2016; Baldivieso-Freitas et al., 2018;
Antichi et al., 2019; Singh et al., 2019b; Vincent-Caboud et al.,
2019). Moreover, there is a need to strike the balance
between the socio-economic balance and incentives in the
form of reward and subsidies to farmers having limited
resources for wider adoption of a particular package. Since
the agriculture and related stakeholders are the backbones of
several developing countries, it is an urgent need to think and

act on prioritizing the compatible agronomic-package based
agriculture for attaining true sustainability in agriculture.

7 Conclusions and research outlook

In this study, we identified that the research on the resource-
conservative emergent agronomic practices has been
increasing nowadays. However, the research on emergent
agronomic practices is mostly done in isolated way for a
particular agronomic practice. Under current changing climate
scenario, in spite of looking for individual practice, a holistic
understanding of the system by considering a package of
practices may help in developing broader view on the
environmental impacts of those practices. The review
identified some studies focusing on the combined application
of a few agronomic practices for better resource utilization and
management. The bibliometric approach helped in identifica-
tion of such research trends. The trend analysis revealed that
we may witness a number of studies dealing with the
compatible agronomic packages in the coming years. The
researches, though a few only, on compatible agronomic
packages reported some interesting results which may help in
buffering the nutrient cycling under climatic variability. There-
fore, there is an urgent need to focus on various soil-plant-
water relationships, in general, and soil-cropping system-
greenhouse gas emissions, in particular, by developing
compatible packages of agricultural practices for different
agro-climatic zones, globally.
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