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Abstract Climate-smart agriculture (CSA) includes approaches that help in reduc-
ing climatic extremities and agricultural greenhouse gas (GHG) responsible to global
warming. CSA also focuses to balanced and reasonable transformations for agricul-
tural practices. Soil is very diversified due to variations in physical and chemical
properties, depending upon the quality and quantity of organic matter, redox poten-
tial, and pH status of soil, which also significantly impact the population, growth,
and activity of microbes. The microorganism as an arbitrate ensures the sustainable
farming by designing effective nutrient cycling strategies and pest control process
and minimizing the negative impact of abiotic stress. Therefore, proper managing
and development of beneficial microbes can help to achieve sustainable goals
and reduce negative effects on the environment. The microbial biofertilizers,
biopesticides, and plant growth-promoting rhizosphere bacteria (PGPR) will replace
or at least supplement agrochemicals. Soil microbes also provide carbon sinks and
help sequester carbon through various processes like the formation of recalcitrant
vegetative tissues, bio-products, and different metabolic and biochemical mecha-
nisms that capture CO2 from the atmosphere; capacity of carbonate sedimentation;
and formation of stable soil aggregates, which holds up carbon. Microbes contribute
to carbon sequestration by the interactions between the amount of microbial bio-
mass, microbial by-products, its community structure, and soil properties, like clay
mineralogy, texture, pore-size distribution, and aggregate dynamics. Soil microbes
play a role in climate change through decomposition of organic matter in soil. The
diversity and population of soil microorganisms are indirectly influenced by changes
in microclimate due to its effects on growth of plant and alignment of vegetation.
Soil microbes endorse the sustainability of agriculture and effective operation of
agroecosystem through precision agriculture under climate-smart agriculture.
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4.1 Introduction

Agriculture is the backbone of Pakistan economy like many other nations around
globe. The world population is expecting to be more than 9 billion in 2050, and to
feed this growing population, agricultural production system needs to be
transformed based on sustainable land management technologies. The basic objec-
tive of this transformation would be to increase food production without depleting
soil and water resources under changing climate scenarios (Branca et al. 2011).
Sustainable agricultural practices lead to reduce gaseous emission and increased
carbon sequestration necessary for mitigating climate change. Continuous vulnera-
bilities in climate, especially changes in temperature, wind, and precipitation pattern,
is the cause of uncertainty, risk, and real threat to food security. The modern
approach like climate-smart agriculture (CSA) can help to improve the sustainability
in the production system by increasing resilience and resource use efficiency (Lipper
et al. 2014). Soils are integral to the function of all terrestrial ecosystems and to food
and fiber production. Soil microbes are main drivers of different ecosystem pro-
cesses, and their population and functions determine the sustainable soil productiv-
ity, water resources, and gaseous emissions (Wagg et al. 2014). The change in
climate, such as elevated atmospheric CO2 concentration (eCO2), temperature, and
drought, adversely affects the soil microbial activities. The removal of nutrient-rich
topsoil through dusty winds also threatens food security. Soil microbes are farmers’
allies and can help in dealing the climate challenges faced by agriculture. Soil
microbes play a role in fighting against this climate change challenge very effec-
tively and can restore depleted or degraded soil. Soil microbes improve soil health,
crop growth, water holding capacity, and carbon sequestration and allow for
increased agricultural productivity on existing land. Soil microbes can help crops
to tolerate elevated temperature and svere moisture shortage. Crops inoculated with
soil microbes have a deeper root system helping to withstand drought and, conse-
quently, accept more water effectively from drying soil. Soil microbes also minimize
insect pest deleterious crop diseases and improve the overall crop growth and yield.
Soil holds three times more carbon as exists in the atmosphere, and more carbon
storage in the soils minimizes greenhouse gas concentrations between 50% and 80%
(Paustian et al. 2016).

The terminology climate-smart agriculture (CSA) has established to portray an
array of approaches that could facilitate these obstacles by enhancing toughness to
climatic extremities, acclimatizing to varying climate, and reducing agricultural
greenhouse gas (GHG) that causes global warming. CSA also focuses to augment
balanced and reasonable transformations for agricultural practices and employments
across balances, varying from small-hold owners to transnational alliances, making
an essential fragment of the wider green development plan for agriculture (Braimoh
2013; Palombi and Sessa 2013). Soil is very diversified in the world due to variations



in physical and chemical properties (Quesada et al. 2010). The chemical and
physical properties of soil depend upon the quality and quantity of organic matter,
redox potential, and pH status of soil, which also significantly impact the population,
growth, and activity of microbes along with soil productivity (Lombard et al. 2011).
Production of food, feed, fiber, and shelter depends upon the agricultural land (Toor
and Adnan 2020). In many developing countries, agriculture offers self-employment
and is vital for their economic development (Gindling and Newhouse 2014). To
meet the need of food, feed, fiber, fuel, and raw material, burden on agricultural soils
is increased in recent years due to the heavy increment in the human population.
Although the synthetic fertilizers and pesticides are applied to increase the crop
growth, they worsen the soil and environment and deteriorate soil organisms
(Jacobsen and Hjelmsø 2014). Climate-smart agriculture (CSA) is an approach and
addressed to mitigate the issues endeavoring to elevate agriculture production,
increase adaptation, and facilitate GHG discharge drops. CSA focuses on emerging
agricultural approaches not just to safeguard food security in varying climatic
conditions but also to diminish GHG liberations and to ameliorate soil C sequestra-
tion (Lipper et al. 2014). Biochar (the C abundant solid produced via biomass
pyrolysis) improvement in agriculture lands has been recommended as a tactic to
subside climate modification by sequestering C and lessening GHG (specifically
N2O) whereas concurrently enhancing the crop productivity (Woolf et al. 2010;
Jiang et al. 2020).
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4.2 Soil Microbes and Sustainable Agriculture

Sustainable farming is known as a part of agriculture, which aims on the production
of lasting crops and domestic animal despite causing the minimum effect on the
environment. In the environment, this type of farming creates a suitable balance
between food production demand and protection of ecosystem. The main standard,
which ensures the sustainable farming, is the property of soil, in which the role of
microorganism is very vital. The key achievements for maintaining sustainability are
designing effective nutrient cycling strategies and pest control process and minimiz-
ing the negative impact of abiotic stress. Microbial services are acting as an arbitrate
in such type of activities; therefore, proper managing and development of beneficial
microbes can help to achieve sustainable goals and reduce negative effects on the
environment. On the sustainable agriculture, the main impact of agriculture micro-
biology will be the replacement and addition of the fertilizers and pesticides (agro-
chemicals) with the microbial preparation. Some of the most common explanations
for the use of microorganisms in sustainable farming are biofertilizers, biopesticides,
and plant growth-promoting rhizosphere bacteria (PGPR) (Mohanty and Swain
2018).

Biofertilizers are the best tools for sustainable agriculture and considered as a gift
from the latest agriculture. Moreover, biofertilizers, being used in agricultural sector,
are more efficient and the best substitute to organic fertilizers and manures. Organic



fertilizers consist of household wastes, compost, farmyard manure, and green
manure, which can help to uphold the quality and sustainability of soil for longer
period but not able to cover the instant requirements of crop. Meanwhile,
manufactured chemical fertilizers influence the environment like burning of fossil
fuels and emission of greenhouse gases (GHGs), which lead to the pollution of soil,
air, and water. Furthermore, the constant use of chemical fertilizer for a longer period
leads to nutrient imbalance in soil, which also impacts its sustainability. Microbes
are also present in biofertilizers, which endorse the adequate availability of primary
and secondary nutrients to their host plants and make sure to improve their physi-
ological regulation and structural growth efficiently. In the production of
biofertilizers, living microorganisms with specific functions are used to improve
plant growth and reproduction. Biofertilizers are an essential element of organic
agriculture and perform a key role to maintain the fertility and resilience of plants for
long term. Specific microbes are identified and reproduced in vitro that have the
ability to absorb nitrogen (N2) directly through the atmosphere, which can be
applied in the rhizosphere to make nitrogen available to plants. Such plants or
microorganisms containing such materials are knowns as biofertilizers. Rhizobium,
Azolla, Azospirillum, Azotobacter, and blue-green algae are the frequently used
biofertilizers in organic farming (Mohanty and Swain 2018).
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Biological pesticides are made of organic components, like bacteria and plants,
comprising of minerals that are commonly utilized to fight against disease-causing
insects and pathogens. They are classified into microbial pesticides, crop protection
agents, and biochemical pesticides. Biopesticides are made up of natural substances
that fight with pests through harmless mechanisms. Microbial insecticides, such as
Bacillus thuringiensis, release toxin A, which paralyzes the insect’s midgut and
prevents further food intake. Similarly, the spores of Metarhizium anisopliae and
Beauveria bassiana enter the skin/cuticle of the host and releases lethal metabolites,
known as destruxin and bovericin, respectively, that lead to insect death. Hence,
biological pesticides are intrinsically low in toxicity, only target the relevant host
pest, can easily be biodegraded, and have low exposure, because they are effective in
lesser amounts. Moreover, they can solve the problem of environmental pollution
(Mohanty and Swain 2018). Plant growth-promoting rhizosphere bacteria (PGPR)
are found naturally in soil, which improve the productivity and immunity of plant;
but these PGPRs are present in the rhizosphere, that is, a soil influenced by the roots
of plant and their secretions and exudates. Because of their plant collaboration and
interaction, these beneficial rhizobacteria are divided into mutually symbiotic
rhizobacteria (living inside the host plant and directly exchanging nutrients and
metabolites) and nonsymbiotic bacteria that live freely outside the plant roots
(Gray and Smith 2005). In addition, some genera of symbiotic bacteria can physi-
ologically incorporate with plants to make specific root structures. Depending on
their working principle, beneficial bacteria are categorized as a biofertilizer, biopes-
ticide, and plant stimulant, and certain bacteria have an overlapping application such
as the adhesion of the ACC (1-aminocyclopropane 1-carboxylate) deaminase gene
and the availability of phytohormones such as IAA (indoleacetic acid), siderophores
on the side, intertorkinin, gibberellin, etc. In this way, they can improve the yield and



growth of the plant as well as the availability and uptake of nutrients from the several
types of crop plants in diverse agroecosystems. Due to multiple uses of growth-
promoting bacteria, they become a pivotal part for managing sustainable agricultural
systems (Mohanty and Swain 2018).
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4.3 Soil Microbes and Carbon Sequestration

In broad terms, carbon sequestration is defined as the elimination, removal, or
sequestration carbon dioxide from the atmosphere to moderate or reverse atmo-
spheric CO2 contamination and to mitigate or reverse climate change. Carbon
dioxide (CO2) is naturally captured from the atmosphere through physical, chemical,
and biological processes. While in the agriculture sector, carbon sequestration is
defined as the capability of forests and agriculture lands to minimize CO2 concen-
tration from atmosphere. The removal of CO2 from the environment is done by its
absorbance by means of photosynthesis by crops, plants, and trees and deposition of
carbon in foliage, branches, roots, tree trunks, and soil (Schahczenski and Hill 2009).

In general, there are a number of technologies for sequestering carbon from the
atmosphere. The main three categories are (i) ocean sequestration, (ii) geologic
sequestration, and (iii) terrestrial sequestration. The world’s oceans are the primary
long-term sink for CO2 emissions by the anthropogenic activities. Naturally, oceans
absorb 2 giga tons of carbon annually through the chemical reactions between
seawater and CO2 in the atmosphere. As a result of these reactions, oceans become
more acidic. Numerous marine bodies and ecosystems depend on the formation of
sediments and carbonate skeletons, which are vulnerable to dissolution in acidic
H2O. Near the surface, most of the carbon is fixed by photosynthesis of phytoplank-
ton, which are then eaten by sea animals (Sundquist et al. 2008). In geological
sequestration, CO2 is captured from the exhaust of fossil fuel power plants and other
major sources, and then, it is supplied through pipes from 1–4 km beneath the
Earth’s crust layer and incorporated into the formations of porous rock. This type
of sequestration is currently utilized for stocking a very lesser amounts of C per year.
Many sequestrations are visualized to take advantage of the durability and capacity
of geologic storage. Terrestrial sequestration/bio-sequestration is conducted by
means of conserving techniques to sequester C in soil and forest that also intensify
and enhance its storage (like establishing and restoring forests, wetlands, and
grasslands) or reduce CO2 emissions (like suppressing wildfires and reducing
agricultural tillage). These practices are used to meet a variety of land management
objectives. Carbon is released in the form of carbon dioxide into the atmosphere by
different anthropogenic activities, like the burning of fossil fuels that releases carbon
from its long-term geologic storage (such as coal, petroleum, and natural gas).
Naturally, CO2 is emitted through the respiration of living organisms and decompo-
sition of plants and animals. Since the beginning of the industrial era, the amount of
carbon dioxide in the atmosphere has increased due to the extensive burning of fossil
fuels. CO2, being a high potential greenhouse gas (GHG), has led to increase the



normal temperature of Earth’s atmosphere (Klafehn 2019). Carbon sinks are the
reservoirs that store carbon and keep it from entering the Earth’s atmosphere. For
example, afforestation helps in sequestration and capturing of carbon from the
atmosphere while C is released into atmosphere through deforestation. Naturally,
carbon dioxide present in the atmosphere is sequestered through photosynthesis to
the carbon sinks on Earth like plant biomass above soil or inside soils. Other than the
plant’s natural growth, some terrestrial mechanisms, like cropland management
practices, also take part in the atmospheric carbon sequestration. It should be kept
in mind that, depending upon the land use, the sequestered carbon in the above-
ground vegetation and in soils can be emitted again into the atmosphere.

112 M. Nadeem et al.

Microbes also provide carbon sinks and help sequester carbon through various
processes like formation of recalcitrant vegetative tissues and bio-products, different
metabolic and biochemical mechanisms that capture CO2 from the atmosphere,
capacity of carbonates sedimentation, and formation of stable soil aggregates,
which holds up carbon. Microbes contribute to carbon sequestration by the interac-
tions between the amount of microbial biomass, microbial by-products, its commu-
nity structure, and soil properties, like clay mineralogy, texture, pore-size
distribution, and aggregate dynamics. Accumulation of derived organic matter by
microbes depends on the balance between decomposition and production of micro-
bial products in the soil. Microbial growth efficiency (the efficiency with which
substrates are incorporated into microbial biomass and by-products) is dependent on
the (i) degree of protection of microbial biomass in soil structure and (ii) rate of
decomposition of by-products by other microorganisms (Six et al. 2006). Microbes
adopted different strategies for carbon sequestration like fungal and bacterial dom-
inance (Strickland and Rousk 2010), mycorrhizal association for carbon sequestra-
tion (Wright and Upadhyaya 1998), microalgae for CO2 capture (Buragohain 2019),
etc. The bacterial and fungal soils are linked with carbon sequestration potential. If
there is a greater number of fungi, then there is a greater C storage (Strickland and
Rousk 2010). In the soil, where the microbial community is composed of fungi, the
production of microbial biomass and by-products will be larger, because they have
higher growth efficiency rates than other microbes like bacteria. Therefore, these
communities will retain more carbon in biomass per unit substrate consumed and
release less as carbon dioxide. Degradation of microbial-derived organic matter is
slower in soils having greater proportion of fungi, as fungal products are chemically
resistant to decompose, because of their interactions with clay minerals and soil
aggregates (Simpson et al. 2004). The total carbon assimilation increases signifi-
cantly by mycorrhizal-plant symbiosis. In this association, arbuscular mycorrhiza
fungi capture carbon in soil and translocate photosynthetic metabolites present inside
the associative plants to the intra-radical of arbuscular mycorrhiza fungi and
succeeding extra-radical hyphae, which are then released to the soil medium
(Leake et al. 2004). This mycorrhizal association could drain 4–20% of C present
in the symbiotic plant to their hyphae and indirectly impact soil carbon sequestration
(Graham 2000). The increasing growth and development of fungal extra-radical
hyphae within the rhizospheric soil directly enhances the soil carbon sequestration.
Soil carbon sequestration by arbuscular mycorrhiza relies upon the turnover time of



accumulated biomass of fungal hyphae, the volume of hyphal biomass produced,
and the role of fungi to stabilize the formation of soil aggregates (Zhu and Miller
2003). Hyphae produce glomalin protein, which increases the stability of aggregates;
this increase in stability leads to larger amounts of protected organic carbon and
thereby larger carbon sequestration (Wright and Upadhyaya 1998). Carbon dioxide
fixation through microalgae is a favorable and potential technique to sequester CO2

(Zhao and Su 2014). Microalgae fix and store carbon dioxide through photosynthesis
in carbon dioxide and water are transformed into organic assimilates without con-
suming additional energy having no secondary pollutants. Comparing with the other
C capturing and storing methods, fixation of carbon dioxide through microalgae has
many benefits, like a rapid growth rate, a high photosynthesis rate (Suali and
Sarbatly 2012), efficient adaptability to the environment, and less operational cost.
The rate of carbon dioxide fixation through biomass and microalgae production is
dependent upon the species of microalgae, soil environment (e.g., pH, light, tem-
perature, and availability and amount of nutrients), and concentration of CO2. In
short, microbes contribute to ecosystem carbon budgets through their roles as
pathogens, plant symbionts, or detritivores, thereby influencing the C turnover and
modifying the nutrient availability and retention in soil. On decomposition of
biomass, carbon losses from the soil due to microbial respiration, while a small
proportion of the carbon is retained in the soil by the formation of stable organic
matter. Carbon sequestration occurs when SOC levels increase over time as carbon
inputs from photosynthesis exceed C losses through soil respiration. Terrestrial
ecosystems can be manipulated through land management practices and land use
for the development of distinct microbial communities that enhance C sequestration.
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4.4 Agricultural Practices and Carbon Sequestration

Vegetative and root systems of grass species and forest trees can store a huge amount
of carbon for an extended period; therefore, they are known as sinks for carbon.
Agricultural lands can also hold an accountable amount of sequestered carbon;
however, their ability to store or sequester carbon depends on climatic conditions,
soil and crop or vegetation types, as well as management systems of the cropping
land. The total carbon stored in the soil is also affected by the addition of dead plant
and animal materials, respiration, and decomposition losses of carbon. However, the
carbon losses could be reserved through farming practices through minimal soil
disturbance and encouraging carbon sequestration. Overall, there are two distinct
trends of the effect of nitrogen fertilization on soil organic carbon fertilizer. On the
one hand, nitrogen fertilizer stimulates primary production, resulting in increased
above- and below-ground biomass, which can enrich SOC reserves (Chaudhary et al.
2017). Nitrogen fertilization, on the other hand, can promote litter and soil organic
matter’s biodegradation (Recous et al. 1995). This results in the reduction of SOC
stocks (Ladha et al. 2011). Thus, a sufficient supply may be critical for soil carbon
sequestration (Van Groenigen et al. 2017). By affecting arbuscular mycorrhizal



fungi, phosphorus fertilizers can influence soil carbon sequestration. In contrast to
simple nitrogen fertilizers, NPK application inhibits arbuscular mycorrhizal fungi
colonization, therefore limiting fungal-mediated nutrient plant absorption, which has
a detrimental impact on soil carbon sequestration (Joner 2000; Liu et al. 2020).
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Organic additives have numerous effects on SOC pool. Organic fertilization
stimulates net primary production, allowing atmospheric carbon to be fixed through
photosynthesis (Jacobs et al. 2020; Mathew et al. 2020; Sykes et al. 2020). Source of
SOC provide an additional organic alterations for the prevailing pool (Maillard and
Angers 2014), and organic fertilization may stimulate SOC biodegradation in the
same way that mineral fertilization does (Chenu et al. 2019). When organic fertil-
izers are used, the outcome is predominantly translation with higher organic carbon
intensities at certain sites and lower concentrations at contributing sites (Wiesmeier
et al. 2020). Overall, the alternative uses of organic materials are critical, and net
appropriation will happen when manures and organic fertilizers are made for a
specific farmland field and when C in contemporary fertilizer will then be distributed
into the atmosphere (Sykes et al. 2020). Integrating crop wastes into agronomic soils
modifies soil structure, decreases bulk density, shrinks erosion, diminishes evapo-
ration, and magnifies the infiltration ratio in soils and in supplement to cumulative
SOC stocks (Bronick and Lal 2005; Lehtinen et al. 2014; Spiegel et al. 2018;
Trajanov et al. 2019). Straw and hay are exploited for animal suckling or the
production of thermal energy in agricultural organization systems. SOC stocks
were amended by using deposits (Lehtinen et al. 2014). The carbon impounding
influences a fresh equipoise, that is a constant soil organic carbon (SOC) reservoirs
in top layer of soil a span after straw is unified (Wang et al. 2018). Numerous crop
species and crop alternation are an important module of the natural C cycle, since
plants absorb over 10% of atmospheric C production’s complete photosynthesis
(Raich and Potter 1995). Carbon is consumed via plants, which may be united as
biomass, satisfied like root exudes or exhaled back into the atmosphere as CO2

(Ostle et al. 2003). Maize integrates the atmospheric C more competently than C3
crops like barley, due to its C4 photosynthetic pathway and higher leaf area (Wang
et al. 2012). SOC storing is prejudiced by the vegetative cover of agricultural soils
and how it is accomplished. Plant biomass delivers the mainstream of organic matter
contribution in the topsoil, which reductions as soil depth upsurges (Kaiser and
Kalbitz 2012). Varied agricultural spins with several primary crops, cover crops,
perennial crops, and forages provide suggestively greater soil organic stocks (SOC)
than single cropping systems of monoculture with cereals or maize (Jarecki and Lal
2003; Poeplau and Don 2015). Crop rotational assortment, organic fertilizer/alter-
ation use, and/or perennial farming patterns, all of these can be possible to accrue
higher soil organic carbon (SOC) than traditional mono-cropping systems (Don et al.
2018; Minasny et al. 2017).

Root exudations (e.g., organic acids, amino acids, and sugars) from deep delving
species and cultivars of crop can transport C into the soil subsurface, where there is a
high carbon impounding potential (Sokol et al. 2019), particularly if organic com-
pounds are endangered in organo-mineral aggregates (Paustian et al. 2016). Sun-
flower (Helianthus annuus), alfalfa (Medicago sativa), or perennial crops like grass



clover, grass, legume, and alfalfa grass amalgamations have deep rooting systems.
After the primary crops (e.g., cereals) have been harvested, catch crops are grown or
they are undersown in/with the main crops. This consequences in a perpetual
vegetative cover on arable land as well as a supplementary period of carbon
fascination (Chahal et al. 2020). Traditional tillage practices like plowing eliminate
soil aggregates from topsoil, revealing previously endangered SOM to microbial
deprivation (Dignac et al. 2017). It also stimulates soil erosion and in lowering SOC
stages (De Clercq et al. 2015; Six et al. 2000; Veloso et al. 2019). SOC satisfied in
the topsoil (0–10 cm) was originated to be higher in fields refined with no- or
reduced-tillage performs than in fields refined with conservative tillage, such as
moldboard plowing (Beniston et al. 2015; Francaviglia et al. 2019; Mazzoncini et al.
2016). However, no consequence of tillage practices on SOC accretion was seen as
soil depth (>10 cm) increased (Mazzoncini et al. 2016). Soil erosion was allied to the
SOC sufferers caused by tillage (Beniston et al. 2015). Besides, lowering mechanical
instabilities improves soil health by increasing combined constancy, which
decreases erosion (Abid and Lal 2009; Mikha and Rice 2004). By evaluating the
complete soil profile (from 0 cm to 60 cm), the impacts of minimal and no-tillage
practices on C sequestration are imperfect and inconsequential (Haddaway et al.
2017; Luo et al. 2010; Minasny et al. 2017; Powlson et al. 2014; Sanderman et al.
2009; Spiegel 2012). Biochar is completed by a thermal process of burning organic
materials (animal or plant-based) at high temperatures prodigious 350 �C and with a
low oxygen source called pyrolysis (Meena et al. 2020). Biochar delivers a long-
term carbon sink in soils due to its strong resistance. Biochar treatment is said to
boost SOC stocks in agricultural areas (Liu et al. 2016a, b; Maestrini et al. 2015) by
cumulative primary output, (Lorenz and Lal 2014) rebellious fractions of SOC, and
subsurface SOC pools (Lorenz and Lal 2014; Mao et al. 2012; Rumpel and Kögel-
Knabner 2011; Solomon et al. 2012). Moreover, it also can advance soil water
retaining, collective stability, soil erosion discount, and soil biota action (Liang
et al. 2014; Palansooriya et al. 2019; Schmidt et al. 2014). Agroforestry is the
combination of woody perennials like shrubs and trees with grasslands or an
agricultural crop. Agroforestry, in all-purpose, assists various roles at the same
time, comprising environmental (like better soil fertility and maximized SOC
pools) and socioeconomic aids (e.g., increased crop efficiency and to deliver fodder,
crops, or timber) (Shi et al. 2018; Sun et al. 2018; Wiesmeier et al. 2020). Defores-
tation is the loss of forest land for other purposes, such as agricultural crops, growth,
or mining processes around the world. Deforestation has impaired the natural
ecosystems, the biodiversity, and the climate and has been amplified by human
activity since 1960 (Allen and Barnes 1985). Substantial amounts of carbon are
stored in forests. As trees and other plants grow, they take carbon dioxide from the
atmosphere. This is altered to carbon, which the plant stores in its leaves, trunks,
branches, roots, and soil (Gorte and Sheikh 2010). When forests are expurgated or
scorched, the carbon that has been deposited is released into the atmosphere, mostly
as carbon dioxide. Because trees absorb and store CO2 throughout their life, defor-
estation has an important impact on climate change. According to theWorldWildlife
Fund, tropical forests store more than 210 gigatons of carbon. What’s more
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regarding is that the exclusion of these trees has two major negative consequences
(Shukla et al. 1990). To begin with, chopping down trees results in CO2 emissions
into the atmosphere. Additionally, with a smaller number of trees, the general
aptitude of planet to capture and sequester CO2 is abridged. These both processes
aggravate the greenhouse gas emission, which contribute to global warming and
climate change (Moutinho and Schwartzman 2005).
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4.5 Climate Change and Soil Health Indicators

Soil quality consists of active and inherent constituents. Inherent soil qualities,
e.g., types of clay, depth to bedrock, and consistency, are difficult to change and
take over thousands of years to form as a result of climate changes, such as
topography, time, biota, and parent material (Wienhold and Awada 2013). On the
other side, dynamic properties of soil quality are established due to human activities
and human management practices and can be changed over a brief period. Soil
quality comprises physical, chemical, and biological features required to nurture
agricultural sustainability and environmental health (Cardoso et al. 2013). Soil is
more complex than air and water because it is module part of solid, liquid, and
gaseous phases and used in substantial number of variety of determinations assessed
for natural ecosystems and efficiency having major focus is on the management
biodiversity and environmental quality includes human activities, cultural and geo-
graphic heritance. Reaction of soil in comeback to the management practices is slow;
thus, it is complex to understand the changes caused in the soil before nonreversible
changes. The most significant part for evaluating soil health is the credit of diplo-
matic soil features that proves the job of soil to work and can be measured as the
indicator of soil quality (Nortcliff 2002). The chemical indicators for soil quality
evaluation are pH, available phosphorous, and available potassium. The physical
indicators include aggregate stability and available water capacity. Biological indi-
cators are represented by organic matter content and active carbon content. Indica-
tors can be restrained from the composite sample of patent sites (Rashidi et al. 2010).

In recent views, soil health assessment is progressively integrated with land
evaluation, because its policies are using multiple aspects and for a variety of designs
involving sustainable land management. Common management are dependent on
long lived land potential conditional on climate, topography and inherent soil
properties and can be altered with respect to weather conditions and dynamic soil
properties (Herrick et al. 2016). There are three soil indicators, and these are (i) soil
physical indicators, (ii) soil chemical indicators, and (iii) soil biological indicators.
Physical soil indicators include aggregate stability, porosity, bulk density and
texture, and matchup with hydrological processes counting erosion, aeration, runoff,
infiltration rate, and water holding capacity. Physical indicators of soil health overall
comprise easy, quick, and low budget methods. A soil is reviewed poor in physical
aspects when appears having low rates of root density, low aeration, water infiltra-
tion, difficulty of mechanization, enhanced surface runoff, and poor cohesion



(Dexter 2004). Soil particles with a size of less than 0.2 micron meter are assembled
to make aggregates of 20–250 micron meter that are considered as microaggregates,
and when these microaggregates cling together, they form macroaggregates. A
substantial portion of soil organic matter is composed of carbohydrates that contrib-
ute up to 5–25% and is responsible for the stabilization of soil aggregates.
Microaggregates have a low organic matter content and are very less disturbed by
the microorganisms and more Fe and Al content responsible for the encouragement
of microaggregation and, due to micro mass quality, are less disturbed by manage-
ment practices (Cardoso et al. 2013) Plus, soil organic carbon in microaggregates is
less responsive to changes (Zhou et al. 2020) than macro aggregates, which are more
vulnerable to management practices and land use and specifically linked to the of the
soil organic matter variations. Microbial activity in soil is understood indication
toward more organic matter content also dispersion of soil aggregates following land
use management practices is low intensive in soils. However, as the organic matter
decreased, the accompanying aggregate dispersion lowers soil oxygenation and
macroporosity and reduces the interpretation of microbiota causing decomposition
and approach to the organic material. Air and water exist in the macro- and
micropores of soil particles (Easton and Bock 2016), and soil texture plays a vital
role in balancing between water and gases, which become substantial with time and
management practices. However, the total porosity and bulk density can demonstrate
the consequences of land management and usage on air and water relationships in a
better way. Low bulk density of the soil particles are thought to be responsible for
boosting up the structure of soil under low anthropogenic assumptions like local
forests (Bini et al. 2013). The good amount of the SOM (soil organic matter) is also
allowed to play a key role in boosting up the soil structure. In return, it improves soil
macroporosity for plant roots, air, and water. The total soil porosity have relationship
with texture (proportion of soil particles), and structure (biopores and macrostruc-
ture). The structure can easily get damaged by maximum use of land and plowing
techniques, due to which distinctive soil water retention curve based on structural
pores may change. Cropping methods and intensive management practice alert the
structure, which is described as the arrangement of main soil particles (sand, silt, and
clay) (Dexter 2004). Organic matter in soil imposes beneficial impact on soil
structure in contrast to physical properties, including water infiltration, water reten-
tion, bulk density, porosity, and aeration; these are less responsive toward organic
matter content. Soil aggregates regulate nutrient cycling, controls aeration and
permeability, and acts as a home for soil microbes; as a result, the soil microbes,
including microorganisms (bacteria, fungi, and virus), plants, and fauna, affect the
soil aggregates. Organic matter (OM) and biological phase are the basic source of
water and nutrient supply in soil; as a result, these factors allocate the physical
structure of soil and hydrological processes (i.e., erosion, drainage, runoff, and
infiltration). As a result, losses of soil function such as synthesis and mineralization
of the soil organic matter, as well as consequences on biochemical cycles, may result
from the reduction of the soil microbial activity owing to water limits (Bini et al.
2013). Different soil microbes act different on the restriction of water in soil. In the
dry soil, water film is more strongly connected with the soil particles due to the
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restricted movement of bacteria, but, on the other side, in the dry soil, hyphae of
fungi can travel in soil pores, which are filled with the air. Availability of the water
depends on biological, chemical, and physical characteristics, but these characteris-
tics are influenced by organic matter.
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Chemical indicators of soil strength are coordinated with measurement of sup-
plying the nutrients to plants and keeping of chemical elements that cause damages
to the ecosystem. The chemical indicators pertaining toward soil strength evalua-
tions are soil CEC, soil OM, soil pH, and nutrients availability (Kelly et al. 2009).
Electrical conductivity (EC) and available nutrients in turn favor good crop produc-
tion, nutrients availability, and microbial activity. Electrical conductivity is defined
as the measurement of salt concentration; one of the chemical indicators for mea-
suring soil health can easily be measured due to its very delicate and one-step
conductivity measuring instrument. While soil pH is used to detect impact on soil
by land use and plowing techniques and eventually climate change will impact on
nutrient cycling, organic matter content, carbon cycling, water availability and plant
productivity. Although a high amount of OM content also shows adverse impact on
the health of soil by reducing the efficiency of pesticides. Electrical conductivity
(EC) lets us know the current scenario in biological activity, crop performance,
nutrient cycling, and salinity/sodicity in the soil (Arnold et al. 2005). CEC and
sorption abilities of soil are important regarding assessment of soil chemical quality
the retention of major nutrient cations calcium, magnesium, potassium, and immo-
bilization of potentially toxic cations aluminum, and manganese. These characteris-
tics reveal important signs of soil health, such as the soil ability to absorb nutrients
and the presence of pesticides and pollutants (Ross et al. 2008). Due to the hot
temperature, decomposition and loss of the soil organic matter will be increased, as a
result, the CEC loss of coarse textured/sandy and clay soils with low biological
activity, which results in low cation exchange capacity, and soils with low CEC
causes poor holding of nutrients and leads to the leaching of nutrients in high rainfall
and heavy irrigation applying areas. Nitrogen cycling closely associated with soil
organic carbon cycling, consequently operators of change in climate, e.g., hot
temperatures, irregular precipitation, and decomposition of atmospheric N cause
effect on N cycling and changes the cycling of other plant-available nutrients like
phosphorus and sulfur, from direction and exact magnitude of change in plant-
available nutrients must be examined in detail. Heavy metals are collected in the
soil through chemical and metallurgical industries (Pantelica et al. 2008), and that
type of soil will eventually affect plant growth and human health, including adverse
effect on soil ecology and agricultural existence of heavy metals in production
quality and ground water quality. Concentrations of free metal ions in soil solution
are significant to govern because these impact on bio availability to plants which in
outcome are achieved by the metal ion speciation in the soil. The free metal ion
concentration depends on the total metal content and metal species present in the
soil. Irrigation with wastewater increases the amount of heavy metal adulteration in
soil, and as there are large amount of heavy metal contaminants in the soil, plants
will uptake more heavy metals, depending on the soil types. Other sources of heavy
metal gathering are industrial production, mining, transportation, chemical



industries, iron, steel industries, agriculture, and domestic activities responsible for
the addition of excessive amounts of heavy metals into the water, including both
surface and ground water; soils; and the atmosphere. Heavy metal growth in plants is
of considerable responsibility because of the chances of food pollution through the
soil-root interface. Some heavy metals, like Ni, Cd, and Pb, are not important for
plant growth, and they are taken up and accumulated by plants in toxic forms. Soil
chemical indicators are directly correlated with the crop production and soil health
for higher plants production and sustainability and are quickly interpreted and
improved by using fertilizers (Bini et al. 2013). The soil organic carbon is the
basic chemical gauge for soil health and yield, as it affects the major functional
operations in the soil like the storage of nutrients nitrogen, water holding capacity,
stability of aggregates, and microbial activity. The applications of organic alterations
in the soil are helpful even in the chemical maintenance of mine soil and the impact
of microbial populations present in the adjustments on soil native microbial com-
munities. Sheep and paper supplements are effective at raising the soil pH and
decreasing the metal bioavailability and phytotoxicity, whereas poultry and cow
dung resulted in greater soil microbial property values, including respiration and
functional diversity. Beneficial effects reported under poultry at the start of the
research because of the existence of easily degradable organic matter (microbial
and chemical) and phytotoxicity to definitively diagnose bottlenecks during amend-
ment selection for chemical stabilization in combination with low metal bioavail-
ability and improved soil health (Galende et al. 2014). N is a required essential in the
soil so that plants can accept to fulfill their required needs and is available in different
chemical forms like mineral N (especially nitrate) and organic N stored in the soil
organic matter. The use of nitrogen for the soil health indicating parameter put
through the factors including climatic conditions, turning insufficient the analysis of
the real availability for plants, based on soil chemical analysis. After N, phosphorus
(P) is also a chief nutrient for crop growth and is essential in defining soil quality that
limits the agricultural yields in tropical soils, particularly in highly weathered, oxidic
soils, where the main part of the total soil P is fixed in clay minerals and oxides. The
available P in the soil solution is found as orthophosphates, but the microbial P and
organic P are also stocks that can rapidly become available (Bini et al. 2013).
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Soil health pointers concerning biological indicators all needs sufficiently of soil
bacteria, fungi and actinomycetes, earthworms, nematodes, protozoa, soil biomass
carbon and N and biomass nitrogen. Soil biological indicators call attention to some
actions and performances of microorganisms in the soil (Russo et al. 2012). Favor-
able activities of microorganisms present in the soil include the following: plant
nutrients are unconfined from inexplicable inorganic substances; organic residues
are decomposed and nutrients are released; beneficial soil humus is composed by
breaking down residues that are organic in nature and application of fresh com-
pounds; compounds that increase plant growth are produced; and nutrition of plant is
enhanced symbiotically, which leads to the convert nitrogen from atmosphere into
the form available to plants. Increasing surface area of roots for absorption of
phosphorous; improving soil accumulation by the obligatory agent’s production
like glomalin and polysaccharides from mycorrhizal fungi and bacteria, respectively;



refining aeration of soil and infiltration of water; having toxic effect against pests and
insects and against pathogens of plants weeds; and supporting degradation of
pesticides and bioremediation. Soil organic matter indicators turned out to be used
in long-time soil conduct experiment for the evaluation of change in climate;
however, the reaction of soil organic matter toward elevated temperature is scientif-
ically debatable. It is understood that the increasing temperature improves the
decomposition rate of OM, increases the productivity of plant and supply of soil
organic matter, as well as improves warmth and precipitation. Carbon dioxide
fertilization and deposition of atmospheric nitrogen may promote productivity of
plant and supply of organic matter to soil and hence enrich the soil organic matter.
According to Kuzyakov and Gavrichkova (2010), the reason for soil organic matter
loss is the availability of SOM to microorganisms, despite the rate modification in
climate influence like temperature. The microbial biomass of soil is produced by the
living portion of the SOM made by the living organisms, including bacteria, algae,
fungi, and protozoa, which are the vital source of micronutrients and can be certainly
cycled to fulfill the plants’ demand. Soil microbial variety performs essential pur-
poses in the sustainability for soil health, considering nutrient and carbon cycles.
Microbial indicators are more responsive toward adjustments imposed to the land
use and management (Masto et al. 2009). Not only microbial biomass but also soil
exhalation has been used on a large scale in agricultural soils as bioindicator of soil
health. Modifications in vegetation, including deforestation, reduces the microbial
respiration for a long time, because of the low level of organic carbon inputs into the
soil through land outer layer or rhizosphere. The less influencing management
methods causes higher microbial activity (Babujia et al. 2010). The OM regulates
the activity of microorganisms for the source of carbon, nutrients, and energy, which
lead to the availability of CO2 and mineralization, and the rate of mineralization
relies on the quantity and quality of SOM. Balance between demands of farmer and
needs of community can be fulfilled by healthy soils. Due to the deterioration in soil
qualities, soil health is comprised of the complex network functioning as biological,
chemical, and physical indicators. Soil organic matter supports to stimulate the soil
health, maintain inactivate compounds that are toxic, and destroy pathogens and its
implicit interactions between the internal and external soil elements to sustain
agriculture. The soil has an ample variety of microbes. Concerning the global
expertise of soil microbial dynamics, its function is enhancing rapidly, and the
knowledge of rhizosphere complex is constrained to a limit, excluding its value in
regulation soil plant systems (Sahu et al. 2017). Soil enzymes including dehydro-
genase, urease, protease, phosphatase, and β-glycosidase (Mohammadi 2011) and
enzymatic activity work as an indicator to variations occur in the soil plant system as
it is nearly mention to the nutrients cycling and biology of soil, can be measured,
combine information on the physicochemical status of soil and microbial level and
show quick reaction to changes in management of soil (García-Ruiz et al. 2009). By
modifying the quality and quantity of underground C input by plants, microbial
enzyme activities may be stimulated by elevated CO2, C change, and plenty of
microbial enzymes affecting the function of microbial community in soil on a level.
Plus, possibly soil aggregate size has the long-term effect on stimulation of microbial
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enzyme activities (Dorodnikov et al. 2009). Atmospheric N deposition causes
impact on enzymes (extracellular), which are concerned in the processes of soil
organic carbon decomposition and nutrient cycling. Soil faunae include the inverte-
brate community that may live their whole life or half of their life cycle in the soil, as
soil fauna has become an important soil health indicator since recent years. Impor-
tant in processes related to structure of terrestrial ecosystem, disintegration of
residues of plants and creating relationships at different degrees with microorgan-
isms. So, their active participation in processes causes effects on the soil properties,
considered as great indicators of changes in the soil. OM is decomposed and
transformed into various available forms of nutrients, which are conducted by the
microorganism and microbial activities. Microbes will work more effectively as the
organic matter quantity available to them at large and soil organic matter will be
more shattered and spread out along the soil profile. Also, increasing the surface area
of contact, earthworms enhance the distribution of organic material in the soil layers
vertically or horizontally (Kostina et al. 2011). Higher permanence of soil accumu-
lation has been seen in soil with elevated biomasses of microbes and earthworm.
Further, the fauna actions combine particles of soil and generate blocks, tunnels,
pores, and other biological chambers that make the movement of water and air,
promote the microbial activity, and hence make the soil more accessible for agri-
cultural creations and enhance plant harvests. On the other hand, soils having less
activity of fauna reveals more compaction in soil fragments which makes compli-
cated for plant roots for saturation have low accessible water content and less air in
the soil triggers poor agricultural construction and have low variety of microbes. Soil
fauna can be categorized by the food which they choose to eat, by flexibility, by
diversity in their functions, and primarily by size. The most distinctive organisms
examined as soil health indicators are members of mesofauna in soil that are present
in places between soil macropores and in the soil, litter maintain feeding on organic
matter and fungal hyphae and thus take part in process of nutrient cycling and soil
accumulation. Some of the experiments have revealed that some species of springtail
are good gauges of soil health. The macrofauna comprise bigger soil organisms,
consisting of nematodes, proturans, and sauropods feeding on soil microorganisms,
decaying plants, and animal materials, which intermittently are active in the soil
ecosystem.. Differences in the environment may have different impacts on family,
species, or functional group arrangement of the soil faunae. Practical groups as
bioindicators have been preferred to use even though of the variety of total species
because of the role which they are producing in biological performs. As some
species of earthworm are distinct, the organic material accrued on the soil outside,
and for that purpose, the activity of the species (individually) was deemed consid-
ered restrictive. In fact, in the presence of other functional groups of organisms, they
are incompetent to change the role earlier performed by the earthworm species. But
the existence or deficiency of some species may be constraining for an ecosystem
operating directly influence on the vitality index is considered in evaluations of soil
condition.
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4.6 Soil Microbe Mitigating Climate Variability

The activity and growth of microorganisms is highly dependent upon the environ-
mental factors, like moisture, temperature, and substrate disposal, and therefore the
microbial responses and processes are influenced by climate change. The interests
and growth of soil microorganisms may be directly and indirectly influenced by
change in climate. The direct effects include change in precipitation pattern, tem-
perature effects, and harsh climatic results, whereas ancillary effects comprise
variants due to climate that amends the plant productivity and physicochemical
estates of soil. Soil microbes play a key role in climate change through decomposi-
tion of organic matter in soil, and ratios of heterotrophic microscopic action stimu-
late the CO2 effluence to the atmosphere that will improve global warming. The
variety or diversity and population of soil microorganisms are indirectly influenced
by changes in microclimate due to its effects on growth of plant and alignment of
vegetation. On the first hand, the soil microorganisms are affected indirectly by
increasing concentrations of CO2 in the atmosphere, and in the second phase, there is
enhanced photosynthesis and transport of carbon (photosynthate) to mycorrhizal
fungi roots (Bardgett et al. 2008; Zak et al. 1993) and microbes that are heterotrophic
in nature (Högberg and Read 2006). Because of excess concentration of CO2,
photosynthesis process in plant rises and plant growth may be doubled (Curtis and
Wang 1998) that in return encourages the carbon flux in plant roots and microor-
ganisms that are heterotrophic in nature through root exudation of sugars, which
degrades it easily (Diaz et al. 1993; Zak et al. 1993). Soil microorganisms may be
applied to support adaptation to change in climate by development and growth
promotion and improving resistance against various abiotic and biotic stresses.
Soil microorganisms take part in the formation of soil; maintain its properties;
regulate its fertility, breakdown, and remediation of toxic contaminants; increase
sustainable production; and eventually enhance ecosystem sustainability and resil-
ience. Microbes are applied for management of soil health and resilience of ecosys-
tem to lower the demand for production and transportation of synthetic fertilizers.
Novel microbes and organic regulating agents can be applied to diminish the
damaging influences of novel and advancing pests and pathogens in climate change
setting. Frequently found natural managing agents comprise rust fungus Maravalia
cryptostegiae, applied in country Australia for managing the weed rubber vine and
Neozygites fresenii (parasitoid) applied for controlling the pest of cotton Aphis
gossypii. The bacterium Bacillus thuringiensis is cast off at field condition, because
it produces crystalline toxins, which demolish the Diptera and Lepidoptera larvae.
Beneficial microorganism plant relations can efficiently enhance the growth of plant
and increase their resistance to abiotic stresses and deteriorating diseases. Bacteria
that are beneficial for plants help in the acquisition of nutrient, secrete PGP (plant
growth promoting) hormones, and modify biochemical and physiological characters
of the host plant and, so in this way, protect the plant roots from soil-borne
deleterious pathogens. Bacterial genera like Serratia, Bacillus, Azospirillum, Strep-
tomyces, Rhizobium, and Pseudomonas reduction in this class. These plant-growth



indorsing useful bacteria can be applied for increased growth of plant and improved
resistance against disease in altering conditions of climate. According to researches,
right strains of mycorrhizal fungi, when inoculated with C4 plant, help against raised
levels of CO2 (Tang et al. 2009). Novel species of Rhizobia affiliated withMedicago
sativa holds the potential to work under several circumstances (abiotic) like high or
low pH or temperature, or low concentrations of SOM. The vast unmapped reser-
voirs of genetic and metabolic diversity of microorganisms offer a marvelous
opportunity for the identification of novel genes to control the pest, biodegradation,
and N2-fixation with the help of the latest improved tools like metagenomics.
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Soil microorganisms and their metabolism can impact the atmosphere-land car-
bon exchange cycles in several ways, which can be categorized into diverse groups
like those which influence the ecosystem by CO2 and methane uptake and which also
affect the loss of carbon from the soil by respiration. Methane-oxidizing bacteria
(MOB) or methanotrophs found in aerobic soils can function as effective biological
sink to minimize emissions of methane to the atmosphere. They depend upon CH4

for energy and carbon. About 15% of the total worldwide CH4 is contributed by
MOBs. They are sensitive to environmental calamities and hard to isolate because of
their fixed attachment to soil particles and slow growth rate. A bacterial specie
Methylokorus infernorum, which is present in geothermal zones in hot and acidic
locations, exploits methane CH4 gas. These bacteria have the ability to use a high
amount of methane, which is up to 11 kg year�1 and can also be used to reduce
emissions of methane from CH4-producing areas and factories. Moreover,
Methylobacillus utilize carbon-containing compounds, like methanol, methylated
amines, and methane. Additionally, there exist some natural microorganisms, which
transform CO2 into calcium carbonate (CaCO3). Some species of microbes
(denitrifying) are accountable to transform nitrous oxide (NO) into nitrogen (N2)
gas. The microorganisms have the propensity to reduce and mitigate emissions of
GHGs. The microbial nutrients, gasses, and climate change pathway are explained in
Fig. 4.1.

Soil microorganisms improved productivity, influencing the greenhouse gas
budget in sense of discharges of greenhouse gas per part food fabrication. The
advantage acquired by using the beneficial microorganisms in case of productivity
can be thought as a role of microorganism to mitigate the change in climate. The
world of microorganisms is very large, and only a very little portion <10% is
characterized and identified so far (Bhattacharyya and Jha 2012). Soil microbes
sense the biochemical created stimuli and releases the chemicals from their body,
which can trigger complex mechanisms of plant defenses (Glick 2012). They
effectively contribute in utilizing the greenhouse gases like N2O, CH4, CO2, and
nitric oxide (Bardgett et al. 2008). Microbes are essential for crop protection by
promoting the capacity of disease resistance in plants opposed to the damaging
pathogens and exposing destructive structures or auxiliary as biological elicitors
against several biological and ecological influences. The fungi among microorgan-
isms have the ability to colonize the external parts of plants and offer protection from
several living and nonliving agents like pathogens, pests and insects attack, heat, and
drought (Singh et al. 2011). Usage of microbial biofertilizer in agriculture system is



not yet so common because of the problems of identification and tracking of
inoculated strains and uncertainty of results. Nowadays, the application of microbial
biotechnology is very important in sustainable agricultural development. Conserving
the microorganism diversity is vital to maintain the species variety of higher living
organisms and strategies for nutrient management and disease of plants (Colwell and
Munneke 1997). Changes in climate encourage modification processes in the micro-
organisms and plants (Grover et al. 2011) and therefore alter the efficiency of
microbe-plant linkages. The concept of microclimate difference-microbe response
and potential negative and encouraging position of microorganisms in worldwide
environment difference is important to use them for changes in climate improvement
and variation.
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Fig. 4.1 The microbial nutrients, gasses, and climate change pathway. (Dutta and Dutta 2016)

The three main factors affecting climate modification consist of natural, human,
and atmospheric influence. The sun radiates solar energy that affects the planet and
raises temperature; and rising temperatures cause global warming (Lean 1991).
Improved amounts of human-generated glasshouse gases reason much more
warming than current fluctuations in solar action. Satellites have been observing
the sun’s energy harvest for more than 40 years, and it has oscillated by less than
0.1%. The life on Earth exists due to the sun, which keeps its temperature warm and
makes the conditions favorable for the survival of humans. It also influences Earth’s
atmosphere. However, the contemporary warming has been far too swift to be
credited to the changes in Earth’s orbit and far too huge to be caused by the solar
endeavor (Assessment 2018). In a single solar cycle, which is of 11 years, the sun



never brightens the same way it brightens and dims slightly. The sun undergoes
various changes in activity and looks over each cycle. The level of the radiations
coming from the sun changes, as does the quantity of material discharged into space
by the sun, as well as the volume or size and number of solar flares and sunspots.
Long- and short-term disparities in solar activity play only a minor effect on Earth’s
climate. Warming caused by the rising amounts of human-produced greenhouse
gases is many times more commanding than any effects caused by the recent
vagaries in solar activity. Satellites have been tracing the sun’s energy output for
more than 40 years, and it has been altered by less than 0.1% over that time. Since
1750, the warming produced by greenhouse gases unconfined by human use of fossil
fuels has been more than 50 times more than the small extra warming caused by the
sun (Birat 2021). Global climate change has been linked to huge volcanic explosions
(Altman et al. 2021). Volcanic explosions have two major effects on the climate.
First, they radiate the greenhouse gas carbon dioxide, which promotes global
warming. However, the influence is negligible. Volcanic emissions have been
projected to be at least 100 times lower than those from fossil fuel incineration
since 1750 (Wilson 2021). Climate change is influenced by volcanoes. Massive
quantity of volcanic gas, drips of aerosol, and ash are inserted into the stratosphere
layer during a huge explosive outbreak. Although volcanic gases such as SO2 can
provide a cooling effect globally, on the other hand, volcanic gas like carbon
dioxide, which is a greenhouse gas, has the ability to raise the temperature of the
globe (Sigurdsson et al. 2015).
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Climate alteration and air pollution have an intricate relationship. Pollutants, such
as ozone O3 and black carbon, raise the Earth temperature by entrapping the heat in
the atmosphere, while others like SO2 that form light-indicating elements cool the
temperature (Stern 1977). Sustained decrease in air pollution and GHG emissions are
dangerous because they cause significant health and ecological hazards around the
world. Air property and climate lineups can be an advantage to one another: change
in climate vindication enterprises can help decrease pollution of air, while policies
related to clean air can help reduce greenhouse gas emissions, resulting in lower
global warming. If decrease in a specific emission of pollutant results in increased
atmospheric temperature rather than cooling, there may be trade-offs (Seinfeld and
Pandis 2016). All through complex interactions in the environment, difference in
climate, and pollution in air influence each other. raising levels of greenhouse gases
interrupt the balance of energy between the atmosphere and the surface of Earth,
which results in temperature changes that alter the atmosphere’s chemical makeup.
This balance of energy can also be influenced by direct emissions of air pollutants,
for example, black carbon or those pollutants formed from emissions like sulfate and
ozone. As a result, climate change and air pollution organizations have common
impacts (Paoletti et al. 2007). The less gasoline we burn up, the better we are at
decreasing air pollution and the dangerous effects of climate change. Make wise
shipping verdicts. Walk, ride a bike, or operate public transportation wherever
possible. Buying food in the vicinity decreases the quantity of fossil fuels need to



transport or fly food across the country and possibly most prominently, “Support
leaders who promoter for clean air and water, as well as accountable climate change
action” (Mackenzie 2016). Water vaporization is the most plentiful GHG, but it also
functions as a climate response. As the temperature of Earth increases, degree of
water vapors increases, but, as a result, chances of clouds and rainfall also increase,
making these two response mechanisms important to the greenhouse effect. CO2

levels in the atmosphere raised from 280 ppm to 414 ppm in the last 150 years, due to
the industries that underlie our modern society. Generated greenhouse gases, such as
carbon dioxide, methane, and nitrous oxide, are produced by humans, likely to be
responsible for much of the rise in Earth’s temperature during the past 50 years
(Oreskes 2004; Karl et al. 2009). Increase temperatures result in higher evaporation
costs, since the amount of energy required for evaporation decreases as the temper-
ature rises. In a sunny, warm weather, water loss is increased due the high evapo-
ration as compared to depressing and cool weather. As a result, when the weather is
bright, hot, dry, and windy, evaporation rates are higher. Due to the water vapor
functioning as a greenhouse gas in the atmosphere, evaporation might have a warm
effect on the global climate. Increases in the evaporation intensity tend to induce
clouds to develop low in the atmosphere, which function as a signal that the sun’s
warming rays are being reflected back into the space (Spracklen et al. 2018).
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The emissions of greenhouse gas have a wide range of environmental and
physical condition inferences. They contribute to respirational ailments due to air
pollution and smog, along with triggering environmental difference through confin-
ing the heat up. Other consequences of climate change produced by greenhouse
gases include extreme weather, food supply shortages, and more wildfires (Nunez
2019). Carbon dioxide is a minor but vital component of the environment. Ecolog-
ical practices like respiration and volcano explosions emit carbon dioxide, as do
human endeavors like deforestation, land use changes, and fossil fuels burning are
only a few examples. Human has raised CO2 level in the atmosphere by 47% since
the beginning of the industrial revolution, which is the most significant long-term
“forcing” of climate change (Fig. 4.2).

4.7 Climate-Smart Agriculture

Soil health is indispensable for creating more climate flexible agricultural systems,
and it may be enhanced through an assortment of climate-smart agriculture (CSA)
advances. Climate-smart agriculture (CSA) has been suggested as a general attempt
to establishing agricultural practices to ensure long-term food insurance in the face
of climate alteration (Palombi and Sessa 2013). One of CSA’s pivotal goals is to
minimize the emission of greenhouse gases while also enhancing the soil carbon
appropriation and soil physical condition (Campbell et al. 2014; Lipper et al. 2014).
Increasing the carbon consequences while lowering the carbon outputs is the key to
distinguish more carbon in soils. Adding cover crops to the crop rotation, utilizing
biochar to soils, and decreasing soil tillage are all often recommended ways for SOC



sequestration (i.e., conservation tillage). These administration tactics have been used
in important agricultural zones around the world in the latest decades, developing in
an enormous number of examinations and statistics (Chen et al. 2009; Clark et al.
2017). Encouraging effects of CSA regulating methods on SOC appropriation have
been described by several processes. Conservation tillage, for instance, minimizes
the organic matter rate in the soil and also minimizes the soil disturbance (Salinas-
Garcia et al. 1997) and stimulates earthworm and mycological biomass (Fragoso
et al. 1999; Briones and Schmidt 2017), thereby advancing SOC stability (Wang
et al. 2021). Cover crop boosts carbon and nitrogen inputs, improving the
agroecosystem biodiversity, and offers extra biomass inputs from above- and below-
ground (Blanco-Canqui et al. 2011) (Lal 2004). Furthermore, cover crop can
increase soil aggregation and structure (Sainju et al. 2003), reducing carbon loss
from soil erosion indirectly (De Baets et al. 2011). Biochar alterations prejudiced the
soil organic carbon diminuendos 2 ways: (1) enhancing soil combination and
physical protection of aggregate related with soil organic matter from microorgan-
isms attack; and (2) increasing the pool of intractable organic material, resultant in a
low soil organic matter putrefaction amount and significant adverse priming
(Du et al. 2017; Weng et al. 2017; Zhang et al. 2012). Even though these climate-
smart agriculture governing techniques have been commonly utilized to improve the
soil physical condition (Denef et al. 2007; Fungo et al. 2017; Thomsen and
Christensen 2004; Weng et al. 2017), their effects on CO2 sequestration change
over time and are highly dependent on experiment design and site-specific factors,
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Fig. 4.2 The greenhouse gasses that affect climate change. (FAOSTAT 2022)



including climate and soil condition (Abdalla et al. 2016; Liu et al. 2016a, b;
Paustian et al. 2016; Vickers 2017). The aptitude of CSA methods to sequester
soil carbon differs widely. Some research has also claimed that CSA management
techniques have a negative impact on SOC (Liang et al. 2007) (Tian et al. 2005).
Most mathematical exploration intensive on the impacts of a single climate-smart
agriculture practice on soil organic carbon (Abdalla et al. 2016; Liu et al. 2016a, b;
Vickers 2017) and very few studies estimated the joint effects of varied CSA and
conventional management practices. A combination of cover harvest and preharvest
tillage, according to several recent research, may dramatically improve SOC when
compared to a single management strategy. When no-tillage and cover crop practice
were combined, soil carbon sequestration increased by 0.267 Mg C ha�1 year�1,
with the latter being a varied culture of hairy vetch (Vicia villoma) and rye (Secale
cereale); when only no tillage was used, soil carbon sequestration decreased by
0.967 Mg C ha�1 year�1 (Ashworth et al. 2014; Blanco-Canqui et al. 2013; Duval
et al. 2016; Sheehy et al. 2015). When biochar was added to conservation tillage,
Agegnehu et al. (2016) found that 1.58% and 0.25% more of SOC were sequestered
in the midway and end season, respectively, under conservation tillage.
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Climate-smart agriculture (CSA) is emerging progressively more popular as a
solution in many nations. CSA is a comprehensive approach to landscape organiza-
tion that improves productivity, improves flexibility, and lowers greenhouse gas
emissions. The World Bank, as one of the major agricultural financiers, assists
countries in their attempts to scale-up climate-smart agriculture. Climate-smart
agriculture (CSA) is a management strategy for farmers in the face of climate
change. The CSA wants to advance internationally relevant agriculture management
practices for food security. The concept was initially introduced in 2009, and it has
since grown based on feedback and interactions from a variety of stakeholders. The
CSA strategy was established in response to arguments and disputes in environmen-
tal change and agricultural policies for long-term development (Lipper et al. 2017).
Enhancement in mitigation by decreasing GHGs is an important CSA goal and a key
to long-term efficient climate change adaptation; therefore, it comprises inventions
and implementation of cultural techniques, varieties of crop, managing techniques,
and organizations that will speed up improvement. Transitioning to no- or small
tillage methods has already been recognized as a significant resource of carbon
sequestration, and implementing more varieties of yields and conservation practices
that decrease agriculture’s land, ecological, and nonrenewable fuel resources is an
additional significant reduction policy (Lal 2011; McCarthy et al. 2012). Climate-
smart agriculture may work as an agent for developing resistance, better modifica-
tion, and adaptation approaches within sociobiological structure (Steenwerth et al.
2014) (Fig. 4.3).

Precision agriculture is one such implement that is useful in making an agriculture
more “climate savvy” by minimizing its environmental influence. Thus, precision
agriculture is an intensive system that entails the usage of a world aligning system,
several instruments for observing soil moisture content, nutrients availability, and
geo reference map for various soil characteristics, but when implemented on a huge
scale, it can support to increase productivity, reduce resource ingesting, and reduce
ecological impact. Precision agriculture is a contemporary day climate-smart



agricultural technique that has the potential to address the food problems insecurity
in poor nations and combine as a strong instrument and solution to the agriculture
sector’s numerous challenges (Roy 2020). The practice of “no-till farming,” which
avoids soil manipulation for crop production, is one approach to sequester carbon.
No-till farming has numerous potential benefits for gardeners, farmers, and the
environment when combined with cover cropping. The combination of no-till
farming and cover cropping is always found suitable for increasing organic matter.
Through this way, a shield is created over the soil to protect it during the driest times
as well as a sponge in the soil to protect it during heavy rains. So, while the two
activities combined generate organic matter and store carbon in the soil, they also
offer additional advantages. Because all that organic waste is now decomposing,
they give nutrients to the food. There are numerous environmental advantages to
no-till farming. It increases carbon sequestration in the soil and reduces fossil fuel
use in farm activities. The quantity of nutrients that the soil can contain increases as
soil organic carbon levels rise, implying less petroleum-based fertilizers and runoff
into nearby water bodies. Farmers would benefit from the method in the event of
harsh weather, such as drought, because soil rich in soil organic matter absorbs water
better than tilled ground. Agricultural practices in poor nations frequently result in
poor soil quality. Climate change-related extreme weather may exacerbate the
problem, unless better agronomic techniques are implemented. The goal of soil
and land management must be to enhance yield while preserving soil and water
resources. It also intends to sequester carbon. Organic fertilization, least soil disrup-
tion, residue absorption, terraces, water gathering, preservation, and agroforestry are
all illustrations of this administration (Branca et al. 2013), but there are several
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Fig. 4.3 Climate-smart agriculture for improving resilience, better mitigation, and adaptation.
(Steenwerth et al. 2014)



prospects for improving new management methods and improving existing ones to
adjust spatial and climatic erraticism.
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Fig. 4.4 Climate-smart agriculture technologies. (Adopted from Source: Khatri-Chhetri et al.
2017)

All agroecosystems require climate-smart agriculture (CSA) equipment,
methods, and help. These approaches can help to improve agriculture, protect it
from climate change, and ensure food security. The biophysical environment, farmer
socioeconomic traits, and the benefits of CSA technology all play a role in CSA
adoption (Khatri-Chhetri et al. 2017) (Fig. 4.4).

For countries that rely on agriculture for subsistence, CSA technologies provide
at least two benefits in terms of production, resilience, and mitigation, with produc-
tivity being the most important. Metrics nested under these broad CSA categories
can be used to track progress against a realistic baseline. For example, improved
productivity could be assessed in terms of yields, income, or internal rate of return.
CSA aspires to maximize synergies and minimize trade-offs across all of its pillars
(Rosenstock et al. 2016). While boosting food security, CSA technologies manage
climate- or weather-related risk. Extreme occurrences (such as floods) as well as
slow-onset threats may be considered (such as delayed onset of seasonal rains). CSA
technology should assist in mitigating the effects of these risks in the short term
(by increasing the amount of production per farm, hectare, season, etc.) as well as in
the long run (by increasing the amount of production per farm, hectare, season, and
so on and decreasing the variability in production over time, despite climate change).

4.8 Soil Microbes and Global Agriculture

Food security becomes a major challenge in the twenty-first century in response to
the increase in demand of sufficient food with respect to population rate. Nowadays,
the other main factor influencing food security is climate change (Alamgir et al.



2020; Borrill et al. 2019). The alteration in environment, such as extreme tempera-
tures and fluctuation in rainfall intensity, becomes a global aspect that concerns
agricultural production (Abberton et al. 2016; Milus et al. 2009). These alterations
have high impact on soil, microbiota, agricultural output, and global food security
(Adger et al. 2009; Hill et al. 2009; Nelson et al. 2009; Campbell et al. 2016; Durán
et al. 2016). As per contemplates, the normal world temperature has risen, and
freshwater supplies will be fundamentally decreased before the end of the twenty-
first century. Varieties in snowfall and territorial precipitation have additionally been
noticed, and these variations are required to deteriorate in the coming days (Misra
2014; Reidsma and Ewert 2008; Reidsma et al. 2010; Stocker et al. 2013). Climate is
fundamentally affected by farming. Farming emanates enormous volume of ozone-
harming substances, i.e., GHGs like CO2, CH4, N2O, and corona carbons into the
environment, where they assume a critical part in ingest sun-powered energy
(Valizadeh et al. 2014). Farming is responsible for an expected 17–32% of all
worldwide greenhouse gas emanations (Cotter and Tirado 2008). Agribusiness can
lessen GHG discharges and ease environmental change. While certain harvests may
profit with environmental change in certain areas, expanding temperatures may in
the long run lower rural yields on a worldwide scale, especially in dry and hot areas
(Smith and Gregory 2013; Valizadeh et al. 2014). Moreover, extreme temperatures
have increased weed and creepy crawly attacks, bringing about lower farming yields
(Nelson et al. 2009; Reidsma and Ewert 2008). Without a debate, the combined
impacts of environmental change on agribusiness are negative, representing a risk to
worldwide horticultural creation and, thus, imperiling sanitation (Glenn et al. 2013;
Malhotra 2017).
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Farming usefulness is associated with conditions both straightforwardly and by
implication, through giving and related cycles; environmental change will put a
strain on this fragile equilibrium (Altieri et al. 2015; Smith and Gregory 2013). In
spite of the fact that environmental change will impact our overall ability to get food,
it is plausible that underestimated individuals in nonindustrial countries would be the
most exceedingly awful hit (Sanchez and Stern 2016). It is clear that future require-
ments for food and environment administrations will require more extreme changes
underway, utilizations, and strategies (Davidson 2016). CO2 and other fellow gases
are growing, and these additions will in the end affect the world’s environment
(Ortiz-Bobea 2021). Plant constructions and thus crop productions are prejudiced by
various organic parts, and these components similar to suddenness and temperature
may act either synergistically or ridiculously with various variable quantities in
selecting yields (Yevessé 2021). Controlled field preludes can make information
on how the yield of a specific gather arrangement responds to a given lift, like water
or fertilizer. Nevertheless, by their disposition, such controlled tests consider only a
confined extent of biological factors (Jiang et al. 2021). An elective method to
manage and check out crop yield (changes) is the use of gather biophysical diversion
models that introduce limits drawn from crop tests (Gurgel et al. 2021). Since natural
change is likely to cut across a huge gathering of living components, such collect
proliferation models give the most quantitative examinations of changes in ecology
impacts on crop yields (Manzoor et al. 2021). However, the usage of gather



reenactment models makes the examination of climate impacts over an area of yields
logical; these kinds of models furthermore have limits, counting the separation from
the grouping of components and state that impact creation in the field (Lal 2021).
feasible ecological circumstances that changes, consolidate increased temperatures,
variations in rainfall or snowfall, and increased air CO2 obsessions. Regardless of the
way that temperature additions can have both positive and antagonistic outcomes on
crop yields, with everything taken into account, temperature increases have been
found to diminish yields and nature of various harvests (Avagyan 2021).
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A climate with greater CO2 intensity would achieve higher net photosynthetic
values (Horton et al. 2021). Higher centers may equally reduce arising (water
disaster) as plants decline their stomata holes, the little cavities in the leaves through
which CO2 and water seethe are replaced with the air (Ortiz et al. 2021). The net
change in crop yields is limited by the affability between these negative and positive
direct ramifications for plant improvement and progress and by deceitful effects that
can impact creation. These inadvertent effects have been usually disregarded in the
examination of ecological change impacts (Zougmoré et al. 2021). Typical effects
may rise up out of changes in the event and course of vermin and microorganisms,
extended speeds of soil crashing down and defilement, and increased troposphere
ozone levels in view of rising temperatures (Kehler et al. 2021). Extra deceitful
effects may rise up out of changes in overflow and groundwater re-invigorate rates,
which impact water supplies, and changes in capital or mechanical supplies, for
instance, surface water accumulating and water support practices (Koutsoyiannis
2021) (Fig. 4.5).

Fig. 4.5 Soil microbial
response to climate change.
(Jansson and Hofmockel
2020)
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Naturally, more than 90 billion bacteria are preset in one-gram soil that promotes
the plat growth by making the unavailable nutrients in the available form for plant
uptake. Nowadays, the biotic stress is a big challenge for agriculture due to day-by-
day increase in the world population, which causes increase in food demands. The
use of chemical means of nutrients increases the crop production, but it also
deteriorates the environment causing a reduction in soil fertility and plan growth
(Armstrong and Taylor 2014). For agricultural production, the health of soil is very
important, which depends on different reactions, such as chemical, biological, and
physical, collaborated by microorganisms. The beneficial microorganisms are group
of naturally occurring microorganisms, like plant growth-promoting rhizobacteria,
fermenting fungi, actinomycetes, yeast, lactic acid bacteria, etc. These microorgan-
isms play a very important role in improving the soil structure and soil fertility,
suppressing soil-borne pathogen, fixing nitrogen, increasing the decomposition of
organic matter, and enhancing the level of nutrients and of plant strength and
ultimately crop yield (Joshi et al. 2019).

Soil microorganism is involved in different biogeochemical cycling of all major
(N, P, K, S, etc.) and minor nutrients (Fe, Mn, Co, B, Zn, etc.) required for crop
growth and other life (Jansson and Hofmockel 2020). The impact of climate change
on soil microbes in different climate-sensitive soil ecosystem is illustrated in Fig. 4.1
(Dutaa and Dutta 2016). Mycorrhizal fungi and bacteria that live near the roots offer
numerous advantages to the host plant, including faster growth, enhanced nutrition,
better drought resistance, and defense against pathogens. Mycorrhizal fungi are
broadly characterized into two groups. The first one is vesicular arbuscular mycor-
rhizas (VAM or AM) and the second is eco-mycorrhizas (EM), which differ exten-
sively in structure and function. The structures produce by VAM within the roots of
plants are known as arbuscules and vesicles, which participate in the transfer process
of nutrients. This symbiotic relation benefits the host plants directly, through the
solubilization of phosphate and other mineral nutrients from the soil by the fungus,
while the fungus obtains a carbon source from the host plants. The symbiosis also
improves the resistance of plants to biotic and abiotic stresses. Ectomycorrhizas
(EM) frequently produce large aboveground fruiting bodies like that of a mushroom
and toadstool as well as a hyphal net around the root of plant. Vesicles and
arbuscules are absent, and the hyphal penetration of the root is incomplete. EM
fungi are amenable to axenic culture. Potential inoculum can also be produced in the
field from mycelium (Harrier 2001; Thomson et al. 1994). The soil microorganisms
play a vital role in soil health and sustainability. The density and diversity of
microorganisms’ population indirectly depend on the level of organic matter,
because it provides energy for soil microorganisms and improves the structure,
stability, and moisture of the soil and plant nutrient availability and stops the
occurrence of soil-borne disease (Zhang et al. 2007).
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4.9 Microbial Contribution in Climate-Smart Agriculture

Worldwide, agriculture participate in and is an agriculture both promotes to and is
endangered by climate change over. Corresponding to the account of IPCC, agri-
culture brings part in 58% and 47% of the total anthropogenetic constructions of
N2O and CH4, respectively. Agriculture is previously facing the severe impacts of
climate adjustment (Lobell et al. 2011), and consequently, the food production is
also being affected directly and indirectly by it. Fluctuations in rainfall pattern,
upsurge in mean temperature, and intensification in occurrence of intense climatic
effects, like scarcity, floods, and cyclones, will highly affect the agriculture (Lee
2007). The growth of population in the world is forecasted up to one third by 2050,
and most of the people (about 2 billion). The world’s residents are expected to
improve by one third by 2050, and most of the added two billion people will survive
in improving states (Boettcher et al. 2015). With the aim to fulfill the constraints of
food and feeding, agricultural production is predicted to grow by 60%. It is a big
challenge for the upcoming food security, as the resources required to maintain the
present agricultural growth are already being endangered. Furthermore, worldwide
agriculture is already being harmfully impacted by global climate change, and
climatic hazards to livestock, fisheries, and cropping are predicted to rise in the
coming years. In the period of such rapid change in climate, alteration and redirec-
tion of agricultural production led to the strategy of climate-smart agriculture (CSA).
Microorganisms are vital members of the soil-plant ecosystem, and simply no food
production is possible without them. Microorganisms perform a vital role in the
cycling of plant nutrients in the system of microbe plant soil and atmosphere.
Microbes are crucial to nitrogen and carbon cycles and take part in the consumption
and production of greenhouse gases (GHGs), like nitrous oxide, methane, and
carbon dioxide. A vast diversity of microorganisms offers an unexploited way to
improve the quality and quantity of agricultural products, leading to adaptation and
mitigation of changing climate outcomes, thus helping to attain the target of climate-
smart agriculture. The microbes that cause diseases to insect pest and weeds are
utilized as biopesticides. There are many microbes in the soil, which promote plant
growth through various biocontrol mechanisms. The free-living soil microbes help
to maintain the soil structure, carbon sequestration, and nutrient storage and avail-
ability (Das et al. 2019).

Microbe variety in soil enhances the numerous mechanisms that are a vital part of
biogeochemical cycles and henceforward promotes and maintains a lot of
agroecosystem’s biochemical reactions, such as decomposition of organic matter,
nutrient availability to plants, and overall productivity of plant and soil. Many times,
the microorganisms make associations, and many limiting resources are made
available to plants by them. Furthermore, the host-specific microorganisms like
mycorrhiza and N2 fixers also make available limited and fixed plant nutrients to
enhance plant growth. Consequently, microbes endorse the sustainability of agricul-
ture and effective operation of agroecosystem (Das et al. 2019) (Fig. 4.6).
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Fig. 4.6 Microbial-mediated nutrient transformation pathway. (Mitter et al. 2021)

The process in which complex organic biopolymers present in the dead remains,
and residues of animals and plants are broken down into simpler inorganic and
organic monomers through various biochemical reactions, referred to as organic
matter decomposition (Juma 1998). During this microbial process of organic matter
decomposition, nutrients and energy are recycled, and the surplus plant nutrients,
like N, S, and P, are added to the soil in the plant-available form; this transformation
is known as mineralization. Hence, in this way, microbes are crucial for the avail-
ability of essential plant nutrients and necessary inorganic compounds in the soil
through the processes of nutrient recycling, by decomposing the plant residues and
dead bodies of animals (Das et al. 2019). Fixation of atmospheric elemental nitrogen
(N2) into plant-available forms is one of the most important biochemical reactions
that is highly essential and beneficial for global agricultural sustainability and
efficient ecosystem functioning. Worldwide, the annual incorporation of the fixed
nitrogen through symbiosis between rhizobia and legume is assessed to be 18.5 mil-
lion tones and 2.95 million tones for oilseed legumes and pulses, respectively
(Howieson et al. 2005). However, the symbiotic bacteria nodulating the legume
crops belong to the genera Brady rhizobium, Ensifer, Rhizobium, and
Mesorhizobium that are conscientious of about 80% N accumulation in grains,
causing high nutrition and profit. The bacteria, which live freely and do not form a
symbiotic relation with the host crop, are known as free-living N2-fixing bacteria.
Some of them are Azospirillum, present in temperate region cereal-growing soils;
Beijerinckia, associated with sugarcane in tropical areas; and Azotobacter,



prominent for N2 fixation in rice growing soil and also used as a biofertilizer for
tobacco, tea, coffee, coconuts beetroot, sunflowers, oat, barley, maize, and wheat
crops. Moreover, the species that belongs to the genera Herbaspirillum,
Gluconacetobacter, and Azospirillum are endophytes of sugarcane and provide
nitrogen to the crop. Azorhizobium strains that fix the N2 are isolated from the
rhizosphere of wheat crop, while Bradyrhizobium and Rhizobium are from the roots
of paddy. Additionally, there are specific diazotrophic bacteria that form a true
beneficial mutualism (symbiosis) with some host plants by forming the nodules
with its roots (García-Fraile et al. 2015). Phosphorus solubilizing microorganisms
(PSMs) release the plant unavailable inorganic and organic soil phosphorus through
mechanisms like solubilization and mineralization and make P available to crop
plants, thus playing a vital role in soil fertility (Sharma et al. 2013; Walpola and
Yoon 2012). In the P-deficient soils, a diversified variety of PSMs like fungi
(Penicillium and Aspergillus) and bacteria (Bacillus, Pseudomonas, and Actinomy-
cetes) can be inoculated in the soil to increase the P availability, through their
mineralizing and solubilizing capability (Gyaneshwar et al. 2002). P solubilization
by bacteria is more efficient than fungi (Sharma et al. 2013). Penicillium bilaii is also
a beneficial P-solubilizing bacterium that effectively takes part in the phosphate
solubilization in native soils. Secretion of organic acid by fungi solubilizes the
phosphate reservoirs in soil, making P easily available to plant roots. Potential
phosphate-solubilizing bacterial genera in the soil include Pseudomonas, Rhizo-
bium, endosymbiotic rhizobia, and ectorhizospheric strains of Enterobacter and
Bacilli (Khan et al. 2009). A mutual exchange of nutrients and carbon occurs
between mycorrhizal symbiosis of arbuscular mycorrhizal fungi (AMF) and host
plant. The host plant acquires nutrients, e.g., phosphate and nitrogen, from fungus,
which promotes plant’s resistance against abiotic and biotic stress, and, in response,
fungi get 4–20% C fixed by photosynthesis. Mycorrhizal symbiosis is quite com-
mon, and its symbiotic functions depends upon the variations between the soil
properties, host plants, and AMF species. Generally, the AMF symbiotic linkages
are thought to be nonspecific and diffused due to their several linkages by many
species to different plants (Selosse et al. 2006). AMF symbiosis is an important
biological mechanism to remediate polluted soils and mining spots (S. E. Smith and
Read 2010). The microbes that benefit the health when consumed are known as
probiotics. The concept of probiotics was given by the Nobel Scientist Élie Metch-
nikoff, who recommended that food requirement by intestinal microorganisms helps
to exchange the detrimental microorganisms by beneficial microbes and to follow
measures to adapt the microbial flora in our bodies. Soil probiotics are normally
thought as soil-based organisms (SBOs), since they are advantageous bacteria which
live in the soil. As the plants do not genetically acclimatize in the rapidly changing
environment, i.e., drought, limited nutrients, and toxins, therefore, they may utilize
the microorganisms to build the capacity for fast growth in the fluctuating environ-
mental conditions for shorter life period. Hence, in this way, plants show the same
mechanism as humans using probiotics to progress their health. Stimulation of plant-
specific microbial species in their rhizosphere region tells us that plants can support
and stimulate tactically to certain microbes, which have the ability to produce

136 M. Nadeem et al.



antibiotics that defend the plants against diseases causing soil pathogenic organisms
(Weller et al. 2002). The bacterial species of the genus Pseudomonas are universal in
many soils and participate in a lot of reactions, like bioremediation, nitrogen
(N2) fixation, nutrient cycling, control, and inhibition of diseases, therefore promot-
ing the plant growth. Pseudomonads work as a potential biocontrol agent against
oomycete and fungi pathogens over the last two decades (de Souza 2002). Their
most frequent property is antibiosis that is responsible for their reactions against the
disease-causing plant pathogens, and a variety of antipathogenic compounds are also
recognized, e.g., biosurfactant, hydrogen cyanide (HCN), pyoluteorin, pyrrolnitrin,
phenazines, and 2,4-diacetylphloroglucinol (2,4-DAPG) (Picard and Bosco 2008).
Their quick response capability to variations in nutritional, carbon, chemical, and
physical conditions in the soil is very highly beneficial in agriculture, environment,
and ecosystem functioning.

4 Soil Microbes and Climate-Smart Agriculture 137

References

Abberton M, Batley J, Bentley A, Bryant J, Cai H, Cockram J et al (2016) Global agricultural
intensification during climate change: a role for genomics. Plant Biotechnol J 14(4):1095–1098.
https://doi.org/10.1111/pbi.12467

Abdalla K, Chivenge P, Ciais P, Chaplot V (2016) No-tillage lessens soil CO 2 emissions the most
under arid and sandy soil conditions: results from a meta-analysis. Biogeosciences 13(12):
3619–3633

Abid M, Lal R (2009) Tillage and drainage impact on soil quality: II. Tensile strength of aggregates,
moisture retention and water infiltration. Soil Tillage Res 103(2):364–372

Adger WN, Dessai S, Goulden M, Hulme M, Lorenzoni I, Nelson DR et al (2009) Are there social
limits to adaptation to climate change? Clim Chang 93(3):335–354. https://doi.org/10.1007/
s10584-008-9520-z

Agegnehu G, Bass AM, Nelson PN, Bird MI (2016) Benefits of biochar, compost and biochar–
compost for soil quality, maize yield and greenhouse gas emissions in a tropical agricultural soil.
Sci Total Environ 543:295–306

Alamgir M, Khan N, Shahid S, Yaseen ZM, Dewan A, Hassan Q, Rasheed B (2020) Evaluating
severity–area–frequency (SAF) of seasonal droughts in Bangladesh under climate change
scenarios. Stoch Env Res Risk A:1–18. https://doi.org/10.1007/s00477-020-01768-2

Allen JC, Barnes DF (1985) The causes of deforestation in developing countries. Ann Assoc Am
Geogr 75(2):163–184

Altieri MA, Nicholls CI, Henao A, Lana MA (2015) Agroecology and the design of climate change-
resilient farming systems. Agron Sustain Dev 35(3):869–890. https://doi.org/10.1007/s13593-
015-0285-2

Altman J, Saurer M, Dolezal J, Maredova N, Song J-S, Ho C-H, Treydte K (2021) Large volcanic
eruptions reduce landfalling tropical cyclone activity: evidence from tree rings. Sci Total
Environ 775:145899

Armstrong M, Taylor S (2014) Armstrong’s handbook of human resource management practice:
Edition 13. Kogan Page

Arnold S, Doran JW, Schepers J, Wienhold B, Ginting D, Amos B, Gomes S (2005) Portable probes
to measure electrical conductivity and soil quality in the field. Commun Soil Sci Plant Anal
36(15–16):2271–2287

https://doi.org/10.1111/pbi.12467
https://doi.org/10.1007/s10584-008-9520-z
https://doi.org/10.1007/s10584-008-9520-z
https://doi.org/10.1007/s00477-020-01768-2
https://doi.org/10.1007/s13593-015-0285-2
https://doi.org/10.1007/s13593-015-0285-2


138 M. Nadeem et al.

Ashworth AJ, Allen FL, Wight JP, Saxton AM, Tyler DD (2014) Long-term soil organic carbon
changes as affected by crop rotation and bio-covers in no-till crop systems. In: Soil carbon.
Springer, pp 271–279

Assessment C (2018) Fourth national climate assessment
Avagyan AB (2021) Theory of bioenergy accumulation and transformation: application to evolu-

tion, energy, sustainable development, climate change, manufacturing, agriculture, military
activity and pandemic challenges Athens. J Sci 8(1):57–80

Babujia L, Hungria M, Franchini J, Brookes P (2010) Microbial biomass and activity at various soil
depths in a Brazilian oxisol after two decades of no-tillage and conventional tillage. Soil Biol
Biochem 42(12):2174–2181

Bardgett RD, Freeman C, Ostle NJ (2008) Microbial contributions to climate change through
carbon cycle feedbacks. ISME J 2(8):805–814

Beniston JW, Shipitalo MJ, Lal R, Dayton EA, Hopkins DW, Jones F et al (2015) Carbon and
macronutrient losses during accelerated erosion under different tillage and residue management.
Eur J Soil Sci 66(1):218–225

Bhattacharyya PN, Jha DK (2012) Plant growth-promoting rhizobacteria (PGPR): emergence in
agriculture. World J Microbiol Biotechnol 28(4):1327–1350

Bini D, dos Santos CA, do Carmo KB, Kishino N, Andrade G, Zangaro W, Nogueira MA (2013)
Effects of land use on soil organic carbon and microbial processes associated with soil health in
southern Brazil. Eur J Soil Biol 55:117–123

Birat J-P (2021) Materials, greenhouse gas emissions and climate change. In: Sustainable materials
science-environmental metallurgy. EDP Sciences, pp 43–120

Blanco-Canqui H, Mikha MM, Presley DR, Claassen MM (2011) Addition of cover crops enhances
no-till potential for improving soil physical properties. Soil Sci Soc Am J 75(4):1471–1482

Blanco-Canqui H, Holman JD, Schlegel AJ, Tatarko J, Shaver TM (2013) Replacing fallow with
cover crops in a semiarid soil: effects on soil properties. Soil Sci Soc Am J 77(3):1026–1034

Boettcher PJ, Hoffmann I, Baumung R, Drucker AG, McManus C, Berg P et al (2015) Genetic
resources and genomics for adaptation of livestock to climate change. Front Genet 5:461

Borrill P, Harrington SA, Uauy C (2019) Applying the latest advances in genomics and phenomics
for trait discovery in polyploid wheat. Plant J 97(1):56–72. https://doi.org/10.1111/tpj.14150

Braimoh AK (2013) Global agriculture needs smart science and policies. BioMed Central
Branca G, McCarthy N, Lipper L, Jolejole MC (2011) Climate-smart agriculture: a synthesis of

empirical evidence of food security and mitigation benefits from improved cropland manage-
ment. Mitigat Clim Change Agric Ser 3:1–42

Branca G, Lipper L, McCarthy N, Jolejole MC (2013) Food security, climate change, and
sustainable land management. A review. Agron Sustain Dev 33(4):635–650

Briones MJI, Schmidt O (2017) Conventional tillage decreases the abundance and biomass of
earthworms and alters their community structure in a global meta-analysis. Glob Chang Biol
23(10):4396–4419

Bronick CJ, Lal R (2005) Soil structure and management: a review. Geoderma 124(1–2):3–22
Buragohain P (2019) Role of microbes on carbon sequestration. Int J Microbiol Res. ISSN:0975-

5276
Campbell BM, Thornton P, Zougmoré R, Van Asten P, Lipper L (2014) Sustainable intensification:

what is its role in climate smart agriculture? Curr Opin Environ Sustain 8:39–43
Campbell BM, Vermeulen SJ, Aggarwal PK, Corner-Dolloff C, Girvetz E, Loboguerrero AM et al

(2016) Reducing risks to food security from climate change. Glob Food Secur 11:34–43. https://
doi.org/10.1016/j.gfs.2016.06.002

Cardoso EJBN, Vasconcellos RLF, Bini D, Miyauchi MYH, Santos CAD, Alves PRL et al (2013)
Soil health: looking for suitable indicators. What should be considered to assess the effects of
use and management on soil health? Sci Agric 70:274–289

Chahal I, Vyn RJ, Mayers D, Van Eerd LL (2020) Cumulative impact of cover crops on soil carbon
sequestration and profitability in a temperate humid climate. Sci Rep 10(1):1–11

https://doi.org/10.1111/tpj.14150
https://doi.org/10.1016/j.gfs.2016.06.002
https://doi.org/10.1016/j.gfs.2016.06.002


4 Soil Microbes and Climate-Smart Agriculture 139

Chaudhary S, Dheri GS, Brar BS (2017) Long-term effects of NPK fertilizers and organic manures
on carbon stabilization and management index under rice-wheat cropping system. Soil Tillage
Res 166:59–66

Chen H, Marhan S, Billen N, Stahr K (2009) Soil organic-carbon and total nitrogen stocks as
affected by different land uses in Baden-Württemberg (southwest Germany). J Plant Nutr Soil
Sci 172(1):32–42

Chenu C, Angers DA, Barré P, Derrien D, Arrouays D, Balesdent J (2019) Increasing organic
stocks in agricultural soils: knowledge gaps and potential innovations. Soil Tillage Res 188:41–
52

Clark KM, Boardman DL, Staples JS, Easterby S, Reinbott TM, Kremer RJ et al (2017) Crop yield
and soil organic carbon in conventional and no-till organic systems on a claypan soil. Agron J
109(2):588–599

Colwell PF, Munneke HJ (1997) The structure of urban land prices. J Urban Econ 41(3):321–336
Cotter J, Tirado R (2008) Food security and climate change: the answer is biodiversity. A review of

scientific publications on climate change adaptation in agriculture. Greenpeace, Exeter
Curtis PS, Wang X (1998) A meta-analysis of elevated CO 2 effects on woody plant mass, form,

and physiology. Oecologia 113(3):299–313
Das S, Ho A, Kim PJ (2019) Role of microbes in climate smart agriculture. Front Microbiol 10:2756
Davidson D (2016) Gaps in agricultural climate adaptation research. Nat Clim Chang 6(5):433–435
De Baets S, Poesen J, Meersmans J, Serlet L (2011) Cover crops and their erosion-reducing effects

during concentrated flow erosion. Catena 85(3):237–244
De Clercq T, Heiling M, Dercon G, Resch C, Aigner M, Mayer L et al (2015) Predicting soil

organic matter stability in agricultural fields through carbon and nitrogen stable isotopes. Soil
Biol Biochem 88:29–38

de Souza, J. T. (2002). Distribution, diversity, and activity of antibiotic-producing
Pseudomonas spp.

Denef K, Zotarelli L, Boddey RM, Six J (2007) Microaggregate-associated carbon as a diagnostic
fraction for management-induced changes in soil organic carbon in two Oxisols. Soil Biol
Biochem 39(5):1165–1172

Dexter AR (2004) Soil physical quality: Part I. Theory, effects of soil texture, density, and organic
matter, and effects on root growth. Geoderma 120(3-4):201–214

Diaz S, Grime J, Harris J, McPherson E (1993) Evidence of a feedback mechanism limiting plant
response to elevated carbon dioxide. Nature 364(6438):616–617

Dignac M-F, Derrien D, Barre P, Barot S, Cécillon L, Chenu C et al (2017) Increasing soil carbon
storage: mechanisms, effects of agricultural practices and proxies. A review. Agron Sustain Dev
37(2):14

Don A, Flessa H, Marx K, Poeplau C, Tiemeyer B, Osterburg B (2018) Die 4-promille-initiative
“Böden für Ernährungssicherung und Klima”: Wissenschaftliche Bewertung und Diskussion
möglicher Beiträge in Deutschland

Dorodnikov M, Blagodatskaya E, Blagodatsky S, Marhan S, Fangmeier A, Kuzyakov Y (2009)
Stimulation of microbial extracellular enzyme activities by elevated CO2 depends on soil
aggregate size. Glob Chang Biol 15(6):1603–1614

Du Z-L, Zhao J-K, Wang Y-D, Zhang Q-Z (2017) Biochar addition drives soil aggregation and
carbon sequestration in aggregate fractions from an intensive agricultural system. J Soils
Sediments 17(3):581–589

Durán J, Morse JL, Groffman PM, Campbell JL, Christenson LM, Driscoll CT et al (2016) Climate
change decreases nitrogen pools and mineralization rates in northern hardwood forests. Eco-
sphere 7(3):e01251. https://doi.org/10.1002/ecs2.1251

Dutta H, Dutta A (2016) The microbial aspect of climate change. Energy Ecol Environ 1(4):209–
232. https://doi.org/10.1007/s40974-016-0034-7

FAOSTAT (2022) The state of food security and nutrition in the world 2021. Transforming food
systems for food security, improved nutrition and affordable healthy diets for all. FAO, Rome.
https://doi.org/10.4060/cb4474en

https://doi.org/10.1002/ecs2.1251
https://doi.org/10.1007/s40974-016-0034-7
https://doi.org/10.4060/cb4474en


140 M. Nadeem et al.

Duval ME, Galantini JA, Capurro JE, Martinez JM (2016) Winter cover crops in soybean mono-
culture: effects on soil organic carbon and its fractions. Soil Tillage Res 161:95–105

Easton ZM, Bock E (2016) Soil and soil water relationships
Fragoso C, Kanyonyo J, Moreno A, Senapati BK, Blanchart E, Rodriguez C (1999) A survey of

tropical earthworms: taxonomy, biogeography and environmental plasticity. Earthworm Manag
Trop Agroecosyst:1–26

Francaviglia R, Di Bene C, Farina R, Salvati L, Vicente-Vicente JL (2019) Assessing “4 per 1000”
soil organic carbon storage rates under Mediterranean climate: a comprehensive data analysis.
Mitig Adapt Strateg Glob Chang 24(5):795–818

Fungo B, Lehmann J, Kalbitz K, Thionģo M, Okeyo I, Tenywa M, Neufeldt H (2017) Aggregate
size distribution in a biochar-amended tropical Ultisol under conventional hand-hoe tillage. Soil
Tillage Res 165:190–197

Galende M, Becerril J, Gómez-Sagasti M, Barrutia O, Epelde L, Garbisu C, Hernández A (2014)
Chemical stabilization of metal-contaminated mine soil: early short-term soil-amendment inter-
actions and their effects on biological and chemical parameters. Water Air Soil Pollut 225(2):
1–13

García-Fraile P, Menéndez E, Rivas R (2015) Role of bacterial biofertilizers in agriculture and
forestry. AIMS Bioeng 2:183–205

García-Ruiz R, Ochoa V, Vinegla B, Hinojosa M, Pena-Santiago R, Liébanas G et al (2009) Soil
enzymes, nematode community and selected physico-chemical properties as soil quality indi-
cators in organic and conventional olive oil farming: Influence of seasonality and site features.
Appl Soil Ecol 41(3):305–314

Gindling TH, Newhouse D (2014) Self-employment in the developing world. World Dev 56:313–
331

Glenn M, Kim S-H, Ramirez-Villegas J, Laderach P (2013) Response of perennial horticultural
crops to climate change. Hortic Rev 41:47–130

Glick BR (2012) Plant growth-promoting bacteria: mechanisms and applications. Scientifica 2012
Gorte RW, Sheikh PA (2010) Deforestation and climate change. Congressional Research Service,

Washington, DC
Graham JH (2000) Assessing costs of arbuscular mycorrhizal symbiosis in agroecosystems. Curr

Adv Mycorrhizae Res:127–140
Gray E, Smith D (2005) Intracellular and extracellular PGPR: commonalities and distinctions in the

plant–bacterium signaling processes. Soil Biol Biochem 37(3):395–412
Grover M, Ali SZ, Sandhya V, Rasul A, Venkateswarlu B (2011) Role of microorganisms in

adaptation of agriculture crops to abiotic stresses. World J Microbiol Biotechnol 27(5):
1231–1240

Gurgel AC, Reilly J, Blanc E (2021) Challenges in simulating economic effects of climate change
on global agricultural markets. Clim Chang 166(3):1–21

Gyaneshwar P, Kumar GN, Parekh L, Poole P (2002) Role of soil microorganisms in improving P
nutrition of plants. Plant Soil 245(1):83–93

Haddaway NR, Hedlund K, Jackson LE, Kätterer T, Lugato E, Thomsen IK et al (2017) How does
tillage intensity affect soil organic carbon? A systematic review. Environ Evid 6(1):1–48

Harrier L (2001) The arbuscular mycorrhizal symbiosis: a molecular review of the fungal dimen-
sion. J Exp Bot 52(suppl_1):469–478

Herrick JE, Beh A, Barrios E, Bouvier I, Coetzee M, Dent D et al (2016) The land-potential
knowledge system (LandPKS): mobile apps and collaboration for optimizing climate change
investments. Ecosyst Health Sustain 2(3):e01209

Hill J, Polasky S, Nelson E, Tilman D, Huo H, Ludwig L et al (2009) Climate change and health
costs of air emissions from biofuels and gasoline. Proc Natl Acad Sci 106(6):2077–2082. https://
doi.org/10.1073/pnas.0812835106

Högberg P, Read DJ (2006) Towards a more plant physiological perspective on soil ecology.
Trends Ecol Evol 21(10):548–554

https://doi.org/10.1073/pnas.0812835106
https://doi.org/10.1073/pnas.0812835106


4 Soil Microbes and Climate-Smart Agriculture 141

Horton P, Long SP, Smith P, Banwart SA, Beerling DJ (2021) Technologies to deliver food and
climate security through agriculture. Nat Plants 7(3):250–255

Howieson J, Yates R, O’hara G, Ryder M, Real D (2005) The interactions of Rhizobium
leguminosarum biovar trifolii in nodulation of annual and perennial Trifolium spp. from diverse
centres of origin. Aust J Exp Agric 45(3):199–207

Jacobs A, Poeplau C, Weiser C, Fahrion-Nitschke A, Don A (2020) Exports and inputs of organic
carbon on agricultural soils in Germany. Nutr Cycl Agroecosyst 118(3):249–271

Jacobsen CS, Hjelmsø MH (2014) Agricultural soils, pesticides and microbial diversity. Curr Opin
Biotechnol 27:15–20

Jansson JK, Hofmockel KS (2020) Soil microbiomes and climate change. Nat Rev Microbiol 18
(1):35–46

Jarecki MK, Lal R (2003) Crop management for soil carbon sequestration. Crit Rev Plant Sci 22(6):
471–502

Jiang Z, Lian F, Wang Z, Xing B (2020) The role of biochars in sustainable crop production and soil
resiliency. J Exp Bot 71(2):520–542

Jiang R, He W, He L, Yang JY, Qian B, Zhou W, He P (2021) Modelling adaptation strategies to
reduce adverse impacts of climate change on maize cropping system in Northeast China. Sci
Rep 11(1):1–13

Joner EJ (2000) The effect of long-term fertilization with organic or inorganic fertilizers on
mycorrhiza-mediated phosphorus uptake in subterranean clover. Biol Fertil Soils 32(5):
435–440

Joshi H, Somduttand CP, Mundra S (2019) Role of effective microorganisms (EM) in sustainable
agriculture. Int J Curr Microbiol App Sci 8(3):172–181

Juma N (1998) The pedosphere and its dynamics: a systems approach to soil science, vol 1. Quality
Color Press, Edmonton

Kaiser K, Kalbitz K (2012) Cycling downwards–dissolved organic matter in soils. Soil Biol
Biochem 52:29–32

Karl TR, Melillo JM, Peterson TC (2009) United states global change research program. Global
Climate Change Impacts in the United States

Kehler A, Haygarth P, Tamburini F, Blackwell M (2021) Cycling of reduced phosphorus com-
pounds in soil and potential impacts of climate change. Eur J Soil Sci

Kelly B, Allan C, Wilson B (2009) Corrigendum to: soil indicators and their use by farmers in the
Billabong Catchment, southern New South Wales. Soil Res 47(3):340–340

Khan AA, Jilani G, Akhtar MS, Naqvi SMS, Rasheed M (2009) Phosphorus solubilizing bacteria:
occurrence, mechanisms and their role in crop production. J Agric Biol Sci 1(1):48–58

Khatri-Chhetri A, Aggarwal PK, Joshi PK, Vyas S (2017) Farmers’ prioritization of climate-smart
agriculture (CSA) technologies. Agric Syst 151:184–191

Klafehn R (2019) Burning down the house: do Brazil’s forest management policies violate the
no-harm rule under the CBD and customary international law? Am U Intl L Rev 35:941

Kostina N, Bogdanova T, Umarov M (2011) Biological activity of the coprolites of earthworms.
Moscow Univ Soil Sci Bull 66(1):18–23

Koutsoyiannis D (2021) Rethinking climate, climate change, and their relationship with water.
Water 13(6):849

Kuzyakov Y, Gavrichkova O (2010) Time lag between photosynthesis and carbon dioxide efflux
from soil: a review of mechanisms and controls. Glob Chang Biol 16(12):3386–3406

Ladha JK, Reddy CK, Padre AT, van Kessel C (2011) Role of nitrogen fertilization in sustaining
organic matter in cultivated soils. J Environ Qual 40(6):1756–1766

Lal R (2004) Soil carbon sequestration to mitigate climate change. Geoderma 123(1-2):1–22
Lal R (2011) Sequestering carbon in soils of agro-ecosystems. Food Policy 36:S33–S39
Lal R (2021) Climate change and agriculture. In: Climate change. Elsevier, pp 661–686
Leake J, Johnson D, Donnelly D, Muckle G, Boddy L, Read D (2004) Networks of power and

influence: the role of mycorrhizal mycelium in controlling plant communities and
agroecosystem functioning. Can J Bot 82(8):1016–1045



142 M. Nadeem et al.

Lean J (1991) Variations in the Sun’s radiative output. Rev Geophys 29(4):505–535
Lee H (2007) Intergovernmental Panel on Climate Change
Lehtinen T, Schlatter N, Baumgarten A, Bechini L, Krüger J, Grignani C et al (2014) Effect of crop

residue incorporation on soil organic carbon and greenhouse gas emissions in European
agricultural soils. Soil Use Manag 30(4):524–538

Liang A-Z, Zhang X-P, Hua-Jun F, Xue-Ming Y, Drury CF (2007) Short-term effects of tillage
practices on organic carbon in clay loam soil of northeast China. Pedosphere 17(5):619–623

Liang C, Zhu X, Fu S, Méndez A, Gascó G, Paz-Ferreiro J (2014) Biochar alters the resistance and
resilience to drought in a tropical soil. Environ Res Lett 9(6):064013

Lipper L, Thornton P, Campbell BM, Baedeker T, Braimoh A, Bwalya M et al (2014) Climate-
smart agriculture for food security. Nat Clim Chang 4(12):1068–1072

Lipper L, McCarthy N, Zilberman D, Asfaw S, Branca G (2017) Climate smart agriculture: building
resilience to climate change. Springer

Liu S, Zhang Y, Zong Y, Hu Z, Wu S, Zhou J et al (2016a) Response of soil carbon dioxide fluxes,
soil organic carbon and microbial biomass carbon to biochar amendment: a meta-analysis. GCB
Bioenergy 8(2):392–406

Liu Z, Dugan B, Masiello CA, Barnes RT, Gallagher ME, Gonnermann H (2016b) Impacts of
biochar concentration and particle size on hydraulic conductivity and DOC leaching of biochar–
sand mixtures. J Hydrol 533:461–472

Liu J, Zhang J, Li D, Xu C, Xiang X (2020) Differential responses of arbuscular mycorrhizal fungal
communities to mineral and organic fertilization. MicrobiologyOpen 9(1):e00920

Lobell DB, Bänziger M, Magorokosho C, Vivek B (2011) Nonlinear heat effects on African maize
as evidenced by historical yield trials. Nat Clim Chang 1(1):42–45

Lombard N, Prestat E, van Elsas JD, Simonet P (2011) Soil-specific limitations for access and
analysis of soil microbial communities by metagenomics. FEMS Microbiol Ecol 78(1):31–49

Lorenz K, Lal R (2014) Soil organic carbon sequestration in agroforestry systems. A review. Agron
Sustain Dev 34(2):443–454

Luo Z, Wang E, Sun OJ (2010) Can no-tillage stimulate carbon sequestration in agricultural soils?
A meta-analysis of paired experiments. Agric Ecosyst Environ 139(1-2):224–231

Mackenzie J (2016) Air pollution: everything you need to know. Natural Resources Defense
Council

Maestrini B, Nannipieri P, Abiven S (2015) A meta-analysis on pyrogenic organic matter induced
priming effect. GCB Bioenergy 7(4):577–590

Maillard É, Angers DA (2014) Animal manure application and soil organic carbon stocks: a meta-
analysis. Glob Chang Biol 20(2):666–679

Malhotra SK (2017) Horticultural crops and climate change: a review. Indian J Agric Sci 87(1):
12–22. https://doi.org/10.1002/9781118707418

Manzoor SA, Griffiths G, Lukac M (2021) Land use and climate change interaction triggers
contrasting trajectories of biological invasion. Ecol Indic 120:106936

Mao JD, Johnson RL, Lehmann J, Olk DC, Neves EG, Thompson ML, Schmidt-Rohr K (2012)
Abundant and stable char residues in soils: implications for soil fertility and carbon sequestra-
tion. Environ Sci Technol 46(17):9571–9576

Masto RE, Chhonkar PK, Singh D, Patra AK (2009) Changes in soil quality indicators under long-
term sewage irrigation in a sub-tropical environment. Environ Geol 56(6):1237–1243

Mathew I, Shimelis H, Mutema M, Minasny B, Chaplot V (2020) Crops for increasing soil organic
carbon stocks – a global meta analysis. Geoderma 367:114230

Mazzoncini M, Antichi D, Di Bene C, Risaliti R, Petri M, Bonari E (2016) Soil carbon and nitrogen
changes after 28 years of no-tillage management under Mediterranean conditions. Eur J Agron
77:156–165

McCarthy N, Lipper L, Mann W, Branca G, Capaldo J (2012) Evaluating synergies and trade-offs
among food security, development and climate change. Clim Change Mitigat Agric:39–49

Meena RS, Kumar S, Yadav GS (2020) Soil carbon sequestration in crop production. In: Nutrient
dynamics for sustainable crop production. Springer, pp 1–39

https://doi.org/10.1002/9781118707418


4 Soil Microbes and Climate-Smart Agriculture 143

Mikha MM, Rice CW (2004) Tillage and manure effects on soil and aggregate-associated carbon
and nitrogen. Soil Sci Soc Am J 68(3):809–816

Milus EA, Kristensen K, Hovmøller MS (2009) Evidence for increased aggressiveness in a recent
widespread strain of Puccinia striiformis f. sp. tritici causing stripe rust of wheat. Phytopathol-
ogy 99(1):89–94. https://doi.org/10.1094/PHYTO-99-1-0089

Minasny B, Malone BP, McBratney AB, Angers DA, Arrouays D, Chambers A et al (2017) Soil
carbon 4 per mille. Geoderma 292:59–86

Misra AK (2014) Climate change and challenges of water and food security. Int J Sustain Built
Environ 3(1):153–165. https://doi.org/10.1016/j.ijsbe.2014.04.006

Mitter EK, Tosi M, Obregón D, Dunfield KE, Germida JJ (2021) Rethinking crop nutrition in times
of modern microbiology: innovative biofertilizer technologies. Front Sustain Food Syst
5:606815

Mohammadi K (2011) Soil microbial activity and biomass as influenced by tillage and fertilization
in wheat production. Am Eur J Agric Environ Sci 10:330–337

Mohanty S, Swain CK (2018) Role of microbes in climate smart agriculture. In: Microorganisms for
green revolution. Springer, pp 129–140

Moutinho P, Schwartzman S (2005) Tropical deforestation and climate change
Nelson GC, Rosegrant MW, Koo J, Robertson R, Sulser T, Zhu T et al (2009) Climate change:

impact on agriculture and costs of adaptation. Intl Food Policy Res Inst 21
Nortcliff S (2002) Standardisation of soil quality attributes. Agric Ecosyst Environ 88(2):161–168
Nunez C (2019) Carbon dioxide levels are at a record high. Here’s what you need to know. National

Geographic. https://www.nationalgeographic.com/environment/global-warming/
greenhousegases/. Accessed 8 Nov 2019

Oreskes N (2004) The scientific consensus on climate change. Science 306(5702):1686–1686
Ortiz AMD, Outhwaite CL, Dalin C, Newbold T (2021) A review of the interactions between

biodiversity, agriculture, climate change, and international trade: research and policy priorities.
One Earth 4(1):88–101

Ortiz-Bobea A (2021) Climate, agriculture and food. arXiv preprint arXiv:2105.12044
Ostle N, Whiteley AS, Bailey MJ, Sleep D, Ineson P, Manefield M (2003) Active microbial RNA

turnover in a grassland soil estimated using a 13CO2 spike. Soil Biol Biochem 35(7):877–885
Palansooriya KN, Ok YS, Awad YM, Lee SS, Sung J-K, Koutsospyros A, Moon DH (2019)

Impacts of biochar application on upland agriculture: a review. J Environ Manag 234:52–64
Palombi L, Sessa R (2013) Climate-smart agriculture: sourcebook. In: Climate-smart agriculture:

sourcebook
Pantelica A, Cercasov V, Steinnes E, Bode P, Wolterbeek B (2008) Investigation by INAA, XRF,

ICPMS and PIXE of air pollution levels at Galati (Siderurgical Site), Book of abstracts. In: 4th
national conference of applied physics (NCAP4), Galati, Romania, September

Paoletti E, Bytnerowicz A, Andersen C, Augustaitis A, Ferretti M, Grulke N et al (2007) Impacts of
air pollution and climate change on forest ecosystems – emerging research needs.
TheScientificWorldJOURNAL 7:1–8

Paustian K, Lehmann J, Ogle S, Reay D, Robertson GP, Smith P (2016) Climate-smart soils. Nature
532(7597):49–57

Picard C, Bosco M (2008) Genotypic and phenotypic diversity in populations of plant-probiotic
Pseudomonas spp. colonizing roots. Naturwissenschaften 95(1):1–16

Poeplau C, Don A (2015) Carbon sequestration in agricultural soils via cultivation of cover crops –
a meta-analysis. Agric Ecosyst Environ 200:33–41

Powlson DS, Stirling CM, Jat ML, Gerard BG, Palm CA, Sanchez PA, Cassman KG (2014)
Limited potential of no-till agriculture for climate change mitigation. Nat Clim Chang 4(8):
678–683

Quesada C, Lloyd J, Schwarz M, Patiño S, Baker T, Czimczik C et al (2010) Variations in chemical
and physical properties of Amazon forest soils in relation to their genesis. Biogeosciences 7(5):
1515–1541

https://doi.org/10.1094/PHYTO-99-1-0089
https://doi.org/10.1016/j.ijsbe.2014.04.006
https://www.nationalgeographic.com/environment/global-warming/greenhousegases/
https://www.nationalgeographic.com/environment/global-warming/greenhousegases/


144 M. Nadeem et al.

Raich JW, Potter CS (1995) Global patterns of carbon dioxide emissions from soils. Glob
Biogeochem Cycles 9(1):23–36

Rashidi M, Seilsepour M, Ranjbar I, Gholami M, Abbassi S (2010) Evaluation of some soil quality
indicators in the Varamin region, Iran. World Appl Sci J 9(1):101–108

Recous S, Robin D, Darwis D, Mary B (1995) Soil inorganic N availability: effect on maize residue
decomposition. Soil Biol Biochem 27(12):1529–1538

Reidsma P, Ewert F (2008) Regional farm diversity can reduce vulnerability of food production to
climate change. Ecol Soc 13(1)

Reidsma P, Ewert F, Lansink AO, Leemans R (2010) Adaptation to climate change and climate
variability in European agriculture: the importance of farm level responses. Eur J Agron 32(1):
91–102. https://doi.org/10.1016/j.eja.2009.06.003

Rosenstock TS, Lamanna C, Chesterman S, Bell P, Arslan A, Richards M, Cheng Z (2016) The
scientific basis of climate-smart agriculture: a systematic review protocol

Ross D, Matschonat G, Skyllberg U (2008) Cation exchange in forest soils: the need for a new
perspective. Eur J Soil Sci 59(6):1141–1159

Roy T (2020) Precision farming: a step towards sustainable, climate-smart agriculture. In: Global
climate change: resilient and smart agriculture. Springer, pp 199–220

Rumpel C, Kögel-Knabner I (2011) Deep soil organic matter – a key but poorly understood
component of terrestrial C cycle. Plant Soil 338(1):143–158

Russo A, Carrozza GP, Vettori L, Felici C, Cinelli F, Toffanin A (2012) Plant beneficial microbes
and their application in plant biotechnology. Innov Biotechnol:57–72

Sahu N, Vasu D, Sahu A, Lal N, Singh S (2017) Strength of microbes in nutrient cycling: a key to
soil health. In: Agriculturally important microbes for sustainable agriculture. Springer, pp 69–86

Sainju UM, Whitehead WF, Singh BP (2003) Cover crops and nitrogen fertilization effects on soil
aggregation and carbon and nitrogen pools. Can J Soil Sci 83(2):155–165

Salinas-Garcia JR, Hons FM, Matocha JE (1997) Long-term effects of tillage and fertilization on
soil organic matter dynamics. Soil Sci Soc Am J 61(1):152–159

Sanchez LF, Stern DI (2016) Drivers of industrial and non-industrial greenhouse gas emissions.
Ecol Econ 124:17–24. https://doi.org/10.1016/j.ecolecon.2016.01.008

Sanderman J, Farquharson R, Baldock J (2009) Soil carbon sequestration potential: a review for
Australian agriculture

Schahczenski J, Hill H (2009) Agriculture, climate change and carbon sequestration. ATTRA
Melbourne

Schmidt H-P, Kammann C, Niggli C, Evangelou MWH, Mackie KA, Abiven S (2014) Biochar and
biochar-compost as soil amendments to a vineyard soil: influences on plant growth, nutrient
uptake, plant health and grape quality. Agric Ecosyst Environ 191:117–123

Seinfeld JH, Pandis SN (2016) Atmospheric chemistry and physics: from air pollution to climate
change. Wiley

Selosse M-A, Richard F, He X, Simard SW (2006) Mycorrhizal networks: des liaisons
dangereuses? Trends Ecol Evol 21(11):621–628

Sharma SB, Sayyed RZ, Trivedi MH, Gobi TA (2013) Phosphate solubilizing microbes: sustainable
approach for managing phosphorus deficiency in agricultural soils. Springerplus 2(1):1–14

Sheehy J, Regina K, Alakukku L, Six J (2015) Impact of no-till and reduced tillage on aggregation
and aggregate-associated carbon in Northern European agroecosystems. Soil Tillage Res 150:
107–113

Shi L, Feng W, Xu J, Kuzyakov Y (2018) Agroforestry systems: meta-analysis of soil carbon
stocks, sequestration processes, and future potentials. Land Degrad Dev 29(11):3886–3897

Shukla J, Nobre C, Sellers P (1990) Amazon deforestation and climate change. Science 247(4948):
1322–1325

Sigurdsson H, Houghton B, McNutt S, Rymer H, Stix J (2015) The encyclopedia of volcanoes.
Elsevier

Simpson RT, Frey SD, Six J, Thiet RK (2004) Preferential accumulation of microbial carbon in
aggregate structures of no-tillage soils. Soil Sci Soc Am J 68(4):1249–1255

https://doi.org/10.1016/j.eja.2009.06.003
https://doi.org/10.1016/j.ecolecon.2016.01.008


4 Soil Microbes and Climate-Smart Agriculture 145

Singh LP, Gill SS, Tuteja N (2011) Unraveling the role of fungal symbionts in plant abiotic stress
tolerance. Plant Signal Behav 6(2):175–191

Six J, Elliott ET, Paustian K (2000) Soil macroaggregate turnover and microaggregate formation: a
mechanism for C sequestration under no-tillage agriculture. Soil Biol Biochem 32(14):
2099–2103

Six J, Frey SD, Thiet RK, Batten KM (2006) Bacterial and fungal contributions to carbon
sequestration in agroecosystems. Soil Sci Soc Am J 70(2):555–569

Smith P, Gregory PJ (2013) Climate change and sustainable food production. Proc Nutr Soc 72(1):
21–28. https://doi.org/10.1017/S0029665112002832

Smith SE, Read DJ (2010) Mycorrhizal symbiosis. Academic
Sokol NW, Kuebbing SE, Karlsen-Ayala E, Bradford MA (2019) Evidence for the primacy of

living root inputs, not root or shoot litter, in forming soil organic carbon. New Phytol 221(1):
233–246

Solomon D, Lehmann J, Wang J, Kinyangi J, Heymann K, Lu Y et al (2012) Micro-and nano-
environments of C sequestration in soil: a multi-elemental STXM–NEXAFS assessment of
black C and organomineral associations. Sci Total Environ 438:372–388

Spiegel H (2012) Impacts of arable management on soil organic carbon and nutritionally relevant
elements in the soil-plant system

Spiegel H, Mosleitner T, Sandén T, Zaller JG (2018) Effects of two decades of organic and mineral
fertilization of arable crops on earthworms and standardized litter decomposition. Die
Bodenkultur J Land Manag Food Environ 69(1):17–28

Spracklen DV, Baker JCA, Garcia-Carreras L, Marsham JH (2018) The effects of tropical vegeta-
tion on rainfall. Annu Rev Environ Resour

Steenwerth KL, Hodson AK, Bloom AJ, Carter MR, Cattaneo A, Chartres CJ, Hatfield JL, Henry K,
Hopmans JW, Horwath WR (2014) Climate-smart agriculture global research agenda: scientific
basis for action. Agric Food Sec 3(1):1–39

Stern AC (1977) Air pollution: the effects of air pollution, vol 2. Elsevier
Stocker BD, Roth R, Joos F, Spahni R, Steinacher M, Zaehle S et al (2013) Multiple greenhouse-gas

feedbacks from the land biosphere under future climate change scenarios. Nat Clim Chang 3(7):
666–672. https://doi.org/10.1038/nclimate1864

Strickland MS, Rousk J (2010) Considering fungal: bacterial dominance in soils–methods, controls,
and ecosystem implications. Soil Biol Biochem 42(9):1385–1395

Suali E, Sarbatly R (2012) Conversion of microalgae to biofuel. Renew Sust Energ Rev 16(6):
4316–4342

Sun H, Koal P, Gerl G, Schroll R, Gattinger A, Joergensen RG, Munch JC (2018) Microbial
communities and residues in robinia-and poplar-based alley-cropping systems under organic
and integrated management. Agrofor Syst 92(1):35–46

Sundquist E, Burruss R, Faulkner S, Gleason R, Harden J, Kharaka Y et al (2008) Carbon
sequestration to mitigate climate change. US Geol Surv Fact Sheet 3097:2008

Sykes AJ, Macleod M, Eory V, Rees RM, Payen F, Myrgiotis V et al (2020) Characterising the
biophysical, economic and social impacts of soil carbon sequestration as a greenhouse gas
removal technology. Glob Chang Biol 26(3):1085–1108

Tang J, Xu L, Chen X, Hu S (2009) Interaction between C4 barnyard grass and C3 upland rice
under elevated CO2: impact of mycorrhizae. Acta Oecol 35(2):227–235

Thomsen IK, Christensen BT (2004) Yields of wheat and soil carbon and nitrogen contents
following long-term incorporation of barley straw and ryegrass catch crops. Soil Use Manag
20(4):432–438

Thomson B, Grove T, Malajczuk N, Hardy GSJ (1994) The effectiveness of ectomycorrhizal fungi
in increasing the growth of Eucalyptus globulus Labill. in relation to root colonization and
hyphal development in soil. New Phytol 126(3):517–524

Tian G, Kang BT, Kolawole GO, Idinoba P, Salako FK (2005) Long-term effects of fallow systems
and lengths on crop production and soil fertility maintenance in West Africa. Nutr Cycl
Agroecosyst 71(2):139–150

https://doi.org/10.1017/S0029665112002832
https://doi.org/10.1038/nclimate1864


146 M. Nadeem et al.

Toor MD, Adnan M (2020) Role of soil microbes in agriculture: a review. Open Access J
Biogeneric Res 10

Trajanov A, Spiegel H, Debeljak M, Sandén T (2019) Using data mining techniques to model
primary productivity from international long-term ecological research (ILTER) agricultural
experiments in Austria. Reg Environ Chang 19(2):325–337

Valizadeh J, Ziaei SM, Mazloumzadeh SM (2014) Assessing climate change impacts on wheat
production (a case study). J Saudi Soc Agric Sci 13(2):107–115. https://doi.org/10.1016/j.jssas.
2013.02.002

Van Groenigen JW, Van Kessel C, Hungate BA, Oenema O, Powlson DS, Van Groenigen KJ
(2017) Sequestering soil organic carbon: a nitrogen dilemma. ACS Publications

Veloso MG, Cecagno D, Bayer C (2019) Legume cover crops under no-tillage favor organomineral
association in microaggregates and soil C accumulation. Soil Tillage Res 190:139–146

Vickers NJ (2017) Animal communication: when i’m calling you, will you answer too? Curr Biol
27(14):R713–R715

Wagg C, Bender SF, Widmer F, Van Der Heijden MG (2014) Soil biodiversity and soil community
composition determine ecosystem multifunctionality. Proc Natl Acad Sci 111(14):5266–5270

Walpola BC, Yoon M-H (2012) Prospectus of phosphate solubilizing microorganisms and phos-
phorus availability in agricultural soils: a review. Afr J Microbiol Res 6(37):6600–6605

Wang C, Guo L, Li Y, Wang Z (2012) Systematic comparison of C3 and C4 plants based on
metabolic network analysis

Wang B, Liu C, Chen Y, Dong F, Chen S, Zhang D, Zhu J (2018) Structural characteristics,
analytical techniques and interactions with organic contaminants of dissolved organic matter
derived from crop straw: a critical review. RSC Adv 8(64):36927–36938

Wang D, Zang S, Wu X, Ma D, Li M, Chen Q, Liu X, Zhang N (2021) Soil organic carbon
stabilization in permafrost peatlands. Saudi J Biol Sci 28(12):7037–7045. https://doi.org/10.
1016/j.sjbs.2021.07.088

Weller DM, Raaijmakers JM, Gardener BBM, Thomashow LS (2002) Microbial populations
responsible for specific soil suppressiveness to plant pathogens. Annu Rev Phytopathol 40(1):
309–348

Weng ZH, Van Zwieten L, Singh BP, Tavakkoli E, Joseph S, Macdonald LM et al (2017) Biochar
built soil carbon over a decade by stabilizing rhizodeposits. Nat Clim Chang 7(5):371–376

Wienhold BJ, Awada T (2013) Long-term agro-ecosystem research (LTAR) network to establish
the platte river–high plains aquifer LTAR

Wiesmeier M, Mayer S, Burmeister J, Hübner R, Kögel-Knabner I (2020) Feasibility of the 4 per
1000 initiative in Bavaria: A reality check of agricultural soil management and carbon seques-
tration scenarios. Geoderma 369:114333

Wilson B (2021) Past the tipping point, but with hope of return: how creating a geoengineering
compulsory licensing scheme can incentivize innovation. Wash Lee J Civ Rights Soc Justice
27(2):791

Woolf D, Street-Perrott FA, Lehmann J, Josheph S (2010) Sustainable biochar to mitigate global
climate change. Nat Commun 1(56):1

Wright SF, Upadhyaya A (1998) A survey of soils for aggregate stability and glomalin, a
glycoprotein produced by hyphae of arbuscular mycorrhizal fungi. Plant Soil 198(1):97–107

Yevessé D (2021) Effects of temperature and rainfall variability on the net income of cereal crops
in togo: semiparametric approach

Zak DR, Pregitzer KS, Curtis PS, Teeri JA, Fogel R, Randlett DL (1993) Elevated atmospheric CO
2 and feedback between carbon and nitrogen cycles. Plant Soil 151(1):105–117

Zhang W, Ricketts TH, Kremen C, Carney K, Swinton SM (2007) Ecosystem services and
dis-services to agriculture. Ecol Econ 64(2):253–260

Zhang A, Bian R, Pan G, Cui L, Hussain Q, Li L et al (2012) Effects of biochar amendment on soil
quality, crop yield and greenhouse gas emission in a Chinese rice paddy: a field study of
2 consecutive rice growing cycles. Field Crop Res 127:153–160

https://doi.org/10.1016/j.jssas.2013.02.002
https://doi.org/10.1016/j.jssas.2013.02.002
https://doi.org/10.1016/j.sjbs.2021.07.088
https://doi.org/10.1016/j.sjbs.2021.07.088


4 Soil Microbes and Climate-Smart Agriculture 147

Zhao B, Su Y (2014) Process effect of microalgal-carbon dioxide fixation and biomass production:
a review. Renew Sust Energ Rev 31:121–132

Zhou M, Liu C, Wang J, Meng Q, Yuan Y, Ma X et al (2020) Soil aggregates stability and storage
of soil organic carbon respond to cropping systems on Black Soils of Northeast China. Sci Rep
10(1):1–13

Zhu Y-G, Miller RM (2003) Carbon cycling by arbuscular mycorrhizal fungi in soil–plant systems.
Trends Plant Sci 8(9):407–409

Zougmoré RB, Läderach P, Campbell BM (2021) Transforming food systems in Africa under
climate change pressure: role of climate-smart agriculture. Sustainability 13(8):4305


	Chapter 4: Soil Microbes and Climate-Smart Agriculture
	4.1 Introduction
	4.2 Soil Microbes and Sustainable Agriculture
	4.3 Soil Microbes and Carbon Sequestration
	4.4 Agricultural Practices and Carbon Sequestration
	4.5 Climate Change and Soil Health Indicators
	4.6 Soil Microbe Mitigating Climate Variability
	4.7 Climate-Smart Agriculture
	4.8 Soil Microbes and Global Agriculture
	4.9 Microbial Contribution in Climate-Smart Agriculture
	References




