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Chapter 1
Impact of Climate Change on Functional
Root-Derived Signals

Bartłomiej Świątek, Subodh Kumar Maiti, and Marcin Pietrzykowski

Abstract This chapter presents an analysis of current data on the impact of climate
change on the biomass of fine roots. World forests store 44% of carbon in biomass,
11% in dead wood and litter, and 45% in soil. As a result of droughts and other
extreme weather events, forest growth will be disrupted. It is important to understand
the factors that control fine root production and death rates in order to comprehend
the natural cycle of elements and progressive climate change. It is especially
important to understand the role of fine roots in sequestration and emissions of
carbon dioxide, the element primarily responsible for global warming. However, fine
roots can only be a factor in climate change on a global scale. On a local scale, fine
root biomass is influenced by many factors. Future research should link the physi-
ological factors of fine roots with progressive climate change.

Keywords Climatic change · Nutrient cycle · Carbon sequestration · Fine roots ·
Forest adaptation · Cycle of elements

1.1 Introduction

Increases in the concentration of atmospheric carbon dioxide are the main anthro-
pogenic cause of progressive climate change. Emissions from fossil fuel combustion
amounted to 36.2 Gt CO2 in 2017 and increased to 37.1 Gt CO2 in 2018 (Le Quéré
et al. 2018). Another anthropogenic cause of the increase in atmospheric CO2

concentration is forest degradation. Deforestation is responsible for around 20% of
total CO2 emissions. The conversion of tropical forests into agricultural ecosystems
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generates emissions into the atmosphere totalling about 1.7 PgC per year (Sullivan
and O’Keeffe 2011; Vaughn 2010). Human activity is estimated to have increased
the average annual air temperature on Earth by about 1 �C since preindustrial times
(Allen et al. 2018). An increase in average annual air temperature may be accom-
panied by a change in total annual precipitation and a higher frequency of extreme
weather events (Räisänen et al. 2004).

Forests play an important role in reducing greenhouse gas emissions and storing
carbon. World forests store 44% of carbon in biomass, 11% in dead wood and litter,
and 45% in soil (FAO 2010). The carbon content of forest ecosystems varies by
latitude (Lal 2005). In boreal zone forests, carbon is stored mainly in the organic
matter of soil, while it is stored in plants in tropical forests. The difference in the rate
of accumulation of organic matter depends on the climate. In colder climates,
organic matter is produced faster than it can decompose, whereas in warm climates,
organic matter decomposes very quickly, leading to a rapid circulation of elements
(Prentice 2001). The rise in temperature accelerates the decomposition rate of
organic matter in arctic regions (i.e., those where the soil is rich in carbon and the
rise in temperature is relatively faster). In areas where the initial amount of organic
matter is low, the fast decomposition of organic matter can be offset by accelerated
growth of aboveground plant biomass.

1.2 Impact of Climate Change on Plants

The increased accessibility of carbon dioxide and nitrogen, along with the extension
of the vegetation period and higher air temperature, causes the acceleration of
biomass growth along with a reduction in the natural mortality of trees. Moreover,
very fast-growing and strongly densified stands are prone to drought (Rebetez and
Dobbertin 2004). Periodic threats to forests directly affect the growth of trees by
limiting photosynthesis and increasing susceptibility to pathogenic infections
(Taeger et al. 2013). Progressive climate change may alter the range of some tree
species, shifting the vertical forest boundary in the far north and the horizontal forest
boundary in the mountains (Brooker et al. 2007).

One of the strongest indicators of plants’ ecological responses to climate change
is phenology. Many research results show that the phenological seasons of trees
change with increasing temperatures. The phenology of roots and shoots is essential
in determining the effect of global warming on carbon accumulation in plants
(Radville et al. 2016).

4 B. Świątek et al.



1.3 Impact of Climate Change on Fine Roots

Understanding the life cycle and turnover of fine roots is important for determining
the cycle of carbon and other nutrients in nature. While the impact of environmental
changes on fine root turnover is difficult to quantify, studies show that roots, like
leaves, have a set of functional characteristics related to their lifespan. The lifespan
of roots is influenced by many factors related to their structure, including root
diameter and density, nitrogen concentration, and colonization by mycorrhizal
fungi. All these features are highly plastic and depend strongly on the concentration
of nitrogen, carbon dioxide, and water in soils (Warren 2015).

The impact of global climate change on roots can be significant but difficult to
describe. An increase in the concentration of carbon dioxide influences root length
and leads to increased root colonization by mycorrhizal fungi and decreased nitrogen
concentration in tissues (Pritchard and Rogers 2000; Tingey et al. 2000). Increasing
the level of carbon dioxide, which lowers nitrogen concentrations in root tissues,
leads to a slightly longer root life (Eissenstat et al. 2000). In turn, a decrease in soil
moisture or an increase in soil temperature may contribute to an increase in root
mortality, which may be counterbalanced by a reduced availability of nutrients
(Wang et al. 2019).

Some studies indicate that the main element of the carbon cycle in nature is the
growth and decomposition rate of fine roots (Alongi 2012). The rate of decomposi-
tion of fine roots is often close to—or even higher than—the rate of decomposition of
litter. Fine roots have an impact on mitigating climate change through carbon
sequestration. It has been proven that a higher concentration of carbon dioxide in
the atmosphere affects the growth and density of fine roots. In addition, soil
temperature, which is closely related to global warming, has a direct impact on the
intensity of respiration and the early growth of fine roots observed in spring (Cao
et al. 2020). Up to 33% of solar energy supplied to the Earth is used for the
production of fine roots. Fine root turnover increases exponentially with higher
mean annual air temperatures and is a key element in ecosystems’ carbon and
nutrient cycles (Eissenstat et al. 2000; Gill and Jackson 2000).

Despite the great variation in fine root morphology and physiology, little is
known regarding which environmental factors alter root physiology or how they
may be related to plant function. The chemical and physical stress caused by climate
change is responsible for changes in root physiology (Hirano et al. 2006; Richter
et al. 2006). Moisture deficiencies in soil resulting from drought reduce the avail-
ability of nutrients and decrease root cell division (North and Nobel 1997). Addi-
tionally, reductions in transpiration caused by drought contribute to an increase in
the concentration of aluminum in the soil solution, which results in an increased
concentration of aluminum in roots. Moreover, rainfall changes the concentration of
nitrogen and phosphorus in fine roots, and the content of these elements decreases
with increasing rainfall.

1 Impact of Climate Change on Functional Root-Derived Signals 5



1.4 Influence of Temperature and Precipitation
on the Biomass of Fine Roots

Temperature is an important factor regulating the growth rate of fine roots, and the
biomass of fine roots differs in the forests of various climatic zones (Vogt et al. 1996;
Jackson et al. 1997; Finér et al. 2007). The maximum monthly air temperature
explains 65% of the variability of the root biomass of small coniferous stands. The
increase in the biomass of fine roots in boreal zone forests, along with the increase in
average annual air temperature, may at least partially result from the fact that the
increase in the rate of mineralization of organic matter improves nitrogen availability
and stimulates the growth of fine roots (Pregitzer et al. 2000). The turnover ratio of
fine roots in areas with a southern slope is higher than on those with a northern slope,
indicating that higher temperature may be the cause of the increased biomass of fine
roots (Hendrick and Pregitzer 1993).

Coniferous forests are usually characterized by a higher fine root biomass than
deciduous forests due to a low rate of fine root rotation and a longer period of
photosynthesis (Jackson et al. 1996; Gordon and Jackson 2000; Yuan and Chen
2010). Results collected from 512 stands in 35 European countries indicate that the
biomass of fine roots is higher in deciduous forests than coniferous forests (Finér
et al. 2007, 2011). In China, fine root biomass of coniferous trees was higher than the
fine root biomass of deciduous trees in areas where the average annual rainfall was
about 500 mm. When the average annual rainfall increased to approximately
1000 mm, the biomass of fine roots was higher in deciduous forests (Wang et al.
2017). Moreover, in the forests of northeastern China, the biomass of fine roots with
a diameter of less than 0.5 mm was positively correlated with soil temperature, water
content in soil, and concentrations of nitrogen, potassium, and phosphorus. For roots
with a diameter of 0.5 mm to 2.0 mm, biomass was correlated with soil temperature
and phosphorus concentration. Slight differences in the biomass of fine roots may
occur with changes in average annual rainfall from 500 to 1500 mm and average
annual air temperature from 5 to 15 �C (Wang et al. 2017).

In temperate zone forests, no relationship was observed between the biomass of
beech and spruce fine roots and average annual air temperature (Finér et al. 2007). In
boreal zone forests, the root biomass of small trees increased with higher average
annual air temperature and precipitation. It is estimated that only about 2% of the
variation in the biomass of fine roots can be explained by the type of forest, the
content of nitrogen and phosphorus carbon in the soil, and climatic factors (Finér
et al. 2011, 2019).

6 B. Świątek et al.



1.5 Impact of Climate Change on Nutritional Status
and Mycorrhiza of Fine Roots

A review of studies from 51 countries found that, on a global scale, average annual
air temperature and average annual rainfall do not affect nitrogen concentration in
fine roots (Yuan and Chen 2010; Freschet et al. 2017). On the other hand, the content
of phosphorus in fine roots is negatively correlated with average annual rainfall
(Yuan and Chen 2010; Yuan et al. 2011). Research conducted in China showed no
relationship among average annual air temperature, average annual rainfall, and the
content of nitrogen and phosphorus in fine roots. The discrepancies between the
results obtained in China and those obtained globally may result from differences in
the species composition of stands and heterogeneous nitrogen and phosphorus
uptake by trees along the climatic gradient (Cao et al. 2020).

In addition to increasing the ability of plants to take up nutrients directly, fine
roots are also the basis for colonization by mycorrhizal fungi (Tibbett et al. 1999;
Brundrett 2002). In the northern Scots pine population, low-temperature roots
developed larger cross-sectional areas of parenchyma bark, which were then avail-
able for fungal colonization, in order to maintain an efficient nutrient uptake. The
relationship between the host plant and mycorrhizal fungi was visible on the basis of
the increased surface area of the mantle as the temperature decreased.

1.6 Fine Root Biomass in the Extreme Site Conditions
of Restored Post-mining Sites

Mining sites are example of large-scale environmental transformation and restora-
tion of degraded land which have attracted a global interest. One of the main
elements of a restored new ecosystem is soil process development as the foundation
of terrestrial ecosystem functioning (Pietrzykowski 2014). The ecology of mine soils
(technosoils) can be assayed using soil biota and soil microbial activity, which are
closely connected to the study of the rhizosphere. Fine root biomass and accompa-
nying nutrient cycling thus offer great possibilities to describe the rate of
technosoils’ development and the ecology of new phytocenoses (Świątek et al.
2019). The large-scale sandpits that remain after surface mining are characterized
by low sorption and retention capacities. They are also characterized by a complete
lack of soil organic matter and nutrient deficits—especially nitrogen, phosphorus,
and potassium—as well as very low biological activity (Pietrzykowski and
Krzaklewski 2007, 2009; Maiti 2013). The climate of regions in Poland with
large-scale sandpits is characterized by an average annual air temperature of
8.7 �C and an average annual rainfall of 735 mm. The annual cycle of alder fine
root biomass increase in sandy soils was over 1002 g m�2 (Świątek et al. 2019). This
increase should be considered large compared to other data in the literature
(Table 1.1). Under optimal conditions of natural habitats in central Poland, the

1 Impact of Climate Change on Functional Root-Derived Signals 7



biomass of alder fine roots reached 127 g m�2, which is lower than the data obtained
for European beech and English oak stands (Jagodziński et al. 2016). The dynamics
of fine root growth clearly shows relationships with soil characteristics, in particular
trophism and fertility. For example, in nutrient-poor soils, trees tend to develop
increased fine root biomass, penetrating large volumes of soil to compensate for
nutrient deficiencies (Hodge 2004). On the other hand, in the case of increased
availability of supplied nutrients—for example, by mineral fertilization—the inten-
sity of the fine root network and its biomass development are lower (Majdi and
Kangas 1997).

1.7 Conclusions

To understand the natural circulation of elements and progressive climate change, it
is important to identify the factors controlling fine root production and mortality. It is
particularly important to investigate the role of fine roots in absorbing and emitting
carbon dioxide, the element primarily responsible for global warming. Increases in
fine root biomass with increasing air temperature may result in the use of a larger
volume of soil for the uptake of water and minerals. Fine roots show wide plasticity
in response to changing soil conditions, and controlling the dynamics of fine roots
plays a key role in providing plants with water during a drought. However, fine roots

Table 1.1 Fine root biomass in temperate zone forest stands

Species Fine root biomass g m�2 References

Fagus sylvatica 389 Finér et al. (2007)

Picea abies 281 Finér et al. (2007)

Pinus sylvestris 377 Finér et al. (2007)

Cryptomeria japonica 117 Konôpka et al. (2006)

Chamaecyparis obtusa 666 Yamashita et al. (2004)

Abies amabilis 829 Leuschner and Hertel (2003)

Picea abies 302 Leuschner and Hertel (2003)

Pinus koraiensis 508 Leuschner and Hertel (2003)

Pinus radiata 232 Leuschner and Hertel (2003)

Pinus resinosa 478 Leuschner and Hertel (2003)

Pinus strobus 331 Leuschner and Hertel (2003)

Pinus sylvestris 416 Leuschner and Hertel (2003)

Pseudotsuga menziesii 477 Leuschner and Hertel (2003)

Betula sp. 318 Leuschner and Hertel (2003)

Fagus sylvatica 438 Leuschner and Hertel (2003)

Populus tremuloides 691 Leuschner and Hertel (2003)

Quercus alba 384 Leuschner and Hertel (2003)

Quercus petraea 309 Leuschner and Hertel (2003)

Quercus rubra 433 Leuschner and Hertel (2003)
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can only be a factor in climate change on a global scale. On a local scale, the biomass
of fine roots is influenced by many factors, including root diameter and density and
colonization by mycorrhizal fungi. All of these features are highly plastic and
depend strongly on the content of nitrogen, carbon dioxide, and water in the soil.
Future research should address the physiological factors of fine roots together with
progressive climate change.

Acknowledgments The study was financed by the National Science Centre, Poland, grant
no. 2019/33/N/ST10/02509. The paper is a part PhD dissertation of Bartłomiej Świątek MSc. as
a critical revival of current state of the art in the fine roots’ ecology.
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Chapter 2
Climate Change Alters Microbial
Communities

Aliyu Dabai Ibrahim, Abdulbariu Ogirima Uhuami, Nafi’u Abdulkadir,
and Ifeyinwa Monica Uzoh

Abstract Microbial communities are key players in regulating ecosystem pro-
cesses. Climate change factors such as CO2 and temperature alter the microbial
composition which in turn influenced the activities of microbial communities in the
ecosystem’s settings. As a result of their activities in the ecosystems and their
resultant effect, changes to climate do occur. The effects of global warming, extreme
weather conditions and other biotic and abiotic factors on microbial community
functioning and richness still remain unclear. The present study aimed to review the
influential roles of climate change on structural composition and functionality of
microbiomes in their ecological niche. We also discussed the impacts of climate
change on microbial environments and how microbial communities are capable of
responding to extreme climate changes. It is believed that knowledge of the inter-
action of climate change and microbiomes, including their adaptation, would play a
major role in mitigation and combating of climate changes in different ways.
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2.1 Introduction

Microbial communities are ubiquitous in nature and the major contributors and
mediators of biogeochemical cycles and sustainability of the earth. As a result,
they have great influence on the ecosystem and climate. That notwithstanding,
climate changes affect microbial diversity either directly or indirectly (Nie et al.
2013). Microbial communities develop survival strategies in order to adapt to
changes in climate, which increases their chances of survival in any ecosystems.
Survival strategies by these microorganisms could be an alteration in microbial
community (i.e. outcompeting of other species and primary succession of new
species) or sudden changes in the physiology of individual species (Fierer et al.
2007; Philippot et al. 2010; Placella et al. 2012; Zimmerman et al. 2013).

Alteration in microbial community influenced changes of ecological features of
microbial communities (Kvitek et al. 2008; Wang et al. 2011). For instance,
microbes that have experienced harsh drought and rewetting during rainy season
have higher chances of becoming more resistant in this type of unfavourable
conditions than microbial species that are inexperienced to climate change chal-
lenges (Fierer et al. 2003; Bouskill et al. 2013; Evans and Wallenstein 2014). The
composition of microbial communities in soil is very diverse, making them exposed
to all sort of climate change factors such as high temperature, moisture fluctuations
and nutrient availability (Bardgett and van der Putten 2014).

The variation in the functions and structures of the ecosphere leads to major
climate changes like floods, drought, greenhouse gas emissions, ozone depletion and
heat waves (Smith 2011; Reichstein et al. 2013). These have consequential effect on
resistance and resilience of different microorganisms and their ability to recover
from ecological changes that could have negative effects (Nimmo et al. 2015; Oliver
et al. 2015; Ingrisch and Bahn 2018). Studies on climate changes in relation with
alterations of microbial communities, especially the impact of climate changes in the
transition of microbial diversity and population, are still limited. Therefore, there is
need for holistic understanding of climate changes, and we need to understand their
effect on microbial community variability, diversity and contributions as well as
impacts of these microbial alterations to the ecosystems. The motivation behind this
chapter is to shed light on the effects of climate change on microbial community
composition and functions. We discussed adaptations of microbial communities to
such effects.

2.1.1 Extreme Effects of Climate Change on Microbial
Communities

Extreme conditions such as drought, high temperature and greenhouse gases can
alter the structure of microbial distributions and growth in a specific ecological niche
(Zhou et al. 2012). The microbial communities include virus, fungi, protista, archaea
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and bacteria that are inhabitants of different parts of ecosystems. These organisms
play a vital role in carbon and nitrogen cycles which help in sustaining the ecosys-
tem’s processes (Bardgett and van der Putten 2014). Although studies on the
transitional alteration of microbial communities are limited. proofs are beginning
to unveil themselves that climate change could play a role in these transitions.
Moreover, the reaction to transitional changes that occurred in microbial communi-
ties is unmeasurable. For instance, the reaction of soil microbial communities to
greenhouse gas could either be positive or negative (Janus et al. 2005; Lipson et al.
2005, 2006; Lesaulnier et al. 2008; Austin et al. 2009). Furthermore, reduction in
soil water retention, increase in carbon production and extreme drought could lead to
alteration of microbial colonization of a particular habitat (Robinson et al. 2016).

Recent studies showed that drought serves as a key factor of climate change and
has a stronger impact on bacterial community than fungi (Bapiri et al. 2010; Vries
et al. 2012; Barnard et al. 2013; de Vries et al. 2018). The possible reason could be
fungi hyphae penetrate deeper into soil profile for more access to water during
drought. Therefore, they are able to resist drought condition than bacteria. Soil
microbial community could also be altered in its functionality and compositions
from their original state to a new transitional state when there is nutrient enrichment
of a particular soil causing the elevated production of greenhouse gas especially CO2

(Allison and Martiny 2008; Zhou et al. 2012; Leff et al. 2015). This effect could lead
to increase in atmospheric CO2 with concomitant occurrences of global warming.
Then, the atmospheric CO2 could also change the structure and composition of
microbial communities and distributions in a given environment (Zhou et al. 2011).

Furthermore, a major trait for high resistivity to climate change had been traced
back to fungi. This is characterized by high genomic potential. With this, they are
able to withstand different forms of harsh conditions and weather (Egidi et al. 2019).
Another important factor that also affects alteration of microbial community is
nutrient availability. Nutrient availability also plays a very important role in micro-
bial growth and population. Nutrient enrichment due to agricultural practices could
have impacts on total mass of bacteria within a specific area and could bring about
elevated population of bacteria (De Vries and Shade 2013; Bardgett and van der
Putten 2014). Elevated population of bacteria affects the energy flow in the soil
which have been connected with carbon and nitrogen cycling (Gordon et al. 2008;
Vries et al. 2012).

2.1.2 Influence of Climate Change on Microbial
Community’s Functions and Compositions

2.1.2.1 Soil Microbial Communities

Soil microbial communities include all forms of microorganism found in the soil and
terrestrial environments. The soil contains a large group of microbes making them
the most complex diversified communities on earth (Flemming and Wuertz 2019).
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They mostly include soil pathogens, symbionts, mutualists, producers, decomposers
etc. Soil microbes play an essential role in shaping and regulating the amount of
organic carbon stored in soil which is released back to the atmosphere in the
ecosystem (Singh et al. 2010; Bardgett and van der Putten 2014). Climate changes
play a vital role in the alteration of soil microbiome diversity and also their
interaction with other organisms especially with plant. Plant interaction with soil
fungi (mycorrhizae) is involved in plants’ acquisition of phosphorus and nitrogen
(Fellbaum et al. 2012). Various studies have shown how various climate extremes
such as drought, flood and ice impact on the soil microbes.

The activities and the metabolic processes that are been carried out by soil
microbes are of paramount importance because they help balance the elemental
and chemical compounds within the earth’s crust (Singh et al. 2010). Climate
changes on soil microbiomes could have a positive impact when soil microbes
enhance plant performance, for example, biomass production, organic matter
decomposition and survival as in the case of legumes and nitrogen-fixing bacteria
(NFB), and it could lead to negative impact within the microbial communities and
even to plant when their effects are pathogenic, greenhouse gas production (Smith
2011).

Most soil bacteria and archaea are the major facilitators of biogeochemical
cycling of essential elements such as nitrogen and carbon (de Vries et al. 2018).
Organic matter decomposition is carried by soil fungi and bacteria, which plays a
major role in carbon cycle and release of CO2 into the atmosphere. Another
important role played by soil microbes is the fixing of nitrogen by nitrogen-fixing
bacteria (NFB) in the soil and plant during mutualistic relationship with leguminous
plants (Fig. 2.1) (Hurd et al. 2018).

2.1.2.2 Marine Microbial Communities

The earth itself is made up of 70% waterbodies. Climatic factors such as tempera-
tures affect the rate of biological and metabolic process, nutrient availability and
marine microbiome dispersal (Jørgensen and Boetius 2007). Negative consequences
of climate change such as shift in marine food webs and carbon export buried into
the sea bed have been associated with the increase of greenhouse gas concentration
on ocean acidification, nutrient supply, temperature and irradiation (Gao et al. 2012;
Rintoul et al. 2018; Hurd et al. 2018). Marine phytoplanktons like cyanobacteria and
algae are important in marine food chain and have been found out to perform half of
the global photosynthesis CO2 fixation and half of the oxygen production
(Behrenfeld et al. 2016). Apart from marine phytoplanktons, chemolithoautotrophic
(Fig. 2.1), marine archaea and bacteria could fix CO2 under dark conditions in deep
ocean waters (Pachiadaki et al. 2017). Cycling of elements is also contributed by
marine archaea and bacteria (Bunse et al. 2016). A group of cyanobacteria known as
Prochlorococcus and Synechococcus are very abundant photosynthetic microbes in
the ocean that removed about 10 billion tons of carbon each year which is about
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two-thirds of carbon fixation in ocean (Blount et al. 2008; Mariadassou et al. 2015;
Youssef et al. 2015).

Thermal and latitudinal gradients and oceanic current are important factors for
marine microbiome distributions (Wilkins et al. 2013; Cavicchioli 2015). These
distributions could be affected by low pH which may lead marine archaea and
bacteria to alter their gene expression to support cell maintenance (Bunse et al.
2016). Moreover, environmental and other factors influence the overall response and
activities of marine microbes. For instance, reduction in cellular ribosomal concen-
tration and increase in synthesis of protein in eukaryotic phytoplanktons occur in the
presence of elevated temperature (Toseland et al. 2013).

2.1.3 Adaptation of Microbial Communities to Climate
Change

Due to harmful environmental climate conditions, microorganisms have devised so
many ways to adapt to unfavourable changes. These adaptations could be direct

Fig. 2.1 A simple concept model illustrating the complex feedbacks climate change causes.
Increased carbon dioxide (CO2) levels resulting in a higher plant biomass and a higher carbon
rhizodeposition, thereby increasing microbial biomass and activity in the short term. However,
mineral nutrient limitation such as nitrogen may constrain this response in the long term. Such
mineral limitation will affect oligotrophic and copiotrophic microorganism dominance in a given
ecosystem, which in turn may influence the flux of CO2 (with permission from Singh et al. (2010))
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adaptation, which involves structural and functional changes of their organelles or
metabolisms, or indirect adaptation, which involves changes of their environments
to suit their habitation. For instance, the presence of high content of peptidoglycan
and the ability to form spores make gram-positive bacteria to withstand unfavourable
drought conditions than gram-negative bacteria (Potts 1994). Researches from 2013
to 2016 had shown that the population of gram-positive bacteria such as
Actinobacteria, Firmicutes and Chloroflexi elevated more than that of gram-negative
bacteria such as Proteobacteria, Acidobacteria and Verrucomicrobia. Osmotic
stress was observed to play a role due to the fact that in 2015 it was rainier (Cruz-
Martínez et al. 2012). The same gram-positive bacteria had been found to contain
genes for producing amino sugar, alcohol and simple carbohydrate metabolic path-
ways which help them to tolerate stress (Borken and Matzner 2009).

Enzymatic activity is another approach used by microorganisms to survive harsh
conditions. As we know, most metabolic reactions occur in the presence of enzymes.
Therefore, enzyme productions could be increased by allocating more nutrients to
their production in maintenance of the microbes (Wang et al. 2011). Enzymatic
activity is very important for microbial survival in the ecosystems. This is because
some enzyme production has been triggered when certain extreme climate changes
occur such as high temperature or low moisture. For instance, bacteria produce spore
to prevent desiccation during low moisture condition. Production of these spores is
done with the activation of inert enzymes that help bacteria to survive unfavourable
conditions. Despite all these, temperature and moisture fluctuation have impacts on
enzyme productions and activities (Allison and Vitousek 2005).

Bacteria use two strategies for survival. The first is copiotrophic strategies
involving the use of low resources or nutrients efficiently but with high growth
which enable them to recover quickly from unfavourable conditions (resilience). The
second is known as oligotrophic strategies that utilize high nutrients efficiently but
have low growth rates making them to withstand unfavourable conditions (resis-
tance) (Fierer et al. 2007; De Vries and Shade 2013). ‘Ecological networking’ has
been shown as another approach that the microbial community could use for
survival. This ecological networking involves interaction of a particular species
with another which could affect their response to unconducive climate change
(de Vries et al. 2018; Ramirez et al. 2018). Finally, some microbial community are
known to possess ‘traits’. These traits give them a special feature for survival during
climate change. Some of these traits include dormancy genes (resuscitation promot-
ing factors and sporulation) and operon count (Nemergut et al. 2016; Kearns and
Shade 2018).
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2.2 Contributors of Climate Change and Their Impacts
on Microbial Community

2.2.1 Temperature

Temperature is one of the top contributors affecting the rate of metabolisms.
Temperature plays a critical role for the success of metabolic processes. Instability
of temperature in microbial metabolisms could bring about transitional alterations to
the microbial community compositions. Moreover, high temperature contributes to
the emission of atmospheric greenhouse gases that affect the survival of microbial
community in many environmental settings (Fig. 2.2). Atmospheric greenhouse gas
increments could be brought about by metabolic functionality changes in decom-
posers due to increase in temperature (Schindlbacher et al. 2011).

However, fungi play a crucial role in degradation of organic matters in the
absence of nitrogen content in the soil, and temperature could cause warming
which affects the amount of high nitrogen in the soil. Occurrence of this situation
affects the activities of nitrogen bacteria such as nitrifying bacteria as they oxidize
nitrogen and other nitrogen compounds due to high temperature that support their
metabolism. Fungal decomposition is not only affected by sudden changes in the
temperature but is also affected by other microbes that decompose organic matters
and their diversity. Microbial community in water is also known to be affected by
temperature change. High temperature change does not only affect their diversity or
growth, but also it affects their metabolisms, population and resistivity. Algae
species distribution all over the marine water bodies in the world especially the
cyanobacteria is being affected by temperature (Beardall and Raven 2004). In the
present twenty-first century, scientists have estimated that there may be continues
temperature rise of surface of marine waters caused by global warming (Sarmento

Fig. 2.2 An illustration of the interactions of climate change and some ecological factors that
drives changes in microbial communities

2 Climate Change Alters Microbial Communities 19



et al. 2010). Therefore, increase in temperature could bring about negative impact on
water chemistry which in turn influences microbial diversity, growth and
populations (The USGS water science school 2015).

2.2.2 Water Content

Water is indispensable means of sustenance and functionality for all forms of life.
Microbial community needs water to carry out their day-to-day metabolism and
activities. The absence or availability of water affects the alteration or changes of
microbes in the ecological systems. Microbial activities and composition are being
affected by the presence of water. Furthermore, it stimulates these microbes to
respond to soil respiration in regard to moisture and temperature (Aanderud et al.
2011). Changes in moisture content of terrestrial and soil niches determine the nature
of microbial community in a particular ecological niche and also decomposition of
organic materials (Fierer et al. 2003; Singh et al. 2010). The most intense conse-
quence of different climate changes or any other forms of climate extremes on fungi,
bacteria and any other microbial community is much higher when there is an
alteration in water precipitation (Fig. 2.2). Therefore, increase or decrease in water
precipitation regulates the microbial community of the ecosystem, their functions
and structures and most importantly their metabolic processes (Schimel et al. 1999;
Williams 2007; Castro et al. 2010).

Microbial activities could also be suppressed in environments such as soil and
saltwater when there is low water availability and reduced enzymatic activity and
hydration in the microbes. CO2 emissions and productions to the atmosphere and the
ecosphere could also be affected by soil moisture as it regulates soil respiration
(Aanderud et al. 2011). Change in moisture and ecological factors is crucial for
microbial lives, and processes depend on the regulation of these ecological factors
(Smith et al. 2008).

2.2.3 Plant

Plant interaction with microbial community has been observed as the factor that
alters microbial community diversity. One of the mechanisms is the distribution of
plant–root absorbed carbon to soil microbial communities when plants are
responding to climate changes. For instance, during dry weather conditions, there
is reduction of photosynthetic processes due to the absence of water required for
photosynthesis. This in turn reduces carbon allocation to soil microbes from plant
which will result in low substrate for these microorganisms to carry out metabolisms.
Fungi living in mutualistic association with plants are normally affected, for exam-
ple, mycorrhizae (Hasibeder et al. 2015; Canarini and Dijkstra 2015; Fuchslueger
et al. 2016; Bakhshandeh et al. 2019; Chomel et al. 2019).
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Furthermore, bacteria community in the soil could also be affected by plant
activities. Carbon emissions by plants to soil bacteria during rainy season increase
population and growth of these microbes. Plant–soil relationship is able to be
sustained by these bacteria due to the activities that they carry out in the soil such
as soil organic matter decomposition or degradation, plant–microbial mutualistic
relationships (nitrifying bacteria in legume) and oxidation of toxic compounds to
nontoxic compounds which the plant could absorb and utilize (Karlowsky et al.
2018). Bacteria soil community could increase its size when there is increase in
microbial activities and respiration which support decomposition of soil organic
carbon. Drought-induced changes may trigger this process especially in the root
exudates of plants (Chomel et al. 2019).

Plant association with soil microbes especially with fungi (mycorrhizae) and
some mutualistic bacteria is a very important factor that needs to be studied as it
affects alterations or transitions of microbial communities in the soil. Studies have
shown that these mutualistic relationships could support some microbes living on a
drought-tolerant plant where they could derive water, shelter and nutrients. Also,
plant types and compositions could affect microbial community from recovery due
to drought when there is low moisture content in the soil. These could cause nitrogen
competition between plants and microbes (Orwin and Wardle 2005; Bloor and
Bardgett 2012). Therefore, more researches should continue to be conducted in
this area to understand plant interaction with microbes, their impacts on each
other, their roles in climate changes and influence of plant alteration to microbial
diversity.

2.3 Alteration of Microbial Community due to Climate
Change in Other Aspects

2.3.1 Agriculture

Agriculture cannot be fully discussed without mentioning the roles of microorgan-
isms. Microorganisms play an important role in the development and sustainability
of crop growth and development as well as animal productions. Agriculture practices
and methods and farmer activities also have an impact on microbial diversity
(Table 2.1) and the ecosystem as well. Fertilizer applications have really contributed
to the pollution of the environments, increase in nitrogen and distortion of biogeo-
chemical cycles leading to threatening of the ecosystem (Steffen et al. 2015; Greaver
et al. 2016). Microorganisms’ oxidation and reduction of nitrogen compounds
especially N2O have made the agriculture sector as the highest emitter of greenhouse
gas. Nitrogenous transformations such as ammonification, nitrification, nitrogen
fixation and denitrification are different ways in which N2O gas could be released
into the atmosphere by these microbial communities (Greaver et al. 2016). More-
over, fertilizer applications could bring about microbial competitions and diversity.
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For instance, soil enrichment with elemental nutrients could result to unwanted algae
bloom (Posch et al. 2012).

Rice cultivation and farm ruminant animals as other aspects of agriculture have
also played a significant role in climate change and microbial biodiversity. Based on
data from the World Bank, agricultural land, it has been estimated that 40% of
terrestrial land has been devoted for crop production and animal rearing (Lanz et al.
2018). Natural CH4 emissions that contribute to global warming are released by
agricultural practices. CH4 emissions from ruminant animals are the largest single
source of this gas with the help of microbial community of intestinal tract of
ruminant animals (Ripple et al. 2014). A total of 20% of agricultural CH4 emissions
by rice paddling contributes to CH4 greenhouse gas. Scientific prediction has shown
that by the end of this century, they may be doubling of CH4 emissions only from
rice paddling and cultivation (Groenigen et al. 2013). Thus, there is an urgent need

Table 2.1 Environmental change transmission parameters and diseases (Eisenberg et al. 2007)

Environmental
change Description Disease

Hospitalization Increased people and time spent in hospitals Tuberculosis (TB)
Enteric and respiratory
diseases

Urbanization Increasing migration to and growth within
towns

Diseases caused by faecal–
oral pathogens
Diseases caused by TB

Antibiotic
usage

Emergence of antibiotic-resistant strains of
bacterial pathogens

Multidrug-resistant TB and
salmonellosis
Salmonella typhimurium

Water projects Water flow changes due to dam construction
and irrigation networks

Schistosomiasis
Malaria

Agricultural
intensification

Changing crop and animal management prac-
tices; fertilizer and biocide use; use of geneti-
cally modified organisms

Cryptosporidiosis
Diseases caused by E. coli

Increased interplay between humans and
domesticated animals

Influenza, severe acute respi-
ratory syndrome (SARS),
avian flu

Deforestation Loss of forest cover, changing water flow
patterns, reforestation and human encroach-
ment along and into forested areas

Malaria
Lyme disease
Haemorrhagic fever
AIDS

Transportation
project

Construction of roads, increasing access to
remote areas

Malaria
STDS

Natural
perturbations

Large-scale climate and other changes such as
El Niño events

Cholera and leptospirosis

Cataclysmic
events

Localized landscape changes caused by earth-
quakes, tsunamis, large fires and others

Water-related diseases like
cholera

Climate change Changing temperature and precipitation Malaria, dengue fever and
schistosomiasis
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for more researches and studies on agricultural practices in relationship with micro-
bial activities.

2.3.2 Infections

Susceptibility of vectors and pathogens could be due to climate changes (McIntyre
et al. 2017). The dispersion of microbial vector-borne disease and their virulence
factors depend on climate change (Table 2.1). Changes in the ecosystems could
affect the functionality of human health and food availability in ways where these
microbial communities especially fungal, bacteria and virus cannot adapt to abiotic
and biotic factors (Giraud et al. 2017; Cavicchioli et al. 2019). Fluctuation of rainfall
and temperature due to climate variability is strongly attributed to many communi-
cable diseases such as vector-borne and waterborne diseases and other forms of
diseases such as Zika virus disease, plague, cholera and many more (Bouma and Dye
1997; Baylis et al. 1999; Rohani 2009; Kreppel et al. 2014; Caminade et al. 2017).
For instance, the distribution of dengue fever and malaria which are known to be
climate dependent often shifts in response to climate change (Bhatt et al. 2013; Pecl
et al. 2017). Shift in host response and parasite adaptation to host are health risks that
could be caused by climate change (Raffel et al. 2013). Antibiotic resistance of
human bacterial pathogen has been predicted that climate change could also be
another contributing factor (MacFadden et al. 2018).

Lower salinity and high temperature in estuaries’ habitat caused by increase in
precipitation could be associated with the spread of Vibrio cholerae infections which
promote their growth. This has been observed in Bangladesh, Baltic Sea Region,
North Atlanta and North Sea including human pathogen of Vibrio spp. (Pascual et al.
2000; Baker-Austin et al. 2013; Vezzulli et al. 2016). Transport and introduction of
pathogens are influenced by effects of weather dispersal, and growth of the envi-
ronmental conditions contributes to the spread and emergence of diseases (Bebber
et al. 2013). Global environmental changes on pathogens, ecology of pathogens and
host relationships with pathogens are basic knowledge that must be understood for
strategic and effective control and spread of diseases (Johnson et al. 2017).

2.4 Microbial Mitigation to Climate Change

To combat climate change, we need to understand microbial efficacy and function-
ality towards mitigation of climate change. These involve harnessing of microbial
biochemical molecules and processes and inducing of advantageous genetic
sequences or genes into a potential microbe. For instance, the roles of microbes in
agriculture could be supported when fertilizers are used with reduced nitrification
inhibitors. This will help support soil bacteria especially nitrifying bacteria to
produce more nitrates for plants and prevent subsequent leaching. Another approach
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could be the use of considerable amount of fertilizers which will reduce the avail-
ability of elemental nitrogen to soil microbes and less production of nitrous oxide.
This will help reduce the impact of global warming (Smith et al. 2008). Carbon
sequestration could be a very important approach in reducing atmospheric CO2

(Prosser et al. 2007). Forest soils have been considered as effective for carbon
stroage due to abundance of bacteria and fungi and favorable environmental condi-
tions that support the growth of microbial communities (Bailey et al. 2002; De Deyn
et al. 2008; Busse et al. 2009; Castro et al. 2010).

Methane flux emission is mostly caused by microbes. It is theoretically possible
to control microbial activities in a considerable amount of CH4 emissions from
terrestrial ecosystem. Ninety percent of CH4 emissions in the soil are oxidized by
methanotrophs before escaping into the atmosphere (Tate et al. 2007; Smith et al.
2008). With these studies, rice cultivation has improved flood management and
could reduce net emission of CH4 by increasing oxygen availability in soils when
methanotrophs absorb a proportion of the CH4 produced. Also, quality feed and use
of antibiotics, vaccines and other forms of electron acceptors are ways that could be
employed to reduce methane emissions in ruminant animals (Smith et al. 2008).

The use of biochar could be a mitigation option in the treatment of climate
change. Microbes play a role in breaking down organic matters that support the
growth of plants. This organic matter decomposition by soil microbes could be
mixed with biochar which will help in organic matter retention and preventing other
microbes from carrying out ammonification and releasing of carbon (Weng et al.
2017). Finally, the use and development of non-greenhouse gas emission technolo-
gies and biotechnologies could be a lasting solution to global warming and climate
change. These will surely solve the crisis of clean energy, clean water and industrial
waste management treatment (Timmis et al. 2017).

2.5 Conclusion

The role of microbes in the ecosystem is of utmost importance in the regulation of
the abiotic and biotic factors affecting the ecosystem. Microbial communities are the
major regulators of all life processes and occurrence of the global climatic changes.
Other factors also contribute to climate change such as human activities and indus-
trial revolutions. These regulations could one way affect the alteration of microbial
community and diversity. The alterations of these microbiomes could bring about
positive or negative feedback to the environment and the ecosystem at large. The
feedback could result in either direct impacts to the microbial community and other
macro-organisms or indirect impacts to the environment. There is an urgent need for
more researches to link climate change and microbial community and to understand
the consequential impacts of transitions of microbial community after and before the
processes do occur.
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Chapter 3
The Potential Impact of Climate Change
on Soil Health, Soil Biota, and Soil
Properties: A Review

Shikha Sharma, Arti Mishra, Kartikeya Shukla, Pratiksha Kumari,
Tanu Jindal, and Smriti Shukla

Abstract The most complex community biologically is the soil environment, and
the organisms present in soil are extremely diverse. They also contribute to a wide
range of functions which are essential for sustainable functioning of both managed
and natural ecosystems. The land productivity is affected by soil organisms in both
direct and indirect ways. The direct effects involve crop yield alterations, whereas
indirect effects involve carbon and nitrogen cycle, modification in soil structure,
productivity followed by food web interactions. The soil is capable of producing
agronomic, economic services along with environmental maintenance. Key indica-
tors of soil health, similar to that of soil quality, are soil structure, soil organic carbon
concentration and quality, water retention and intake rate, and soil biodiversity.
However, these properties must be maintained and enhanced above threshold level
to sustain soil health and productivity.

Enhancing the soil organic carbon pool also improves agroecosystem resilience,
eco-efficiency, and adaptation to climate change. Technical potential of soil C
sequestration through improvement in soil health is ~3 Pg/year for about 50 years
with a drawdown capacity of reducing atmospheric CO2 concentration by 50 ppm
over the twenty-first century.
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3.1 Introduction

Organic matter along with minerals, liquids, gases, and microorganisms forms the
soil. Soil has a vital role in environment such as it acts as plant growth medium,
prevents water loss, and provides habitat for numerous microorganisms to live
in. Apart from this, the fertility of soil directly impacts the vegetation. The word
soil biota means the presence of microorganisms such as bacteria, fungi, and algae
along with protozoans, nematodes, insects, earthworms, etc. (Fortuna 2012). A part
of soil biota which is microorganisms plays a vital role in biogeochemical trans-
formation’s regulations. Major roles and functions performed by soil biota (Fig. 3.1)
are soil organic matter’s turnover and formation (mineralization and sequestration of
C), nutrient cycles, transmission and prevention of disease, pollution decline, and
soil structure improvement (Gupta et al. 1997).
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Fig. 3.1 Soil (pedosphere) interactions
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The soil structure is influenced by soil organisms as they bind particles present in
soil together, thus increasing the number and size of mass that favor microfauna’s
habitat. The oxidation and reduction of C and N compounds found in soil results in
formation of byproducts including greenhouse gases consisting of carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O).

Soil properties include physical, chemical, and biological characteristics. The
physical properties of soil give data in relation to movement of air and water via soil
(also with conditions affecting the germination, root growth, and processes of soil
erosion). These physical properties are directly linked with soil’s chemical and
biological properties and might get affected by climatic conditions, position of
landscape, and land use pattern (Allen et al. 2011). The climate can affect the
physical properties of soil involving its structure, infiltration of water, density,
rooting depth, and surface cover. Soil’s chemical properties include pH, electrical
conductivity, sorption capacity and cation exchange capacity, and available plant
nutrients. The pH of soil is the main soil health indicator and is influenced by
weathering time, vegetation, and climate and helps in identification of change in
soil’s biological and chemical functions (acidification, salinization, crop perfor-
mance, nutrient availability along with biological activity). Soil health assessment
is based on biological properties, or soil biota comprises soil organic matter, soil
carbon, light fraction and macro-organic matter, potential mineralization of C and N,
soil respiration, soil microbial biomass, and enzymatic activity. According to USDA,
soil health or soil quality is soil’s capacity to function properly to sustain life (plants,
animals, humans). To nourish soil and its health, it must be provided with food and
shelter along with water as it contains microorganisms and enhances its function for
production of food and fiber. Physical, chemical, and biological characteristics of
soil act as soil health indicators (Allen et al. 2011), and they may get affected with
alteration in climate and surrounding environment.

Climate change can be defined as a change or shift in patterns of weather which
directly affects production of food (agricultural impact), increasing sea levels (caus-
ing floods). Climate change is different than global warming (increase in temperature
due to GHG). Climate change can show its potential impact on almost everything.
According to UN, these impacts can include sea ice loss, rise in sea level (1–8 feet by
2100), intense heat waves, precipitate change patterns, stronger hurricanes, and more
number of droughts (as summers are now longer than usual). In the next century, the
temperature will rise by 2.5 to 10 degrees Fahrenheit majorly due to greenhouse
gases (generated by anthropogenic activities) forecasted by IPCC.

The current chapter will focus on impacts of climate change on soil biota, soil
health, and soil properties with its relative impact on food, agriculture, and
ecosystems.
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3.2 Soil Biota

A broad range of ecosystems gets contribution from soil organisms that play a major
role in sustaining proper functioning of both natural and man-made ecosystems
(Barrios 2007). The productivity of land gets affected by soil community either
directly (poor crop yield, etc.) or indirectly (disturbances in C and other nutrient
cycles, food web interactions). The plants may show negative and positive effects
driven by soil microbe’s pathogenic effects, mutualism of root and fungus (Mitchell
and Power 2003; Packer and Clay 2000; Newsham et al. 1994). This generates
feedback interactions of plant to microbial community at their root sides (Callaway
et al. 2004). The feedback interactions are of two types: positive and negative
feedback interactions. The accumulation of microbes by plant species is done near
roots, it implements positive or beneficiary effects on plants (mycorrhizal fungi,
nitrogen fixers, etc.), and this is called positive feedback but also causes local
community diversity loss (Bever et al. 1997; Bever 2002), whereas negative feed-
back is observed when accumulation of pathogenic microbes is found in rhizo-
spheres of plant species and helps in increasing community diversity. It is found that
1 g of soil contains 200 million fungal hyphae and 1 billion bacterial cells (Bender
et al. 2016).

3.2.1 Impact of Climate Change on Biota

The increasing temperature or climate change can show changes in carbon cycling
significantly as climate change directly affects the microbial breakdown in organic
matter of soil, respiration of soil, and atmospheric greenhouse gas feedbacks
(Bardgett et al. 2008; Craine et al. 2010; Schindlbacher et al. 2011). Climatic factors
like increase in concentration of CO2, rise in temperature, and change in precipita-
tion patterns contribute to climate change, and these cause disturbances in soil
microbial activity also known as soil microbiota (Mekala and Polepongu 2019).
The activity of microbe might get enhanced with temperature change and may get
deleted with precipitation change. These changes also show effects on plant growth.
The related plant responses drive carbon entering type and amount into soil. The
increase in temperature creates conditions like drought which causes stressful
conditions in soil. Briones et al. in 2014 stated that drought enhances sensitivity of
temperature of bacterial and fungal groups. The changes in soil moisture result in
shifting of fungal communities, whereas it remains constant for bacteria (Mekala and
Polepongu 2019). Arbuscular mycorrhizal fungi (AMF) colonization is reduced in
drought conditions which particularly depend on strains in certain cases (Davies
et al. 2002).
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3.2.1.1 Impact of Alterations in CO2 Levels on Soil Biota

Elevation in CO2 will cause indirect effect to microbes via advanced root growth and
rhizodeposition rates. The change of C availability in soil in relation to increased
CO2 concentrations is first seen through the microbial activity and nutrient avail-
ability in rhizosphere (Zak et al. 1993). Elevation in allocation of C to roots and
elevated growth is often seen in plants grown with increased CO2 concentrations
(Curtis et al. 1990; Norby et al. 1986).

According to Smith and Paul in 1990, the magnitudes of C input to soil are
regulated by plant production, and thus C is limited in soil for microbial populations
which elevates allocation of microbial biomass. Organic acids play a vital role in the
shape of soil bacterial communities, and hence impact on growth is observed with
climate change (Shi et al. 2011). Colonization of plant growth-promoting fungi
(PGPM) is observed to increase with increase in CO2 levels. AMF (arbuscular
mycorrhizal fungi) signifies plant’s nutrient uptake and also provides other benefits
for rhizosphere compounds’ (carbohydrates) reciprocity. Hence, changes are
observed in AMF community compositions because of elevated CO2 levels
(Klironomos et al. 2005).

The biomass showed no effect in response to increased CO2 levels in Florida
Scrub Ecosystem (Schortemeyer et al. 2000). Also increased CO2 levels showed no
effect on microbial biomass C, ergosterol elements, as well as fungal hyphae in
conditions of lower nutrient supply in artificial tropical ecosystem (Zak et al. 2000).
The change in climatic conditions results in induced changes in microbial activities
by microbial communities. This might lead to formation of communities (that are
already altered) and defining different responses by plants. The effects will affect
diversity of plants and soil biota functioning. The higher levels of CO2 can form link
with symbiosis of plant and fungi, leading to higher frequency of endophyte
infection but with limited production of toxin (Brosi et al. 2009).

3.2.1.2 Impact of Drought and Temperature on Soil Biota

Abiotic stresses on ecosystem are expected to increase due to climate change by way
of extreme weather events causing intense drought and rainfall patterns (Meisner
et al. 2013). Drought is a natural calamity which occurs when the availability of
water below the ground is less, resulting in certain dryness and cracks above the
ground. Temperature elevations or rise in temperature is the increase of atmospheric
temperature. Temperature elevations may create a situation like drought. Drought
and temperature elevations, together, eventually affect soil biota and its health and
properties. Fungal and bacterial groups in soil have certain differential temperature
sensitivity, and this sensitivity is amplified during drought conditions (Briones et al.
2014). The microbial composition also gets influenced by climate change (Mekala
and Polepongu 2019). The microbial activities are seen to be reduced during
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drought, and when rainfall occurs, a small rise in activity occurs (Birch 1958;
Butterly et al. 2009; Fierer and Schimel 2002).

The reduction of AMF colonization is observed during drought but this also
depends upon the strains; Davies et al. in 2002 reported through a demonstration that
Glomus sp. strain ZAC-19 showed enhanced arbuscular formation and hyphae
development, whereas Glomus fasciculatum strain showed reduced colonization as
an impact of drought. Soil respiration gets impacted indirectly due to change in
climate which influences productivity and structure of plant community; hence, the
C input’s quality and quantity which is entering soil are determined (Whitaker et al.
2014).

Drought results in lower plant growths (in roots), and this increases plant’s
susceptibility to pathogenic attacks heading toward photosynthetic allocation
changes in rhizosphere and ectomycorrhizal mycelium (ECM) formation alterations.
This also affects the quality and quantity of litter below the ground with organic
matter accumulation in soil (Mekala and Polepongu 2019).

Water stress also causes alterations in lignification of plant cell walls (Henry et al.
2005) and enhances productivity of grassland. Soil moisture along with high CO2

levels causes drift in ammonium-oxidizing bacteria abundance and nitrogen cycle.
Soil respiration might increase with temperature and elevated CO2. The plant
mediated indirect effect on activity of microbes and respiration of soil are non-
understandable and this reflects knowledge gap in determining the response of
terrestrial C cycling to future climate change (Whitaker et al. 2014).

Temperature change is the increase of the atmospheric temperature by 1 � 2 �C.
This also affects the availability of moisture in soil and may create a situation like
drought and microbial communities may respond to temperature alterations. The
temperature elevations can disturb various regulations of cycles. The temperature
rise is regulated with increase in greenhouse gases such as carbon dioxide, methane,
water vapor, nitrous oxide, and ozone. Drought as well as extreme rainfall can
directly influence soil biota. Climate change promotes exotics (have specific traits
like faster growth) and demotes native plant species via different mechanisms
(Meisner et al. 2013). The temperature change globally is causing microbial soil
respiration rate alterations due to the presence of soil microorganisms (temperature-
mediated processes). Temperature change also leads to increase in decomposition of
soil matter and its growth and respiration (Bradford et al. 2008). The microbial
community composition is altered initially during experimental temperature, and
also abundance of both gram-positive and gram-negative bacteria is observed to be
shifted (Zogg et al. 1997). Temperature elevations are also seen to support the
growth of plant and enhance tolerance to both biotic and abiotic stresses (Bent
2006). Some of the microbes entering host’s root system enhance beneficial effects
with endophytic lifestyle.
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3.3 Soil Health and Properties

Soil health is an integral concept of sustainable agriculture and all the properties of
soil acts as an indicator of soil health. Soil properties are divided into three main
divisions which are physical properties, chemical properties, and biological proper-
ties relating all the functional processes of soil (Fig. 3.2). These properties or
attributes are affected by climate change and management. Soil organic matter
consists of carbon and nitrogen as major components (Brevik 2013). For many
soil properties, soil structure formation, water holding capacity, exchange capacity
of cations, and nutrient supply to ecosystem, organic matter is the most important
(Brevik and Verheye 2009; Brevik and Burgess 2013). The climate change effects
involve (potentially) changes in C and N cycles and influence soils. With change in
CO2 concentration, CO2 fertilization effect is seen which enhances the growth of
plants. However, with increased ozone concentration, the plant growth is restricted,
and the enhanced effect is nullified (Long et al. 2005), and with limitation of nitrogen
availability, plant growth is affected negatively (Brevik 2013). The change in rainfall
affects soil moisture and crop stand and its germination. When soil moisture is
adequate (like in Punjab), higher nitrogen is seen with yield benefits. The limitation
in maximum crop yield is seen despite all the factors being normal.

3.3.1 Impact of Climate Change on Physical Properties
of Soil

Physical properties of soil give water and air movement information and details
along with the conditions that affect germination, root growth, and soil erosion
processes. And thus, the physical properties form the foundation for other processes
which are chemical and biological processes (Allen et al. 2011), and all these
properties determines soil health and can also be termed as soil health indicators.
The physical properties of soil are soil structure, water infiltration, bulk density,
rooting depth, and soil surface cover, whereas soil physical processes are gains

Soil health indicator
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• Mineral composi on
• Soil texture
• Soil depth

• SOM
•
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Sta c and inherent soil proper es Dynamic soil proper es
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Fig. 3.2 Indicators of soil health
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(addition of organic matter, oxygen, water via oxidation, and hydration cycles),
losses (materials running off the surface), transfers, movements (air and water),
organic matter, soluble salts, carbonates, silicate clay minerals, and silica (Patil
and Lamnganbi 2018).

3.3.1.1 Impact of Climate Change on Soil Structure

Soil structure combines aggregate stability and porosity of soil together. Soil struc-
ture is defined as the primary and secondary particle arrangement and organization in
soil mass (Patil and Lamnganbi 2018). It determines soil aggregate resistance against
some external change such as climate change involving high rainfall, cultivation, etc.
It is also a useful health indicator because its role involves maintaining major soil
ecosystem function such as accumulation of organic carbon, infiltrating capability,
water storage and movement, and activities of roots and microbial community (Allen
et al. 2011). The amount and quality of organic matter, inorganic components in soil
matrix, cultivating techniques and methods, and natural processes influence the
soil’s structure nature and quality. The declining levels of soil matter decrease soil
aggregate stability and rates of infiltration while increasing compaction susceptibil-
ity (Bot and Benites 2005). The measurement of aggregate stability is done in
different ways, but to measure the range of soil health monitoring framework
(in climate changes), standardized procedures are required (Dalal and Moloney
2000; Sanchis et al. 2008). Porosity of soil is a basic void space measure for a
material as the ratio of volume of voids and total volume. Distribution of pore size
gives direct and quantitative estimate for soil’s ability to store water and air.
Development of root and activities of soil enzymes are in close proximity to soil
porosity and its pore size distribution, and these are all affected by climate changes
along with soil functions. These factors are also the governing factors for methane
fluxes, emission and uptake, and nitrous oxide emissions from soil. The texture (sand
silt and clay) of soil and soil processes shows direct impact of climate changes.

3.3.1.2 Impact of Climate Change on Soil Infiltration

The rate of water which enters the soil surface and goes to soil depth (Dalal and
Moloney 2000) and availability of water to plants for their growth and processes are
controlled by soil properties (porosity, field capacity, etc.). This is used as a section
for soil health tests which helps in assessing management impacts. The water
availability of soil is affected by climate change mainly in terms of precipitation or
rainfall and drought, and hence management strategies like planting cover crops,
conservation tillage, and organic matter incorporation can help in impact mitigation
(Lal 1995; Sanchis et al. 2008).
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3.3.1.3 Impact of Climate Change on Soil Bulk Density

Bulk density in agricultural systems is assessed on a routine basis for soil compact-
ness characterizing in response to use of land and its management (Håkansson and
Lipiec 2000). Bulk density is an indicator of soil functions like aeration, infiltration,
etc. and is used to assess the soil health. Soil organic matter is obstructively
correlated with soil bulk density (Allen et al. 2011), and with elevated temperature,
increased loss of organic carbon is manifested (Davidson and Janssens 2006) which
probably elevates bulk density, and soil gets prone towards compaction as a result of
management of land and climatic alterations.

3.3.1.4 Impact of Climate Change on Rooting Depth

Any change in rooting depth is seen to affect plant and its water capacity, salinity,
organic matter content, and subsoil directly and provides with indication to
physiochemical constraints in a soil profile. When drought-like conditions appear,
then more impact of constraints (salinity, chloride concentrations) is seen on plant
water that is available along with its productivity (Patil and Lamnganbi 2018). The
rooting depth is included as one of the parameters of soil health by Birkás et al. in
2008 to monitor soil conditions and growth of plant under unfavorable conditions
like drought and alter rainfall which might indicate mitigation steps via rooting depth
alterations (Allen et al. 2011).

3.3.1.5 Impact of Climate Change on Soil Surface Cover

Most of the important ecological functions are provided by soil surface cover like
protecting soil surface from dissipating raindrop impact energy, stabilization of soil,
erodible surface area reduction, nutrient and water retention, etc. including C and N
fixations (Patil and Lamnganbi 2018). The conditions of soil (soil crust, soil seal
formation) which are related with sodicity are some of the soil health indicators that
can be used to understand the impact of climate change along with soil physical
management, input of organic matter (linked with erosion), runoffs, etc. Soil crust’s
formation and seal formation affect processes performed by soil (involving infiltra-
tion, oxygen diffusion, surface water evaporation, and wind erosion).

3.3.1.6 Impact of Climate Change on Soil Temperature

Soil temperature exists in close proximity with air temperature, and with the change
in climate, it is seen significantly affected. However, when air temperature increases,
so does the soil temperature (Karmakar et al. 2016). Soil temperature is followed by
various processes like gains and losses of radiations, evaporation, heat conduction,
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transfer via gas, and water movement. In 2011, Qian, B. et al. studied in Canada
about trends related with soil and air temperature, and it was found that the relation
between the two caused lower snow cover depth during winter and spring seasons
when air temperature is increased. Soil temperature is directly linked with most of
the soil processes which means if soil temperature increases, soil processes will
increase (fast decomposition of organic matter, high microbial activity, enhanced
nitrification, etc.) and there will be changes in vegetation types.

3.3.2 Impact of Climate Change on Chemical Properties
of Soil

3.3.2.1 Impact of Climate Change on pH of Soil

pH is one of the most important and dominant characteristics of chemical properties
or an indicator of weathering time, climate, and vegetation and identifies a range of
functions such as acidification, salinization, performance of crop, and available
nutrient. Hence, it is used as a parameter to assess soil health, land use change,
and impact of agricultural practices (Gil et al. 2009; Idowu et al. 2009; Pattison et al.
2008; Schindelbeck et al. 2008). However, soil pH of most soil are not affected by
temperature elevations, CO2 fertilizations, precipitation changes, and deposition of
atmospheric N, but these all can affect organic matter status, nutrient cycling (C and
N), moisture and water content, as well as plant productivity, which eventually
changes soil pH (Allen et al. 2011). The rainfall increase can cause increased
leaching, nutrient loss, and high acidification, and the impact will depend upon
intensity of change in climate. The pH (high salinization and alkalization) change is
observed in areas with increased evaporation or decreased rainfall (Várallyay 1994).
As capillary rise dominates, transient salinity is increased which allows salts to enter
the root zone. Between different intervals of time, limited leaching is there, and when
drying of subsoil increases, salt concentration in soil solution also increases.
Reduced rainfalls also lead to reduction in groundwater levels and show significant
impacts in semiarid zones. The salinity impact is reduced on plant growth with
increase in CO2 concentrations (Karmakar et al. 2016). The factors of management
of land like drainage (man-made) will regulate how predicted climate change
impacts will affect related landscapes.

3.3.2.2 Impact of Climate Change on Electrical Conductivity

EC or electrical conductivity is a salt concentration measure and a worthy indicator
for soil health. Characteristics like salinity, performance of crop, nutrient cycling,
and biological activity with pH are determined with soil electrical conductivity and
inform declining soil structure (mostly in sodic soils) (Patil and Lamnganbi 2018).
During crop management practices, EC is used to carry information to biological
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quality. As temperature is elevated and rainfall is declined, Smith et al. in 2002 found
using elevated gradient in semiarid environment, pH is increased, and EC is
decreased. Also, in 2001, Pariente examined salt (soluble) concentration dynamics
from four different regions which were Mediterranean, semi-arid, mildly arid, and
arid, and no linear relationship was found between rainfall and salt concentration.
The climate change scenarios cause impact on N and C cycling (both are linked to
one another) and other nutrient cycling like phosphorus, sulfur, etc.

3.3.2.3 Impact of Climate Change on Soil Sorption and Cation
Exchange and Plants’ Nutrient Availability

This is an important property for major nutrient cation retention like Ca2+, Mg2+, K+,
and potentially toxic cation’s (Al3+, Mn3+) immobilization. This provides a clue
about soil’s capacity for plant’s growth support and also helps in determining critical
values of EHA (environmental hazard assessment). This property is also used as soil
health parameter and gives information about nutrient absorption capacity and
pesticide and chemical absorption capacity of soil (Ross et al. 2008). When atmo-
spheric temperature is elevated, decomposition and loss of soil organic matter are
increased and lead to cation exchange capacity loss with increased leaching as a
response against high intense precipitation.

3.3.3 Impact of Climate Change on Biological Properties
of Soil

The soil biota consists of all the biological properties, and under climate change, it is
an important component for soil health. The major biological properties or indicators
of soil are soil organic matter with its constituents, carbon of soil, soil respiration,
and microbial mass. The impact of climate change on each is discussed below:

3.3.3.1 Impact of Climate Change on Soil Organic Matter

Soil organic matter (SOM) consists of a broad variety of both living and nonliving
components, and hence it is the most complex and heterogeneous component
differing in its properties and related functions. It is the source of C and N, regulates
phosphorus and sulfur cycling, and provides habitat for micro- and macrofauna
involving microbes. SOC or soil organic carbon is about 50% total SOM and organic
N and C, and important plant productivity nutrients together form soil organic matter
(SOM) (Allen et al. 2011). The SOM indicators are widely used in assessment of
climate change experimentally, but the responses are controversial. Decline in SOM
causes fertility and biodiversity decrease, soil structure loss, reduction in water
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holding capability, high erosion risk, high bulk density, and finally compaction (Patil
and Lamnganbi 2018). Increased or buildup of SOM can help in absorption of
atmospheric CO2 by taking land use and management practices to mitigate the
climatic impact on soil. However, increased temperature causes high SOM decom-
position. High productivity of plant and organic matter input may be seen with
temperature elevations, rainfall or precipitation, CO2 fertilization, and C and N
(atmospheric) which eventually increases soil organic matter. Flooding impacts of
extreme rainfall events can be mitigated by increasing water storage during drought
events; thus, soil resilience is enhanced (Fig. 3.3).

3.3.3.2 Impact of Climate Change on Soil Carbon

Soil carbon is a change indicator and is linked with performance of ecosystems as it
is also a part of nutrient cycling. Potential mineralizable C and N indicate the quality
of soil organic matter and acts as an interface among autotroph and heterotroph
microbes in the process of nutrient cycling. Soil carbon is predictively decreased
during elevated temperatures and generally gets modified with anthropogenic activ-
ities and together impacts the processes and functions of soil eventually affecting the
soil health (Lal et al. 2007). Mineralization and decomposition are stimulated by
high temperature and altered rainfalls which cause reduction in biomass accumula-
tion, soil carbon depletion, and C/N ratio decline (Rosenzweig and Hillel 2000;
Anderson 1992; Lal 2004). Efficiency of plant water used is increased with increase
in CO2 (atmospheric) concentration, and hence production of biomass per mm is
increased (Kimball 2003). Reduction of organic carbon is seen in conditions where
water deficit is increased. Increased water deficit causes more decomposition rate
than that of NPP (net primary production) (Fig. 3.4).
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3.3.3.3 Impact of Climate Change on Soil Flora and Fauna

Soil flora and fauna consist of hundreds and thousands of species that are found in
1 m2 of soil area. These play a major role in retention, plant remain incorporations,
breakdowns, and nutrient cycling and influence the structure and porosity of soil.
Soil flora and fauna re not directly affected by climate change especially with
temperature elevations as they have broad temperature optimum (Karmakar et al.
2016). When CO2 level is increased, it causes increased growth of plant and carbon
allocation down the ground which exhibits microbes to enhance rates of fixation,
immobilization, and denitrification of nitrogen, elevated associations of mycorrhiza,
soil aggregation elevations, and high mineral weathering. Soil microbes are affected
in both ways: direct and indirect. Direct effects influence microbes, and indirect
effects involve changes in plant productivity and diversity. This affects
physiochemical conditions of soil, carbon supply, soil structure and activity, decom-
position, and carbon release. The first mechanism that concerns the elevated CO2

concentrations on soil is via photosynthesis along with photosynthate carbon transfer
to roots and (mycorrhizal) fungi (Johnson et al. 2005; Högberg and Read 2006; Keel
et al. 2006) and heterotrophic microorganisms. The elevated levels of CO2 cause
increased plant growth and photosynthesis (under nutrient-rich conditions) and
carbon flux to roots and microbes by root exudation of organic acids, sugars, and
amino acids.

Change in Soil Carbon Pools

Ecosystem Carbon 
Feedbacks

Global Pressure Changes
Temperature & Precipitation

Atmospheric CO2
concenterations

Nitrogen Deposition

Fig. 3.4 Elevated temperature and SOC
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3.3.3.4 Impact of Climate Change on Soil Respiration

It is a biological indicator of soil health and is related with soil organic matter, and
determination is made as production and consumption of CO2 and O2, respectively.
The nature of relationship between soil respiration, climate change, and global C
cycle is currently under scientific debate. However, studies have shown soil respi-
ration as responsive against climatic changes like rainfall and its timing, and it is
predicted to alter on the basis of global and regional climate models (Chou et al.
2008).

3.3.3.5 Impact of Climate Change on Soil Microbial Biomass

Microbial biomass is soil organic matter’s living component and is a pool of carbon
in soil. It is a sensitive change indicator in processes of soil linking with soil energy
and nutrient dynamics. The change in environment such as warming temperatures
causes biomass decline, and it has been studied with the help of experiments by
Rinnan R. et al. in 2007 and when it is combined with isotope 13C labeling
technique, the shift in micro biomass 13C provides changes measure in carbon
processes as response to climate change and land use change than total microbial
biomass (Paterson et al. 2009). Due to differences in physiology, sensitivity to
temperature, and growth rates of soil community, the effects of climate change is
differentiable. In a temperate forest, warming by 58 �C can alter bacterial abun-
dances and enhance the fungal ratio in the community, and these might lead to
ecosystem’s functional changes such as nitrogen fixation, nitrification, and denitri-
fication, methanogenesis, etc.

3.3.3.6 Impact of Climate Change on Microbial and Metabolic Quotient

Physiological performance indicators such as respiration, growth and death, uptake
of C, etc., against total organic carbon and total biomass C of microbes per unit of
time are termed as microbial quotient and metabolic quotient (CO2-C respired per
hour per microbial C), respectively. It is used for management impact assessment of
organic carbon dynamics (Moscatelli et al. 2005). Both microbial quotient and
metabolic quotient are sensitive to climate change like elevated CO2 and nitrogen
fertilization, and this was reported on research by Moscatelli MC et al. in 2005 under
controlled air CO2 enrichment and nitrogen fertilization.

3.3.3.7 Impact of Climate Change on Soil’s Enzymatic Activity

Activities of soil are linked with nutrient cycling and these are measured easily.
These enzymes respond to changes such as in soil management. Enzymes integrate
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information of microbial status with physiochemical conditions of soil. Hence, it is
used as an indicator of change in plant-soil system. An experiment done by
Dorodnikov M et al. in 2009 showed that when the quality and quantity of carbon
(belowground) input through plants are altered, elevation in CO2 stimulates (stim-
ulation extent is dependent on soil aggregate size) enzymatic activities, microbe
abundance, and carbon turnover. This affects the normal functioning of microbial
community in soil. Extracellular enzymes that help in decomposing SOC and are
involved in nutrient cycling get affected with deposition of atmospheric N (Allen
et al. 2011). Involvement processes of soil enzymatic activities in turning over
organic carbon, nutrient cycling, emissions of GHG and their responses to climate
change and land use change are still not well-known.

3.4 Conclusion

The change in climate such as elevated temperatures and changes in CO2 concen-
trations and rainfall patterns may either affect the soil biota, health, and properties or
enhance them. The degradation of land is also related with climate change’s adverse
effects. The impact of land degradation is mitigated by conservation farming. To
overcome the impact on physical, chemical, and biological properties of soil,
integrated nutrient management, crop improvement, site management practices of
soil, and water conservation must be identified. The impact of soil is possibly
understood using indicators or properties of soil to ecological functions, and contin-
uous monitoring against climate change is done. The properties of soil which get
affected are soil biota, microbial community, soil aggregate, SOM, SOC, nutrient
cycling, microbial biomass, and diversity. It is however not always negatively
impacted but some climate change may also benefit the soil. Climate change
shows interlinked challenges which have not been anticipated in the last century.
The main changes in soil like improvement in fertility, soil physical conditions, soil-
forming processes, etc. are a result of climatic change. These changes are also mixed
with mineral composition, organic matter content, and structural stability. The
impact is monitored using various soil health indicators continuously.
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Chapter 4
Impact of Climate Change on Soil Fertility

Abhilasha Shourie and Anamika Singh

Abstract Soil health and its fertility are an integral part of soil that provides a
medium for plant growth and crop production. Climate is another most important
aspect of nature and it is also a neutral thing similar to soil, but changes in climate
occurs due to atmospheric environmental changes. Direct and indirect impacts of soil
fertility are observed due to changes in climate. Although changes in soil are not an
instant process, it takes years, and often sudden climatic changes destroy the
vegetation of specific area and it may have many other effects. Human activity is
directly or indirectly affecting climate change and further affecting soil health.
Changes in soil health can affect food production such as crop, vegetables, etc.
There are many factors in soil which can change due to effects of climate change; it
can be physical, chemical, and biological. Climate change affects soil from its
formation to its level of plant production. Soil affects climatics changes directly
and indirectly as it is the main place of different biological and biochemical cycles.

Keywords Plant community · Ecosystem · Biodiversity · Geographical area ·
Species richness · Climate change

4.1 Introduction

Climate is generally defined as the average weather at a specific place, and it includes
temperature, windiness, humidity and precipitation. Weather changes from day to
night, while climatic changes occurs in years, significantly influencing the

A. Shourie
Department of Biotechnology, Faculty of Engineering and Technology, Manav Rachna
International Institute of Research and Studies, Faridabad, India

A. Singh (*)
Department of Botany, Maitreyi College, University of Delhi, New Delhi, India
e-mail: asingh@maitreyi.du.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
D. K. Choudhary et al. (eds.), Climate Change and the Microbiome, Soil Biology 63,
https://doi.org/10.1007/978-3-030-76863-8_4

49

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76863-8_4&domain=pdf
mailto:asingh@maitreyi.du.ac.in
https://doi.org/10.1007/978-3-030-76863-8_4#DOI


vegetation, productivity, chemical characteristics, etc. of soil (Brinkman and
Brammer 1990; Scharpenseel et al. 1990). In general, soil structure can be influenced
by changing climatic conditions in various directions, on different time scales and
with different intensities. Change in soil organic carbon (SOC) content is a very slow
process and detected by climatological time scales.

Nowadays, scientific studies are more focused on adverse effects of climate
changes (Sinha and Swaminathan 1991; Saseendran et al. 2000; Aggarwal
and Sinha 1993; Rao and Sinha 1994). Soil plays a major role in supplying micro-
and macronutrient, which are used by different types of crops. Physical, chemical
and biological properties of soil were changed with respect to climatic changes. Few
important climatic factors such as atmospheric carbon dioxide (CO2) levels, elevated
temperature, altered precipitation (rainfall) and atmospheric nitrogen (N2) deposition
alter soil chemical, physical and biological functions (Arias et al. 2005; Moebius
et al. 2007; Reynolds et al. 2009; Wixon and Balser 2009). Agriculture is mainly
dependent upon rainfall, or uncertainty of monsoon in short climate change is linked
to food security and food stability (Pimentel 2006; Lal 2010; Blum and Nortcliff
2013; Brevik 2013). Agriculture provides food for people to consume and also as a
source of livelihood (Brevik 2013). The Intergovernmental Panel on Climate Change
(IPCC) latest report shows that the rise in temperature between years 1980 and 1999
was 1.8–4.0 �C, and it is predicted that between years 2090 and 2099, it will be
around 1.1–6.4 �C (Solomon et al. 2007). Definitely with these climatic changes,
there will be change in environment, including the soil (Brevik 2012). Soil erosion,
an important event, occurs in response to climatic changes. Soil quality has impli-
cations in ecosystem services and also influences food security. So, precipitation
intensities or seasonal temperature variation highly influences soil hydro-physical
properties. Changes affect the soil water regime, which may ultimately impact the
environmental and economic development of a given area.

Solar radiation and precipitation are the two factors and the main sources of
energy and moisture for Earth. Solar radiation is absorbed and re-emitted by the
Earth’s surface, which gradually heats the atmosphere. Precipitation is absorbed by
the soil, used by plants and subsequently returned to the atmosphere via the
processes of evaporation and transpiration. Thus, a continuous latent and sensible
heat flux is present between the soil and the atmosphere, influencing the hydrother-
mal regime of the soil. Any changes in climatic factors can modify soil properties on
the characteristic time scale of the driving processes. Soil energy and water balance
components can respond rapidly to changes in atmospheric conditions. Changes in
climatic temperature lead to global warming, which affects the agriculture, directly
or indirectly. This may lead to decrease in food production, so ultimately any
climatic change changes the soil quality and affects human life. So, impact of climate
change and its effect on soil are major concerns and are discussed here in detail.
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4.2 Causes of Climatic Changes

Both human and environment are interlinked together and have impact on each
other. Their interaction may cause changes in environment as well as human life
pattern. Climatic changes are mainly linked with sun and its refractivity of light on
Earth. Sun is the major source of energy on Earth, and incoming and outgoing sun
radiation affects Earth’s climate (IPCC report 2007). Other than this, there are many
other factors that cause changes in Earth’s climate like natural, human and few local
factors (Fig. 4.1). Natural factors like ice cores, volcanoes, ocean currents, conti-
nental drift, sediment microbes and trees are directly or indirectly linked to climatic
changes. Earth’s natural cycle is dynamic and changes frequently. Human is the
most important factor for mis-utilisation of natural resources which leads to global
warming and results in climatic changes. Over-industrialisation, deforestation and
pollution are the main factors, and all these cause increase in carbon dioxide,
methane and water vapour. Greenhouse gases actually helps to maintain the tem-
perature of the Earth’s surface by trapping heat from sun. Pollution adds harmful
gases in the atmosphere, and it persists in the environment and causes destruction of
the Earth’s climate.

Concentrations of carbon dioxide, chlorofluorocarbons (CFCs), methane, nitrous
oxide and most importantly water vapour are all known to be increasing in recent
years. These increased concentrations cause a rise of the Earth’s temperature from
the last few years (Mitchell 1989). The radiation that comes from sun is not
completely absorbed or reflected by the atmosphere (clouds) but it reaches the
surface of the Earth. Only a small fraction (approximately 30%) of absorbed energy
is reflected back. Seven percent of incoming radiation is absorbed by the atmosphere

Fig. 4.1 Different causes of climatic change
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and due to reflected energy, surface of Earth does not heat much. The radiated energy
of Earth is having longer wavelengths than the Sun because it is colder. Most of the
part of this longwave radiation is absorbed by these greenhouse gases that circulates
and radiates energy into all directions, this is called Greenhouse effect.

Changes on land surface come under local activities. Local climatic changes often
lead to global environment change, rainfall, drought and destruction of plants and
vegetation in any area causing a rise in temperature. Lower plantation causes low
rainfall and affects the Earth locally or regionally (Roy and Avissar 2002; Sage
1995).

4.3 Soil Fertility and Soil Nutrients

Soil quality is the measure of soil fertility and closest to plant nutrient management.
Soil productivity mainly deals with its available nutrient status and productivity of
soil. Soil productivity and fertility depend upon soil biological, physical and chem-
ical components. All these factors directly or indirectly affect availability of nutrient
and its dynamics. Soil fertility is actually a property of soil that helps in enhancing
crop productivity level. Soil fertility is also the only most important aspect of soil
productivity, e.g. if soil is very fertile, but little vegetation is observed, a situation
may arise due to lack of some supporting factors responsible for fertility like water or
unfavourable temperature. However, it has been observed that under most suitable
environmental conditions, soil varies to generate perfect situations for plant root
growth. Naturally healthy or improved soil health by different means is the main
requirement of successful cropping. Good natural or improved soil fertility is
essential for successful cropping. Soil is a natural medium and crop production is
based on it.

There is no replacement of soil system for forest, grasslands and large level of
crop production. Soils are the topmost layer of the Earth’s crust, formed by
weathering of rocks. Different types of soils are found throughout different regions
of the Earth, and they vary by its origin, appearance, characteristics and production
capacity. A well-developed soil is differentiated into different profiles or with
different layers. Topsoil or a horizon is the topmost layer, rich in organic matter,
soil microorganism and nutrients (Oliveira et al. 1992). Plants mainly use this layer
or topsoil to obtain nutrient and water along with using B horizon or subsoil
(Fig. 4.2). Physical degradation of rocks is called weathering, and ultimately it
leads to soil formation, after addition of decomposed organic matter and minerals.
Soil also contains many micro- and macronutrients (Table 4.1) and few beneficial
metals which makes the soil fertile, and its absence causes loss of fertility and crop
productivity. There are many other factors like organic matter, mineral, water,
perfect pH and moisture, etc. that help in making the soil fertile. Soil nutrient is
another aspect associated with soil fertility and it is mainly due to presence of
micronutrients, macronutrients and benificial mineral elements.
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The first important factor that determines soil fertility is pH, which can be
measured by chemical testing of soil. The second factor is soil organic matter
which is mainly due to microorganism activity (decomposition), and it determines
the quality of soil. The third factor is soil moisture content, which is the amount of
moisture that resides in the soil that can also influence soil fertility. It is more
desirable to use soil with higher moisture content for good fertility of soil. The
fourth factor is clay content which is actually the cation exchange capacity (CEC).
Low CEC indicates the possibility of easily losing nutrients by leaching, and the last
and most important factor is bulk density of soil as it provides a passage for root
penetration. It also blocks the path of roots so that they will not reach at the level of
water and nutrients and also creates an obstacle for it and blocks path of roots and
roots not able to reach at the level of water and nutrient. These few factors affects soil
fertility drastically. Due to climatic changes there are changes occurs in these factors
resulting variation in soil fertility.

4.4 Effect of Climate on Soil

Soil formation is a complex and slow process. The effect of atmospheric temperature
on soil helps in decomposition of organic matter present in soil. Changes in soil
moisture content depend upon rainfall, groundwater in the soil and the water
consumption from the soil by evaporation, transpiration and run-off. So, soil mois-
ture is mainly determined by climate, and few other factors like moisture are
determined by climate, type of vegetation, human activities and the seasons. Cli-
matic factors affect soil directly and indirectly. Organic matter in soil is the main
source of mineral and carbon. Life of soil community members depends upon
climatic changes because they have different physiologies, temperature sensitivities
and growth rates (Whitaker et al. 2014). Temperature and moisture are the two

Fig. 4.2 Different soil
layers
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important factors linked to microbial growth, leading to soil quality improvement;
global warming has effects on soil temperature and moisture influences microbial
life. Climatic changes effects temperature and moisture that affect specific microbial
functions in methanogen bacterial groups. It also effects microbial growth and
changes in microbial ecosystem that ultimately leads to change in microbial soil
decomposition and soil quality.

A direct effect of climate on soil is mainly due to rise of temperature, and in this
condition, the concentration of carbon gets minimised. High peat formation and

Table 4.1 List of micro- and macronutrient and beneficial elements required for soil fertility

S. no
Component
(Symbol) Function Deficiency

Micronutrient

1. Iron (Fe) Enzyme function,
required for chlorophyll
production

Vein yellowing in younger leaves. Occurs
mainly at high pH

2. Zinc (Zn) Enzyme component Vein yellowing in younger leaves. Rosette
terminal leaves, occurs often at high pH

3. Manganese
(Mn)

Enzyme component Yellowing of veins in younger leaves.
Patches or freckled pattern found at high pH
situation

4. Copper (Cu) Enzyme function Curled leaves often bend downwards with
stunted leaves often yellowing of leaves
found at high pH

5. Molybdenum
(Mo)

Enzyme function Usually an N deficiency due to the role in
nitrate assimilation and in legumes in
N-fixing bacteria. Yellowing of older leaves
and light green in colour for the rest of the
plant, at low pH

6. Chlorine (Cl) Osmotic balance, plant
compounds

Generally deficient situation not found but
yellowing and wilting of young leaves

7. Boron (B) Cell wall Death of terminal buds, light general
yellowing. Requirements are very plant
specific

8. Nickel (Ni) Enzyme component Almost never deficient

Macronutrients

1. Nitrogen (N) Protein and enzyme
component

Older leaves affected mainly by yellowing
of leaves with stunted growth

2. Phosphorus (P) Membranes, energy,
DNA

Difficult to visualise until severe. Dwarfed
or stunted plants. Older leaves turn dark
green or reddish purple

Beneficial mineral elements

1. Silicon (Si) Provides resistance for pest-pathogen and drought

2. Sodium (Na) Required for photosynthesis in C4 and CAM species of warm climatic-
adapted plants

3. Cobalt (Co) Heavy metal required for N-fixation by bacteria associated with legume
tolerance, higher quality and yield of crop
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methane gas production are directly linked to high rainfall, while lower rainfall in
any area experiencing loss of CO2 and peat and increased moisture deficit for crops
of shallow soils. High rainfall could increase atmospheric N deposition to soils; may
promote soil disturbances, flooding and subsidence which changes in wetland and
waterlogged habitats; and also enhance soil erosion, potentially leading to pollution
of surface waters. Changes in soil properties like soil structural stability, soil
biodiversity, plant–soil interactions and nutrient cycling were important changes
observed due to climatic changes. Soil alteration due to climatic changes can be
listed on the basis of many physical, chemical and biological changes, which
actually affect soil formation and modify soil properties.

1. Physical Factors
a. Soil surface: It is an important factor that provides protection to soil surface water,

nitrogen fixation, seed germination and soil nutrient (Box and Bruce 1996).
Climatic changes directly affects soil structural conditions like soil crust forma-
tion and soil seal formation. It also affects oxygen diffusion with in soil, water
infilteration in soil, surface water evaportaion and soil erosion.

b. Soil water: Soil water is the natural water present in soil and available for plants.
Soil water is also called rhizic water. The three types of soil water are gravita-
tional water, capillary water and hygroscopic water. This classification of soil
water is based on functions of water in soil. Freely moving water through soil due
to gravitational force is called gravitational water. It is found mainly in
macrospores of soil and for plants its availability is very less. Gravitational
water drains down due to the force of gravity thus unavailable. In micropores
of soil water, capillary water is found, and it is highly available to roots of plants.
Water found around soil particles is called hygroscopic water. Very less amount
of this water is absorbed by the plants, but it helps mainly to bound soil particles
tightly by adhesion. Soil water fluctuations can be observed through climatic
changes, like precipitation affects soil water rapidly. Higher temperature causes
high rate of evaporation causing loss of water from soil (Varallyay 1990a, b;
Varallyay and Farkas 2008). Density, dynamics, species composition, biomass
production, litter and root characteristics of crop plants are some features affect-
ing soil water level. Human activity like higher human population, different
cropping pattern, irrigation and drainage are few other factors that affect soil
water directly. These few facts offer efficient measurement methods of climatic
change prediction and its effects on soil (Lang 2006; Varallyay 2007; Birkas
2008; Harnos and Csete 2008). Structures of soil, organic matter, weathering and
clay transformation are mainly affected by change in soil moisture content.

c. Soil temperature: Soil temperature is directly linked with sun radiation. There is a
strong relationship between air temperature and soil temperature as increase in air
temperature directly increases the soil temperature. In the process of evaporation,
heat conduction occurs, through soil profile and movement of gas and water that
take place (Karmakar et al. 2016). Warm soil temperature enhances soil process,
like decomposition of organic matter, microbial activity, nitrification rate and
chemical weathering of minerals due to accentuation. Soil temperatures affect the
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type of vegetation of any area, which can be changed as per change in climate
(Kalra and Aggarwal 1994).

d. Rooting depth: Length of plant roots depends upon available water, water capac-
ity, subsoil salinity and carbon content. These properties indicate major con-
straints in the soil profile (Birkas et al. 2009; Dalal and Moloney 2000).
Prolonged drought situation causes high chloride concentration and saline con-
straints (Dang et al. 2008; Rengasamy 2010) which affect productivity of soil.

e. Soil texture and structure: It is the proportion of sand clay and silt in soil. It is
linked to climatic changes, crop productivity and vegetation type. Arid, semi-arid,
subhumid and humid vegetation types have different textures in the soil profile
(Brinkman and Brammer 1990; Scharpenseel et al. 1990). Organisation and
combination of primary and secondary particles in a soil mass is known as soil
structure. Soil structure controls the amount of water and air in soil. It is mainly
concerned with movement of gases, water, pollutants, nutrients, etc. and directly
affects plant growth, fauna and crop productivity, etc. The quality of soil depends
upon organic matter present and inorganic content of soil matrix. Decrease of soil
organic matter causes decrease of soil aggregate stability, while it increases soil
infiltration and run-off causes soil erosion (Bot and Benites 2005; Karmakar et al.
2016). Soil aggregate stability provides an external energy for high intensity
rainfall. Soil structure also determined chemical and biological properties of
soil (Dalal and Moloney 2000; Moebius et al. 2007).

f. Porosity: It is the void spaces in a material pore size which mainly provides a
space for water and air necessary for plant growth (Reynolds et al. 2002). Pore is
linked to soil physical quality, bulk density, micro porosity and functions of pore
volume. It provides aeration to soil and aeration capacity of soil depends upon
pore size. Increased CO2 and temperature causes variation in pore size distribu-
tion, and it changes root development and biological activity around the root.
Development of root and soil enzymatic activities is closely related to each other,
and both depend upon pore size and distribution.

2. Soil Biological Parameters
Many biological changes occur in soil with the influence of climatic changes.
Microbial flora and fauna and soil organic matter are the most important biological
factors. Soil microorganisms generally adapt to change of climate as it is not at all a
sudden process, and microorganisms present in soil are indicators of soil health.

a. Soil organic matter (SOM) and other components: Normally, soil is full of
organic and inorganic matter. SOM is the most complex and heterogeneous
(Weil and Magdoff 2004). Soil plays an important role in cycling of carbon,
nitrogen, phosphorus and sulphur. It is also full of multivalent ions and organic
compounds. Soil provides shelter to many microorganisms, flora, algae, fungi and
many more creatures. Growth of plants, microorganism and fauna affects soil
properties like soil stability, water retention ability and hydraulic properties
(Haynes 2008; Weil and Magdoff 2004). Decrease of SOM is observed to
decrease soil fertility and biodiversity and water holding capacity and to increase
the risk of erosion. SOM helps to absorb CO2 from atmosphere and help to
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mitigate global warming. It also helps in water storage and minimises the risk of
flood and high rainfall. Along with microorganic matter, soil is also full of macro
organic matter and macro organic components mainly mineral-free particulate
plant and animal residues, which serve as easily decomposable substrates for soil
microorganisms (Post and Kwon 2000; Wagai et al. 2009). Rise of atmospheric
temperature causes depletion of labile soil organic component. (Knorr et al.
2005).

Rise in atmospheric temperature and rainfall enhances mineralisation and
decomposition (microbial activity) in soil. It causes biomass accumulation and
decrease of soil carbon and nitrogen (C/N) ratio (Anderson 1992; Lal 2004). In
cycling of nutrient, carbon and nitrogen, mineralizable organic matter acts as an
interface between autotrophic and heterotrophic organisms (Gregorich et al.
1994). Under changing climatic conditions, mineralizable organic matter acts as
indicator and affects nutrient dynamics.

b. Soil respiration: It is a measurement of released carbon dioxide (CO2) from the
soil. This CO2 is released due to microbial decomposition of soil organic matter
(SOM) and respiration from fauna and plant roots. It acts as a biological indicator
of soil health, as it is linked to SOM content of soil. It is a link between global
carbon cycle and climate change (Wixon and Balser 2009).

c. Soil flora and soil fauna: Soil microbial population is the main fauna of soil and
responsible for SOM. They are sources of soil nutrient supply. Microbial biomass
is the living component of SOM. Soil flora and fauna also participate in energy
dynamics of soil (Saha and Mandal 2009). Flora of the soil includes plant
varieties found in soil along with algal biomass and fungal filaments. Soil plants’
root system interacts at a very close level and its leads to enzymatic activities. It is
the indicator of physicochemical soil condition (Garcia-Ruiz et al. 2009).

3. Soil Chemical Parameters
a. Soil pH: It is an indicator of soil health and fertility. It has high effect on

agriculture as rapid changes of pH result due to climatic changes such as
temperature, CO2, precipitation, etc. changes. It affects carbon and nutrient
cycle and availability of water and also soil fertility ultimately productivity
(Reth et al. 2005).

b. Electrical conductivity: It is the measure of salt concentration in soil, and it
directly affects fertility of soil biological cycle and nutrient cycle. Increasing
temperatures and decreasing precipitation increase the electrical conductivity
under climate change scenarios (Smith et al. 2002). pH affects oil structure,
especially in sodic soil (Arnold et al. 2005). All these biological, chemical and
physical factors change due to climatic changes, and ultimately they affect soil
fertility. Soil temperature of 80–90 �C and soil pH of 6 to 7 is best for good
microbial growth, and it leads to high soil fertility. Climatic changes indirectly
and directly affect soil fertility by changing the above-discussed factors.

Climate changes drive many changes in soil and they have been discussed in the
chapter. Temperature and CO2 are the main factors and are showing different effects
on soil fertility. All these factors directly or indirectly affect the nutrient level of soil,
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soil fertility, productivity of crops and soil moisture. Moreover, these factors are
interlinked, and changes in any of two will also leads to change in soil fertility.
Factors affecting climatic changes specifically temperature, CO2 and rainfall were
summarised in Table 4.1. Soil chemical properties are directly linked to the nutrient
level of soil increasing temperature of soil and largely changing the precipitation
level near the soil-root surface. Soil moisture and temperature are primary determi-
nants of root growth and available nutrient. Climate changes have high impact on
nutrient present in soil and its direct impacts on area near the root surface and influx
rate (Brouder and Volenec (2008). And Table 4.2 summarised the list of factors that
change due to climatic changes and its effects on soil.

4.5 Methods Utilised for Enhancing Soil Fertility
in Changing Climatic Situation

There are many general methods to improve soil fertility level, which are mainly
practised throughout word for the enhancement of crop productivity. These practices
mainly contribute in improving soil structure and fertility. Few of these practices are
as follows:

• Mulching and residue management: Mulch is a layer of material applied to the
surface of soil. This method improves soil structure and also minimises soil
erosion, reduces evaporation and increases soil aggregate formation. It also
modifies soil temperature and moisture level and ultimately affects soil fauna.

• Fertiliser: Fertilisers may be chemical or biological in nature (cyanobacteria
mainly). Application of fertilisers in soil enhances soil aggregation. It may have
certain harmful effects under some circumstances, and then its application causes

Table 4.2 Summary of expected effects of individual climate change variables on soil processes

S. no
Factors under increasing or
decreasing concentration Effects

1. At increasing CO2

concentration
Provides high concentration of carbon to soil, microor-
ganism accelerates nutrient cycling in soil and water use
efficiency also gets increased

2. Increasing temperature Soil organic matter (SOM) reduction and loss, reduction
of moisture, increase of mineralisation rate, increase in
soil respiration and soil structure, destruction was
observed

3. Reduction in rainfall Reduction of SOM and nutrient availability and soil
salinisation

4. Increasing rainfall It causes enhancement in rate of surface run-off and
erosion. Increased soil organic matter and soil moisture,
increased leaching of soil nutrient, reduction of nitrate
and Fe
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decrease in soil organic component (SOC) and reduces soil aggregation and
microbial communities. Correct application of fertiliser will improve the nutrient
level in soil, increase plant productivity, increase SOC and promote micro-
bial activity. All of these combinedly effects aggregation of soil particles and
soil density.

• Tillage: It is a mechanical manipulation of the soil applied for good crop
production. It affects soil water conservation, soil temperature, infiltration and
evapotranspiration processes. It disrupts soil aggregates and also the factors
which are helping soil (plants and animals) for aggregation. It is responsible for
the decrease in soil organic matter (SOM), nutrient and microbial activities.

• Manuring: It is actually decomposed plants and animals which helps in improv-
ing soil fertility and crop yield and reducing soil erosion. It is used for the
improvement of soil structure, soil density and aggregation of soil particles.
Soil organic component (SOC) increase is a sign of good microbial and biological
activity in the soil, which provides porosity of soil. Manured soil has higher
earthworm population compared to unmanured soil with low SOC. Increased
microbial activity due to increases in soil carbon from manure applications results
in increases in aggregate stability.

• Compost: Compost is an organic material that helps plants in their growth. Food
scraps and yard waste, fallen leaves, kitchen waste and left-over food can be
easily converted into good compost. It is used to improve soil structure and to
lower bulk density of soil. Composting materials can increase aggregation and
aggregate stability. Environmental conditions such as drought can limit the
effectiveness of compost. The effects of compost additions on soil structure
may be short-lived although outcomes are generally positive.

4.6 Conclusion

Vegetation completely depends on the quality of soil and it directly effects the health
of the human population. Changes in climate not only change the soil quality and
soil fertility, but also affects the human and animal population as well as the whole
ecosystem of any specific area. Changes in soil health can cause food loss directly
affecting the human population. There are soil fertility enhancement methods that
are widely accepted worldwide. Climate change can be natural or man made, but in
both the cases it leads to damage the soil. In addition, soil-specific management
practices will also help in retaining soil health, water conservation, crop productivity
and crop improvements. These practices can overcome the impact of climatic
changes in soil at physical, chemical and biological levels.
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Chapter 5
Impact of Climate Change on Soil Microbes
Involved in Biogeochemical Cycling

Anjali Singhal, Soumya Pandey, Neeta Kumari, D. K. Chauhan, and
Pawan Kumar Jha

Abstract Anthropogenic activities have led to the emission of greenhouse gases
which have accumulated in the earth’s atmosphere over a period of time. The
increased concentration of greenhouse gases has increased earth’s temperature and
has changed weather patterns. The enhanced CO2 level, warming effect and chang-
ing soil moisture conditions have influenced soil microorganism. The microbial
communities present in soil and the interactions taking place in terrestrial environ-
ment are extremely diverse and complex. The effect of climate change on soil
microbial communities includes changes in microbial community composition,
species abundance, diversity, survival and resilience, changes in enzyme production,
and changes in interactions of microbes with roots of plants, production and seques-
tration of atmospheric gases (e.g. CO2, CH4, N2O), utilization of soil nutrients and
organic matter, etc. Further, the bidirectional nature of interactions where physical
environment influences microorganisms and microorganisms in turn can impact
environmental conditions, making it difficult to understand the effect of climate
change. These microorganisms are involved in various biological processes associ-
ated with biogeochemical cycle. Thus, any change in microbial communities also
affects the nutrient cycling through biogeochemical cycles. This chapter focuses on
the effect of climate change on soil microorganisms and the impact on various
microbial processes associated with carbon and nitrogen cycle.
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5.1 Introduction

Due to the increased emission of greenhouse gases, there is a change in the climate,
and it is predicted that the earth can become warmer by 5 �C by the end of this
century. This changing climate has a profound impact on natural environment and
human wellbeing. Climate change can strongly influence both abiotic and biotic
interactions taking place in the environment. Biogeochemical cycling of nutrients is
no exception (Frank et al. 2015). Climate change also affects terrestrial ecosystem.
The microorganisms play an important role in maintaining the structure and func-
tioning of terrestrial ecosystem. Climate change can affect soil microorganisms in
many ways, including changes in species composition, abundance and distribution.
It can also have direct and/or indirect effect on microorganisms causing changes in
microbial community composition and/or enhanced or reduced physiological func-
tions. Microbial communities in nature are complex and the interaction among
different microorganisms is also varied. Thus, the response of soil microbes to
changing environmental conditions is influenced by all these factors. Studies have
shown that there is a change in biodiversity and function of ecosystem due to the
impact of climate change. Soil microorganism interacts not only among themselves
but also with flora and fauna of the region; thus, the interactions are extremely
complex, making prediction of climate change-induced alteration very difficult. At
the same time, the importance of soil microbes, especially those involved in biogeo-
chemical cycles, stresses the need to do detailed analysis of the impact of climate
change (Classen et al. 2015).

The interaction in between climate change and soil microbes is bidirectional. The
soil acts as a sink for CO2, while microbial processes taking place in soil lead to the
emission of greenhouse gases like CO2, CH4, N2O, etc. The microbial communities
present in soil participate actively in various processes of biogeochemical cycles and
regulate the movements of essential nutrients like carbon and nitrogen (French et al.
2009). Emission of CO2 by various soil microbial processes can contribute up to
10% of total atmospheric CO2; thus, soil microbial processes can influence the
atmospheric factors at a global level (French et al. 2009; Mandal and Neenu 2012;
Gougoulias et al. 2014). Microorganisms differ in their physiology, sensitivity,
resilience and abundance; thus, changing physical conditions in terrestrial ecosystem
has both direct and indirect impacts on them. When microorganism involved in key
ecological processes like denitrification, nitrification, lignin degradation, etc. are
affected, the functioning of ecosystem is also affected (Classen et al. 2015).

Various biological processes occurring in the terrestrial ecosystem have signifi-
cant impact on the earth systems at a global scale. Carbon and nitrogen are the two
most important nutrients required to sustain life. Their cycling among the various
compartments of earth, atmosphere, lithosphere and hydrosphere is very important to
sustain life and its processes. These biogeochemical cycles involve a number of
biological processes mainly driven by soil microorganisms. The various processes
for carbon cycle are photosynthesis, respiration, methanogenesis, fermentation,
decomposition, etc. Nitrogen cycle involves biological processes like nitrification,
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denitrification, ammonification, etc. The climatic conditions have strong influence
on the response and survival of soil microorganisms. These microbes, in turn, can
have significant impact on environment by controlling the source and sink activities
associated with carbon and nitrogen. Studies have shown that terrestrial ecosystem
serves as a sink for CO2. However, carbon sequestration also depends on the
nitrogen content of the soil. Soils poor in nitrogen show reduced carbon fixation,
and addition of nitrogen fertilizers promotes carbon sequestration as formation of
soil organic matter requires a suitable C/N ratio along with other nutrients (French
et al. 2009).

This chapter reviews the effect of climate change on microbial communities
associated with carbon and nitrogen biogeochemical cycles. The chapter deals
with the issue of the impact of changing abiotic conditions like increase in temper-
ature, change in precipitation or increased CO2 on structure and functioning of
microbial communities. Studies related to the effect of climate change on microbial
diversity, abundance, resilience and functioning are discussed. The changes in plant–
microbe interaction, soil enzymes, rhizosphere, plant–microbe symbiotic relation-
ships, pathogens and the associated changes in carbon and nitrogen cycles are also
discussed.

5.2 Carbon Cycle and Microorganisms

Carbon is the essential nutrient for all life forms. In nature, it exists in both inorganic
and organic forms. Microbes and plants interconvert the two forms of carbon and
bring about its circulation among different compartments of environment,
i.e. hydrosphere, atmosphere and lithosphere. The global carbon cycle is mainly
driven by microbial communities, involved in the processes of fixing atmospheric C,
plant growth and transformation and degradation of soil organic matter. Carbon is
present in the atmosphere as CO2 and CH4. It is also present in the earth’s crust in
many inorganic forms like limestone and kerogens and in organic forms in soil. The
process of converting C present in the atmosphere into organic form is called carbon
fixation. In aerobic environment, photosynthesis is the dominant process for fixing
atmospheric carbon. In this process, atmospheric CO2 is converted into organic
compounds and sunlight is used as a source of energy. Photosynthesis is performed
mainly by plants and photosynthetic algae. Apart from photosynthesis, chemoauto-
trophic microorganisms (cyanobacteria, bacteria and some protozoa) also convert
inorganic C compounds into organic compounds. The organic matter thus produced
is consumed by animals and microbes for growth and maintaining their metabolic
processes. As a result of these metabolic activities, CO2 is generated and released in
the environment. This process is called respiration. Terrestrial carbon cycle is a
balance in between CO2 fixed during photosynthesis and CO2 released during
respiration and organic matter decomposition. When living organisms die, their
cells are transformed and decomposed by heterotrophs and carbon is released
(mineralization). In anaerobic environment, microorganisms use organic compounds
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for obtaining energy and the process is called fermentation. Some of the commonly
occurring fermenters are green and purple sulphur bacteria, Thiobacillus
ferrooxidans, Bacteroides succinogenes, Clostridium butyricum, Syntrophomonas
sp., etc. Fermentation is responsible for the release of CO2 and CH4 in environment.
CO2 is the major source of carbon followed by methane (CH4). Methane exists in
anaerobic environments. Methanogens are anaerobic archaebacteria that convert
organic matter into methane by methanogenesis. Another group of bacteria,
methanotrophs or methane-oxidizing bacteria, is a special group of aerobic bacteria
capable of utilizing methane as an only source to satisfy carbon and energy require-
ments. Methanotrophs live at the boundary of aerobic and anaerobic environment so
that they can have easy access to methane from anaerobic side and oxygen is
available to them from aerobic side. The major microbial processes involved in
carbon cycle are CO2 fixation, methane production and utilization, respiration and
decomposition of organic matter (Abatenh et al. 2018). Figure 5.1 shows the details
of carbon cycle.

5.3 Effect of Climate Change on Soil Microorganisms
of Carbon Cycle

Climate has a strong influence on the abiotic factors in the ecosystem. The growth,
survival and activity of microbes are strongly regulated by abiotic conditions. Thus,
climate change-induced variation in abiotic conditions can regulate and alter dynam-
ics of microbial populations present. The two most important abiotic factors are
temperature and moisture. The changes they can induce include abundance, com-
position and function of microorganisms. The growth and activity of any microor-
ganism are its individual characteristics and can vary independently. Say, a change
in abiotic condition induced higher activity; however, the growth of microorganism
might reduce or might show lower biomass. Thus, growth and activity are two
independent aspects of microbes and can respond differently to same changes in
abiotic conditions (Mandal and Neenu 2012).

5.3.1 Effect of Enhanced CO2 on Carbon Cycle Microbes

The amount of carbon locked in soil in organic form is almost three times the carbon
available in the atmosphere. Annually, about 8% of carbon is circulated by carbon
biogeochemical cycle in between the atmosphere and lithosphere. If the process of
respiration and decomposition stops, then 100% of carbon present in the atmosphere
will be fixed to organic matter in soil in about 12 years (Gougoulias et al. 2014). At
present, the amount of carbon fixed by photosynthesis and autotrophic
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microorganism is almost 25% more than the carbon liberated during respiration.
Thus, terrestrial carbon sequestration acts as a sink for CO2.

Anthropogenic activities have disturbed the natural balance of the biogeochem-
ical cycles. Burning of fossil fuels and cultivation of land have increased the
emission of CO2, CO, etc. Increase in atmospheric CO2 content acts as fertilizer
for photosynthesis, thereby stimulating growth. More root exudates are produced by
plants and these organic substrates in turn enhance microbial activities in rhizo-
sphere. Studies have reported changes in microbial community composition and
activity. A study reported 121% increase in biomass of microorganism after treat-
ment with CO2 (690 ppm) in open top chambers for 22 weeks (French et al. 2009).
Some studies have reported increased dominance of Pseudomonas spp. at elevated
CO2, some studies using molecular techniques have confirmed changes in commu-
nity structure for bacteria as well as fungi, but some studies have reported no change
(French et al. 2009). Arbuscular mycorrhizal fungi (AMF) form symbiotic relation-
ship in between plants and fungi. Fungi colonize the roots of host plants and create
vast connections between roots of plant and surrounding soil. This increases the
surface area for nutrient uptake. An enhanced level of CO2 promotes photosynthesis.
More carbohydrates are available for roots. This promotes the growth of AMF. Thus,
enhanced ambient CO2 levels indirectly increase AMF development and promote
symbiotic relationship (Choi et al. 2005; French et al. 2009).

The microbial decomposition and respiration also increased (French et al. 2009;
Gougoulias et al. 2014). This in turn increases carbon mineralization, and more CO2

is released in the environment. These changes will disturb the balance between
carbon fixation and carbon mineralization. The processes are very diverse and
complex. Thus, the net effect of the increase in CO2 content in the atmosphere
might favour carbon sink (photosynthesis) as well as carbon sources (decomposition
and respiration). It is difficult to predict the outcome in the future. However, few
models have predicted that increase in atmospheric CO2 will lead to increased
carbon emission (Gougoulias et al. 2014). Studies have suggested that increase in
CO2 will lead to enhanced photosynthesis by plants. The amount of litter generated
by plants will also increase. This litter may alter the soil chemical and physical
properties. Such changes can alter not only composition but also function of the
microbial communities present there. Elevated CO2 also promotes root growth, thus
including changes in rhizosphere (Mandal and Neenu 2012). The published studies
have also reported that the increasing CO2 had no significant effect on microbial
growth and activity (Kandeler et al. 2006; Pinay et al. 2007). Drissner et al. (2007)
conducted a study to see the effect of elevated CO2 on the soil enzymes commonly
involved with biogeochemical cycles. In spring season, the activity of enzymes
increases, urease (23.8%), xylanase (22.9%), protease (40.2%), invertase (36.2%)
and alkaline phosphomonoesterase (54.1%) activities. However, in autumn season,
enzyme activity decreased by 3–12%.

The effect on climate change on microbes can be evaluated at individual, com-
munity or global level. A study by Collins et al. (2008) evaluated the effect of CO2

enrichment on phytoplankton community. Different microbial species respond dif-
ferently to changes in environment. Also, by analysing evolutionary or physiological
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traits, it is difficult to predict the microbial response. Same microbial species may
respond differently for single strain community and multi-strain community. For
single strain communities, long-term CO2 enrichment experiments enhanced bio-
mass production. However, in multi-strain communities, the long-term CO2 enrich-
ment experiments lead to decline in CO2 fixation. The difference in responses might
be due to competitive interactions present in multispecies communities (Collins et al.
2008).

5.3.2 Effect of Drought and Increased Moisture on Carbon
Cycle Microbes

The impact of climate change on biogeochemical cycle not only depends on the
diversity and abundance of microorganisms but also on the prevalent environmental
conditions in the ecosystem (Bardgett et al. 2008). In forest ecosystem, increase in
severity and frequency of droughts will make the soil water deficient and dry.
Various studies have shown that the moisture content may decrease to the level
that it negatively affects microbial activity. The rate of decomposition and respira-
tion reduces. The activity of phenol oxidase and amount of fungal and bacterial
biomass also reduce (Nardo et al. 2004; Krivtsov et al. 2006). However, if similar
changes occur in wetland or peatland, the effect will be opposite. Increased dry
conditions will lower the water table in the region, thereby converting anaerobic soil
into aerobic. This change will favour degradation and microbial respiration. Studies
have shown that the activity of phenol oxidases increases (Freeman et al. 2004;
Zibilske and Bradford 2007). Wetlands and peatlands have huge stock of organic
matter. If the dry condition prevails, the level of oxygen in soil increases and CO2

efflux increases. At the same time, the activity of methanogens is inhibited. These
changes might have significant impact on global carbon cycle (Bardgett et al. 2008).

Global warming is leading to abrupt climate changes like increase in severity and
frequency of drought, increased rainfall and increased episodes of extreme climate.
Such changes in climate affect the global pattern for production and decomposition
of organic matter. Drought can change the carbon allocation in between roots and
foliage and thus can affect below-ground cycling of carbon and other nutrients.
Rhizosphere is a zone where interactions in between roots and root-associated
microorganisms take place. Drought can disrupt the various processes taking place
in rhizosphere. Sanaullah et al. (2011) studied the changes in the microbial biomass
and enzyme activity (xylanase, β-cellobiosidase, β-glucosidase, chitinase) in rhizo-
sphere of grasses, grown as monoculture and mixed culture. It was observed that
lesser carbon was allocated to shoot as compared to root. No trend was observed for
changes in microbial biomass in monoculture conditions. However, in mixed cul-
ture, there was an increase in microbial biomass. Unplanted soil showed most
adverse drought response with severe decline in enzyme activity of all the enzymes
studied. The enzyme activity was lower in mixed plantations as compared with
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monoculture. The enzymes studied (xylanase, β-cellobiosidase, β-glucosidase,
chitinase) are involved in decomposition of organic matter, and we can say that
due to drought, the decomposition process will be slower in mixed plantations as
compared with monoculture.

The response of microbes for change in moisture content also varies from region
to region. The microbes inhabiting dry and arid place will have lower capability to
respond to higher moisture content (Meisner et al. 2013). Due to climate change,
there will be not only increasing episodes of drought and flood but also pulsed rain
events where wet and dry spell will alternate. Studies have shown that microbial
community and their functioning change with wet and dry spell with transition
phases. The microbial activity is high during wet spell and lower during dry spell.
However, some studies have indicated that dry spell exposes old C pools, and during
wet spell, the microbial activity becomes so high that it is able to compensate the
reduction in activity during dry spell (Collins et al. 2008; Evans et al. 2012; Meisner
et al. 2013).

The duration of the study also has profound influence on the results. A study was
conducted in Mediterranean-type grassland ecosystem. The effect of natural process
of rainfall and dry period was studied. Short-term effects were studied for changes in
the structure and function of microbial community. It was observed that microbial
communities, especially bacteria, respond quickly for the rewetting for soil after a
dry period. Rainfall was quickly followed by pulses of release of nutrients like
carbon and nitrogen. Most of the abundant microbial communities (Actinobacteria,
Acidobacteria, Proteobacteria, Bacteroidetes, Firmicutes, Cyanobacteria,
Verrucomicrobia) showed strong correlation for moisture and available carbon.
Many studies have reported that microbial communities are resilient to changes in
moisture; however, most of them involve longer durations. Results can vary signif-
icantly with duration of the study (Cruz-Martínez et al. 2012).

5.3.3 Effect of Rise in Temperature on Carbon Cycle
Microbes

One of the effects of climate change predicted is the overall temperature of earth will
increase by 1–5 �C (IPCC 2007). It is generally believed that global warming will
increase the degradation of organic matter, and thus the C flux from terrestrial
ecosystems to atmosphere will increase. Increase in temperature can affect microbial
community composition as well as physiological functioning. Studies have shown
that bacteria play more important role in determining the rate of respiration as
compared with fungi (Keiblinger et al. 2010). Most of the warming studies have
shown that there is not much effect on microbial biomass due to rise in temperature.
However, the changes in microbial community composition are varied. They can be
change in fungal abundance, change in abundance of gram-positive bacteria,
decrease in gram-negative bacteria or no change in microbial community structure
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(Schindlbacher et al. 2011). A 5-year warming study was conducted in forest of
Achenkirch, Austria. No change was observed in terms of microbial biomass or
community structure over the entire period of the study (Schindlbacher et al. 2011).
Zhang et al. (2005) studied warming effect on tall grass prairie for 2 years. The
increase in fungal abundance was observed. Similar results were also reported by
Castro et al. (2010). However, the increase in fungal abundance was an indirect
effect caused due to changes in plant community. Warming may also lead to gradual
decline in available decomposable matter. This change may also alter community
composition. Thus, there are many direct and indirect factors affecting microbial
processes (Schindlbacher et al. 2011). The soil respiration rate and thus CO2 release
increased as a result of warming of soil. This change can be linked to higher turnover
rate and changes in substrate utilization by microorganisms. It was also observed that
microbes were under stress and their respiration rate increased (Schindlbacher et al.
2011). Another study was conducted for 7 years (2002–2009) at deciduous forest in
New England to evaluate the heating effect on CO2 emission and sequestration. In
warmed plots, temperature was maintained 5 �C more than the ambient temperature.
Ambient temperature varied from 20 �C in summer to �6 �C in winter. Rainfall was
evenly distributed. Increase in temperature promoted microbial activity, higher
degradation of organic matter was observed and thus CO2 emission increased.
Warming also increased the storage of carbon in plants as compared with control
plots. By the end of 7 years, the increased amount of carbon stored in plants was able
to offset the increased CO2 emission effect (Melillo et al. 2011).

Rise in atmospheric temperature or global warming has greatly affected the
microbial functioning as the microbial processes are temperature sensitive. Many
studies have explored the impact of rising temperature on soil microbes. However,
there is no clear trend. Results also vary with experimental conditions like duration
of study (short term or long term), or lab study or field study, single factor or multiple
factors, etc. (Classen et al. 2015). Most of the studies have reported that the
decomposition of organic matter and microbial respiration increase with rising
temperature (Bradford et al. 2008; Sistla and Schimel 2013). Possible reasons for
these changes can be changes in the structure of microbial community, substrate
availability, quality and quantity of litter and relative abundance of labile carbon
versus soil organic carbon (French et al. 2009). However, these changes can be for
short duration. With time, as the labile C pool decreases in soil, the microbial activity
also reduces. There might be change in microbial composition and functioning.
Microbes respond to these changes by adaptation, evolution and interactions. The
changes are diverse and complex (Bradford et al. 2008; French et al. 2009; Mandal
and Neenu 2012; Sistla and Schimel 2013; Gougoulias et al. 2014).

An important indirect effect of rising temperature is greater loss of moisture from
soil, creating drought-like conditions. Lack of moisture may negatively impact the
availability of nutrients. The fast-growing bacterial community is more prone to
adverse effect as compared with slow-growing fungal community. The changes in
fungal community composition are usually more evident as compared with bacteria,
showing better adaptability of fungi (Blankinship et al. 2011).
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5.3.4 Combined Effect of Different Climate Change Factors
on Carbon Cycle Microbes

Most of the studies have evaluated the effect of single factor while studying climate
change and biological systems. However, in real scenario, there will be more than
one factor affecting the environment. The net effect might be additive, antagonistic
or no change. In nature, the changes in climatic conditions will not be individualistic.
That is, changes in temperature will be overlapped with changes in CO2 concentra-
tion, precipitation and so on. Thus, it is important to study the effect of microorgan-
isms with variation in more than one abiotic condition. Effects of variation in
temperature (ambient, 3 �C), precipitation (wet and dry) and CO2 concentration
(ambient, 300 ppm) were studied on bacterial and fungal diversity in oil field
ecosystem (Mandal and Neenu 2012). Bacterial diversity increased in case of high
temperature and high CO2 concentration. The plots with high temperature and
ambient CO2 concentration showed decreased bacterial diversity. Fungal diversity
increased in plots with high temperature (Mandal and Neenu 2012).

Studies combining the effect of stress due to climate change have often reported
that microbial communities experiencing stress often trade growth for stress toler-
ance traits. Combined effect of warming (5 �C above ambient) and four freeze–thaw
cycles on soil microorganisms was studies at Hubbard Brook Experimental Forest in
the northeastern United States. The brown rot fungi and plant pathogens were
favoured by rise in temperature, while growth of arbuscular mycorrhizal fungi
(AMF) especially Glomus reduced. Warming and freeze–thaw cycle together pro-
moted animal pathogens (genera Trichosporon and Metarhizium) and AMF recov-
ered. The copiotrophic and cellulose degrading bacteria were also suppressed
(Garcia et al. 2020). A study by Sheik et al. (2011) evaluated the combined effect
of high temperature and drought on microbial communities of Oklahoma prairie soil,
USA. It was observed that during the periods of normal rainfall and increase in
temperature (2 �C above ambient), the microbial biomass increased by 40–150% but
diversity decreased; thus, the composition changed. During the period of drought,
the slight increase of 2 �C lead to severe drying of the soil and microbial population
decreased by 50–80%. However, there was no long-term effect on community
composition as species diversity, richness and evenness improved. May be under
stressed conditions, fewer phylotypes were active (Sheik et al. 2011). All the
physiological functions of the microorganisms are mediated through enzymes.
Studies have shown that during stress, there might be a change in resource alloca-
tion, preference being given to enzyme production. This will help in optimizing the
use of limited resources available (Steinweg et al. 2013). Microbial enzymes and
microbial biomass were measured in a study conducted in an old abandoned field at
Boston-Area Climate Experiment (BACE), USA. Combined effect of higher tem-
perature (4 �C above ambient), lower rainfall (50% of normal) and higher rainfall
(150% of normal) was evaluated. It was observed that microbial enzyme production
increased with increasing temperature, while microbial biomass decreased. Possible
reason can be allocation of resources for enzyme production changed. Thus, the
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popular view that changes in microbial biomass are followed by changes in micro-
bial enzyme production was challenged (Steinweg et al. 2013).

5.3.5 Effect of Extreme Climatic Events on Carbon Cycle
Microbes

Studies have shown that the frequency and severity of extreme weather events have
increased due to climate change. This is in addition to the gradual effect climate
change has on environmental conditions. The extreme weather events include heat
waves, frosts, extreme drought, heavy precipitation, wind storms, etc. The past few
years have witnessed many incidences of extreme weathers worldwide and also in
India. Tables 5.1 and 5.2 summarize few events related to climate change and
extreme events that occur worldwide and in India, respectively. Extreme weather
events are considered as disturbances or pulse events that last for a short duration but
have a strong impact on the surroundings. The effect can be categorized into four
types: direct and concurrent like reduced productivity due to drought, indirect and
concurrent like change in organic matter composition of soil due to forest fire caused
by lightening, direct and lagged effect like reduced flowering and fruiting due to loss
of fertile soil during flash floods and indirect and lagged effect like reduced produc-
tivity due to increased pest and pathogen population (Frank et al. 2015).

The ecosystems may experience huge fluctuations in their structure and function
due to exposure to extreme climate events. These disturbances can sometimes be
strong enough to cause abrupt change from one ecosystem state to another. Some-
times, ecosystems show good resistance and resilience (recovery) and are able to
maintain their original state after extreme climate pulse disturbance. If these distur-
bances reoccur, then changes are inevitable. Different microorganisms adapt to
different strategies to deal with disturbances. Members of phylum Actinobacteria,
commonly found in soils of dry regions, have high tolerance for desiccation or are
resistant to drying, while bacteria belonging to phylum Acidobacteria survive
drought as they are more resilient and recover fast owing to fast growth strategy
(Bardgett and Caruso 2020). Actinobacteria has oligotrophic characters and shows
low growth rate and higher efficiency for resource utilization, but is resistant to
change. Acidobacteria is copiotrophic, characterized by higher growth rate and
lower efficiency for using resources, being resilient (Bardgett and Caruso 2020).
Since there are many different types of extreme weather events, their effects also
vary accordingly. For example, drought has direct concurrent effect on reduced
enzyme activity of microbes. Recurrent droughts might alter the regional microbial
community composition favouring drought-resistant species. This in turn will impact
CO2 sequestration and emission. If the extreme event is flash flood, then the top
fertile soil is washed off, and the change in ecosystem can be so drastic that it might
not be able to recover to its original state (Frank et al. 2015).

5 Impact of Climate Change on Soil Microbes Involved in Biogeochemical Cycling 73



T
ab

le
5.
1

S
om

e
of

th
e
na
tu
ra
l
di
sa
st
er
s
oc
cu
rr
in
g
w
or
ld
w
id
e
du

e
to

cl
im

at
e
ch
an
ge

E
ve
nt

Y
ea
r

L
oc
at
io
n

D
et
ai
ls
of

ev
en
t

D
am

ag
e
oc
cu
rr
ed

R
ef
er
en
ce
s

W
or
ld

F
lo
od

s
20

20
In
do

ne
si
a

C
oa
st
al
ci
tie
s
of

In
do

ne
si
a
se
e
fr
e-

qu
en
tfl

oo
ds

du
e
to

ri
si
ng

w
at
er

le
ve
l

an
d
ex
ce
ss
iv
e
ra
in
fa
ll
ac
ro
ss

lo
ca
l

w
at
er
sh
ed
s

C
ap
ita
l
ci
ty

Ja
ka
rt
a
su
ff
er
s
fr
om

fl
oo

ds
ki
lli
ng

67
pe
op

le
an
d

di
sp
la
ci
ng

30
0,
00

0
pe
op

le

K
ar
yo

no
T
H
,V

al
e
R
,V

al
e
B
(2
01

9)
S
us
ta
in
ab
le
B
ui
ld
in
g
an
d
B
ui
lt

E
nv

ir
on

m
en
ts
to

M
iti
ga
te
C
lim

at
e

C
ha
ng

e
in

th
e
T
ro
pi
cs
:C

on
ce
pt
ua
l

an
d
P
ra
ct
ic
al
A
pp

ro
ac
he
s.
S
pr
in
ge
r

B
us
hfi

re
s

19
95

–

20
05

,
20

20

A
us
tr
al
ia

M
os
t
fi
re
-p
ro
ne

co
nt
in
en
ts
su
ff
er
ed

ex
tr
em

e
fi
re

in
20

20
.C

ha
ng

in
g
cl
i-

m
at
e
an
d
w
ar
m
in
g
ca
n
re
su
lt
in

dr
y

w
ea
th
er
,m

ak
in
g
th
e
sp
re
ad

of
sm

al
l

fi
re
s

M
an
y
sp
ec
ie
s
go

t
bu

rn
ed
,m

as
si
ve

lo
ss

of
lif
e
(a
ni
m
al
an
d
hu

m
an
)

oc
cu
rr
ed
,e
co
sy
st
em

w
as

co
m
pl
et
el
y

de
st
ro
ye
d

R
us
se
ll-
S
m
ith

J,
Y
at
es

C
&

W
hi
te
-

he
ad

P
et
al
.(
20

07
)
B
us
hfi

re
s
‘d
ow

n
un

de
r’
:P

at
te
rn
s
an
d
im

pl
ic
at
io
ns

of
co
nt
em

po
ra
ry

A
us
tr
al
ia
n
la
nd

sc
ap
e

bu
rn
in
g.

In
te
r
J
W
ild

la
nd

F
ir
e.
16

.
ht
tp
s:
//d

oi
.o
rg
/1
0.
10

71
/W

F
07

01
8

C
yc
lo
ne

20
19

S
ou

th
er
n

A
fr
ic
a

C
yc
lo
ne
s
Id
ai
an
d
K
en
ne
th

hi
tZ

im
-

ba
bw

e,
M
al
aw

i,
M
oz
am

bi
qu

e
of

so
ut
he
as
te
rn

A
fr
ic
a
si
m
ul
ta
ne
ou

sl
y.

Id
ai
ca
us
ed

m
as
si
ve

ra
in
fa
ll
re
su
lti
ng

in
m
ud

sl
id
es
,e
xt
en
si
ve

fl
oo

di
ng

an
d

co
lla
ps
in
g
of

da
m

D
es
tr
uc
tio

n
fr
om

w
in
d
an
d
hi
gh

-
in
te
ns
ity

ra
in
fa
ll,

da
m

fa
ilu

re
al
l

co
st
ed

liv
es

an
d
liv

el
ih
oo

d
de
st
ru
c-

tio
n
an
d
ec
on

om
ic
lo
ss

to
o

C
oo

k
N
(2
01

9)
C
yc
lo
ne
s
Id
ai
an
d

K
en
ne
th

in
S
ou

th
ea
st
er
n
A
fr
ic
a:

H
um

an
ita
ri
an

an
d
R
ec
ov

er
y

R
es
po

ns
e
in

B
ri
ef
.C

on
gr
es
si
on

al
R
es
ea
rc
h
S
er
vi
ce

D
ro
ug

ht
20

10
–

20
11

E
as
t

A
fr
ic
a

D
ro
ug

ht
ca
us
ed

by
na
tu
ra
lv

ar
ia
bi
lit
y

sh
if
ts
in

oc
ea
n
te
m
pe
ra
tu
re

an
d
ai
r

pr
es
su
re

in
20

10
go

t
m
or
e
en
ha
nc
ed

in
20

11
w
ith

ad
di
tio

n
of

A
nt
hr
op

oc
en
e
ac
tiv

iti
es
.C

lim
at
e

ch
an
ge

w
as

he
ld

re
sp
on

si
bl
e
fo
r

dr
ou

gh
t
w
hi
ch

ha
s
de
st
ro
ye
d
th
es
e

ar
ea
s
of

A
fr
ic
a

M
aj
or
ly
in
fl
ue
nc
ed

by
L
a
N
iñ
a
w
hi
ch

im
pa
ct
ed

m
an
y
co
un

tr
ie
s
br
ou

gh
t

dr
ou

gh
t
to

A
fr
ic
a.
E
ve
ry
th
in
g
fr
om

liv
es
to
ck

to
da
ir
y
an
d
ve
ge
ta
tio

n
go

t
de
st
ro
ye
d
re
su
lti
ng

in
fa
m
in
es

L
ot
t
F
C
,C

hr
is
tid

is
N
,S

to
tt
P
A

(2
01

3)
C
an

th
e
20

11
E
as
tA

fr
ic
an

dr
ou

gh
t
be

at
tr
ib
ut
ed

to
hu

m
an
-

in
du

ce
d
cl
im

at
e
ch
an
ge
?.
G
eo
ph

ys
R
es

L
et
t.
40

:1
17

7–
11

81
.d

oi
:h
ttp

s:
//

do
i.o

rg
/1
0.
10

02
/g
rl
.5
02

35

O
ce
an

ac
id
ifi
ca
tio

n
20

16
,

20
17

,
20

20

G
re
at
B
ar
-

ri
er

R
ee
f,

A
us
tr
al
ia

A
s
th
e
oc
ea
n
te
m
pe
ra
tu
re

ri
se
s,
it

re
su
lts

in
co
ra
l
bl
ea
ch
in
g.

T
he

co
ra
l

in
th
e
G
re
at
B
ar
ri
er

R
ee
f
ar
e
ve
ry

L
os
s
of

va
ri
ou

s
im

po
rt
an
ts
pe
ci
es

an
d

fo
od

fo
r
ot
he
r
m
ar
in
e
liv

es
ar
e
al
l

T
he

G
ua
rd
ia
n:

ht
tp
s:
//w

w
w
.

th
eg
ua
rd
ia
n.
co
m
/e
nv

ir
on

m
en
t/

20
20

/a
pr
/0
7/
gr
ea
t-
ba
rr
ie
r-
re
ef
s-

74 A. Singhal et al.

https://doi.org/10.1071/WF07018
https://doi.org/10.1002/grl.50235
https://doi.org/10.1002/grl.50235
https://www.theguardian.com/environment/2020/apr/07/great-barrier-reefs-third-mass-bleaching-in-five-years-the-most-widespread-ever
https://www.theguardian.com/environment/2020/apr/07/great-barrier-reefs-third-mass-bleaching-in-five-years-the-most-widespread-ever
https://www.theguardian.com/environment/2020/apr/07/great-barrier-reefs-third-mass-bleaching-in-five-years-the-most-widespread-ever


se
ns
iti
ve

to
te
m
pe
ra
tu
re

an
d
tu
rn

w
hi
te
un

de
r
he
at
st
re
ss

fr
om

w
at
er
.

T
hi
s
is
fr
eq
ue
nt
ly

oc
cu
rr
in
g
an
d

de
st
ro
yi
ng

th
e
w
ho

le
ba
rr
ie
r
re
ef

de
st
ro
ye
d
in

re
pe
tit
iv
e
bl
ea
ch
in
g
of

co
ra
ls

th
ir
d-
m
as
s-
bl
ea
ch
in
g-
in
-fi
ve
-y
ea
rs
-

th
e-
m
os
t-
w
id
es
pr
ea
d-
ev
er

A
lg
al
bl
oo

m
20

03
A
nt
ar
ct
ic
a

W
ith

in
th
e
5
km

of
pe
ng

ui
n
co
lo
ni
es
,

al
ga
l
bl
oo

m
ha
s
be
en

re
co
rd
ed

an
d

th
e
ni
tr
at
es

of
se
ab
ir
d
an
d
se
al
ex
cr
e-

m
en
t
ar
e
be
lie
ve
d
to

be
th
ei
r
fo
od

so
ur
ce
s.
T
hi
s
re
su
lts

in
po

te
nt
ia
l

w
ar
m
in
g
as

gr
ee
n
al
ga
e
do

no
tr
efl
ec
t

su
nl
ig
ht

co
m
pl
et
el
y,

an
d
th
is
co
ul
d

ca
us
e
te
m
pe
ra
tu
re

ri
se

an
d
m
el
tin

g
of

gl
ac
ie
rs

M
el
tin

g
of

A
nt
ar
ct
ic
a
gl
ac
ie
rs
co
ul
d

le
ad

to
ov

er
al
l
ri
se

in
w
at
er

le
ve
l

dr
ow

ni
ng

m
aj
or

co
as
tli
ne

ci
tie
s
an
d

de
st
ro
yi
ng

na
tu
ra
l
ha
bi
ta
t
of

A
nt
ar
ct
ic
a

K
ol

E
,F

lin
tE

A
(1
96

8)
A
lg
ae

in
gr
ee
n
ic
e
fr
om

th
e
B
al
le
ny

Is
la
nd

s,
A
nt
ar
ct
ic
a,
N
ew

Z
ea
la
nd

Jo
ur
na
l
of

B
ot
an
y,

6:
3,

24
9–

26
1,

D
O
I:
ht
tp
s:
//

do
i.o

rg
/1
0.
10

80
/0
02

88
25

X
.1
96

8.
10

42
88

10

E
ut
ro
ph

ic
at
io
n

20
16

A
us
tr
al
ia

It
re
su
lte
d
in

un
pr
ec
ed
en
te
d
w
at
er

le
ve
l
de
cl
in
e
in

lo
w
er

la
ke
s
of

M
ur
ra
y–

D
ar
lin

g
ba
si
n.

D
ue

to
dr
ou

gh
ts
,w

at
er

ac
id
ifi
ca
tio

n
ha
s

in
cr
ea
se
d
al
on

g
w
ith

sa
lin

ity
an
d

eu
tr
op

hi
ca
tio

n
pr
oc
es
se
s

T
hi
s
im

pa
ct
s
th
e
qu

al
ity

of
w
at
er

an
d

aq
ua
tic

bi
om

es
se
ve
re
ly
.A

nd
ge
ne
r-

al
ly

th
e
w
at
er

ca
nn

ot
be

us
ed

fo
r
an
y

ot
he
r
pu

rp
os
es

L
iS

,B
us
h
R
T
,M

ao
o
R
et
al
.(
20

16
)

E
xt
re
m
e
dr
ou

gh
t
ca
us
es

di
st
in
ct

w
at
er

ac
id
ifi
ca
tio

n
an
d
eu
tr
op

hi
ca
-

tio
n
in

th
e
L
ow

er
L
ak
es

(L
ak
es

A
le
xa
nd

ri
na

an
d
A
lb
er
t)
,A

us
tr
al
ia
.

J
H
yd

ro
l,
do

i:
ht
tp
s:
//d

oi
.o
rg
/1
0.

10
16

/j.
jh
yd

ro
l.2

01
6.
11

.0
15

W
ild

fi
re
s

20
19

A
m
az
on

In
B
ra
zi
la
nd

B
ol
iv
ia
,l
ar
ge

fi
re
s
to
ok

pl
ac
e
ex
ce
ed
in
g
co
m
m
un

ity
an
d

co
un

tr
y
ca
pa
ci
ty

E
xt
en
si
ve

lo
ss

of
ho

m
es
,l
os
s
of

co
m
m
un

iti
es

re
si
di
ng

in
th
e
de
ep

in
te
ri
or
,c
ro
ps
,l
iv
es
to
ck

an
d
w
at
er

su
pp

ly
sy
st
em

B
ra
nd

o
P
,M

ac
ed
o
M
,S

ilv
er
io

D
et
al
.(
20

20
)
A
m
az
on

w
ild

fi
re
s:

S
ce
ne
s
fr
om

a
fo
re
se
ea
bl
e
di
sa
st
er

H
ur
ri
ca
ne

20
20

A
tla
nt
ic

hu
rr
ic
an
e

A
se
ri
es

of
20

tr
op

ic
al
st
or
m
s
an
d

20
tr
op

ic
al
hu

rr
ic
an
es

an
d
1
m
aj
or

hu
rr
ic
an
e
oc
cu
rr
ed

in
th
e
A
tla
nt
ic

re
gi
on

in
th
e
fi
rs
t
ha
lf
of

20
20

M
or
e
th
an

1
bi
lli
on

do
lla
r
of

ec
o-

no
m
ic
lo
ss

ha
s
oc
cu
rr
ed
.1

00
pe
op

le
ha
ve

lo
st
th
ei
r
liv

es

N
at
io
na
l
hu

rr
ic
an
e
ce
nt
er

an
d
C
en
-

tr
al
P
ac
ifi
c
H
ur
ri
ca
ne

ce
nt
er

(2
02

0)
20

20
A
tla
nt
ic
H
ur
ri
ca
ne

se
as
on

.
A
cc
es
se
d
on

17
S
ep
te
m
be
r

5 Impact of Climate Change on Soil Microbes Involved in Biogeochemical Cycling 75

https://www.theguardian.com/environment/2020/apr/07/great-barrier-reefs-third-mass-bleaching-in-five-years-the-most-widespread-ever
https://www.theguardian.com/environment/2020/apr/07/great-barrier-reefs-third-mass-bleaching-in-five-years-the-most-widespread-ever
https://doi.org/10.1080/0028825X.1968.10428810
https://doi.org/10.1080/0028825X.1968.10428810
https://doi.org/10.1080/0028825X.1968.10428810
https://doi.org/10.1016/j.jhydrol.2016.11.015
https://doi.org/10.1016/j.jhydrol.2016.11.015


T
ab

le
5.
2

S
om

e
of

th
e
na
tu
ra
l
di
sa
st
er
s
oc
cu
rr
in
g
in

In
di
a
du

e
to

cl
im

at
e
ch
an
ge

E
ve
nt

Y
ea
r

L
oc
at
io
n

D
et
ai
ls
of

ev
en
t

D
am

ag
e
oc
cu
rr
ed

R
ef
er
en
ce
s

In
di
a

D
ro
ug

ht
20

04
–

20
10

B
un

de
lk
ha
nd

H
is
to
ri
ca
lly

dr
ou

gh
ts
oc
cu
rr
ed

ev
er
y
16

ye
ar
s
in

th
e
ni
ne
te
en
th

ce
nt
ur
y
in

B
un

de
lk
ha
nd

re
gi
on

,b
ut

w
ith

pa
ss
in
g
tim

es
,A

nt
hr
op

oc
en
e

ac
tiv

iti
es

ha
ve

br
ou

gh
t
ou

t
cl
im

at
ic

ch
an
ge
s
an
d
un

or
ga
ni
ze
d
de
ve
lo
p-

m
en
th

as
le
d
to

fr
eq
ue
nt

dr
ou

gh
ts
in

th
e
re
gi
on

,t
ha
ti
s,
fr
om

20
04

to
20

10
,t
hi
s
re
gi
on

fa
ce
d
dr
ou

gh
t
fr
e-

qu
en
tly

an
d
se
ve
re
ly
.A

lth
ou

gh
su
rr
ou

nd
ed

by
Y
am

un
a
R
iv
er

an
d

its
tr
ib
ut
ar
ie
s,
be
ca
us
e
of

te
m
pe
ra
-

tu
re

ri
se
,i
nc
re
as
ed

gr
ee
nh

ou
se

ga
se
s,
ur
ba
ni
za
tio

n,
et
c.
,d

is
as
te
rs

ha
ve

oc
cu
rr
ed

D
ro
ug

ht
s
ha
ve

ca
us
ed

cr
op

fa
ilu

re
an
d
ex
tr
em

e
de
bt
s,
re
su
lti
ng

in
th
e

de
at
h
of

m
or
e
th
an

40
0
fa
rm

er
s

be
ca
us
e
of

su
ic
id
e
an
d
st
ar
va
tio

n.
M
an
y
re
si
de
nt
s
ha
d
to

m
as
s
re
lo
-

ca
te
.F

ro
m

ex
tr
em

el
y
ri
ch
,l
us
h

gr
ee
ne
ry
,a
bu

nd
an
tw

at
er

an
d
gl
or
i-

ou
s
hi
st
or
y,

th
e
re
gi
on

ha
s

co
nv

er
te
d
in
to

its
po

or
es
ts
ta
te
w
ith

la
ck

of
fo
od

,w
at
er
,f
od

de
r
fu
el
,e
tc
.

w
ith

sp
ar
se

ve
ge
ta
tio

n.
A
lo
ng

w
ith

cl
im

at
ic
di
sa
st
er
,t
hi
s
is
al
so

a
so
ci
oe
co
no

m
ic
di
sa
st
er

G
up

ta
A
K
,N

ai
r
S
S
,G

ho
sh

O
et
al
.

(2
01

4)
B
un

de
lk
ha
nd

D
ro
ug

ht
:

R
et
ro
sp
ec
tiv

e
A
na
ly
si
s
an
d
W
ay

A
he
ad
.N

at
io
na
lI
ns
tit
ut
e
of

D
is
as
-

te
rM

an
ag
em

en
t.
N
ew

D
el
hi
,P

14
8

N
or
th

In
di
an

co
ld

w
av
es

20
10

–

20
11

U
tta
r

P
ra
de
sh
,

H
ar
ya
na
,

P
un

ja
b

A
ra
pi
d
de
cl
in
e
in

te
m
pe
ra
tu
re

w
ith

in
24

h
ca
lle
d
th
e
co
ld

w
av
es

w
as

fe
lt
se
ve
re
ly

in
no

rt
h
In
di
an

re
gi
on

.A
te
m
pe
ra
tu
re

dr
op

pe
d
to

m
in
us

26
de
gr
ee

in
K
as
hm

ir
an
d

L
eh

re
gi
on

,w
hi
le
M
ou

nt
A
bu

,
R
aj
as
th
an
,b

ec
am

e
th
e
co
ld
es
t

de
se
rt
w
ith

te
m
pe
ra
tu
re

dr
op

to
4.
2

de
gr
ee
s.

D
ue

to
la
ck

of
an
y
w
es
te
rn

di
st
ur
ba
nc
es
,t
he

co
ld

w
av
es

pe
rs
is
te
d,

re
su
lti
ng

in
th
e
de
at
h
of

65
0
pe
op

le

C
ol
d
w
av
es

da
m
ag
e
th
e
ag
ri
cu
ltu

re
an
d
liv

es
ki
lli
ng

65
0
pe
op

le
.M

an
y

vi
ru
se
s
an
d
in
fl
ue
nz
a
ar
e
be
lie
ve

to
pr
ev
ai
li
n
co
ld

pl
ac
es

m
or
e
ac
tiv

el
y,

so
th
es
e
w
av
es

po
se

po
te
nt
ia
lt
hr
ea
t

fo
r
ep
id
em

ic

B
ha
tla

R
,P

an
t
M
,S

in
gh

D
et
al
.

(2
02

0)
E
va
lu
at
io
n
of

co
ld

w
av
e

ev
en
ts
ov

er
In
do

-G
an
ge
tic

P
la
in

in
In
di
a.
J
A
gr
om

et
eo
ro
lo
gy

22
(2
):

23
3–

23
8

76 A. Singhal et al.



C
lo
ud

bu
rs
tin

g,
fl
as
h
fl
oo

ds
an
d

la
nd

sl
id
es

20
13

U
tta
ra
kh

an
d

C
lo
ud

bu
rs
tin

g
(e
xt
re
m
e
ra
in
fa
ll

>
10

0
m
m
/h
)
du

e
to

lo
ad
ed

m
on

-
so
on

cl
ou

d
co
m
in
g
fr
om

th
e
B
ay

of
B
en
ga
l
an
d
A
ra
bi
an

S
ea

ov
er

th
e

H
im

al
ay
an

be
lt
re
su
lte
d
in

ex
tr
em

e
fl
as
h
fl
oo

ds
on

th
e
hi
lls

of
U
tta
ra
kh

an
d
ca
us
in
g
m
as
si
ve

de
st
ru
ct
io
n.

T
he

C
ho

ra
ba
ri
G
la
ci
er

m
el
te
d
ab
no

rm
al
ly

fa
st
fl
oo

di
ng

th
e

M
an
da
ki
ni

R
iv
er

ca
us
in
g
th
is

de
st
ru
ct
io
n.

T
he

de
br
is
fr
om

al
l
th
e

fl
oo

de
d
ar
ea

bl
oc
ke
d
th
e
ro
ut
es

an
d

cu
t-
of
f
th
e
ar
ea

fr
om

ai
d
re
ac
h.

T
he

fl
oo

ds
al
so

tr
ig
ge
re
d
se
ve
re

la
nd

-
sl
id
es

ad
di
ng

fu
rt
he
r
to

th
e
m
is
er
ie
s

M
or
e
th
an

50
00

pe
op

le
w
en
t
m
is
s-

in
g,

an
d
th
e
de
at
h
to
ll
w
as

ar
ou

nd
57

48
.H

ug
e
lo
ss

to
lif
e
an
d
pr
op

er
ty

m
ak
in
g
pe
op

le
ho

m
el
es
s
an
d
cr
ea
t-

in
g
po

te
nt
ia
l
en
de
m
ic
si
tu
at
io
n

he
al
th
-w

is
e

P
ra
de
ep
ku

m
ar

A
P
,B

eh
r
F
J,
Il
liy

as
F
T
et
al
.(
20

14
)
P
ro
c.
2n

d
D
is
as
te
r,

R
is
k
an
d
V
ul
ne
ra
bi
lit
y
C
on

fe
re
nc
e

20
14

(D
R
V
C
20

14
)
24

–
26

A
pr
il

20
14

D
ep
to

fG
eo
lo
gy

,U
ni
K
er
al
a,

T
ri
va
nd

ru
m
,I
nd

ia
pp

.5
7–
64

IS
B
N

97
88

19
23

44
92

8

F
lo
od

s
20

14
Ja
m
m
u
an
d

K
as
hm

ir
D
ue

to
se
ve
re
ra
in
fo
ra
lm

os
ta

w
ee
k

an
d
ov

er
fl
ow

in
g
ch
an
ne
ls
,i
tc
au
se
d

fl
oo

ds
on

6
S
ep
te
m
be
r
20

14
in

J&
K
.T

he
po

ss
ib
le
ca
us
e
be
hi
nd

th
is

m
as
si
ve

di
sa
st
er

is
be
lie
ve
d
to

be
cl
im

at
e
ch
an
ge

ca
us
ed

by
A
nt
hr
op

oc
en
e
ac
tiv

iti
es

ov
er

ce
nt
ur
ie
s

30
%

of
th
e
st
at
e
w
as

su
bm

er
ge
d
in

fl
oo

d
ca
us
in
g
th
ou

sa
nd

s
of

pe
op

le
st
ra
nd

ed
in

th
ei
r
ho

m
e.
40

0
vi
lla
ge
s

w
er
e
fu
lly

su
bm

er
ge
d
an
d
22

25
vi
lla
ge
s
w
er
e
pa
rt
ia
lly

su
bm

er
ge
d

an
d
30

0
w
er
e
co
m
pl
et
el
y
cu
t-
of
f

fr
om

ot
he
r
pa
rt
s
of

th
e
ar
ea
.H

un
-

dr
ed
s
of

liv
es

w
er
e
ta
ke
n
an
d
re
sc
ue

w
as

ev
en

m
or
e
di
ffi
cu
lt
as

fl
oo

d
w
at
er

w
on

’t
go

do
w
n
at
al
l.
Jh
el
um

R
iv
er

w
as

fl
ow

in
g
1
m

ab
ov

e
its

em
ba
nk

m
en
ta
nd

sw
el
le
d
to

a
la
rg
er

sc
al
e
in

hu
nd

re
ds

of
sq
ua
re

km

T
ab
is
h
S
A
,N

ab
il
S
(2
01

5)
E
pi
c

T
ra
ge
dy

:
Ja
m
m
u
&

K
as
hm

ir
F
lo
od

s:
A

C
la
ri
on

C
al
l.
E
m
er
g

M
ed

(L
os

A
ng

el
)
5:

23
3.

D
oi
:

ht
tp
s:
//d

oi
.o
rg
/1
0.
41

72
/2
16

5-
75

48
.1
00

02
33

F
or
es
t
fi
re
s

20
15

–

20
16

U
tta
ra
kh

an
d

W
ild

fi
re
s
af
fe
ct
ed

th
e
13

di
st
ri
ct
s
of

th
e
st
at
e
of

U
tta
ra
kh

an
d.
T
he

ca
us
es

be
hi
nd

th
es
e
fo
re
st
fi
re
s
ar
e
be
lie
ve
d

to
be

dr
y
w
ea
th
er
,l
ow

m
oi
st
ur
e
an
d

T
hi
s
ha
s
da
m
ag
ed

ne
ar
ly

40
00

he
ct
ar
es

of
fo
re
st
co
ve
r,
de
st
ro
yi
ng

bi
om

es
an
d
fo
re
st
ec
os
ys
te
m
s

hu
ge
ly

an
d
ki
lli
ng

9
pe
op

le
an
d

D
al
ei
N
(2
01

6)
F
or
es
tF

ir
es

in
In
di
an

S
ta
te
of

U
tta
ra
kh

an
d.

E
ur
-

as
ia
R
ev
ie
w

(c
on

tin
ue
d)

5 Impact of Climate Change on Soil Microbes Involved in Biogeochemical Cycling 77

https://doi.org/10.4172/2165-7548.1000233
https://doi.org/10.4172/2165-7548.1000233


T
ab

le
5.
2

(c
on

tin
ue
d)

E
ve
nt

Y
ea
r

L
oc
at
io
n

D
et
ai
ls
of

ev
en
t

D
am

ag
e
oc
cu
rr
ed

R
ef
er
en
ce
s

hu
m
id
ity

an
d
de
fi
ci
t
va
po

ur
pr
es
-

su
re

th
at
al
lo
w

fi
re
s
to

sp
re
ad

un
co
nd

iti
on

al
ly
.T

he
he
at
w
av
es

in
th
e
su
m
m
er

in
th
e
st
at
e
ha
d
pr
o-

m
ot
ed

th
e
co
nd

iti
on

s
ev
en

m
or
e.

C
ar
el
es
sn
es
s
of

lo
ca
ls
as

w
el
l

un
su
pe
rv
is
ed

bu
rn
in
g
of

pi
ne

ne
ed
le
s,
lit
te
r,
et
c.
in

fo
re
st
w
ith

dr
y

cl
im

at
ic
co
nd

iti
on

s
ha
ve

co
st
ed

th
e

st
at
e
a
lo
t

in
ju
ri
ng

m
an
y.

G
la
ci
er
s
of

H
im

al
ay
as

ha
ve

al
so

be
en

af
fe
ct
ed

by
ca
rb
on

bl
ac
k
de
po

si
ts
fr
om

sm
ok

e,
an
d
be
ca
us
e
as
he
s
ha
ve

hi
gh

te
m
pe
ra
tu
re
-a
bs
or
bi
ng

ca
pa
ci
ty
,

th
ey

m
ay

ha
ve

en
ha
nc
ed

th
e
m
el
t-

in
g
of

gl
ac
ie
rs
.F

lo
w
in
g
w
at
er

m
ay

ha
ve

to
xi
c
po

llu
ta
nt
s.
10

,0
00

pe
op

le
ha
d
to

re
lo
ca
te
to

av
oi
d
th
e
fi
re

A
va
la
nc
he

20
16

S
ia
ch
en

G
la
-

ci
er

av
al
an
ch
e

In
F
eb
ru
ar
y,

an
av
al
an
ch
e
hi
tt
he

S
ia
ch
en

G
la
ci
er

re
gi
on

w
hi
ch

is
an

ex
tr
em

el
y
im

po
rt
an
tr
eg
io
n
be
tw
ee
n

In
di
a
an
d
P
ak
is
ta
n
bo

rd
er

10
so
ld
ie
rs
w
er
e
ki
lle
d
tr
ap
pe
d

in
si
de

th
e
sn
ow

w
ith

te
m
pe
ra
tu
re

be
lo
w
�4

5
de
gr
ee
s.
F
ro
m

19
84

,
87

0
so
ld
ie
rs
ha
ve

di
ed

du
e
to

th
es
e

m
aj
or

av
al
an
ch
es

hi
tti
ng

th
e
re
gi
on

W
ik
ip
ed
ia
co
nt
ri
bu

to
rs
.S

ia
ch
en

co
nfl

ic
t.
W
ik
ip
ed
ia
,t
he

fr
ee

en
cy
-

cl
op

ed
ia
.A

va
ila
bl
e
at
:
ht
tp
s:
//e
n.

w
ik
ip
ed
ia
.o
rg
/w
/in

de
x.
ph

p?
tit
le
¼S

ia
ch
en
_c
on

fl
ic
t&

ol
di
d¼

97
80

07
20

8.
A
cc
es
se
d

S
ep
te
m
be
r
16

,2
02

0

S
to
rm

du
st

20
18

N
or
th

In
di
a

H
ig
h-
ve
lo
ci
ty

du
st
st
or
m
s
sw

ep
t

ac
ro
ss

pa
rt
s
of

N
or
th

In
di
a.
D
us
t

st
or
m

in
iti
at
ed

in
m
on

so
on

se
as
on

an
d
th
un

de
rs
to
rm

fo
re
ca
st
w
ith

hi
gh

w
in
ds

w
er
e
pr
ed
ic
te
d,

ye
t
st
or
m

ca
m
e
in

pe
ri
od

of
hi
gh

te
m
pe
ra
tu
re

an
d
in
cr
ea
se
d
w
ea
th
er

in
te
ns
ity

M
an
y
pe
op

le
w
er
e
ki
lle
d
in

U
P
,

R
aj
as
th
an
,a
nd

ot
he
r
st
at
es

of
N
or
th

In
di
a.
H
ug

e
am

ou
nt

of
de
br
is

br
ou

gh
ta
lo
ng

w
ith

th
e
st
or
m
ca
us
ed

m
or
e
de
st
ru
ct
io
n
to

liv
es
,i
nf
ra
-

st
ru
ct
ur
e,
et
c.

G
up

ta
S
(2
01

8)
M
or
e
th
an

11
0
ki
lle
d
by

hi
gh

-i
nt
en
si
ty

du
st

st
or
m

in
In
di
a.
C
N
N
.R

et
ri
ev
ed

3
M
ay

20
18

.A
cc
es
se
d

16
S
ep
te
m
be
r2
02

0

F
la
sh

fl
oo

ds
20

18
K
er
al
a

M
as
si
ve

de
st
ru
ct
io
n
ca
us
ed

du
e
to

he
av
y
pr
ec
ip
ita
tio

n
re
su
lti
ng

in
fl
as
h
fl
oo

ds
an
d
sp
ill
in
g
of

da
m
s
in

K
er
al
a
in

20
18

T
ho

us
an
ds

of
liv

es
an
d
liv

es
to
ck

an
d
an
im

al
s
w
er
e
w
as
he
d
aw

ay
or

de
ad
.T

he
ca
ta
st
ro
ph

e
is
ex
tr
em

e
in

th
e
pa
st
10

0
ye
ar
s

S
ri
va
st
av
a,
S
ai
ki
a
P
,P

an
de
y
A
C

et
al
.(
20

20
)
E
va
lu
at
in
g
th
e
20

18
ex
tr
em

e
fl
oo

d
ha
za
rd

ev
en
ts
in

K
er
al
a,
In
di
a.
R
em

ot
e
S
en
si
ng

L
et
te
rs
11

(5
):
43

6–
44

5

78 A. Singhal et al.

https://en.wikipedia.org/w/index.php?title=Siachen_conflict&oldid=978007208
https://en.wikipedia.org/w/index.php?title=Siachen_conflict&oldid=978007208
https://en.wikipedia.org/w/index.php?title=Siachen_conflict&oldid=978007208
https://en.wikipedia.org/w/index.php?title=Siachen_conflict&oldid=978007208
https://en.wikipedia.org/w/index.php?title=Siachen_conflict&oldid=978007208
https://en.wikipedia.org/w/index.php?title=Siachen_conflict&oldid=978007208


In
va
si
on

of
de
se
rt
lo
cu
st
s

20
20

R
aj
as
th
an
,

P
un

ja
b
an
d

G
uj
ar
at

In
va
si
on

of
lo
cu
st
s
oc
cu
rr
ed

in
A
pr
il
20

20
in

R
aj
as
th
an
,G

uj
ar
at
,

P
un

ja
b
an
d
so
m
e
pa
rt
of

D
el
hi
.

L
oc
us
t
sw

ar
m

in
gr
ou

p
an
d
ar
e

gl
ut
to
no

us
in
se
ct
s
co
ns
um

in
g
2
g/

ea
ch

of
th
e
cr
op

s.
T
he
y
us
ua
lly

br
ed

in
hi
gh

hu
m
id
ity

w
ith

w
in
d
an
d

er
ra
tic

ra
in
fa
ll.

A
s
th
e
co
un

tr
y
ha
d

m
an
y
ra
in
fa
lls

du
e
to

va
ri
ou

s
lo
w

pr
es
su
re

di
st
ur
ba
nc
es

fr
om

th
e
w
es
t

(m
id
-w

es
t
A
tla
nt
ic
O
ce
an
),
it
cr
e-

at
es

a
pe
rf
ec
tb

re
ed
in
g
gr
ou

nd
fo
r

lo
cu
st
s.
T
he
se

in
se
ct
s
tr
av
el
at
10

0–
20

0
km

/d
ay

an
d
co
ns
is
to
f5

0–
10

0
b

lo
cu
st
s
pe
r
gr
ou

p

M
as
si
ve

de
st
ru
ct
io
n
to

cr
op

fi
el
ds

an
d
hu

ge
da
m
ag
e
to

fo
od

pr
od

uc
-

tio
n
in
du

st
ri
es
.S

ev
er
e
lo
ss
es

to
fa
rm

er
s
fi
na
nc
ia
lly

.T
he
se

ou
tb
re
ak
s

ha
ve

be
en

pr
ov

in
g
a
gr
ea
t
th
re
at
to

fo
od

se
cu
ri
ty

an
d
ar
e
fr
eq
ue
nt
ly

oc
cu
rr
in
g
be
ca
us
e
of

se
ve
re

cl
im

at
e

ch
an
ge

es
pe
ci
al
ly

fr
eq
ue
nt

ra
in
fa
ll,

us
ua
lly

as
a
re
su
lt
of

hi
gh

hu
m
id
ity

S
an
ka
r
P
M
,S

hr
ee
de
va
se
na

S
(2
02

0)
D
es
er
t
L
oc
us
ts

(S
ch
is
to
ce
rc
a
gr
eg
ar
ia
)
–
A
G
lo
ba
l

T
hr
ea
te
ni
ng

T
ra
ns
bo

un
da
ry

P
es
t

fo
r
F
oo

d
S
ec
ur
ity

.R
es
ea
rc
h
T
od

ay
S
pl
.2

(5
):
38

9–
39

1

5 Impact of Climate Change on Soil Microbes Involved in Biogeochemical Cycling 79



5.3.6 Impact of Climate Change on Plant and Soil Microbe
Interactions

Climate change has led to increase in temperature and thus, at some places, the plants
are migrating to higher latitudes. The changes are drastic that the whole ecosystem
has changed. For example, in the Arctic, woody shrubs have been replaced by
grasses (Pearson et al. 2013). In soil, many microbial communities are closely
associated with plants. This relationship is mutually beneficial and sometimes can
have a great influence in terms of adaptation and survival. Changes in plant com-
munity in a region can affect microbial communities in many different ways. The
microbial community might follow the migration of plant species, or it might
migrate deep in soil, or there might also be redistribution of microorganism. In
some cases, the microbial community composition changes and the new species
emerge as dominant. Such changes in microbial communities affect not only soil
carbon balance but also functioning and survival of plants. Changes in microbial
community might also play some role in controlling the plant community structure
and its resistance to disturbances and resilience (Classen et al. 2015).

5.4 Nitrogen Cycle and Microorganisms

Nitrogen reserves are available in abundance in air, in rock deposits and from living
and dead organic matter. It is an important element required for synthesis of cellular
components for all living beings. Nitrogen cannot be utilized directly by plants in its
atmospheric form, hence requiring a more reactive form of nitrogen (Buresh et al.
1980).

The nitrogen cycle is one of the most important biogeochemical cycles on earth. It
cycles the flow of nitrogen from atmosphere into ecosystems, both marine and
terrestrial, through nitrogen fixation and finally returned to the atmosphere through
denitrification (Wan et al. 2005). The fixed nitrogen is subsequently converted into a
wide range of proteins and nucleic acids and oxidized compounds by microbes
(Arnone 1999; Wan et al. 2016). Nitrogen cycle involves six distinct processes,
mediated by microbes that proceed in an orderly fashion. Various processes like
nitrogen fixation, nitrification, assimilation, ammonification and denitrification form
the whole nitrogen cycle (Pajares and Bohannan 2016). Figure 5.2 shows details of
nitrogen cycle.

Nitrogen fixation may be natural or industrial. In the natural process, nitrogen-
fixing bacteria play a major role in nitrogen cycle as about 90% of nitrogen fixation
happens due to them (Hu et al. 2016). These microbes are divided majorly into two
groups. First, a symbiotic species that use root nodules of selective plants to live,
mainly legumes, for example, Rhizobium, Frankia and certain species of
Azospirillum. The second species live without host and freely and are found in soil
systems and aquatic biomes, for example, Cyanobacteria: Anabaena, Nostoc,
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Azotobacter, etc. (Allison and Treseder 2008). Nitrogen fixation and nitrification are
the processes leading to the formation of nitrate and ammonia. Nitrogen in the form
of nitrate and ammonia is utilized by the plants and animals and the process is called
assimilation. Plants absorb nitrogen through their roots and integrate them as pro-
teins and nucleic acids. Animal use these by eating plants (Barnard et al. 2005a, b).
Ammonification is the process where the organic nitrogen formed in the process of
assimilation is converted into ammonia and hence becomes available for further
nitrification and assimilation (Manning and Tiedemann 1995).

Nitrification is the biological conversion of ammonia to nitrate nitrogen. This
usually takes place in two steps. In the first step, the microbes called Nitrosomonas
convert ammonia and ammonium to nitrate, and then in the second step, the
microbes called Nitrobacter convert nitrite to nitrate. The process is very rapid as
these bacteria are aerobic and require dissolved oxygen of 1.0 mg/L or more for
conversion. Denitrification is an anaerobic process in which nitrates are biologically
reduced to nitrogen gas and released in air. The facultative and heterotrophic
microbes are required for the process. This process occurs when oxygen is almost
depleted (less than 0.5 mg/L). Nitrates act as oxygen source, are broken to gain
oxygen and are converted to nitrous oxide released into air (Jiang et al. 2019).

5.4.1 Effect of Human Activities on Nitrogen Cycle

Anthropogenic activities have influenced the nitrogen cycle. Alteration in available
nitrogen for plants has limited the growth of the plants as well as decreases its
nutrient content in some region, mainly temperate and boreal. This problem is
resolved by applying fertilizers into soil, which had initially increased the production
of crops and plants. However, the bulk (80%) of N fertilizer applied in the field is
washed off with run-off water or is lost as gas emissions and goes into the environ-
ment. At present, industrial fertilizers play a major role in providing nutrients to crop
plants and about 50% food production depends on them. Use of industrial fertilizers
and legume cultivation has increased the nitrogen addition to the environment to
double. These increased quantities of plants sequestered the atmospheric carbon into
the system and are believed to be the only positive effect of human activities on
nitrogen cycle (Rakshit et al. 2012). The dumping of nitrogen especially in the form
of fertilizers has led to the build-up of reactive N species in the environment and can
have a toxic effect on humans as well as plants and animals. Thus, it is important to
understand the various processes of nitrogen cycle so that agricultural practices can
be improved, thereby minimizing detrimental effect of dumping of N in environment
(Wallenstein and Hall 2012).
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5.4.2 Effect of Enhanced CO2 on N Cycle Microorganisms

In the process of plant growth and species diversity, CO2 plays a crucial role. Studies
reveal that rise in atmospheric CO2 concentration has led to increased carbon from
the atmosphere into the plants (Nie et al. 2014). It also enhanced the carbon content
into the soil through rhizodeposition, leading to an increase in the organic matter
content of soil. This would lead to further carbon sequestering causing simultaneous
increase in nitrogen sequestration. Sequestered nitrogen will not be available for
plant absorption and hence will gradually limit the plant productivity in terrestrial
ecosystem (Hoosbeek et al. 2004). However, some studies also reveal that the soil
carbon is not affected by change in CO2 despite higher C inputs (Jensen et al. 2003).
The impact of rising CO2 is hard to predict without a good knowledge of interaction
between carbon (C) and nitrogen (N) cycles (Phillips et al. 2012; Zang et al. 2015).
There have been cases in which CO2 has been responsible for enhanced N retention
and decrease in leaching of nitrates and denitrification process (Phillips et al. 2006,
2009). In some other cases, increase in CO2 has enhanced the process of leaching of
nitrates and denitrification (Phillips et al. 2006). This increased CO2 also increases
the length and density of roots of the plants, hence also improving the N intake
(nitrate and ammonium) of plants (Barnard et al. 2005a; Castro et al. 2010; Das and
Mangwani 2015) and altering the N pool in soils (Björsne et al. 2014). N cycle
processes like nitrification and denitrification are influenced by elevated CO2 con-
centrations and in turn impact inorganic N concentrations in soil, leaching of nitrate
and emission of N2O (Cantarel et al. 2011; De Vries and Shade 2013). It is also
important to understand the effect of elevated CO2 on microbial N biomass because
N immobilization in microbial biomass can have impact on plant productivity
especially in N-limited ecosystems (De Vries and Shade 2013). Elevated CO2 may
have a good effect or no effect on soil microbial biomass of N. Change in microbial
biomass is seen due to addition of fertilizers and hence the fertilizer-free soil has
microbes insensitive to elevated CO2 (Hartwig et al. 2002; Nowak et al. 2004;
Fuchslueger et al. 2014). Studies also reveal that elevation in CO2 is also responsible
for increased root exudation which leads to more N immobilized in microbial
biomass (Touceda-González et al. 2017). When the demand for N increases by
heterotrophic bacteria, it tends to decrease the ammonium availability for nitrifiers
and availability of soil nitrates (Cao et al. 2016). Root exudation results in miner-
alization of N as microbial cells and ammonium content in the soil increase (Paterson
et al. 1997). Increased rate of mineralization can also promote nitrification and as a
result soil nitrate concentration is modified (Zheng et al. 2008). Water availability is
also affected by change in CO2 concentration due to decrease in the rate of passage
of CO2 entering, or water vapour exiting from plants, also known as stomatal
conductance. When this occurs for long period, it results in increase in denitrification
process and loss in N reserves of soil (Zheng et al. 2008).

Due to human intervention and plants grown in fields, agricultural soils have a
huge impact on global carbon and nitrogen cycles. For example, emission of nitrous
oxide increases tenfold in cultivated soils as compared with conventional tillage
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practices (Robertson et al. 2000). From an agricultural viewpoint, elevated CO2

concentration can alter the crop productivity and sustainability by improving N-use
efficiency (Gamper et al. 2004; Nowak et al. 2004; Chen et al. 2017a, b). Due to
increased CO2, increase in fungal abundance and diversity has been observed in
semi-arid regions. In dryland agricultural systems, the N cycle processes continue
even under dry conditions, and the low N content of soil is the limitation for N
availability (Schimel 2018; Li et al. 2020).

5.4.3 Effect of Enhanced Temperature on N Cycle

Microbial growth and enzyme activity are influenced by changes in temperature.
Thus, change in temperature affects physiological processes like mineralization rate,
growth of plants especially roots, diversity of plants and their distribution. Water
occupies 70–90% of cell mass of microbes. Due to the warming and fluctuations in
water level, it affects the soil microbial community in arid and semi-arid ecosystems.
Warming induces water stress in soil microorganism and reduces their biomass. It is
also responsible for decrease in the growth of plants which hugely impact the growth
of soil microbes following which the nutrient content is reduced significantly
(Pendall et al. 2004; Abbasi and Müller 2011; Xu et al. 2019). Impact of nitrogen
on soil microbial communities also depends on water, as water and nitrogen have
collective impact on microbes of nitrogen cycle. Higher water availability can
improve the response of N cycle microbes. This is more prominently seen in
temperate grasslands as water is limited in such ecosystems. In a case study, it is
revealed that annual precipitation can drastically modify warming effects on
microbe’s community soil fungi in soil of meadows–steppe (Eckersten et al. 2001;
Arcand et al. 2013). The microbes were stimulated by N addition or warming only in
the presence of water and showed no response in the absence of it. This proves that
water is primarily a limiting factor, and the warming effect of the functioning of
microbes is dependent on the amount of water available (Kool et al. 2011; Rütting
and Andresen 2015). Water stresses offer a very adverse growing condition and
hinder activities in most organisms (Diao et al. 2020; Lafuente et al. 2020). Soil
microbes constantly undergo a water stress environment and may get better adapted
to drought environment. Hence, they become resistant to water stress. In semi-arid
and steep desert sites soil microbes do not respond to warming much. Also, if
microbes are not killed in the process of increased warming, it is seen that microor-
ganisms lead to higher enzyme activities and increase in assimilation of nutrients
(Chen et al. 2017a, b; Zhang et al. 2017). With the advancing world, high-latitude
biomes, such as boreal and temperate ecosystems, experience the swiftest rates of
impact of warming due to increased emission of harmful greenhouse gases. The
impact of warming is also seen in snow-prone areas (Magill et al. 2000; Garrett et al.
2006; Caldwell et al. 2007; Butterly et al. 2015).

Microbial taxa show resistance to climate change conditions such as warming
(Zak et al. 2011; Eldridge et al. 2020). Wood decay fungi which decompose the
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components of dead plants, such as cellulose, hemicellulose and lignin, have higher
sensitivity to changes in temperature (Ainsworth and Long 2005; Choi et al. 2005;
Maestre et al. 2013). Mycorrhizal fungi which live in living plant roots, exchanging
nutrients from plant to soil, are comparatively less sensitive and can have both
positive and negative responses to rise in temperature depending upon how this
influences the soil and plant factors like nutrient and moisture present in soil and
physiology of plants (Iversen 2010). Decomposition rate of microbes also increases
with warming resulting in more soil carbon content (Garcia et al. 2020).

In snow-free months of a year, increases in carbon and nitrogen concentration
take place as organic matters of soil decompose. But these effects tend to reduce
during winter months under the increased freeze and thaw. It is also found that
increase in freeze and thaw cycle disturbs the microbial plant interaction in N cycle
processes and inorganic N availability is enhanced. Like warming, few microbial
taxa can acclimate to freezing conditions. Different species have different levels of
tolerance towards freezing. Since there are multiple functional groups of microbes
involved in various processes of N cycle, like decomposition, nitrification and
denitrification, it is hard to predict the behaviour of overall functional groups in
the influence of change in climate (Yergeau and Kowalchuk 2008; Dooley and
Treseder 2012). Most of the studies conducted are on biomes from artic, boreal or
temperate regions as they usually have more impact from global climatic change like
increase in temperature at higher elevation (French et al. 2009; Wan et al. 2016). A
study on shrub land ecosystems has showed that there is an increase in soil
respiration due to warming (French et al. 2009).

A high variability of mineralization of N is observed under the influence of
warming. But as there is a lack of direct connection among temperature and N
mineralization, the occurrence of processes on nitrogen cycle is terribly slow and has
little impact on the N cycle. The influence of temperature on soil respiration controls
carbon balance more in the short term rather than N mineralization controlled by
water. In extreme temperature as N mineralization becomes unresponsive due to lack
or excess of water, this promotes the N limitation process impacting both plant and
microbial growth and also limits carbon sequestering as mentioned before. Higher
increase in temperature may influence the soil moisture impacting the water-
dependent process of N mineralization which would further cause increased N
leaching and C sequestration.

Warming induces stress in microbial communities under various biogeochemical
cycling; thus, there are physiological trade-offs and there is reallocation of resources
in between growth and survival mechanisms. During growth seasons, the composi-
tion of soil microbial community tends to move towards fast-growing species that
use less carbon (CO2). These species are decomposers of cellulose and polysaccha-
rides from plants as C sources and release CO2 in huge amount in the atmosphere.
Microbial activity may also decline with the drop in soil moisture as the growth of
microbes is dependent on moisture availability. Higher temperature during growing
season and freeze–thaw cycles of winter combined together negatively impact the
biogeochemical cycles, by decreasing the amount of extractable organic C and N in
soils. Moreover, a reduction in enzyme activities, respiration and biomass of
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microbes is also seen. A compounded suppression under stressful temperature
conditions can occur, if there is biomass decrease in active microbes or if they
exchange their traits which help them decompose with traits allowing them to adapt
to temperature fluctuations. The traits which allow them to be more tolerant in these
stress conditions include dehydration capacity, osmolyte production, thick cell walls
and shock resistance proteins, C-storage vesicles. In the coming years, high grass-
land ecosystems are going to face more temperature rise, and by 2100 the temper-
ature is going to rise by 3–8 �C.

5.4.4 Effect of Drought and Increased Precipitation
on N Cycle

Droughts or lack of precipitation causes immense stresses in all living organisms
especially soil microbes. Sometimes, droughts or lack of precipitation is also
responsible for making them extinct (Fierer et al. 2005). The presence or lack of
water plays an important role in physiology of plant communities and in regulating
soil microbial activities. Drought and wet–dry cycles create immense challenge and
bring out physiological stress in microbes as microbial population vitality and
composition are altered by various factors like reduction in water and nutrient due
to warming. Soil microbes have tendency to adapt to their immediate surrounding by
undergoing osmosis when stressed due to drought, in the process of which they tend
to retain water in their cells as the surrounding dries up. Fungi, although more
drought-prone than bacteria, were found to be more repressed than bacteria in a
study of grassland ecosystem. This was seen mainly due to increase in salinity and
alkalinity of soil present as this change favours fungi growth. Also bacteria tend to be
better at tolerating high salt concentrations and hence are more resistant to drought
caused by warming (Niklaus et al. 2001; Bai et al. 2013). Other studies have revealed
that microbes have positive reaction in response to increase in nitrogen when there is
availability of water or lack of water stress; hence, this shows that although nitrogen
have power of limiting the growth of microbes, its effects are highly dependent on
change in precipitation. Increase in precipitation can incorporate nitrogen in soil and
enhance the enzyme activities of microbes as water is necessary for nutrient distri-
bution and renewal of soil (Rengel and Marschner 2005; Wan et al. 2016). Precip-
itation tends to release the microbes from there tensed state in drought conditions by
replenishing the soil with resources. Hence, precipitation and drought take place
alternatively.

The effect of drought can be seen on both nitrogen and carbon cycles although the
impact is different. Mineralization increases in nitrogen cycle as the dry soil is
wetted due to precipitation. The rewetted soils are rich in nitrogen and fuel the
re-growing microbes with excess nitrogen, leading to nitrogen mineralization. Bac-
terial osmolytes and dead microbes are responsible for nitrogen-rich substrates that
enhance the nitrogen content in soil. Fungi produce trehalose and polyols, which are
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nitrogen-free osmolytes that hinder the mobilization on rewetting (Robertson et al.
2000; Garrett et al. 2006; Butterly et al. 2015). Nitrification is sensitive to drought
conditions, and the available ammonia is constrained in dry soils, but with the
occurrence of precipitation, the rewetted soil generates a mass of nitrogen, showing
a saturated state in the soil surrounding. In dry soil, ammonia is the dominant form of
nitrogen, but post rewetting, a swift increase in nitrification is seen which allows a
flux of nitrogen in gaseous form. Hence, drying–rewetting changing aspects appear
to have disproportional effects on nitrogen losses (Ainsworth and Long 2005; Zak
et al. 2011; Delgado-Baquerizo et al. 2013; Eldridge et al. 2020).

Drylands (arid, semi-arid and dry–subhumid ecosystems) provide ecosystem
services like cattle raising and wool, meat and food production. Due to prevalent
dry conditions, these ecosystems are more vulnerable to climate change. The change
in precipitation and temperature rise has encouraged expansion of dryland and is
expected to cover 10% of earth’s surface by the end of this century (Smucker et al.
2007; Dong et al. 2010; Mueller et al. 2015). In these ecosystems, soils are generally
deficient in nutrients; thus, nitrogen concentration plays an important role in deter-
mining net primary production and decomposition of organic matter. Dryland
ecosystems are major contributor for gaseous N emissions and account for 30% of
global emissions. Surface soil communities of drylands are comprised of mosses,
lichens and cyanobacteria as they occupy open spaces between plant canopies
(Gruza et al. 1999; McMichael et al. 2006; Rajkumar et al. 2013). Water availability
is considered as an important parameter along with temperature for N cycle
microbial-mediated processes. The various processes of N biogeochemical cycle
like N fixation, production of dissolved organic N, nitrification and emission of gases
are mediated and influenced by microbes growing in dryland soils.

5.4.5 Effect of Extreme Weather Events on N Cycle
Microorganisms

Extreme weather events like waterlogging and extreme droughts put a severe impact
on biomes by changing patterns of water availability to plants and microbial
communities and also the physiochemical properties of soil. Changes in soil struc-
ture and pH brought by these weather events affect the availability of soil nutrients
and cause changes in microbially mediated processes in biogeochemical cycles
(Rosenzweig et al. 2001; Kumar et al. 2003; Coelho et al. 2013). According to
recent researches, the community and functions of microbes show variable response
to varying weather phenomena. Microbial community might be resistant to the
various changes brought out by extreme weather events, and the ecosystem func-
tioning is not believed to be affected by community changes in microbes. It is
important to understand the microbial responses in terms of both community and
functioning as these play a major role in the working of nutrient cycles and their
sinking and pooling of the nutrient compounds (Zepp et al. 2007; Bowker et al.
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2011; Castillo-Monroy et al. 2011). Along with weather events like drought and
floods, one extreme weather event is wildfires or fire in general. Wildfire caused by
extreme dry weather or any other anthropogenic activities also impacts the N cycle
processes channelized by microbes. Severe fire tends to modify the properties of soil
such as its biological, physical and chemical parameters, depending on temperature
peak and its duration and soil’s initial conditions, and negatively impacts the soil
microbes too. Ash accumulated post fire changes the pH of soil and nitrogen gets
volatized at temperature above 200 �C (Neary et al. 1999; Dooley and Treseder
2012). Nutrient availability is equally impacted and stays affected for many years
post fire destruction. In some researches, it is also seen that N mineralization actually
increases initially, increasing the inorganic N content in soil, but then tends to
decrease approx. after 6 months into its original state. N mobilizes, causing leaching
of nitrite oxide (NO3�) through soil later post any fire event (Moreno-Jiménez et al.
2020).

5.5 Conclusions

Microbial processes associated with biogeochemical cycles play an important role in
global fluxes of key greenhouse gases like CO2, CH4 and N2O. These microbial
processes are influenced greatly by climate change. These changes can be either
positive (increased cell biomass and/or enhanced physiological functioning) or
negative (decreased cell biomass/or reduced physiological functioning). Depending
upon the response of the microorganisms, they either can help in maintaining the
ecological balance and mitigating the effect of climate change or can aggravate the
problem. Thus, it is necessary to study the changes caused due to climate change on
microbial processes associated with biogeochemical cycles. This aspect must be
incorporated in the models predicting the impact of climate change and mitigation
measures, only then the results will be more realistic and meaningful. Most of the
studies conducted have taken into account the effect of one factor. However, in
nature, all the physical factors exert their influence at any given point of time. Thus,
it is necessary to conduct more studies that mimic natural conditions as much as
possible as the interactive effect of various climatic factors will be different from
single factor effect. Moreover, due to climate change, incidences of extreme weather
events have increased, but very few studies have been conducted in this direction.
Thus, future studies should also take into the account the effect of extreme weather
event.
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Chapter 6
Climate Change with Its Impacts on Soil
and Soil Microbiome Regulating
Biogeochemical Nutrient Transformations

Kristina Medhi, Richa Bhardwaj, and Raj Laxmi

Abstract Global climate change has displayed prominent impact on the distinct
nutrient transformations carried out in the soil ecosystem. Climate change intensifies
seasonal variations and could even exaggerate to extreme actions. Carbon, nitrogen,
phosphorus, sulfur, and potassium are the essential macronutrients essential for the
survival and development of living beings. These nutrients are being cycled within
the biosphere through the biogeochemical networking supported by diverse and
versatile soil microbial populations. The soil environment as well as the biological
reactions concerning nutrient availability occurring in soil regimes is considerably
disturbed under the collective effects of climate change, biological invasions, and
anthropogenic alterations of the environment. The soil microbiota are the originators
and extenuators of the greenhouse gases (GHGs) represented as the chief contribu-
tors to the ongoing global warming. Environmental nutrient variability is an integral
part of unavoidable disturbances. Sustainable agriculture management strategies
such as no tillage, crop rotations, and soil organic amendments could not only assist
in preventing nutrient loss but also encourage nutrient management making farmers
and their agricultural practices smart.
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6.1 Introduction

Global climate change is the most burning and challenging issue worldwide as its
characteristic feature depicts the burning of the planet Earth. It is immensely and
strongly being discussed by environmentalist, microbiologists, politicians, business-
man, artists, the society, and mass media worldwide. Even children of smaller age
are aware of this impending truth and participate wholeheartedly to save their
Mother Nature. Presently, anthropogenic activities related to industrialization and
globalization have led to the excessive use of fossil fuels, the chief contributors to the
ongoing global warming. Climate change might be naturally induced or humanly
induced. Climate is a complex but an interactive system that describes the long-term
average weather conditions prevailing at a particular region basically comprising
temperature, precipitation, pressure, and wind (Abatenh et al. 2018). It connects the
atmosphere, lithosphere, hydrosphere, and biosphere and is determined by the
Earth’s movement. Our planet is encircled by a blanket of gases to keep the planet
warm permitting plants, animals, and microbes to thrive in it. However, in recent
years, the gases known as GHGs such as carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), halocarbon gases, ozone, water vapor, and aerosols are signif-
icantly increasing day by day, accumulating in the atmosphere, heating up the
Earth’s surface beyond its capacity, and heightening global warming.

Soil being the most vital fragment in our ecosystem possesses enormous potential
of supporting microbial growth, nutrient enhancement, and contaminant degradation
and improving plant–microbe interaction by circulating and transforming essential
nutrients through decomposition and mineralization of organic matter. Microbial
diversity in different ecosystem has been contributing toward climate change from
eons regulating and combating its negative impressions due to their versatile meta-
bolic rate to survive in a comprehensive range of environmental conditions.
Microbes and nutrient biogeochemical cycles are the two faces of one coin (Abatenh
et al. 2018) and provide long- and short-term responses to global warming as well as
climate change. Soil microbiota play a fundamental part in the production of as well
as exhausting GHGs by recycling and transforming essential elements such as
carbon (C) and nitrogen (N) essential for growth and development (Joshi and
Shekhawat 2014). Biogeochemical networks are the pillars on which a sustainable
environment depends upon. Effectiveness of biogeochemical cycles encompassing
nutrient availability and recycling through soil environment is influenced by micro-
bial population that mainly controls GHG emissions (Gupta et al. 2018). Nature
itself is doing an excellent job by aiding to keep a balance of the soil C and N via
biogeochemical nutrient cycles.

To better understand the massive unknown information regarding their mecha-
nism during nutrient transformation, we need to detect the microbial genetics and
functional diversity present in the soil ecosystem. Thus, omic studies have been
assisting researchers to characterize and quantify a set of biomolecules existing in
nature to detect the function, structure, physiology, and molecular mechanisms of
the biodiversity to become aware of the ecological reactions in the environment
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(Biswas and Sarkar 2018; Yun-Feng 2013). The application of the next-generation
sequencing techniques along with traditional molecular methods and microbiome
analysis provides valuable information and could support in the all-inclusive eval-
uation of variations occurring within a complex microbial biodiversity interacting
with the soil including the reliability of their environmental impact assessments
(Miao and Liu 2018). Thus, this chapter was tried to provide an insight how climate
change has impacted on the soil environment and its biodiversity basically focusing
on the nutrient (carbon, nitrogen, phosphorus, sulfur, and potassium) transforma-
tions happening in soil ecosystem. These biogeochemical networks are being stim-
ulated by microbial activity and assist in the generation as well as abatement of the
gases which leads to global warming. Modifications in agricultural practices and
managements could result in enhanced C sequestration resulting in minimizing
climate change as well as help in improving the soil fertility through reducing
nutrient runoff from agricultural soils. The present study has further tried to focus
on the approaches to protect and preserve distinct nutrient transformation progres-
sions in the soil.

6.2 Climate Change: Causes and Effects

6.2.1 Natural Causes of Climate Change

6.2.1.1 Solar Variation

The Sun provides the Earth with most of the energy needed to make it a habitable
planet, and any modification in the radiation output of the Sun also affects the energy
balance of the Earth’s surface and atmosphere. Therefore, solar fluctuations over a
period of time could affect our climate. The luminosity of the Sun at the present is
roughly 20–30% higher than when it was born 4.55 billion years ago. The concen-
tration of GHGs such as CO2 was abundant in the atmosphere of the young Earth,
and thus changes in solar energy and GHG concentrations over billions of years have
equal share in shaping the Earth’s climate evenly. Due to this fact, Earth is about the
same temperature today as it was back then. The warming from global warming has
reduced the amount of solar radiation. However, the average solar radiation reaching
Earth has changed little over the past hundreds of millions of years (Haigh 2000).

The other is the Sun’s magnetic field, or rather in the outer part of the Sun’s
interior and in the solar atmosphere. Sunspots are magnetic storms that appear as
relatively dark and cool areas on the surface of the Sun that denote short-term
fluctuations in solar radiation. With sunspot fluctuation, solar radiation also varies,
making alterations to the effects in space, in Earth’s atmosphere, and on Earth’s
surface. For more than 40 years, satellite data collected have observed the solar
activity with a variation in solar radiation of only up to 0.1%, probably too little to
affect Earth’s climate as compared to the warming 50 times higher brought about by
anthropogenic GHG emissions over the same time length (Fahey et al. 2017).
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6.2.1.2 Earth’s Position

Collective effects of changes in Earth’s position relative to the Sun strongly drive
Earth’s long-term climate, thereby once triggering the beginning and end of glaci-
ation periods (Ice Ages) (Hostetler and Mix 1999). This was first hypothesized in the
1930s by a Serbian scientist Milutin Milankovitch. He proposedMilankovitch theory
explaining how changes in the amount of solar activity output (known as insolation)
signaling the Earth could be due to the Earth’s orbital movements relative to the Sun
that has a profound influence on global climate throughout (Campisano 2012). These
cyclical positions (known as the Milankovitch cycles) may cause up to 25% varia-
tion in the amount of incoming insolation at Earth’s midlatitude regions (Buis 2020).

6.2.1.3 Plate Tectonics and Volcanism

Tectonics involves both horizontal displacements and vertical movements of the
Earth’s crust. The direct correlation between tectonics and climate is through altering
the oblique distribution of continental masses and the effect of opening and closing
gates between major ocean basins and marginal seas. The most pronounced influ-
ences, in terms of regional climate, are precipitation and rain shadow effects due to
cooling and moisture loss to rising air and heating of descending air after it passes
over the summit of a mountain range. Finally, altitudes and mountain formation at
high latitudes may be responsible for initiating ice sheet formation (Bailer-Jones
2009).

The indirect links are through subduction, removal of material from contacting
with the Earth’s liquid matter via volcanism, introducing gases into the atmosphere,
and chemical weathering, overriding atmospheric gases. An example for the recent
Earth is the timescale associated with the breakup of the most recent supercontinent,
Pangea, which has been argued to have had significant climatic effects (Lee et al.
2013; McKenzie et al. 2016). It caused variations in plate spreading proportions,
associated tectonic activity, and volcanism that altered aspects of climate–tectonic
timescale.

6.2.1.4 Climate and Weather Oscillations

El Niño is described as a warm-water current that periodically disrupted the local
fishery through the region it flows. It has since been identified as a warming factor of
the tropical Pacific Ocean. This oceanic event is connected with a fluctuation of a
global-scale tropical and subtropical surface pressure pattern called the Southern
Oscillation. This coupled atmosphere–ocean phenomenon, with preferred timescales
of 2–7 years, is known as the El Niño–Southern Oscillation (ENSO) (IPCC 2014),
responsible for the magnitudes of weather changes around the world especially
linked with droughts, heavy rainfall, storms, and floods.
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6.2.2 Human-Induced Climate Change

The most emerging factor is the anthropogenic activities’ effect on climate. Most of
them are comparable to the natural forces that impact the climate. Changes in land
use through deforestation, the building of cities, the storage and use of water, and the
use of energy are all important factors locally. However, significant global impact on
climate occurs widely due to fossil fuel usage that upsurges gases such as carbon
dioxide (CO2), methane (CH4), and some other gases in the atmosphere.

6.2.2.1 Greenhouse Gases

Greenhouse gases (GHGs) are thought to be the main contributor to global climate
change. Despite a growing number of climate change mitigation policies, annual
GHG emissions grew on average by 1.0 GtCO2-eq (2.2%) per year, from 2000 to
2010, compared to 0.4 GtCO2-eq (1.3%) per year, from 1970 to 2000 (IPCC 2014).
Similar to natural processes, human activities remove carbon from long-term seques-
tered reservoirs and let it out into the atmosphere. Combustion of fossil fuels releases
CO2 that has been stored in the Earth for a very longer period of time. Burning rain
forests to create farmlands, through slash-and-burn agricultural practice prevalent in
the tropics, liberates CO2 stored in forests. Deforestation also reduces the amount of
CO2 that plants absorb from the atmosphere. CO2 quantity in the atmosphere has
amplified by far more than 30% since the beginning of the Industrial Revolution due
to industrialization and deforestation, witnessed to be growing at the fastest decadal
rate of change (2.0 � 0.1 ppm/year) for 2002–2011 (IPCC 2014; Trenberth et al.
2000).

Like CO2 levels, CH4 levels have been rising swiftly for the past many decades
due to population explosion. About 60% of CH4 entering the atmosphere presently
comes from anthropogenic activities. Rice production, feeding a large proportion of
the planet’s population, contributes to the largest share of CH4 production. Another
source is the huge increment in the meat production that releases this gas which has a
highly significant impact in recent decades. CH4 is also emitted via landfill decom-
position, waste treatments, and incomplete forest material burning.

Other GHG levels are also aggregating because of human actions. Concentrations
of ozone (O3) in the troposphere, considered as a pollutant and GHG, have been
consistently rising since 1976. Tropospheric O3 is created by the action of sunlight
on nitrogen oxide and hydrocarbon pollutants such as carbon- and hydrogen-based
emissions from car exhaust. Nitrous oxides (NO and N2O) are themselves GHG that
come from fossil fuel combustion, forests, and crop wastes and also from the
manufacture and usage of fertilizers. N2O concentrations have steadily increased at
a rate of 0.73 � 0.03 ppb/year over the last three decades. Chlorofluorocarbons
(CFCs) are extremely potent GHG in the troposphere (IPCC 2014), destroying the
ozone layer in the stratosphere and primarily accountable for the springtime O3 hole
over Antarctica.
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6.2.2.2 Land-Use Changes

When folks modify the method of how they are going to use the land, they
unknowingly alter their climate. The foremost dramatic example of this is often
the “urban heat island effect.” The development whereby in urban areas is hotter
than the encompassing rural area throughout the day and particularly at nighttime.
The primary cause is the excess heat generated by the running of engines and given
off by buildings. The second is the lower reflective power of synthetic surfaces, like
concrete and asphalt, compared to natural surfaces. Man-made surfaces store the
alternative energy that strikes and stores throughout the day and rerelease it into the
atmosphere at nighttime. This is often why during nighttime temperatures over cities
have move up vividly within the past few decades.

6.2.2.3 Global Dimming

There are also indirect effects such as altering the droplet size in clouds, reducing
precipitation rates, and lengthening the clouds’ lifetime (Geresdi et al. 2006). Clouds
are made when water vapor condenses around natural particles to form tiny water
droplets; these droplets coalesce and fall from the sky as rain when they become
large enough. Significant escalations in fossil fuel combustion have greatly increased
aerosol prevalence in the atmosphere in the form of sulfates, organic carbon, and
black carbon (Dawson and Spannagle 2008). When water vapor condenses around
these pollutant particles, they remain scattered throughout the cloud, a phenomenon
known as “global dimming” that eventually increases the amount of sunlight
reflected back to space which brings about a decrease in temperature, thereby having
an overall cooling effect on the climate (Desonie 2008).

6.3 Climate-Sensitive Distinct Soil Ecosystems

6.3.1 The Arctic

In view of climate change and global warming, the Arctic, aka the permafrost of the
poles being one of the most climate-sensitive regions on Earth, is the biggest
terrestrial reservoir of carbon compounds (Weiman 2015). Even though the perma-
frost occupies 9% of the landmass of the Earth, it contains 25–50% of global soil
organic carbon (European Commission 2015). The average temperatures growing at
nearly two times the global rate have implicated in drastic changes in the landscape
such as permafrost thawing, precipitation pattern variations, and vegetation varia-
tions that affect all living beings including us (Jansson and Hofmockel 2019). Arctic
ecosystems lack nutrients as the thick layer of permafrost covers huge quantities of
organic materials in the soil and just a thin layer of soil exposed with nutrients is
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available for the plants. However, biological processes in the Arctic are considerably
hampered by temperature fluctuations and permafrost. Increasing temperature due to
global warming results in permafrost thawing, activating soil microbes to decom-
pose the huge pool of stored carbon (Schuur et al. 2015) and organic materials that
are frozen-bound to soil. The thawing process also leads to soil thickening and
releasing considerable quantities of nutrients mostly nitrogen and phosphorus.
Recently it was suggested that ~5–15% of carbon currently contained in permafrost
susceptible to microbial decomposition, consequences as a considerable foundation
for CO2 emissions (Schuur et al. 2015). These emissions along with the increasing
CO2 concentration augment plant biomass production; consequently, species
adapted to the specific climate will be dominated by a wider but different species
distribution resulting in overall biodiversity reduction and subsequently will reduce
the biodiversity linked to other food chains. Even though the emitted CO2 is fewer
than that of current fossil fuel emissions, addition of microbial CH4 and N2O
released due to melting and degradation of permafrost, to the persisting calculation,
greatly speeds up the warming impact since both these GHGs pose higher global
warming potential (GWP) or climate-forcing influence than CO2 (Jansson and
Hofmockel 2019). Warming of climate (1.5–2 �C) has been predicted to reduce
permafrost by 28–53%, thereby making large C reservoirs accessible for microbial
respiration and GHG emissions.

6.3.2 Forests

Forest soils together with boreal to temperate to tropical cover, which are ~30% of
the total land surface, make up ~50% of terrestrial primary production and are
crucially important as soil carbon sinks containing enormous quantities of stable
organic matter (Lladó et al. 2017; Cavicchioli et al. 2019). Boreal forests are the key
participants in the global C cycle as they accumulate 30–40% of terrestrial carbon in
the form of organic soils crucial to sustain the productivity and biodiversity of these
forests (Rumpel 2019). Climate change affects forests, and forests affect climate
change as both of them are interlinked. Forests help to sequester and store up to 25%
of anthropogenic CO2 facilitating mitigation of climate change but become stressed
through elevated temperatures, altered precipitation patterns, and extreme weather
events owing to global climate change. Plant nutrient availability affects the net C
balance in forests, with nutrient-poor forests releasing more C than nutrient-rich
forests (Cavicchioli et al. 2019). A variety of routes underlie the exchange of CO2

between the forests and the atmosphere such as soil respiration, microbial decom-
position, and wildfire frequency, releasing substantial amount of CO2 from the soil
(Osman 2013) with the potential for converting from net sinks to net sources of CO2

in the future. Both forest soils’ fungal and bacterial communities have shown to react
to climate changes, but the biodiversity with their specific biochemical reactions
differs among forest ecosystems.

6 Climate Change with Its Impacts on Soil and Soil Microbiome Regulating. . . 101



6.3.3 Grasslands

Grassland cover comprises ~29% of the terrestrial surface (Cavicchioli et al. 2019)
and stores an estimated 20% of the total soil carbon stock (Jansson and Hofmockel
2019). The C pool of grassland soil is large due to the deep and abundant rhizosphere
that deposits carbon in the soil. With the geographical shifting of climate conditions,
the distributions of many plants and animals will also alter (Bagne et al. 2012).
Climate change in grasslands is intimately correlated to plant–microorganism inter-
actions taking place in the rhizosphere and to bulk soil processes that cycle carbon
and other nutrients. Grassland microbiota will also likely be affected by climate
change. Climate even being a vital driver of grassland ecosystems, increasing
conflicts such as extensive period of drought, frequent fires, extreme precipitation
events, and grazing also play a key role in influencing soil moisture for both the
aboveground plant growth and the microbial community compositions and soil
functioning in grasslands. With respect to differences in soil types and plant cover
across variant grassland ecosystems, the elevated CO2 effect on plant growth will
vary according to the local climate patterns and species adaptations to water avail-
ability and nitrogen availability consequently impacting microbial community
functions.

6.3.4 Drylands

Global arid regions (one-third of Earth’s surface) collectively store ~27% of the total
terrestrial organic C stocks. Water deficiency restricting plant and microbial mech-
anisms characterizes deserts and dryland soils. Arid soil ecosystems range from hot
and cold deserts with limited annual precipitation as compared to grasslands, and
thus it is difficult to generalize microbial responses to aggregating drought with
climate change (Jansson and Hofmockel 2019). Studies indicate that nutrient deple-
tion might take place faster in drier regions, with factors responsible such as plant
community composition and grazing (Morgan et al. 2008). Changes in water
availability could also have an intense and long-term impact on soil microbiomes.
Climate change will likely accelerate land degradation (desertification) and aggra-
vate poverty, food, and water insecurity in drylands (Laban et al. 2018). Soil
desertification (20–35% drylands) is anticipated to intensify by 11–23% by this
century’s end.
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6.4 Impact of Climate Change on Soil Environment
and Soil Microbiome

Climate change is a slow process that relatively changes temperature and precipita-
tion rather gradually over a length of time; however, these slow ongoing and unseen
climatic changes influence various soil processes, predominantly soil fertility. Nat-
ural regimes are drastically getting disturbed under the cumulative effects of both
climate interruptions and biological invasions. Perturbations in the soil environment
initiate microbiome ecological modifications as well as alter microbial metabolic
action involved in soil nutrient cycling and preserving soil productivity.

6.4.1 Soil Formation and Development

The process of soil formation is lengthy and requires ages to form just 1 cm of soil
layer. Soil formation is determined through a complex cycle between the soil
minerals, its environment, and the biota contained by the soil ecosystem (Mandal
and Neenu 2012). Soil-forming factors govern and regulate the formation of terres-
trial soil cover. Soil is formed particularly through weathering with due course of
time and also acts as an essential element source for microorganisms present within
the soil. Weathering of materials on Earth’s surface such as mechanical breakage of
rocks or minerals enduring to chemical processes could generally work together in
soil development. Weathering process also aids in soil biota growth as it could
release the essential elements, and in turn the biota helps in rapidly increasing the
weathering process (Mandal and Neenu 2012). Numerous parameters such as
temperature and precipitation along with their variation patterns are involved in
the soil formation but are vigorously impacted by climate change as it involves the
amount and frequency of the soil determining factors and alterations in both bio-
geochemical and hydrological cycles (Gelybó et al. 2018). Temperature and precip-
itation ratio could also influence soil formation by providing fluctuating weathering
conditions. External factors’ fluctuations involved in soil formation could lead to
transformation of internal factors’ inclusive energy stored and requirement and water
or moisture availability and most particularly could affect the biological soil content
(Pareek 2017). Climate change disrupting soil minerals would make them more
tolerant to weathering and result in losing of soil function to maintain fertility and
becoming more dependent on synthetic fertilizers influencing nutrient cycles within
the soil system. Climate is one of the main factors in determining soil’s development
accompanied by parent materials (rocks and minerals) and type of vegetation
involved. Water or better known as soil moisture determines the extent of chemical
weathering taking place as rainfall is essential for accelerating weathering. Thereby,
changes in soil moisture fluxes could induce alterations in vegetation types and
patterns, plant growth extents, water withdrawal by plants from soil, and the effect of
enhanced CO2 levels on plant transpiration (Pareek 2017). Moreover, fluctuating
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climatic conditions not only deteriorate soil formation and development but hamper
weathering giving rise to dissimilar soil profiles within a same area.

6.4.2 Soil Fertility and Nutrient Availability

Soil-forming factors would be potentially affected from the ever-expanding global
climatic change due to loss of biomass organic matter supply that assists in
maintaining the soil fertility and improves its productivity to sustain various forms
of life on the Earth. Soil physical properties greatly influence the chemical and
biological processes inclusive of water absorption and adsorption, energy transpor-
tation, and biological interactions involved in nutrient regime that ultimately works
in preserving soil quality and upholding the soil system fertility. Soil temperature
regime regulates organic matter decomposition rate and nutrient transformation
within the soil. Higher temperatures or elevated CO2 concentrations would be able
to increase nutrient availability and accelerate nutrient cycling but eventually would
impact in the running out of the available organic matter content diminishing soil
fertility. Temperature and precipitation fluctuations significantly impact temperature
and moisture regimes related to the plant root zone as they are well-known contrib-
utors of governing nutrient accessibility, root growth and development, as well as
nutrient acquisition, and the changed climate will reflect unnecessary outcomes.
Nutrient cycling represents an important aspect in determining soil fertility and soil
quality especially soil N cycle since it can be coupled to both water and C cycles
(Mandal and Neenu 2012). The deterioration of potential and effective indicators of
soil fertility is somewhat an irreversible process such as a study reporting the
decrease in the amount of humus, an important indicator of fertility in Azerbaijan
soils due to the global warming on ongoing soil degradation creating a negative
warning as an ecological crisis (Jafarov and Mustafayev 2020). Amouzou et al.
(2019) observed that climate change scenarios decreased N and P uptake by crops
irrespective of CO2 fertilization effects, and improvement in soil–crop management
usage for enhancing yields and water- and N-use efficiencies was not able to
compensate the total yield loss due to climate change. Global climate change has
strongly impacted soil functioning focused on biological transformation and influ-
ences nitrogen and sulfur solution concentrations in soils.

6.4.3 Impact Mechanisms of Climate Change on Soil
Microbes

Microbes are expected to prone toward climate change and bring about environ-
mental, economic, and societal impacts (French et al. 2009). Climate change is
described mostly by fluctuations in temperature and precipitation (Smith et al.
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2008). Thus, its impact on soil microbes is demonstrated primarily via temperature
and moisture change. Factors such as atmospheric CO2 increment, altered temper-
ature patterns, and warming pinpoint to the direct and indirect concerns on soil
microbiomes (Castro et al. 2010).

6.4.3.1 Changes in Soil Microbial Diversity

Climate warming wields abiotic stress causing alterations in soil microbial diversity
and their mechanisms (Shade et al. 2012). Various microbial groups have their own
optimal temperature ranges for growth and activity; thus, temperature rise influences
the microbial community structure. With temperature elevation, the rate of fungal
and bacterial organic matter degradation, nutrient cycling, and soil aggregate for-
mation is accelerated resulting in a shift of microbes that are better acclimatized to
higher temperatures and show higher growth rate (Pareek 2017; Castro et al. 2010).
Thus, climatic change precisely alters the relative soil microorganisms’ richness as
well as purpose due to their difference in respect to physiology, temperature sensi-
tivity, and growth rates. Subsequently, the regulation of the specific routes of
nutrient cycling supported by these microbes is directly affected (Classen et al.
2015).

6.4.3.2 Mechanisms Acting Through Physiological Changes

Climate warming accelerates soil microbial activity, thereby increasing soil respira-
tion (Wu et al. 2011) which in turn is also influenced by variations in microbiota
composition (Balser et al. 2006), substrate availability (Davidson and Janssens
2006), plant litter quality and quantity (Rustad et al. 2001), and relative abundance
of available carbon (Fierer et al. 2005). Thus, global climatic changes such as rise in
temperature can directly alter the rates of soil microbe’s respiration in response to the
temperature sensitiveness of microbial metabolism and the activities they carry out
(Classen et al. 2015). Also, soil respiration is positively correlated with temperature
but could be suppressed with alternating moisture rates or precipitation rates (Yiqi
and Zhou 2006; Aanderud et al. 2013). Another important aspect of soil microbial
activity affecting soil respiration is enzymatic activity, but climatic changes could
also result to short-term enzymatic activity disbalance.

6.4.3.3 Mechanisms Acting Through Plants

Plants being essential biotic factors could alter the soil microbial respiration
exchanges by liberating carbon substrates via roots (Scott-Denton et al. 2006), by
adjusting soil moisture and temperature thru transpiration, and by providing shade
(Lauenroth and Bradford 2006) as well as by shifting the rainfall volume reaching
the soil. A fundamental application that influences in vegetation structure shifts,

6 Climate Change with Its Impacts on Soil and Soil Microbiome Regulating. . . 105



driving microbes and their metabolism, is by altering the quality and quantity of
organic matter incoming into the soil as plant remains. Warming and varied precip-
itation regimes are capable of altering the distribution of vegetation composition at
both local and global scales (Woodward et al. 2004) that can modify the soil physical
surroundings, through changes in root design and rooting depth (Jackson et al.
1996).

6.4.3.4 Mechanisms Acting Through Moisture Fluctuations

Microbial activity, soil respiration patterns, and decomposition of SOM are mostly
disturbed by factors associated with varying water and moisture content such as
water transportation, gaseous and solute diffusion, and endurance of microorganisms
(Aanderud et al. 2011). Water content is capable of suppressing microbial action in
many environments inclusive of soils. Low moisture declines the intracellular water
potential and causes reduction in the hydration and enzyme mechanism (Stark and
Firestone 1995) as well as intensifies the aspects and production of CO2 (Aanderud
et al. 2011).

6.5 Factors Regulated by Climate Change

6.5.1 Temperature

Nowadays, issues related with the atmosphere have become the biggest global issues
facing mankind as an outcome of scientific facts about the growing concentration of
greenhouse gases in the surrounding and the changing climate of the Earth (Cubasch
et al. 2001). Climate change, an environmental term, means any consistent, measur-
able, and long-term changes in the average global temperature that can be caused by
numerous natural as well as anthropogenic activities (Eneji et al. 2017;
VijayaVenkataRaman et al. 2012). Currently, Earth is undergoing rapid heating
due to rising intensity of GHGs and accumulation and overloading of tremendous
amount of CO2 in the Earth’s atmosphere (Allison 2009). Globally, concentration of
GHGs in the atmosphere is increasing day by day through industrialization, trans-
portation through vehicles, etc. The level of CO2 rises due to anaerobic decay of
buried lifeless remnants and natural gas, power stations, industrial units, factories,
and deforestation. Since globalization and industrialization, the temperature of the
Earth’s surface has steeped by 0.7 degrees, and we must take effective measures
soon because by 2100 temperatures might rise by as much as 5 degrees. This
temperature rise will have a destructive effect globally, leading to further extreme
weather conditions and additionally widespread extinction of many fauna and flora
(UN 2007). When temperature increases, many different changes take place on the
Earth, resulting in more floods, longer droughts, intense rains and storms, and more
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frequent and severe heat waves as well as alteration in the life cycle of flora and
fauna which will be challenging to our humanity in the future decades.

6.5.2 Moisture

Decline in relative humidity over land is a dominant feature of future climate
projections, with implication for impacts of worldwide climate change (Byrne and
O’Gorman 2018). Humidity denotes the existence of vapors of water in the ambient
air and affects how warm the air feels to us. Generally, warm temperatures feel even
warmer as the moisture rises since as it rises, the rapidity upon which water
evaporates at a certain temperature reduces. As the environment keeps on warming,
the vision of progressively more moist heat waves will escalate. That will make heat
indexes of inferior quality. Moreover, higher soil moisture, frequently stimulated by
agricultural practices, can supplement more moisture to the air (Cappucci 2019).
Variations in moisture also impact the pathogens of contagious infections and
diseases. The infectious microorganisms of airborne transmittable disease, for exam-
ple, influenza, have a tendency to be receptive to humidity conditions (Shaman and
Kohn 2009; Xu et al. 2014).

6.5.3 Precipitation

Changes in precipitation are also one of the most serious aspects to determine the
overall effect of climate change. A warmer environment can grasp more wetness,
and globally vapors rise by 7% for each degree Celsius (�C) of warming. Globally,
Earth’s temperature is rapidly increasing and the quantity and distribution of pre-
cipitation are being distorted (Cubasch et al. 2001). Precipitation is any type of water
that forms in the Earth’s atmosphere and then drops onto the surface of the Earth,
encompassing a wide series of forms, from rain to hail. Recent research work
confirms that even if crops would respond positively to prominent CO2 in the
nonappearance of climate change, the connected effects of high temperatures,
changed patterns of rainfall and precipitation, and probably increased occurrence
of intense events like drought and floods will probably unite to depress soil charac-
teristics that impact on yields and also amplify production risks in numerous areas of
the world expanding the gap between wealthy and deprived countries. Climate
change might cause alterations in precipitation that affects the spread of waterborne
infectious microorganisms. The variations in rainfall and precipitation altered the
relative abundance of Acidobacteria and Proteobacteria, where Acidobacteria
declined with an affiliated enlargement in the Proteobacteria in moist relative to
parched treatments (Mandal and Neenu 2012). Rainfall plays an imperative role in
the expansion of waterborne pathogens. Thus, unusual rainfall after extensive
drought can result in disease outbreak due to increase of
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disease-causing pathogens (Wilby et al. 2005). Considerably enlarged amount of
precipitation has been detected on the east of Northern Europe, South and North
America, and Central and Northern Asia. Precipitation is greatly changeable geo-
graphically and temporally. Westerly winds in midlatitude have become stronger in
both hemispheres ever since the 1960s (IPCC 2007).

6.5.4 C/N Ratio

Uptake of carbon concentration in land ecosystems depends upon the availability of
nutrients like nitrogen to sustain new development, and fertilization studies show
that the accessibility of nitrogen confines prime production in numerous innate and
managed ecosystems (Elser et al. 2007; Vitousek and Howarth 1991; LeBauer and
Treseder 2008). The large bulk of nitrogen (N) in new plant growth obtained from
the disintegration of plant wastes and organic matter from the soil results in a sturdy
coupling where heterotrophic respiration depends on the organic (natural) sub-
stances produced by plants and growth of plants depends on the mineral (e.g.,
nitrogen) released from organic substances for the duration of decomposition
(Vitousek and Howarth 1991; Melillo et al. 2002). In agriculture, N usage signifi-
cantly alters universal nitrogen cycle with short- as well as long-term effects on
climate change and global warming. It increases emanation of NOx (nitrous oxide),
which donates 6.2%, while CO2 and CH4 contribute 76% and 16%, with respect to
global warming. Universally, N is the majorly used nutrient in crop growing.
Nitrogen fertilizer contributes to N2O emission because it acts as a resource of
global warming. However, it also plays a foremost role to global cooling with
emissions of NOx and NH3. According to Fagodiya et al. (2017), the net global
temperature change potential is 6.9% lower and 2.4% lower in 20-year timescale and
in 100-year timescale when warming and cooling effects of N use in cultivation were
considered compared to considering warming due to emission of N2O alone.

6.6 The Interlinked Influences of Soil Microbes
on Biogeochemical Nutrient Cycles

Microbes are an important component of carbon biogeochemical cycling as they are
involved in the emission as well as the removal of greenhouse gases like CO2 and
CH4 which in turn are responsible for climate change (Singh et al. 2010; Dutta and
Dutta 2016). Microbial role with respect to climate change requires attention (Walsh
2015) as they have resulted in several changes in world climate which has also, in
turn, influenced them (Zimmer 2010). Microbes are critical in decomposition pro-
cess and converting matter into forms that can be reused by other organisms making
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the microbial enzyme as a key “instrument” that drives the Earth’s biogeochemical
cycles (Abatenh et al. 2018).

Soil is one of the highly diverse ecosystems on our planet with an interacting
community of bacteria, archaea, viruses, fungi, and protozoa, collectively referred to
as the “soil microbiome” (Kuzyakov and Blagodatskaya 2015). The amount of C
present in soil is more than two-thirds of the total terrestrial carbon (Hibbard et al.
2005; Davidson and Janssens 2006). Terrestrial soil efflux of CO2 is an important
contributor to global carbon cycling (Raich and Schlesinger 1992). An understand-
ing of soil microbial ecology is crucial to our ability to assess terrestrial carbon
cycle–climate change impact relationship as microbes are responsible for the main
processes causing GHG fluxes between soils and the atmosphere (Falkowski et al.
2008).

6.6.1 Role of Soil Microbes with Respect to Carbon Cycling

The terrestrial soil carbon cycle is dominated by the balance between photosynthesis
and respiration (includes autotrophic root respiration and heterotrophic soil micro-
bial respiration). Microbes contribute greatly to net carbon exchange through the
processes of heterotrophic soil microbial respiration which is mediated by soil
microbes (Singh et al. 2010). Carbon is transferred from the atmosphere to soil via
“carbon-fixing” autotrophic organisms such as photosynthesizing plants and photo-
and chemoautotrophic microorganisms (including algae, cyanobacteria, and some
other forms of bacteria) that synthesize atmospheric CO2 into organic matter. In the
carbon cycle, “primary producers” are grazed upon by “primary consumers” such as
herbivores moving up fixed C thru trophic levels, and these in turn can be predated
by “secondary consumers” and so on. The fixed carbon is then returned to the soil
organic matter (SOM) when the organisms die, or through excreta which is used by
microbes as their metabolism substrate that generates atmospheric CO2 or CH4.
Therefore, one of the most significant contributions of soil microbes to climate
change is their role in SOM decomposition, a fundamental process regulating the
carbon cycle. In terrestrial soil ecosystems, microbial decomposition converts SOM
into CO2 and releases nutrients for plant growth (Glassman et al. 2018). In fact, the
amount of atmospheric carbon produced due to soil microbial decomposition is
7.5–9 times higher as compared to the anthropogenic emissions worldwide annually
(Crowther et al. 2015). However, there are several mechanisms which can increase
the residence time of carbon in soils. Short-chain carbohydrates are highly fragile
and do not generally persist in soils for long. However, more complex molecules,
especially lignins and tannins, are much more recalcitrant and can remain in soils for
many years. Therefore, soil microorganisms carry out the dichotomous roles of
mineralization of soil organic carbon (SOC) and stabilization of carbon inputs into
organic forms (Heath et al. 2005). The balance between these two processes governs
the net efflux of CO2 to the atmosphere. The proportion of carbon substrate that is
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retained in the microbial biomass compared with that respired as CO2 is referred to
as the “microbial carbon use efficiency” (Bond-Lamberty et al. 2018).

6.6.2 Role of Soil Microbes with Respect to Nitrogen Cycling

Nitrogen (N) is the most abundant atmospheric gas constituting 78% of the global
atmosphere. Being a colorless, odorless element, nitrogen could be found in the air
we breathe, in the soil beneath our feet, as well as in the water we drink. Nitrogen
biogeochemical cycle includes two large N pools on Earth, atmospheric, unreactive,
and stable elemental dinitrogen (N2) and biologically reactive ammonia, nitrate,
nitrite, and organic nitrogen. N cycle is a repeating cycle of processes inclusive of
internal interactions within the reactive nitrogen pool and in- and out-flow between
reactive nitrogen and atmospheric N2 pools as well as its movement through both
living and nonliving things: the atmosphere, soil, water, plants, animals, and bacteria
(Gruber and Galloway 2008). N is considered to be a macronutrient used by living
organisms including us necessary for growth and survival (Medhi et al. 2017).
Nitrogen is one of the six major essential elements of CHNOPS for life putting
together the building blocks and integrating molecules for metabolism (amino acids
and proteins), heredity (nucleotides and nucleic acids), and other important biolog-
ical functions (Takai 2019). Nitrogen transformation in soil is a very crucial process
(Fig. 6.1), and unlike other soil nutrients, nitrogen does not originate from the soil
but is gained from the air. Some of the nitrogen accumulates in the soil when rainfall
absorbs nitrates from the atmosphere, while some nitrogen is fixed by the soil

Fig. 6.1 Microbial nitrogen transformation pathways in soil
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microbes, and without its fixation, it is unusable by plants or animals. N2 enters into
the biosphere specifically via biological fixation and is carried out in a bidirectional
manner. Human activities additionally have a profound effect on the amount of
bioavailable nitrogen, mainly owing to the high input of industrial nitrogen-based
fertilizers (Kuypers et al. 2018). The bioavailability of N is rare in many environ-
ments, making it a growth-limiting nutrient primarily controlled by microbial equa-
tions that alter the oxidation as well as reduction state of N. The N-transforming
processes have much diverse fluxes due to the presence of distinct microbial
enzymes that perform 14 redox reactions involving eight key inorganic nitrogen
species of different oxidation states (Kuypers et al. 2018). Conversion of nitrogen
from one state to another state involving a network of interactions with
N-transforming microbes to harvest and accumulate N-energy for their survival
and evolvement is briefly described in the following N-transforming metabolic
pathways:

Nitrogen Fixation Biological nitrogen fixing (BNF) is a unique way of converting
the largest inventory of freely accessible nitrogen (N2) into different reactive forms
to be utilized by other organisms for growth and survival. It is the first and the
foremost step which enables the movement of nitrogen from the atmosphere into the
soil. The bioavailability of the inert N2 is made possible by a highly diverse but rare
nitrogen-fixing bacteria and archaea known as diazotrophs (key in the global
N-cycle) that carry the nitrogenase metalloenzyme that combines gaseous nitrogen
with hydrogen and assists in the fixing of dinitrogen into ammonia. This process is
also regarded as the primary route of transforming nitrogen usable to be taken up by
plants. Nitrogenase enzyme includes three different types such as iron–iron (Fe–Fe),
vanadium–iron (V–Fe), and molybdenum–iron (Mo–Fe) nitrogenases that offer
bacteria and archaea with a competitive advantage in environments that are
N-depleted (Kuypers et al. 2018). Two kinds of nitrogen-fixing bacteria are recog-
nized: the first one are the free-living (non-symbiotic) bacteria, including
cyanobacteria, Anabaena, Nostoc, Azotobacter, Beijerinckia, and Clostridium and
the second one are the mutualistic (symbiotic) bacteria mainly Rhizobium associated
with leguminous plants such as soybeans and alfalfa. During symbiotic N2 fixation,
the plant converts the “fixed” ammonium ion transformed by Rhizobium (energy
through photosynthesis) to nitrogen oxides and amino acids to form proteins and
other molecules like alkaloids, thus providing an important N input in many plant
communities and having major impacts on N dynamics and ecosystem productivity
in a good manner (Abatenh et al. 2018; Thomas et al. 2015). A minor amount of N
can also be fixed through lightning providing the energy needed for N2 to react with
oxygen for producing NO (nitrogen oxide) and NO2 (nitrogen dioxide). However,
this abiotic nitrogen fixation input has been estimated to account for only <1/10 of
BNF (Takai 2019).

Nitrification Nitrification is the transformation of ammonia (NH3), the foremost
product of mineralization, to nitrites (NO2

�) and nitrates (NO3
�); the nitrification

products are also carried out in soils biologically and aerobically. Ammonia gas and
nitrite are toxic to plants and animals; thus, their immediate conversion to
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ammonium ion and nitrate is essential. Moreover, ammonium ion provides energy
source to microorganisms involved in the system. The nitrification process is
comprised of two metabolic pathways—ammonia oxidation to nitrite via hydroxyl-
amine oxidation and nitrite oxidation to nitrate, carried out by ammonia-oxidizing
bacteria (AOB), ammonia-oxidizing archaea (AOA), and nitrite-oxidizing bacteria
(NOB). Most of the natural and anthropogenic habitats comprising nitrifying micro-
bial communities are dependent on the close cooperation between AOB and NOB
metabolism as well as between archaeal and bacterial populations (Stahl and de
la Torre 2012). AOA include phylogenetically and physiologically diverse members
and possess a significant role in natural environments. In the primary stage of
nitrification, NH3 is oxidized into NO2

� involving enzymes ammonia
monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) performed by
autotrophic AOB, Nitrosomonas and Nitrosococcus, and secondly, oxidation of
NO2

� to NO3
� in the presence of enzyme nitrite oxidase performed by NOB,

Nitrobacter and Nitrospira (Thakur and Medhi 2019; Fagodiya et al. 2020).
Recently, genus Nitrospira previously presumed to be capable of only nitrite
oxidation has also been found to hold the ability for ammonia oxidation all the
way to nitrate containing both AMO and HAO enzymes (Daims et al. 2015). Nitrite
oxidation is the main biochemical pathway generating nitrate catalyzed by the
enzyme nitrite oxidoreductase (NXR), encoded by versatile aerobic NOB such as
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Chloroflexi,
Nitrospinae, and Nitrospirae phyla, anoxygenic phototrophs including Thiocapsa
sp. KS1 and Rhodopseudomonas sp. LQ17, and anaerobic AOB (Kuypers et al.
2018).

Assimilation The phase of nitrogen uptake by plants or in other words the assim-
ilation of mineralized NH4

+-N and NO3
�-N by plants through their roots

transporting to the shoot via xylem where nitrogen assimilation is mostly carried
out and transforming them into amino acids, nucleic acids, and chlorophyll for their
needs. NO3

�-N is predominantly present in aerobic soils as a plant-available nitro-
gen form, whereas in anaerobic and flooded soils (paddy soils), NH4

+-N is the
predominant form of plant-available nitrogen (Fagodiya et al. 2020). In legume
plants, some nitrogen is assimilated in the form of ammonium ions directly from
the nodules with the help of Rhizobium bacteria. Just like plants, soil microbes
requiring nitrogen as an energy source take up nitrogen from the soil through the
decomposing plant residues and incorporate in their biomass, but sometimes when
microorganisms take in NH4

+ and NO3
�, these N are no longer available to the

plants triggering nitrogen deficiency in soils.

Denitrification It is the reverse process of nitrification likely occurring anaerobi-
cally in the presence of nitrates and organic matter. It is a microbially mediated
sequential process involving the dissimilatory reduction of one or both ionic nitro-
gen oxides, NO3

� and NO2
�, to gaseous nitrogen oxides, nitric oxide (NO), and

nitrous oxide (N2O) and finally reduces to the ultimate end-product, dinitrogen (N2),
thus ending the N cycle and removing biologically available nitrogen in the soil and
returning it to the atmosphere (Thakur and Medhi 2019). During low conditions or
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absence of oxygen, most of the soil microorganisms extract oxygen from nitrates and
use organic matter as the carbon source for growth and development. Denitrification
is half of a nitrogen buffering action in the soil, the other half being nitrogen fixation
by free-living organisms, and hence if NO3

�-N are low, N will be fixed, but if high,
it will be denitrified. Nitrate reduction to nitrite is used for respiration as well as for
nitrogen assimilation into biomass reaction catalyzed by either a membrane-bound
nitrate reductase (NAR) at cytoplasm or periplasmic nitrate reductase (NAP) at
periplasm performed by special and unique group of denitrifiers like Pseudomonas
and Clostridium, including the model organism Paracoccus denitrificans,
containing both NAP and NAR enzymes (Medhi et al. 2018). Many microorganisms
have the ability to reduce nitrite to nitric oxide, such as Proteobacteria, anaerobic
AOB, and Bacteroidetes catalyzed by two unrelated enzymes: a heme-containing
cd1 nitrite reductase (nirS) and a Cu-containing nitrite reductase (nirK). Microor-
ganisms such as P. denitrificans and Pseudomonas stutzeri capable of N2O reduction
possess nitrous oxide-producing nitric oxide reductases (NOR) for detoxification or
respiration of nitric oxide that belongs to a diverse group of enzymes ranging from
flavoproteins to heme copper oxidases. AOB could also produce N2O in a process
termed as nitrifier–denitrification. Diverse bacteria, including members of the
Proteobacteria, Bacteroidetes and Chlorobi phyla, and archaea from Crenarchaeota
and Halobacteria utilize nitrous oxide reductase (NOS) to reduce N2O to N2

(Kuypers et al. 2018).

6.6.3 Role of Soil Microbes with Respect to Phosphorus
Cycling

Both nitrogen and phosphorus (P) help in strengthening photosynthetic processes,
cell growth, metabolism, and protein synthesis in living organisms, but their natural
sources and rates of supply are very different from each other. Phosphorus is one of
the most important plant nutrients present in soils and supports in the transfer of
energy from sunlight to plants, stimulates early root and plant growth, and hastens
maturity. P originates from phosphate rock, renewed with the uplift of continental
rock, but today the primary source of P emanates from the considerable amount of
anthropogenic inputs of fertilizers onto agricultural soils (Guignard et al. 2017).
Phosphorus biogeochemical cycle depicts the movement of P through weathering of
rocks, water, soil, and organisms. While soil N is “leaky,” soil P tends to be “clingy.”
Even though there is plenty of phosphorus present in the soil in both organic and
inorganic forms, it is mostly in unavailable inorganic forms; thus, most of the plants
obtain it only as orthophosphate ions (soluble inorganic forms) and is considered as a
nutrient-limiting factor. Phosphorus can be found dissolved in the soil solution in
very low amounts or associated with soil minerals or organic materials. Precipitation
and weathering additionally cause rocks to release phosphate ions, and other min-
erals consequently get distributed in soils and water.
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Mineralization is the process via which the tightly held organic P not available for
plant uptake becomes available when the P-bound organic materials are
decomposed. In layman terms, it is the conversion of organic phosphorus into
insoluble inorganic phosphates and is carried out by phosphatase enzyme mainly
of soil microbial origin that attacks many of the organic phosphorus compounds in
the soil and release inorganic phosphate. Increased activity of phosphatases occurs in
response to P deficiency as part of P starvation responses that occur in soils
(Richardson and Simpson 2011). When soil suspensions or soil extracts are treated
with an excess of phosphatase activity (phytase activity), organic P substrates get
hydrolyzed and appreciable amounts of orthophosphate are released. Increased
mineralization of soil organic matter is directly proportional to microbial activity
associated with plant rhizosphere. Certain plant–symbiotic soil microbes, especially
mycorrhizal fungi, are efficient at helping plants to access P-bound forms of soil. The
rate of P release is affected by various factors such as soil moisture, organic material
composition, oxygen concentration, and pH. A microbial-assisted reverse process
known as immobilization also occurs in the soil where microbes use phosphorus for
their own nutritional needs by competing with plants. Both mineralization and
immobilization occur simultaneously in soil, and if the organic P content is high
enough to fulfill the requirements of the microbial population, then mineralization
takes place. Conversion of insoluble inorganic phosphates into soluble inorganic
phosphates leads to solubilization process. A wide range of microorganisms able to
solubilize inorganic P such as fungi (e.g., Aspergillus, Penicillium, Fusarium) and
bacteria, namely, Bacillus, Pseudomonas,Micrococcus, Flavobacterium, Actinomy-
cetes, etc. are commonly isolated from plant rhizosphere where sugars from root
exudates are converted into organic acids biologically. The P availability largely
depends on the solubilization degree by the substantial amounts of organic and
inorganic acids such as sulfuric acid and nitric acid produced by these microorgan-
isms in soil. This solubilized form of inorganic phosphates is subsequently taken up
by plants.

6.6.4 Role of Soil Microbes with Respect to Sulfur Cycling

Individual’s activities are the prime reason of significant upsurge of heat-trapping
greenhouse gases (e.g., CO2, CH4 and N2O) and aerosols in the surroundings driven
by secretion from combustion of fossil fuels, manufacturing units, agriculture
activities, and deforestation. Dimethyl sulfide (DMS) is a significant semi-volatile
organic compound (Kloster 2006) produced mainly by marine organisms which is
the most vital source of oceanic sulfate aerosol precursor, that is,
dimethylsulfoniopropionate (Andreae 1990; Kiene et al. 2000). In the lower atmo-
sphere, DMS is largely oxidized, resulting in the formation of sulfur dioxide, which
reacts with HOx oxidants, and exerting a direct radiative effect that condenses to
make sulfate aerosol particles (Schwinger et al. 2017). These sulfur-containing
droplets have a direct cooling effect on climate by scattering solar radiation. They
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also play an important role in cloud condensation nuclei (CCN), modifying proper-
ties of clouds and thereby affecting cloud formation and development and influenc-
ing clouds’ radiative effects on climate (Andreae et al. 1995; Wang et al. 2018;
Kloster 2006).

Sulfur is an imperative component of essential vitamins and metabolites. It is
released by the breaking of rocks and minerals from the Earth’s surface. Cysteine
and methionine are the two amino acids where sulfur occurs. Despite of its
inimitability in cells, it is an utterly vital element for existing living systems. In the
similar way with nitrogen and carbon, the microorganisms can convert sulfur from
the most oxidized state of sulfate (SO4) to the most reduced form of sulfide (H2S) as
shown in Fig. 6.2. Various distinctive groups of prokaryotes and their processes are
required in the sulfur cycle. Two diverse assemblages of prokaryotes oxidize H2S
(hydrogen sulfide) to S (sulfur) and from S (sulfur) to SO4 (sulfate). This process
does not occur readily in poorly aerated soils. Sulfate is the form of sulfur which is
assimilated by plants. Since SO4 and sulfur can be utilized as electron receivers for
respiration process, sulfate-lessening bacteria generate H2S during a process of
respiration under anaerobic conditions corresponding to denitrification. The method
results in the distinct odor of hydrogen sulfide that occurs in anaerobic bogs,
sediments, and soils. Sulfur is acquired by bacteria and plant species as sulfate
(SO4) for utilization and diminution to sulfide (Mandal and Neenu 2012).

Fig. 6.2 Microbial sulfur transformation pathways in soil
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6.6.5 Role of Soil Microbes with Respect to Potassium
Cycling

Potassium (K) is a necessary nutrient and a foremost constituent present in all living
cells. In contrast to N, P, and S, K reserves are available in soil solution in the form of
positively charged cation (K+), and its behavior is influenced mainly by soil cation
exchange and mineral weathering, least by biological activity. Gradually weathered
K is more prone to be bound within the soil solution or taken up by plant roots rather
than being leached out as shown in Fig. 6.3. Naturally, soils surround potassium in
superior amounts than other nutrients, though the majority of the potassium concen-
tration is out of stock for flora uptake. However, potassium-solubilizing bacteria
(KSB) can solubilize potassium-bearing mineral deposits and convert the unsolvable
potassium to solvable state of potassium accessible for flora uptake. Several bacteria,
for example, Paenibacillus spp., Acidithiobacillus ferrooxidans, Bacillus
mucilaginosus, Bacillus circulans, and Bacillus edaphicus, have the ability to
solubilize potassium minerals (e.g., feldspar, biotite, illite, orthoclase, muscovite,
and mica). Potassium-solubilizing bacteria are generally available in all types of
soils, even though their numeral, multiplicity, and capability for potassium solubi-
lization fluctuate lying depending upon the climatic and soil conditions. KSB are
capable of dissolving the silicate minerals and liberate potassium all the way
throughout the production of acidolysis, inorganic and organic acids, polysaccha-
rides, chelation, and exchange reactions (Etesami et al. 2017). Plant’s nutrient

Fig. 6.3 Microbial potassium transformation pathways in soil
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availability by complexolysis depends on the length of the pathway the nutrients
should pass through the soil to get to the root surface.

6.7 Molecular Strategies on Soil Microbes’ Functioning
During Climate Change

Most of the soil ecosystem investigation is based on the measurement of physico-
chemical parameters such as temperature, pH, and concentrations of carbon, nitro-
gen, and phosphorus, but the characterization of the biological entity of soil would
also support in the comprehensive understanding of the impact of scaling climate
change on soil health. The timeline of microbial studies predates back from Leeu-
wenhoek (1676), to Koch (1888) describing microbiota and their growth and
isolation on nutrient media to Sanger (1977), Kary Mullis (1980), and Ventor
(1995) developing DNA sequencing, polymerase chain reaction (PCR), and whole
genome analysis and advancing toward the next-generation sequencing (NGS) (Nair
and Raja 2017). Understanding of soil ecosystem that hosts an immensely diversified
and evolving microbiota demands clarifications such as who are they, what are they
doing, and how are they doing? The soil presents the most heterogeneous and
dynamic environment for the growth of different organisms including prokaryotes
as well as archaea, viruses, algae, and fungi (Biswas and Sarkar 2018). These
microbial groups are independent as well as dependent on each other to perform a
crucial role of influencing each and every activity carried out in the soil environment.
However, from many decades, limitations in the field of microbiology in terms of
laboratory culture-based methods has permitted <1% of microbes to be isolated
from the environment. It has been suggested that 80% of soil bacteria could be
dormant as microbiota dormancy is found to be a common phase in soil environ-
ments (Edge et al. 2020; Tecon and Or 2017). The approaches to study and
understand the microbial life thriving in various distinct environments have under-
gone a remarkable transformation since the period of culturing bacteria using
synthetic media with significant implications contributing adequately to environ-
mental assessment, monitoring, and remediation programs (Nair and Raja 2017).

The modern molecular tools intend to answer the central questions revolving
around soil biodiversity with the help of its genome-enabled omics studies such as
genomics, metagenomics, metaproteomics, metatranscriptomics, and metabolomics,
whose individual as well as combined efforts have tried to uncover and bring out
new and novel information concerning the microbial world. Omics studies have
revolutionized our understanding about how organisms have evolved and are grad-
ually adapting to the progressing climate change. Microbial nucleic acids record
both how the environment affects these microorganisms and how they respond to the
changing environmental conditions (Mock et al. 2016). In recent years, researchers
have tried to focus their projects related to environmental monitoring using both
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culture-dependent and culture-independent molecular approaches (Kumar et al.
2016; Rathour et al. 2020; Mishra et al. 2018).

Genomics is the study of an entire genome of an organism allowing defined sets
of genes involved in various metabolic network systems to regulate entire but
distinct cellular functions. Transcriptomic and proteomic approaches establish the
structure and function of different proteins and RNA molecules and the coupling of
these metabolic networks together. Moreover, they are also responsible for the
change/adaptation in accordance with the availability of resources or environmental
stress. Metagenomics is the study of community genomics that involves the genetic
content of the entire microbiota by directly assessing environment-recovered sam-
ples and is advantageous for studying distinct ecological role of a particular micro-
bial community present in different ecosystems. Presently, most of the research
laboratories have been applying NGS for metagenomic studies (labeling DNA
fragments with fluorescent adapters) using a NGS machine (Illumina Hi-seq,
PacBio) since its usage removes the biases and artifacts that were present in clone-
based approach (cloning the DNA fragments into a vector). Metabolomics study
enables the mapping of the entire metabolic profile of an organism and can be
regarded as “microbial metabolomics” in microbiological context reflecting novel
biosynthetic and degradative pathways utilizing the organic content present in soil
ecosystem (Nair and Raja 2017).

However, the integration of multi-omics tactics would also permit a researcher to
disclose the contribution of active, dormant, or dead microbes to distinct ecosystem
functions. A study revealed the importance of pathways’ linking processes by
conducting a genome-centered metagenomics across a permafrost thaw regime that
illuminated novel fungal pathways for plant polysaccharide degradation and
syntrophic interactions resulting in CH4 production (Edwards et al. 2020). Whole
genome analysis along with metagenomics could be used to assess the functional
gene capabilities of the bacterial communities for nutrient transformations that are
being widely influenced by other relevant environmental factors that assist in
shaping up the soil microbial populations. Metatranscriptomic approach used by
Masuda et al. (2017) predicted that nitrogen fixation in paddy fields was majorly
driven by deltaproteobacterial populations, such as Anaeromyxobacter and
Geobacter, and not by any other Proteobacteria or Cyanobacteria, the major
diazotrophs considered to be present in most paddy soils. Shotgun metagenomics
is utilized to decipher unbiased interpretation on the phylogenetic and functional
changes in the microbial community in biochar-amended soil microbiomes (Yu et al.
2019). The significant shifts exhibited the key metabolic pathways such as the
utilization of plant-derived carbohydrates and denitrification which was likely stim-
ulated by the increased available nutrients associated with biochar amendment,
findings conferring enhanced nutrient cycling and a minor decline in CO2 emissions
but potentially abating N2O emissions. Omics tools not only help in studying the
analysis of metabolic footprint of different soil biota in response to nutrient trans-
formations but also provide guidance to innovate smart and sustainable agriculture
environment.
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6.8 Impact of Soil Microbes on Climate Change
with Respect to GHGs

6.8.1 CO2 Emissions

6.8.1.1 Effects of Temperature

Soil’s ability to sequester carbon is the outcome of the soil microbial activity that in
due course controls the rate-limiting steps in the decomposition process, thereby
ultimately influencing abiotic factors on decomposition (Classen et al. 2015). As
explained previously, climate warming modifies the structural makeup of soil
microbes involved in decomposition process, thereby inducing CO2 efflux from
soil (Schindlbacher et al. 2011). Increasing temperatures speed up the efflux of CO2

from soil to atmosphere due to enhanced heterotrophic microbial breakdown of
SOM. In comparison to primary production, soil respiration rate of SOM is more
sensitive to temperature (Schimel et al. 1994). SOM can vary greatly in terms of
carbon compounds with divergent chemical composition, and therefore temperature-
dependent microbial decomposition of the same is a complex phenomenon
(Glassman et al. 2018). There are extensive environmental constraints, such as
physical and chemical protection of SOM, to decrease substrate availability for
microbial attack, thereby relegating microbial responses to global warming (David-
son and Janssens 2006). Climate warming likely increases the net transfer of carbon
from soil to atmosphere, thereby creating a positive feedback on climate change as
depicted in Fig. 6.4. The effects of increasing temperature initiated via decomposi-
tion accompanying CO2 release are unequal among different soils (Dutta and Dutta
2016).

6.8.1.2 The Permafrost Issues

Temperature increment, on expenses of climate change, results in the melting of inert
permafrost layers. Subsequently, the dormant microbiome within these layers gets
activated, and biotic activities such as respiration, fermentation, and methanogenesis
are prompted (Weiman 2015). As thawing proceeds, the soil begins transitioning
more into decomposition (Svoboda 2015) leading to the transformation of soil
carbon into GHGs (Weiman 2015), thus creating a positive feedback on climate
change (Davidson and Janssens 2006). Arctic and alpine carbon is viewed as
potential indicator as well as regulator of global warming (European Commission
2015) because when it becomes warmer and drier, the permafrost microbes, initially
predicted to yield CO2, start releasing CH4 instead (Atkin 2015), thereby further
heating up because of climate change.
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6.8.1.3 Effects of Changes in Precipitation

Extreme occasions of precipitation such as drought and flooding have increased due
to climate change, thereby affecting the availability of water. Precipitation-induced
fluxes are significant factors that determine whether ecosystems can serve as sources
or sinks of CO2 (Shim et al. 2009). In fact, precipitation is critical in determining the
changeability of soil moisture and respiratory undertakings in soils (Aanderud et al.
2011). Shifts in precipitation establishments are quite substantial since the moisture
level determines soil microbiota and the magnitude of soil decomposition. On the
contrary, drought in wet ecosystems, such as peatlands and wetlands, stimulates
carbon cycling as drying up of soils maximizes oxygen accessibility, accordingly
raising CO2 flux (Fierer and Schimel 2003; Singh et al. 2010).

6.8.1.4 Effects of Elevated Carbon Dioxide Levels

Prominent intensities of atmospheric CO2 can result in substantial increase in
microbial soil respiration and cause soil microbes to emanate more potent GHGs
such as CH4 and N2O (Pathak and Pathak 2012). In fact, raised CO2 levels not only
proliferates CH4 efflux but also declines the uptake of CH4 by soil microbes (up to
30%) (Phillips et al. 2001; Ineson et al. 1998). Moreover, higher CO2 altitudes also
lead to discrete and significant amendments in the soil microbial communities of

Fig. 6.4 Positive feedback between global warming and soil microbial effects

120 K. Medhi et al.



leaves of trees in the form of litter. This could have widespread consequences on the
food chain as such microorganisms are sources of nutrients for the small phytoph-
agous animals (Dutta and Dutta 2016). Elevated levels of CO2 quantitatively and
qualitatively modify the discharge of labile sugars, organic acids, and amino acids
from plant roots that can encourage microbial growth and activity, thereby changing
the CO2 flux (Singh et al. 2010). Use of labile carbon over complex carbon by soil
microbes slows down the rates of litter decomposition, which in turn may minimize
CO2 emissions by respiration and favor carbon sequestration in the soil.

6.8.1.5 Effects Mediated Through Plants

Warming and reformed precipitation establishments potentially alter the distribution
of plant species and functional groups at both local and global scales (Woodward
et al. 2004). A variety of indirect impacts of climate change are intermediate through
plants that are allied to soil microbial communities (Kardol et al. 2010). Plants
minimize the respiration sensitivity under high rainfall changes but offer reverse
action under conflicting conditions in mesic habitats (Aanderud et al. 2011). When
thermal stress occurs, there are changes in the carbon-rich secretions released by
plants, leading to shifts in the soil microbial secretions (Ngumbi 2015). The pho-
nologies of roots and shoots are altered due to climate change, subsequently altering
rhizosphere interactions that distinctly stimulate seasonal assemblages of soil
microbiomes (Classen et al. 2015). Raised temperature along with nutrient avail-
ability can result in vegetation changes (Hobbie 1996). This in turn influences
composition of soil microbes and their metabolism through changes in the quality
and quantity of organic matter entering the soil as plant matter that is known to differ
consistently across plant functional groups (in terms of C3 and C4 plants) (Dorrepaal
et al. 2005) and correlates strongly with rates of decomposition and hence hetero-
trophic soil microbial respiration (Engelkes et al. 2008; Bardgett et al. 2009).

6.8.2 N2O Emissions

Along with CO2 flux, soil microbiota can also govern other GHG fluxes, i.e.,
methane (CH4), carbon cycle byproduct, and nitrous oxide (N2O) and nitrogen
cycling byproduct. Even though these GHGs represent smaller fluxes compared to
those of CO2, they are much more potent than GHGs with GWP approximately
21 times CO2 eq and 300 times CO2 eq, respectively, implicating they could linger
on for much longer in the atmosphere than CO2 and actively participate in maxi-
mizing the global warming issue. Each year, the global N2O emissions are increasing
at an alarming rate that contributes approximately to 6%–8% of the overall green-
house effect, and agricultural soils represent as the major contributors due to the
excessive but inefficient use of N fertilizers (Thakur and Medhi 2019; Fagodiya et al.
2020). Nitrogen is one of the key nutrient controlling elements for sustaining life at
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an optimum concentration, and its transformation in soil is mainly controlled by
mineralization, immobilization, and assimilation carried out by the highly indige-
nous and diverse soil microbiota. During microbial elimination of ammonium, both
nitrification and denitrification initiate N2O production and emissions into the
environment contributing to climate change. N2O occurs during fertilizer usage
and fossil fuel combustion but naturally occurs and released from soil and ocean.
Of the cumulative GHGs emitted, 80% of N2O is being emanated via soil processes
in distinct managed ecosystems (Mandal and Neenu 2012).

6.8.2.1 Effect of CO2 Increase and Water Response

The culprits, both fungi and certain classes of bacteria living in soils, take up
inorganic chemicals like NO3

� and CO2 as part of their respiratory processes for
N2O production and energy generation. Anaerobic habit helps these microorganisms
to flourish in the presence of increased atmospheric CO2 concentrations. Extra CO2

concentrations reduce water usability by plants, creating abundant moisture in soils
as well as favoring anaerobic/anoxic conditions for these microorganisms affecting
how soils release the N2O gas. Robust microbial responses to freeze–thaw process
due to increased GHG emission and changing patterns of microbial substrate usage
have enhanced soil N transformation, and expression of denitrifying genes has been
detected in studies prominently leading to additional N2O emission to the global
warming budget (Zhe et al. 2018; Bardgett et al. 2008). Drylands or extreme drought
conditions also have shown noticeable effects on the substantial rate of N2O
emissions. Wetting of dry soils not only improves soil hydraulic conditions but
also stimulates bursts of respiration and mineralization via microbial activity through
high flux of nutrients into soils that rapidly depletes soil O2 levels, allowing generous
N2O emissions to occur (Hu et al. 2017). Aeration and higher irrigation along with
temperature rise affected both mean soil nitrifier and denitrifier abundance proving
them as the primary factors influencing soil N2O fluxes (Chen et al. 2019).

6.8.2.2 Effect of Plant Influences

Composition and types of plant species govern the litter quality influencing N
availability, and the rhizosphere exudation of the mineralized N organic compounds
speeds up microbial activity for N2O production (Wrage-Mönnig et al. 2018).
Biological nitrogen-fixing forests can fuel CO2 sequestration but can also encourage
soil N2O. Symbiotic N-fixing trees’ ability to either abate or aggravate climate
change compared to non-fixing trees depends on their N-fixing strategy and enrich-
ment of nitrogen deposition substantially upsetting CO2 sequestration and poten-
tially elevating soil N2O emissions (Kou-Giesbrecht and Menge 2019). Increase in
CO2 level makes plants growth faster, eventually supplying energy to soil microbes
boosting their metabolism that could slow down climate change, but with more CO2,
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there is a chance of leaking the extra carbon fueling microbial byproduct, N2O, that
ends up in the atmosphere counteracting the ecological climate change abatement
strategy (van Groenigen and Trinity College Dublin 2011) as more uptake of CO2

releases other potent GHGs.

6.8.3 CH4 Emissions

Soil biodiversity referring to the variety of numerous organisms existing below and
above the soil surface are mostly responsible for the 60–80% of the biological
activities via nutrient cycle regulations and decomposition of organic residues,
preserving the soil quality, fertility, and productivity. Methane production is the
result of anthropogenic routine activities, for example, production of fossil fuels,
circulation and burning, landfills and squander, cattle’s farming, decomposition of
plant matter, and burning of biomass and rice paddies. Of the cumulative GHGs
emitted, 50% of CH4 is being emanated via soil processes in distinct managed
ecosystems (Mandal and Neenu 2012). CH4-eating bacteria called methanotrophs
are significant to sustaining a healthy climate on Earth. Bacteria utilize methane for
assimilation as power supply (Semrau et al. 2010; Nikiema et al. 2005; Bousquet
et al. 2006) and convert it to CO2 through their digestive process. These bacteria can
devour huge quantity of methane which is supportive in dropping methane release
from methane-producing manufacturing units and landfills (Gupta et al. 2014;
Shindell et al. 2012). Production of methane (CH4) also takes place as a fraction
of the carbon cycle underneath anaerobic state by the action of microbiota. In
peatlands, decay-resistant trash (e.g., Sphagnum mosses polysaccharides and anti-
microbial phenolics) restrains decomposition of microbes, and water infiltration
confines exchange of oxygen and promotes the expansion of anaerobes and emission
of CO2 and CH4. Thawing of permafrost directs to rises in water-permeated soils,
which endorse anaerobic methane production by methanogenic bacteria (Cavicchioli
et al. 2019). Increasing atmospheric temperature coupled with liquefying permafrost
enhances the activity rates of soil microbes (Yvon-Durocher et al. 2014), which
straightly lead to larger production of CH4 soils (Cooper et al. 2017). Prominent CO2

effects on methane fluxes were extremely uneven in highlands soils and were
principally net sinks for methane (via oxidation by methanotrophs). An increase in
soil humidity beneath upraised CO2 possibly has either decreased diffusion of
methane into the soil (thereby dropping the concentration of CH4 oxidation by
methanotrophs) or elevated methane production by methanogenic bacteria (Phillips
et al. 2001). Raised CO2 frequently increased methane release in peatlands, wet-
lands, and rice agricultural fields. The anoxic situations in rice paddies, wetlands,
and peatlands endorse the production of CH4 by methanogenic bacteria. Increased
CH4 production, when subjected to eminent CO2 conditions, has been accredited to
enlarged C input into the soil (Tokida et al. 2010; Dijkstra et al. 2012).
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6.9 Methods to Protect Nutrient Transformations in Soil

6.9.1 Reduce Soil Tillage

Soil microbial communities are the primary organisms responsible for catalyzing a
range of events in nutrient cycling, essential to the productivity and sustainability of
soil ecosystems (Bissett et al. 2013). Soil microbial biomass is the living part of
SOM that generally comprises <10% of SOM and is performing an important
ecological functions in soil ecosystem (Salinas-Garcia et al. 2002). Soil microbial
biomass and soil enzyme activities are regarded as sensitive indicators of dissimi-
larities between sustainable cropping systems (Kennedy and Papendick 1995; Eivazi
et al. 2003) implying soil quality. Soil microbial biomass often reacts quickly to soil
management fluctuations.

Tillage is regarded as the soil mechanical manipulation for crop production
purpose affecting considerably the soil characteristics such as soil water conserva-
tion, soil temperature, infiltration, and evapotranspiration (Busari et al. 2015).
However, excessive or inappropriate tillage practices contribute to the degradation
of soil properties and in doing so impact the nutrient-related processes. Tillage
disrupts SOM, vital for refining soil fertility and soil water-holding capacity (Brust
2019). It also disturbs soil structure heterogeneity, thereby affecting the diversity of
dominant soil microbial community that in due course alters the relationships among
the members of the soil microbiome within the soil ecosystem (Altieri 1999),
ultimately impacting decomposition of SOM. It has been reported that about
one-third of the global GHGs is attributed to agricultural practices (Gattinger et al.
2014) such as tillage. Tillage modifies edaphic factors, thereby impacting the rate of
carbon mineralization (Curtin et al. 2012). Conventional tillage disrupts soil aggre-
gates contributing to erosion and increased atmospheric CO2 and ultimately to global
warming (Roldan et al. 2003). Therefore, use of more sustainable agricultural
practices such as “conservation tillage” to improve residue cover with “minimum
tillage” or “no tillage” has been established in many environments recently and can
advance the substrate as well as nutrient availability to soil microbes. In fact, high
carbon sequestration has been given as one of the credits of no tillage (Lal et al.
2007). Gambolati et al. (2005) observed that conservation tillage practices decreased
the exposure of unmineralized organic substances to the soil microbial processes,
thus reducing SOM decomposition and CO2 emission.

Conservation tillage can also increase water retention in drought conditions and
help to restore carbon in soils (Busari et al. 2015). Conservation tillage soil has
reduced C concentrations from oxidation of labile SOM due to tillage. With no-till
practices, an increase of the total soil nitrogen by 38–68% with depth has been
observed in arid wheat-based systems (Dou and Hons 2006). Total nitrogen in zero
tillage was 51–60% higher than in minimum and conventional tillage practices,
respectively (Lopez-Fando and Pardo 2009). Therefore, potential benefits of con-
servation tillage practices in reducing carbon and nitrous oxide emissions to the
atmosphere have become more important now than ever.
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6.9.2 Landscape Management

Land is both a source and a sink of GHGs and chiefly participates in the nutrient
cycling. Land ecosystems are vulnerable to ongoing climate change and climate
extents. However, land degradation is itself a major reason of climate change (Scherr
and Sthapit 2009). Global nutrient cycles have been greatly altered by land-use/land-
cover changes over the last century that have a major implication in climate change
(Downing et al. 1999). In general, land-use pattern change affects soil physical and
chemical properties such as pH, moisture, organic matter content, and nutrient
availability especially with respect to soil carbon and other nutrient cycling (Potthast
et al. 2010; Paustian et al. 2000).

With population explosion, regularly lands are being converted to agricultural or
degraded landscapes often acting as inefficient sinks for carbon and other elements
which have dramatically altered regional hydrology and are subject to large losses of
nutrient elements such as carbon, nitrogen, or phosphorus (Downing et al. 1999).
Land-use changes can also disrupt carbon, nitrogen, or phosphorus dynamics as well
as SOM storage across a wide range of habitats (Monkiedje et al. 2006), which are
generally regarded as major factors causing shifts in microbial community compo-
sition (Schimel and Bennett 2004; Cookson et al. 2007). Land-cover changes leave
the soil unprotected making way to CO2, CH4, and N2O release. CH4 flux from soil
to atmosphere is the net result of bacterial processes that are strongly influenced by
land use, land management, and the type of soil (IPCC 2014). Other unsustainable
land management practices degrading soils include tillage-based crop production
systems; simplified crop rotations that lead to soil nutrient mining; improper fertil-
izer application; unsuitable irrigation practices; overstocking, overgrazing, and
burning of rangelands; inefficient grazing methods; and overexploitation or clear-
ance of wooded lands and forestlands. Therefore, sustainable land management can
contribute to lower the negative impacts associated with land use, thereby having
implications in nutrient cycling as well as climate change.

Soil nutrients are closely related to land-use types and their associated sustainable
management practices (Reijneveld et al. 2009; Wang et al. 2010). The conversion of
any vulnerable land for unsustainable uses must be crucially prevented for seques-
tering nutrients and preventing nutrient loss. SOC content can be conserved,
restored, and increased through appropriate land uses and agricultural management
practices that can be applied at the landscape level (Corsi et al. 2012). Evaluations of
land resources could categorize hotspots where sustainable land management prac-
tices might help in generating multiple ecosystem benefits.

6.9.3 Crop Management

Crop production is highly sensitive to climate change wherein both affect each other.
Climate change affects crop production in terms of CO2 concentrations, temperature,
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and precipitation, whereas crop production produces GHGs that have an impact on
climate change (Smith and Almaraz 2004) in particular CO2, CH4, and N2O. The
SOC stock may either increase or decrease in response to changes in climate and
cropping practices (Smith et al. 2015). High SOC content in the soil improves
nutrient storage. C sequestration in soils therefore may be an efficient way to store
C for climate regulation (Pan et al. 2013) by improving SOM content and thereby
soil quality (Lal 2004) whose degradation otherwise is a major driver of climate
change.

Specific cropping practices encourage soil capacity to conserve and accumulate
SOC. These practices can reduce GHGs at the source and maintain or improve yields
and enable crop systems to adapt to the projected impacts of climate change. Shifting
crop variety production is a sustainable option for reducing fluxes. Perennial crops
also reduce the need for annual tillage by increasing nutrient supply and also
enhancing water-holding capacity (Lal 2004) which in turn can increase soil micro-
bial community. Use of perennial crops or agroforestry could also result in similar
remunerations (Mbow et al. 2014). Also, an intensive and diversified crop rotation
practice, eliminating fallow periods and returning crop residues to the soil with an
average C/N ratio in the 25–30 range, could be used. In this process, carbon
accumulates in the soil and facilitates nitrogen in the decaying surface residues to
be released slowly to the next crop. Cropping practices should also include greater
diversity of crops that also contributes to integrated pest management by preventing
weed growth (FAO 2010). Weed species competes for nutrients, water, and light,
and removing them by tilling, pulling, mowing, and/or using herbicide ultimately
leads to low primary productivity environments where the exposed soil leads to
losses in SOM and soil microbial diversity (Louis et al. 2016).

6.9.4 Amendments of Organic Residues

Soil quality index is generally governed by the soil organic carbon since it has
always been a vital factor in sustaining crop productivity and rejuvenating environ-
mental quality through soil water availability, nutrient cycling, gas flux, plant root
growth, and soil conservation (Patra et al. 2010). Plants acquire nutrients from
natural sources inclusive of organic matter (soils carry 2–10%) and minerals. Soil
organic matter (SOM) not only aggregates soil property and improves water avail-
ability but also acts as a nutrient buffering bank to uphold soil quality as represented
in Fig. 6.5. Organic soil amendments extend a huge prospective for improvement of
soil microbial biomass influencing soil enzymatic activities since the amended
residues generally hold intra- and extracellular enzymes as well as assist in carbon,
nitrogen, and other nutrient transformation for sustainable productivity. Application
of animal wastes, sludge wastes, poultry manure, other carbon-rich wastes, or
compost improves the soil organic matter facilitating better soil fertility and period-
ical decomposition of organic residues before field application inputs C-rich com-
pounds, immobilizes available soil N, as well as substitutes for N required in the soil
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(Khursheed 2016). Composting practice conserves nutrients and emits less CO2 and
N2O (Shrestha et al. 2018).

During carbon sequestration, it is necessary to transfer C to a stable or inert
carbon pool to avoid C emission to the atmosphere and biochar application could
easily provide the needed direction. The biochar synthesized from biomass pyrolysis
could persist in the soils for longer period possessing resistance to chemical and
biological degradation, thus owning the capability of amending C in terrestrial
ecosystems. Biochar cycle being a slower process would appreciably act as a carbon
sink greatly impacting the atmospheric CO2 concentration uptake by plants as
photosynthesis is eightfold higher than GHGs emissions mitigating almost 10% of
current anthropogenic CO2 release (Qambrani et al. 2017). Biochar application in
soils involved increasing soil aeration and reducing the frequency of methanogenesis
occurrence resulting in CH4 emissions close to zero (Verheijen et al. 2010). Biochar
containing low N concentrations and high C/N ratios aids in the biological immo-
bilization of inorganic N by efficiently adsorbing NH3 from soil and consequently
declining ammonia volatilization from agricultural soils and reducing N2O emission
by 3% to 84% (Qambrani et al. 2017; Shrestha et al. 2018). Biochar participation has
been widely documented in improvising agricultural soil properties precisely for
increasing soil porosity, soil moisture retention, and aggregate stability and addi-
tionally influencing organic carbon stock, cation exchange capacity, and availability
of P and K reserves. It structures the microbial community in forest soils, by
enhancing soil microbial biomass, and significantly reflects in minimizing soil
N2O emissions, increasing soil CH4 uptake, and complex changes of soil CO2

emissions (Li et al. 2018).

Fig. 6.5 Soil organic matter importance with its distinct components partaking biological functions
(adapted from Mohammadi et al. 2011)
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6.9.5 Nutrient Management

Agriculture is wholly dependent on the climatic conditions and that’s how it easily
falls prey to climate change. Increased temperature on soils is accountable for the
stresses, including interference with germination, vegetative growth, dry matter
partitioning, reproductive processes, loss of organic matter, and nutrient and biolog-
ical functions drastically affecting crop quality, ultimately losing crop yield and food
quality (Agrimonti et al. 2020). Moreover, currently, the modern intensive agricul-
tural practices, including land clearance, extreme and ineffective fertilizer usage,
irrigation variations, and agricultural machines run by nonrenewable resources, have
made agriculture sector a prominent contributor to GHG emissions (Heidecke et al.
2018). Thus, it is necessary to uphold the nutritional security, to come up with
innovative initiatives for fostering soil eminence for future use, and one such
approach is nutrient management. Nutrient management science is the study of the
combination of optimal conservation strategies interlinking soil utilization, crop and
weather factors, irrigation factors, and essential nutrient (CNPSK) input with diverse
cultures that are directly or indirectly helping in optimizing and exploiting ideal
nutrient use efficiency to crops to refine plant value as well as soil health environ-
ment (Farooqi et al. 2018; Bhattacharyya et al. 2016). Dependence and pressuriza-
tion for more and quality food with population explosion have raised the bars for
traditional farming practices, to move toward sustainable and smart approaches such
as usage of beneficial microbes for higher agricultural byproducts. Soil microbes
especially bacteria and fungi in the form of biofertilizers could play a central and
vibrant role in the nutrient management by decomposing and recycling soil organic
residues as well as supplying important nutrients (nitrogen, phosphorus, and potas-
sium) to the associated plants (Bhattacharyya et al. 2016). Mulching (organic,
inorganic, or mixed) is one of the soil moisture conservation techniques practiced
on agricultural fields nowadays that consists of covering the soil surface defending
against soil erosion to compensate the nutrient loss and enhance soil fertility as well
as positively impact soil temperature and microbiology (Kader et al. 2017). Syn-
thetic N fertilizers become prone to loss due to leaching, mineralization, volatiliza-
tion, gaseous emissions, and runoff, less or not available for the plants to assimilate.
Thus, use of enhanced efficiency fertilizers (EEFs) could be applied to improve the
crop’s N-use efficiency (Uchida and von Rein 2018). By selecting the right type of
EEFs, crops demand of N and the N release by the fertilizers could be synchronized.
Stabilized fertilizers like nitrification and urease inhibitors extend the N timing in
original form by directly slowing down microbial activity providing higher chance
of assimilating nitrates by plants for an extended period of time. Endophytic fungi
could be helpful for improving N-use efficiency by supplying NO3

�-N to plant roots
(Bhowmik et al. 2017). Thus, these agriculture services could not only help in
conserving nutrients but could also contribute to combat climate change.

128 K. Medhi et al.



6.10 Conclusion and Future Perspectives

For supporting various forms of life on Earth, the most pivotal role is usually being
played by the soil ecosystem. However, climate change possesses a dynamic and
strong impact on soil functions directly via elevated temperature, changes in precip-
itation patterns, and moisture regime changes and indirectly associated with anthro-
pogenic activities encouraged with agricultural practice adaptations such as
management of nutrients, irrigation systems, crop rotation changes, and tillage
practices. It is a well-known fact that indigenous soil microbiota or the
bioaugmentation of soil microbes in soils could prove to be a promising technique
in stabilizing and maintaining various nutrient reserves in soil and eventually making
it available to the plants, promoting plant growth and curtailing the application of
synthetic fertilizers. Many studies have tried to develop our understanding the
relationships between soil properties and climate change, but still there has been a
lack of comprehensive explanation investigating this issue. With rapid industriali-
zation and population explosion, anthropogenic pollution along with climate change
is pressurizing on the limited water resources. Any ecosystem could not afford to
become debt with water scarcity as climate change results in greater soil moisture
evaporation. Thus, sustainable farming practices such as mulching should be greatly
practiced on agricultural soils to help in conserving both soil moisture and soil
nutrients. Organic mulches under suitable temperature and water content not only
add nutrients to the soil after microbial biodegradation but also input in nitrogen
mobilization, support carbon sequestration, and add plant nutrients to soils. There-
fore, future research need to investigate the effects of biodegradable mulching
materials on soil biota, soil fertility, adaptability to climate change, and crop yields.
Legacy phosphorus defined as the cumulative P accumulated in soils over the years
from past fertilizer contributions and manures is the second largest global source of P
that could substitute synthetic fertilizers. Thus, integrating the legacy P in the holistic
nutrient management approach could provide a sustainable and smart agriculture for
future food, bioenergy, and water security. Biochar applicability in forest soils has
not only resulted in the improvement of soil physicochemical and biological prop-
erties focusing more on soil fertility but has also retained its impression for abate-
ment of soil GHG emissions. The study of phosphate-solubilizing bacteria under
field conditions is very rare as it has huge potential in mineralizing soil K reserves for
plant growth, but its part in sustaining soil nutrient has not yet being exploited.
Management of terrestrial microbial processes incurs the capability of abating
climate change by decreasing GHG emissions projecting a tempting prospect for
the future research. When microbial communities and biogeochemical cycles are
interlinked, they could become a good mechanism to resolve maximum proportion
of this environmental mechanism for solving climate change. Therefore, more
research on the impacts of climate change threats on soil microbiome services
need to be thoroughly understood, and fundamental applicability of multi-omics
studies needs to be incorporated for gaining awareness and maximum perception
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into the unexplored microbial community to fight the negativity of climate change
and restore nature’s sustainability.

Acknowledgment The authors are much thankful to the Central Pollution Control Board (CPCB),
Lucknow, and Central Pollution Control Board (CPCB), New Delhi, for providing necessary
support for this publication.

References

Aanderud ZT, Schoolmaster DR, Lennon JT (2011) Plants mediate the sensitivity of soil respiration
to rainfall variability. Ecosystems 14:156–167

Aanderud ZT, Jones SE, Schoolmaster DR, Fierer N, Lennon JT (2013) Sensitivity of soil
respiration and microbial communities to altered snowfall. Soil Biol Biochem 57:217–227

Abatenh E, Gizaw B, Tsegaye Z, Tefera G (2018) Microbial function on climate change – a review.
Environ Pollut Clim Change 2:147. https://doi.org/10.4172/2573458X.1000147

Agrimonti C, Lauro M, Visioli G (2020) Smart agriculture for food quality: facing climate change in
the 21st century. Crit Rev Food Sci Nutr 1–11

Allison I (2009) The Copenhagen diagnosis, 2009: updating the world on the latest climate science.
The University of New South Wales Climate Change Research Centre (CCRC), Sydney.
Retrieved 8 June 2014

Altieri MA (1999) The ecological role of biodiversity in agroecosystems. Agric Ecosyst Environ 74
(1–3):19–31. https://doi.org/10.1016/S0167-8809(99)00028-6

Amouzou KA, Lamers JP, Naab JB, Borgemeister C, Vlek PL, Becker M (2019) Climate change
impact on water-and nitrogen-use efficiencies and yields of maize and sorghum in the northern
Benin dry savanna, West Africa. Field Crop Res 235:104–117

Andreae MO (1990) Ocean-atmosphere interactions in the global biogeochemical sulfur cycle. Mar
Chem 30:1–29

Andreae MO, Elbert W, de Mora SJ (1995) Biogenic sulfur emissions and aerosols over the tropical
South Atlantic: 3. Atmospheric dimethylsulfide, aerosols and cloud condensation nuclei. J
Geophys Res Atmos 100:11335–11356

Atkin E (2015) Why this new study on arctic permafrost is so scary? http://thinkprogress.org/
climate/2015/04/08/3643953/greenlandpermafrostthawmicrobes. Accessed 07 Aug 2020

Bagne K, Ford P, Reeves M (2012) Grasslands and climate change. US Department of Agriculture,
Forest Service, Climate Change Resource Center. http://www.fs.fed.us/ccrc/topics/grasslands/
index.shtml

Bailer-Jones CAL (2009) The evidence for and against astronomical impacts on climate change and
mass extinctions: a review. Int J Astrobiol 8:213–239

Balser TC, McMahon KD, Bart D et al (2006) Bridging the gap between micro- and macro-scale
perspectives on the role of microbial communities in global change ecology. Plant Soil
289:59–70

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

Bardgett RD, DeDeyn GB, Ostle NJ (2009) Plant-soil interactions and the carbon cycle. J Ecol
97:838–839

Bhattacharyya PN, Goswami MP, Bhattacharyya LH (2016) Perspective of beneficial microbes in
agriculture under changing climatic scenario: a review. J Phytol 26–41

Bhowmik A, Cloutier M, Ball E, Bruns MA (2017) Underexplored microbial metabolisms for
enhanced nutrient recycling in agricultural soils. AIMS Microbiol 3:826

130 K. Medhi et al.

https://doi.org/10.4172/2573458X.1000147
https://doi.org/10.1016/S0167-8809(99)00028-6
http://thinkprogress.org/climate/2015/04/08/3643953/greenlandpermafrostthawmicrobes
http://thinkprogress.org/climate/2015/04/08/3643953/greenlandpermafrostthawmicrobes
http://www.fs.fed.us/ccrc/topics/grasslands/index.shtml
http://www.fs.fed.us/ccrc/topics/grasslands/index.shtml


Bissett A, Richardson AE, Baker G, Kirkegaard J, Thrall PH (2013) Bacterial community response
to tillage and nutrient additions in a long-term wheat cropping experiment. Soil Biol Biochem
58:281–292

Biswas R, Sarkar A (2018) ‘Omics’ tools in soil microbiology: the state of the art. In: Advances in
soil microbiology: recent trends and future prospects. Springer, Singapore, pp 35–64

Bond-Lamberty B, Bailey V, Chen M, Gough C, Vargas R (2018) Globally rising soil heterotrophic
respiration over recent decades. Nature 560:80–83

Bousquet P, Ciais P, Miller JB, Dlugokencky EJ, Hauglustaine DA, Prigent C, Van der Werf GR,
Peylin P, Brunke EG, Carouge C, Langenfelds RL (2006) Contribution of anthropogenic and
natural sources to atmospheric methane variability. Nature 443:439–443

Brust GE (2019) Management strategies for organic vegetable fertility. In: Safety and practice for
organic food, pp 193–212. https://doi.org/10.1016/B978-0-12-812060-6.00009-X

Buis A (2020) Milankovitch (orbital) cycles and their role in Earth’s climate. Features. https://
climate.nasa.gov/

Busari MA, Kukal SS, Kaur A, Bhatt R, Dulazi AA (2015) Conservation tillage impacts on soil,
crop, and the environment. Int Soil Water Conserv Res 3:119–129

Byrne MP, O’Gorman PA (2018) PNAS 115(19):4863–4868; first published April 23, 2018.
https://doi.org/10.1073/pnas.1722312115

Campisano CJ (2012) Milankovitch cycles, paleoclimatic change, and hominin evolution. Nat Educ
Knowl 4(3):5

Cappucci M (2019) Increasing humidity, driven in part by climate change, is making even modest
heat waves unbearable. The Washington Post

Castro HF, Classen AT, Austin EE, Norby RJ, Schadt CW (2010) Soil microbial community
responses to multiple experimental climate change drivers. Appl Environ Microbiol 76
(40):999–1007

Cavicchioli R, Ripple WJ, Timmis KN, Azam F, Bakken LR, Baylis M, Behrenfeld MJ, Boetius A,
Boyd PW, Classen AT, Crowther TW (2019) Scientists’ warning to humanity: microorganisms
and climate change. Nat Rev Microbiol 17(9):569–586

Chen H, Shang Z, Cai H, Zhu Y (2019) Response of soil N2O emissions to soil microbe and enzyme
activities with aeration at two irrigation levels in greenhouse tomato (Lycopersicon esculentum
Mill.) fields. Atmosphere 10(2):72

Classen AT, Sundqvist MK, Henning JA et al (2015) Direct and indirect effects of climate change
on soil microbial and soil microbial-plant interactions: what lies ahead? Ecosphere 6(8):130.
https://doi.org/10.1890/ES15-00217.1

Cookson WR, Osman M, Marschner P et al (2007) Controls on soil nitrogen cycling and microbial
community composition across land use and incubation temperature. Soil Biol Biochem
39:744–756

Cooper MD, Estop-Aragonés C, Fisher JP, Thierry A, Garnett MH, Charman DJ, Murton JB,
Phoenix GK, Treharne R, Kokelj SV, Wolfe SA (2017) Limited contribution of permafrost
carbon to methane release from thawing peatlands. Nat Clim Chang 7(7):507–511

Corsi S, Friedrich T, Kassam A, Pisante M, de Moraes Sa JC (2012) Soil organic carbon
accumulation and greenhouse gas emission reductions from conservation agriculture: a litera-
ture review. Integr Crop Manage 16:101

Crowther TW, Thomas SM, Maynard DS et al (2015) Biotic interactions mediate soil microbial
feedbacks to climate change. Proc Natl Acad Sci 112(22):7033–7038

Cubasch U, Meehl GA, Boer GJ, Stouffer RJ, Dix M, Noda A, Senior CA, Raper S, Yap KS (2001)
Projections of future climate change. In: Ding Y et al (eds) Climate change 2001: the scientific
basis. Contribution of working group I to the third assessment report of the intergovernmental
panel on climate change, pp 526–582

Curtin D, Beare MH, Hernandez-Ramirez G (2012) Temperature and moisture effects on microbial
biomass and soil organic matter mineralization. Soil Sci Soc Am J 76:2005–2067

6 Climate Change with Its Impacts on Soil and Soil Microbiome Regulating. . . 131

https://doi.org/10.1016/B978-0-12-812060-6.00009-X
https://climate.nasa.gov/
https://climate.nasa.gov/
https://doi.org/10.1073/pnas.1722312115
https://doi.org/10.1890/ES15-00217.1


Daims H, Lebedeva EV, Pjevac P, Han P, Herbold C, Albertsen M, Jehmlich N, Palatinszky M,
Vierheilig J, Bulaev A, Kirkegaard RH (2015) Complete nitrification by Nitrospira bacteria.
Nature 528(7583):504–509

Davidson EA, Janssens IA (2006) Temperature sensitivity of soil carbon decomposition and
feedbacks to climate change. Nature 440:165–173

Dawson B, Spannagle M (2008) The complete guide to climate change is an indispensable resource.
Routledge, Oxon

Desonie D (2008) Climate: causes and effects of climate change. Chelsea House, New York
Dijkstra FA, Prior SA, Runion GB, Torbert HA, Tian H, Lu C, Venterea RT (2012) Effects of

elevated carbon dioxide and increased temperature on methane and nitrous oxide fluxes:
evidence from field experiments. Front Ecol Environ 10(10):520–527

Dorrepaal E, Cornelissen JHC, Aerts R, Wallen B, van Logtestijn RSP (2005) Are growth forms
consistent predictors of leaf litter quality and decomposability across peatlands along a latitu-
dinal gradient? J Ecol 93:817–828

Dou F, Hons FM (2006) Tillage and nitrogen effects on soil organic matter fractions in wheat-based
systems. Soil Sci Soc Am J 70:1896–1905

Downing J, McClain M, Twilley R et al (1999) The impact of accelerating land-use change on the
N-cycle of tropical aquatic ecosystems: current conditions and projected changes. Biogeochem-
istry 46(1):109–148

Dutta H, Dutta A (2016) The microbial aspect of climate change. Energy Ecol Environ 1
(4):209–232

Edge TA, Baird DJ, Bilodeau G, Gagné N, Greer C, Konkin D, Newton G, Séguin A, Beaudette L,
Bilkhu S, Bush A (2020) The Ecobiomics project: advancing metagenomics assessment of soil
health and freshwater quality in Canada. Sci Total Environ 710:135906

Edwards A, Cameron KA, Cook JM, Debbonaire AR, Furness E, Hay MC, Rassner SM (2020)
Microbial genomics amidst the Arctic crisis. Microb Genom mgen000375

Eivazi F, Bayan MR, Schmidt K (2003) Select soil enzyme activities in the historic Sanborn field as
affected by long-term cropping systems. Commun Soil Sci Plant Anal 34:2259–2275

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS, Hillebrand H, Ngai JT, Seabloom
EW, Shurin JB, Smith JE (2007) Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine, and terrestrial ecosystems. Ecol Lett 10:1135–1142.
https://doi.org/10.1111/j.1461-0248.2007.01113.x

Eneji VCO, Inyang-Abia ME, Ekpo CG, Isa AM (2017) A review of global warming/climate
change, causes, effects and mitigations. Environ Stud 1(1):44–71

Engelkes T, Morrien E, Verhoeven KJF et al (2008) Successful range-expanding plants experience
less aboveground and below-ground enemy impact. Nature 456:946–948

Etesami H, Emami S, Alikhani HA (2017) Potassium solubilizing bacteria (KSB): mechanisms,
promotion of plant growth, and future prospects: a review. J Soil Sci Plant Nutr 17(4):897–911

European Commission (2015) The role of Arctic microbes in climate change. Cordis: News and
Events. http://cordis.europa.eu/news/rcn/127717_en.html. Accessed 02 Aug 2020

Fagodiya RK, Pathak H, Kumar A, Bhatia A, Jain N (2017) Global temperature change potential of
nitrogen use in agriculture: a 50-year assessment. Sci Rep 7:44928

Fagodiya RK, Kumar A, Kumari S, Medhi K, Shabnam AA (2020) Role of nitrogen and its
agricultural management in changing environment. In: Contaminants in agriculture. Springer,
Cham, pp 247–270

Fahey D, Doherty S, Hibbard KA, Romanou A, Taylor P (2017) Physical drivers of climate change
Falkowski PG, Fenchel T, Delong EF (2008) The microbial engines that drive earth’s biogeochem-

ical cycles. Science 320:1034–1039
Farooqi ZUR, Sabir M, Zeeshan N, Naveed K, Hussain MM (2018) Enhancing carbon sequestra-

tion using organic amendments and agricultural practices. Carbon Capture, Utilization and
Sequestration

Fierer N, Schimel JPA (2003) A proposed mechanism for the pulse in carbon dioxide production
commonly observed following the rapid rewetting of a dry soil. Soil Sci Soc Am J 67:798–805

132 K. Medhi et al.

https://doi.org/10.1111/j.1461-0248.2007.01113.x
http://cordis.europa.eu/news/rcn/127717_en.html


Fierer N, Craine JM, McLauchlan K et al (2005) Litter quality and the temperature sensitivity of
decomposition. Ecology 86:320–326

Food and Agriculture Organization (2010) Climate-smart agriculture: policies, practices and
financing for food security, adaptation and mitigation. Report prepared for The Hague Confer-
ence on Agriculture, Food Security, and Climate Change, Rome

French S, Levy-Booth D, Samarajeewa A et al (2009) Elevated temperatures and carbon dioxide
concentrations: effects on selected microbial activities in temperate agricultural soils. World J
Microbiol Biotechnol 25:1887–1900

Gambolati G, Putti M, Teatini P, Camporese M, Ferraris S, Gasparetto Stori G (2005) Peatland
oxidation enhances subsidence in the Venice watershed. Eos Trans AGU 86:217–220

Gattinger A, Jawtusch J, Muller A, Mader P (2014) Climate change and agriculture: no-till
agriculture – a climate smart solution? Report no. 2. Misereor, Aachen, p 24

Gelybó G, Tóth E, Farkas C, Horel Á, Kása I, Bakacsi Z (2018) Potential impacts of climate change
on soil properties. AgrokémiaésTalajtan 67(1):121–141

Geresdi I, Meszaros E, Molnar A (2006) The effect of chemical composition and size distribution of
aerosol particles on droplet formation and albedo of stratocumulus clouds. Atmos Environ
40:1845–1855

Glassman SI, Weihe C, Li J et al (2018) Decomposition responses to climate depend on microbial
community composition. Proc Natl Acad Sci 115(47):11994–11999

Gruber N, Galloway JN (2008) An earth-system perspective of the global nitrogen cycle. Nature
451:293–296

Guignard MS, Leitch AR, Acquisti C, Eizaguirre C, Elser JJ, Hessen DO, Jeyasingh PD,
Neiman M, Richardson AE, Soltis PS, Soltis DE (2017) Impacts of nitrogen and phosphorus:
from genomes to natural ecosystems and agriculture. Front Ecol Evol 5:70

Gupta C, Prakash DG, Gupta S (2014) Role of microbes in combating global warming. Int J Pharm
Sci Lett 4:359–363

Gupta N, Vats S, Bhargava P (2018) Sustainable agriculture: role of metagenomics and
metabolomics in exploring the soil microbiota. In: In silico approach for sustainable agriculture.
Springer, Singapore, pp 183–199

Haigh JD (2000) Solar variability and climate. Weather 55:399–405
Heath J, Ayres E, Possell M et al (2005) Rising atmospheric CO2 reduces soil carbon sequestration.

Science 309:1711–1713
Heidecke C, Montgomery H, Stalb H, Wollenberg L (eds) (2018) International conference on

agricultural GHG emissions and food security – connecting research to policy and practice –

volume of abstracts, Braunschweig. Johann Heinrich von Thunen Institut Berlin
Hibbard K, Law B, Reichstein M, Sulzman J (2005) An analysis of soil respiration across northern

hemisphere temperate ecosystems. Biogeochemistry 73:29–70
Hobbie SE (1996) Temperature and plant species control over litter decomposition in Alaskan

tundra. Ecol Monogr 66:503–522
Hostetler SW, Mix AC (1999) Re-assessment of ice-age cooling of the tropical ocean and atmo-

sphere. Nature 399:673–676
Hu HW, Trivedi P, He JZ, Singh BK (2017) Microbial nitrous oxide emissions in dryland

ecosystems: mechanisms, microbiome and mitigation. Environ Microbiol 19(12):4808–4828
Ineson P, Coward PA, Hartwig UA (1998) Soil gas fluxes of N2O, CH4 and CO2 beneath Lolium

perenne under elevated CO2: the Swiss free air carbon dioxide enrichment experiment. Plant
Soil 198:89–95

Intergovernmental Panel on Climate Change (2014) Contribution of working groups I, II and III to
the fifth assessment report of the Intergovernmental Panel on Climate Change. IPCC, Geneva, p
151

IPCC (2007) Climate change 2007: the physical science basis. Contribution of working group I to
the fourth assessment report of the intergovernmental panel on climate change. Cambridge
University Press, New York

6 Climate Change with Its Impacts on Soil and Soil Microbiome Regulating. . . 133



Jackson RB, Canadell J, Ehleringer JR et al (1996) A global analysis of root distributions for
terrestrial biomes. Oecologia 108:389–411

Jafarov FT, Mustafayev MG (2020) The impact of climate change on soil fertility in the central
region of Azerbaijan. Екологічнабезпекатаприродокористування 34(2):81–87

Jansson JK, Hofmockel KS (2019) Soil microbiomes and climate change. Nat Rev Microbiol 1–12
Joshi PA, Shekhawat DB (2014) Microbial contributions to global climate changes in soil envi-

ronments: impact on carbon cycle (short review). Ann Appl Bio-Sci 1(1):R7–R9
Kader MA, Senge M, Mojid MA, Ito K (2017) Recent advances in mulching materials and methods

for modifying soil environment. Soil Tillage Res 168:155–166
Kardol P, Cregger MA, Campany CE, Classen AT (2010) Soil ecosystem functioning under climate

change: plant species and community effects. Ecology 91:767–781
Kennedy AC, Papendick RI (1995) Microbial characteristics of soil quality. J Soil Water Conserv

50:243–248
Khursheed S (2016) Soil biodiversity and climate change. Adv Plants Agric Res 3(5):00113
Kiene RP, Linn LJ, Bruton JA (2000) New and important roles for DMSP in marine microbial

communities. J Sea Res 43(3–4):209–224
Kloster S (2006) DMS cycle in the ocean-atmosphere system and its response to anthropogenic

perturbations. Doctoral dissertation, University of Hamburg, Hamburg
Kou-Giesbrecht S, Menge D (2019) Nitrogen-fixing trees could exacerbate climate change under

elevated nitrogen deposition. Nat Commun 10(1):1–8
Kumar M, Gazara RK, Verma S, Kumar M, Verma PK, Thakur IS (2016) Genome sequence of

Pandoraea sp. ISTKB, a lignin-degrading betaproteobacterium, isolated from Rhizospheric
soil. Genome Announcements 4(6)

Kuypers MM, Marchant HK, Kartal B (2018) The microbial nitrogen-cycling network. Nat Rev
Microbiol 16(5):263

Kuzyakov Y, Blagodatskaya E (2015) Microbial hotspots and hot moments in soil: concept and
review. Soil Biol Biochem 83:184–199

Laban P, Metternicht G, Davies J (2018) Soil biodiversity and soil organic carbon: keeping drylands
alive. Gland: International Union for Conservation of Nature and Natural Resources. https://
portals.iucn.org/library/sites/library/files/documents/2018-004-En

Lal R (2004) Soil carbon sequestration impacts on global climate change and food security. Science
304:1623–1627. https://doi.org/10.1126/science.1097396

Lal R, Reicosky DC, Hanson JD (2007) Evolution of the plow over 10,000 years and the rationale
for no-till farming. Soil Tillage Res 93:1–12

Lauenroth WK, Bradford JB (2006) Ecohydrology and the partitioning AET between transpiration
and evaporation in a semiarid steppe. Ecosystems 9:756–767

LeBauer DS, Treseder KK (2008) Nitrogen limitation of net primary productivity in terrestrial
ecosystems is globally distributed. Ecology 89:371–379

Lee CA, Shen B, Slotnick BS et al (2013) Continents-island arc fluctuations, growth of crustal
carbonates, and long-term climate change. Geosphere 9(1):21–36. https://doi.org/10.1130/
GES00822.1

Li Y, Hu S, Chen J, Müller K, Li Y, Fu W, Lin Z, Wang H (2018) Effects of biochar application in
forest ecosystems on soil properties and greenhouse gas emissions: a review. J Soils Sediments
18(2):546–563

Lladó S, López-Mondéjar R, Baldrian P (2017) Forest soil bacteria: diversity, involvement in
ecosystem processes, and response to global change. Microbiol Mol Biol Rev 81(2)

Lopez-Fando C, Pardo MT (2009) Changes in soil chemical characteristics with different tillage
practices in a semi-arid environment. Soil Tillage Res 104:278–284

Louis BP, Maron P, Vlaud V, Leterme P, Menasseri-Aubry S (2016) Soil C and N models that
integrate microbial diversity. Environ Chem Lett 14(3):331–344

Mandal A, Neenu S (2012) Impact of climate change on soil biodiversity – a review. Agric Rev 33
(4):283–292

134 K. Medhi et al.

https://portals.iucn.org/library/sites/library/files/documents/2018-004-En
https://portals.iucn.org/library/sites/library/files/documents/2018-004-En
https://doi.org/10.1126/science.1097396
https://doi.org/10.1130/GES00822.1
https://doi.org/10.1130/GES00822.1


Masuda Y, Itoh H, Shiratori Y et al (2017) Predominant but previously-overlooked prokaryotic
drivers of reductive nitrogen transformation in paddy soils, revealed by metatranscriptomics.
Microbes Environ 32:180–183

Mbow C, Smith P, Skole D, Duguma L, Bustamante M (2014) Achieving mitigation and adaptation
to climate change through sustainable agroforestry practices in Africa. Curr Opin Environ
Sustain 6:8–14

McKenzie NR, Horton BK, Loomis SE et al (2016) Continental arc volcanism as the principal
driver of icehouse-greenhouse variability. Science 352(6284):444–447. https://doi.org/10.1126/
science.aad5787

Medhi K, Singhal A, Chauhan DK, Thakur IS (2017) Investigating the nitrification and denitrifi-
cation kinetics under aerobic and anaerobic conditions by Paracoccus denitrificans ISTOD1.
Bioresour Technol 242:334–343

Medhi K, Mishra A, Thakur IS (2018) Genome sequence of a heterotrophic nitrifier and aerobic
denitrifier, paracoccus denitrificans strain ISTOD1, isolated from wastewater. Genome
Announc 6(15)

Melillo JM, Steudler PA, Aber JD, Newkirk K, Lux H, Bowles FP, Catricala C, Magill A, Ahrens T,
Morrisseau S (2002) Soil warming and carbon-cycle feedbacks to the climate system. Science
298:2173–2176

Miao L, Liu Z (2018) Microbiome analysis and-omics studies of microbial denitrification processes
in wastewater treatment: recent advances. Sci China Life Sci 61(7):753–761

Mishra A, Jha G, Thakur IS (2018) Draft genome sequence of Zhihengliuella sp. strain ISTPL4, a
psychrotolerant and halotolerant bacterium isolated from Pangong Lake, India. Genome
Announcements 6(5)

Mock T, Daines SJ, Geider R, Collins S, Metodiev M, Millar AJ, Moulton V, Lenton TM (2016)
Bridging the gap between omics and earth system science to better understand how environ-
mental change impacts marine microbes. Glob Chang Biol 22(1):61–75

Mohammadi K, Heidari G, Khalesro S, Sohrabi Y (2011) Soil management, microorganisms and
organic matter interactions: a review. Afr J Biotechnol 10(86):19840–19849

Monkiedje A, Spiteller M, Fotio D, Sukul P (2006) The effect of land use on soil health indicator in
peri-urban agriculture in the humid forest zone of southern Cameroon. J Environ Qual
35:2402–2409

Morgan JA, Derner JD, Milchunas DG, Pendall E (2008) Management implications of global
change for Great Plains rangelands. Rangelands 30(3):18–22

Nair GR, Raja SSS (2017) Decoding complex soil microbial communities through new age
“omics”. J Microb Biochem Technol 9(6):301–309

Ngumbi E (2015) Turning to bacteria to fight the effects of climate change. http://blogs.
scientificamerican.com/guestblog/turningtobacteriatofighttheeffectsofclimatechange/. Accessed
25 July 2020

Nikiema J, Bibeau L, Lavoie J, Brzezinski R, Vigneux J, Heitz M (2005) Biofiltration of methane:
an experimental study. Chem Eng J 113(2–3):111–117

Osman KT (2013) Forest soil and climate change. In: Forest soils. Springer, Cham, pp 173–182
Pan G, Huang ZQ, Wang JK et al (2013) Soil organic matter dynamics beyond carbon; a report of

the 4th international symposium on soil organic matter dynamics. Carbon Manage 4:485–489
Pareek N (2017) Climate change impact on soils: adaptation and mitigation. MOJ Eco Environ Sci 2

(3):00026
Pathak A, Pathak R (2012) Microorganisms and global warming. Int J Appl Microbiol Sci 1:21–23
Patra PK, Saha N, Mukherjee R, Chakraborty A, Sarkar S, Mukherjee D (2010) Influence of tillage

techniques and organic matter on carbon and nitrogen transformation in the rice rhizosphere in
an alluvial soil of West Bengal. Appl Ecol Environ Res 8(4):313–327

Paustian K, Six J, Elliott ET, Hunt HW (2000) Management options for reducing CO2 emissions
from agricultural soils. Biogeochemistry 48:147–163

Phillips RL, Whalen SC, Schlesinger WH (2001) Influence of atmospheric CO2 enrichment on
methane consumption in a temperate forest soil. Glob Chang Biol 7(5):557–563

6 Climate Change with Its Impacts on Soil and Soil Microbiome Regulating. . . 135

https://doi.org/10.1126/science.aad5787
https://doi.org/10.1126/science.aad5787
http://blogs.scientificamerican.com/guestblog/turningtobacteriatofighttheeffectsofclimatechange/
http://blogs.scientificamerican.com/guestblog/turningtobacteriatofighttheeffectsofclimatechange/


Potthast K, Hamer U, Makeschin F (2010) Impact of litter quality on mineralization processes in
managed and abandoned pasture soils in southern Ecuador. Soil Biol Biochem 42:56–64

Qambrani NA, Rahman MM, Won S, Shim S, Ra C (2017) Biochar properties and eco-friendly
applications for climate change mitigation, waste management, and wastewater treatment: a
review. Renew Sust Energ Rev 79:255–273

Raich JW, Schlesinger W (1992) The global carbon-dioxide flux in soil respiration and its
relationship to vegetation and climate. Tellus B 44:81–99

Rathour R, Gupta J, Mishra A, Rajeev AC, Dupont CL, Thakur IS (2020) A comparative
metagenomic study reveals microbial diversity and their role in the biogeochemical cycling of
Pangong lake. Sci Total Environ 139074

Reijneveld A, van Wensem J, Oenema O (2009) Soil organic carbon contents of agricultural land in
the Netherlands between 1984 and 2004. Geoderma 152(3–4):231–238. https://doi.org/10.1016/
j.geoderma.2009.06.007

Richardson AE, Simpson RJ (2011) Soil microorganisms mediating phosphorus availability update
on microbial phosphorus. Plant Physiol 156(3):989–996

Roldan A, Caravaca F, Hernandez MT et al (2003) No-tillage, crop residue additions, and legume
cover cropping effects on soil quality characteristics under maize in Patzcuaro watershed
(Mexico). Soil Tillage Res 72:65–73

Rumpel C (2019) Soils linked to climate change. Nature
Rustad L, Campbell J, Marion G et al (2001) A meta-analysis of the response of soil respiration, net

nitrogen mineralization, and aboveground plant growth to experimental ecosystem warming.
Oecology 126:543–562

Salinas-Garcia JR, Velazquez-Garcia J, Gallardo-Valdez M et al (2002) Tillage effects on microbial
biomass and nutrient distribution in soils under rainfed corn production in Central-Western
Mexico. Soil Tillage Res 66:143–152

Scherr SJ, Sthapit S (2009) Farming and land use to cool the planet in: state of the world- into a
warming world. Worldwatch Institute, Cambridge

Schimel JP, Bennett J (2004) Nitrogen mineralization: challenges of a changing paradigm. Ecology
85:591–602

Schimel DS, Braswell BH, Holland EA et al (1994) Climatic, edaphic, and biotic controls over
storage and turnover of carbon in soils. Glob Biogeochem Cycles 8:279–293

Schindlbacher A, Rodler A, Kuffner M et al (2011) Experimental warming effects on the microbial
community of a temperate mountain forest soil. Soil Biol Biochem 43(7):1417–1425

Schuur EA, McGuire AD, Schädel C, Grosse G, Harden JW, Hayes DJ, Hugelius G, Koven CD,
Kuhry P, Lawrence DM, Natali SM (2015) Climate change and the permafrost carbon feedback.
Nature 520(7546):171–179

Schwinger J, Tjiputra J, Goris N, Six KD, Kirkevåg A, Seland Ø, Heinze C, Ilyina T (2017)
Amplification of global warming through pH dependence of DMS production simulated with a
fully coupled earth system model. Biogeosciences 14(15):3633

Scott-Denton LE, Rosenstiel TN, Monson RK (2006) Differential controls by climate and substrate
over the heterotrophic and rhizospheric components of soil respiration. Glob Chang Biol
12:205–216

Semrau JD, DiSpirito AA, Yoon S (2010) Methanotrophs and copper. FEMS Microbiol Rev 34
(4):496–531

Shade A, Peter H, Allison SD et al (2012) Fundamentals of microbial community resistance and
resilience. Front Microbiol-Aquat Microbiol 3:417

Shaman J, Kohn M (2009) Absolute humidity modulates influenza survival, transmission, and
seasonality. Proc Natl Acad Sci 106(9):3243–3248

Shim JH, Pendall E, Morgan JA, Ojima DS (2009) Wetting and drying cycles drive variations in the
stable carbon isotope ratio of respired carbon dioxide in semi-arid grassland. Oecology
160:321–333

Shindell D, Kuylenstierna JC, Vignati E, van Dingenen R, Amann M, Klimont Z, Anenberg SC,
Muller N, Janssens-Maenhout G, Raes F, Schwartz J (2012) Simultaneously mitigating near-

136 K. Medhi et al.

https://doi.org/10.1016/j.geoderma.2009.06.007
https://doi.org/10.1016/j.geoderma.2009.06.007


term climate change and improving human health and food security. Science 335
(6065):183–189

Shrestha BM, Chang SX, Bork EW, Carlyle CN (2018) Enrichment planting and soil amendments
enhance carbon sequestration and reduce greenhouse gas emissions in agroforestry systems: a
review. Forests 9(6):369

Singh BK, Bardgett RD, Smith P, Reay DS (2010) Microorganisms and climate change: terrestrial
feedbacks and mitigation options. Nat Rev Microbiol 8:779–790

Smith DL, Almaraz JJ (2004) Climate change and crop production: contributions, impacts, and
adaptations. Can J Plant Pathol 26(3):253–266

Smith P, Fang C, Dawson JJC, Moncrieff JB (2008) Impact of global warming on soil organic
carbon. Adv Agron 97:1–43

Smith P, Cotrufo MF, Rumpel C et al (2015) Biogeochemical cycles and biodiversity as key drivers
of ecosystem services provided by soils. Soil 1:665–685

Stahl DA, de la Torre JR (2012) Physiology and diversity of ammonia-oxidizing archaea. Annu Rev
Microbiol 66:83–101

Stark JM, Firestone MK (1995) Mechanisms for soil moisture effects on activity of nitrifying
bacteria. Appl Environ Microbiol 61(1):218–221

Svoboda E (2015) How wetland microbes impact global climate? http://discovermagazine.com/
2015/june/22smallwonders. Accessed 25 July 2020

Takai K (2019) The nitrogen cycle: a large, fast, and mystifying cycle. Microbes Environ 34
(3):223–225

Tecon R, Or D (2017) Biophysical processes supporting the diversity of microbial life in soil.
FEMS Microbiol Rev 41(5):599–623

Thakur IS, Medhi K (2019) Nitrification and denitrification processes for mitigation of nitrous oxide
from waste water treatment plants for biovalorization: challenges and opportunities. Bioresour
Technol 282:502–513

Thomas RQ, Brookshire EJ, Gerber S (2015) Nitrogen limitation on land: how can it occur in earth
system models? Glob Chang Biol 21(5):1777–1793

Tokida T, Fumoto T, Cheng W, Matsunami T, Adachi M, Katayanagi N, Matsushima M,
Okawara Y, Nakamura H, Okada M, Sameshima R (2010) Effects of free-air CO2 enrichment
(FACE) and soil warming on CH 4 emission from a rice paddy field: impact assessment and
stoichiometric evaluation. Biogeosci Discuss 7(2)

Trenberth K, Miller K, Mearns L, Rhodes S (2000) Effects of changing climate on weather and
human activities. University Science Books, California

Uchida Y, von Rein I (2018) Mitigation of nitrous oxide emissions during nitrification and
denitrification processes in agricultural soils using enhanced efficiency fertilizers. In: Soil
contamination and alternatives for sustainable development. IntechOpen

UN (2007) United Nations expert group meeting on population distribution, urbanization, internal
migration and development, United Nations population division, UN/POP/BGM-URB/2007/01

van Groenigen J, Trinity College Dublin (2011) Soil microbes accelerate global warming. Science
Daily. Retrieved August 27, 2020 from www.sciencedaily.com/releases/2011/07/
110713131423.htm

Verheijen F, Jeffery S, Bastos AC, Van der Velde M, Diafas I (2010) Biochar application to soils. A
critical scientific review of effects on soil properties, processes, and functions. EUR, 24099, p
162

VijayaVenkataRaman S, Iniyan S, Goic R (2012) A review of climate change, mitigation and
adaptation. Renew Sust Energ Rev 16(1):878–897

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in the sea: how can it occur?
Biogeochemistry 13(87–115):1991

Walsh DA (2015) Consequences of climate change on microbial life in the ocean. Microbiology
Today. Microbiology Society, London

6 Climate Change with Its Impacts on Soil and Soil Microbiome Regulating. . . 137

http://discovermagazine.com/2015/june/22smallwonders
http://discovermagazine.com/2015/june/22smallwonders
http://www.sciencedaily.com/releases/2011/07/110713131423.htm
http://www.sciencedaily.com/releases/2011/07/110713131423.htm


Wang L, Tang LL, Wang X et al (2010) Effects of alley crop planting on soil and nutrient losses in
the citrus orchards of the three gorges region. Soil Tillage Res 110(2):243–250. https://doi.org/
10.1016/j.still.2010.08.012

Wang S, Maltrud M, Elliott S, Cameron-Smith P, Jonko A (2018) Influence of dimethyl sulfide on
the carbon cycle and biological production. Biogeochemistry 138(1):49–68

Weiman S (2015) Microbes help to drive global carbon cycling and climate change. Microbe Mag
10(6):233–238

Wilby RL, Hedger M, Orr H (2005) Climate change impacts and adaptation: a science agenda for
the Environment Agency of England and Wales. Weather 60(7):206–211

Woodward FI, Lomas MR, Kelly CK (2004) Global climate and the distribution of plant biomes.
Proc R Soc Lond Biol Sci 359:1465–1476

Wrage-Mönnig N, Horn MA, Well R, Müller C, Velthof G, Oenema O (2018) The role of nitrifier
denitrification in the production of nitrous oxide revisited. Soil Biol Biochem 123:A3–A16

Wu Z, Dijkstra P, Koch GW, Penuelas J, Hungate BA (2011) Responses of terrestrial ecosystems to
temperature and precipitation change: a meta-analysis of experimental manipulation. Glob
Chang Biol 17:927–942

Xu B, Jin Z, Jiang Z, Guo J, Timberlake M, Ma X (2014) Climatological and geographical impacts
on the global pandemic of influenza A (H1N1) 2009. In: Global urban monitoring and
assessment through earth observation. CRC, pp 254–269

Yiqi L, Zhou X (2006) Soil respiration and the environment. Academic, London
Yu J, Deem LM, Crow SE, Deenik J, Penton CR (2019) Comparative metagenomics reveals

enhanced nutrient cycling potential after 2 years of biochar amendment in a tropical oxisol.
Appl Environ Microbiol 85(11)

Yun-Feng Y (2013) Omics breakthroughs for environmental microbiology. Omics Environ
Microbiol l40:18–33

Yvon-Durocher G, Allen AP, Bastviken D, Conrad R, Gudasz C, St-Pierre A, Thanh-Duc N, Del
Giorgio PA (2014) Methane fluxes show consistent temperature dependence across microbial to
ecosystem scales. Nature 507(7493):488–491

Zhe CHEN, Yang SQ, Zhang AP, Xin JING, Song WM, Mi ZR, Zhang QW, Wang WY, Yang ZL
(2018) Nitrous oxide emissions following seasonal freeze-thaw events from arable soils in
Northeast China. J Integr Agric 17(1):231–246

Zimmer C (2010) The microbe factor and its role in our climate future. http://e360.yale.edu/feature/
the_microbe_factor_and_its_role_in_our_climate_future/2279/. Accessed 15 July 2020

138 K. Medhi et al.

https://doi.org/10.1016/j.still.2010.08.012
https://doi.org/10.1016/j.still.2010.08.012
http://e360.yale.edu/feature/the_microbe_factor_and_its_role_in_our_climate_future/2279/
http://e360.yale.edu/feature/the_microbe_factor_and_its_role_in_our_climate_future/2279/


Chapter 7
Climate Change and Its Impact on Soil
Properties

Ashutosh Tripathi, Vanya Pandey, and Manju Rawat Ranjan

Abstract Increased industrialization and urbanization are resulting in changes in
the global environment, often with severe consequences. Changes in the gas com-
position of the atmosphere—majorly due to CO2 and other greenhouse gases—are
leading to a rise in global temperature with high spatial and temporal climate
variability, changing precipitation patterns, and altered global circulation processes.
These modifications are reflected sensitively by ecosystems. Soils are linked to the
atmospheric/climatic system through the carbon (C), nitrogen (N), and hydrological
cycles. Hence, several biogeochemical and hydrological cycles are altered due to
increased temperature and changing precipitation (frequency as well as amount), in
turn altering pedogenesis (modifying the rate of organic matter formation, soil water
regime, mineral composition, etc.). These soil properties play a central part in the
quality and productivity of agricultural/forestland. The chapter attempts to review
the potential changes in the properties (physical and chemical) of soil due to
changing climatic variable, soil degradation as a result of altered temperature and
precipitation patterns, and studying soil as a part of some of the major biogeochem-
ical cycles (C and N).

Keywords Climate change · Soil properties · Climate–soil interaction ·
Biogeochemical cycles

7.1 Introduction

7.1.1 Background: Climate Change

The global environment is changing at unprecedented rates with disastrous potential
consequences to the future generations owing to the mindless human activities.
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According to the Massachusetts Institute of Technology, Cambridge, we are cur-
rently on track for an increase of temperature between 6.3 and 13.3 degrees Fahr-
enheit, with a high probability of 9.4 degrees Fahrenheit by 2100. There have been/
will be changes in all spheres of the world as a result of climate change, including the
atmosphere, hydrosphere, biosphere, and lithosphere, which includes soil.

This needs a clear understanding of the whole Earth’s system, the relationship
between climate and soils, and the knowledge of how climate change can affect soils.

With rising temperatures, an increased number of mountain glaciers, polar ice
caps, as well as other permafrost regions may melt, as expected. Changes in patterns
of water flow, such as flood waves and surface rush, would contribute to an increased
level of eustatic sea and endanger low-lying human protected lands, cities, farming
regions, and low-lying extended seas. The increased expansion of the areas affected
by salt would be further impacted by direct seawater flooding or by a rise in the
saline or brackish water level associated with the sea.

A changing climate can lead to significant changes to the effects of the climate
feedback effect on natural vegetation and the practice of land use, such as changed
albedo, surface roughness, and near-surface atmosphere’s heat and energy balance,
and the pattern of temperature and precipitation significantly affects the processes of
field water cycle and soil formation/degradation.

7.2 Climate: A Soil-Forming Factor

The various factors influencing the process of formation of soil are called as soil-
forming factors. The parent material, topography, biological factors, and time all
play an essential role in the formation of soil, climate being one of them (United
States Department of Agriculture 2020). Soil-forming factors influence as well as
determine the composition of soil. The relationship between soil and the major soil-
forming factors was first identified by Dokuchaev in 1899 and by Jenny in 1941.
Various physical and chemical processes occur during soil formation, each requiring
a different time scale. When soil enters a “maturity” phase, soil processes either
stabilize or enter a state of quasi-equilibrium with the surrounding environment; and
the changing environment, thus, can dramatically alter the soil development
pathways.

Climate, as one of the critical influencing factors in soil formation, has both direct
and indirect consequences. The direct effect of climatic variables (precipitation and
increased radiation leading to more heat) on the environment of soil can be
interpreted.

Some of the direct effects influencing soil properties are surface runoff and
filtrating water, especially during heavy rains and thunderstorms (intensity and
frequency of which are characteristic features of climate change) and destructing
the role of raindrops.

Climate change has an indirect impact on the biosphere as a whole, which affects
the properties and development of soils. As a consequence, combinations of tem-
perature and humidity will decide the processes of conversion of mineral compounds
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in the soil, such as weathering and its rate and deposition of soil-forming products
(vegetation, the rate of development and degradation of organic matter, soil micro-
flora, its functions and intensity of its functions, and water erosion processes).

In hot, dry regions of the desert, for example, there is little vegetation and
therefore little organic soil content. Failure to precipitate prevents chemical
weathering in arid regions, leading to rough texture. The cold temperatures that
allow organic matter to grow in the tundra limit the work of bacteria. In the warm and
wet tropics, bacterial development in the leaf litters persists at a high rate. The trees
under the lush tropical canopy of forest can easily retrieve useful nutrients. Any
organic matter is also eliminated from the Earth by the high annual rainfall. These
factors combine to set soils that are deficient in organic matter in their upper
horizons.

The atmosphere, which interacts with plants, also influences the chemistry of the
soil. Pine forests dominate cool, humid climates. The decomposition of the pine
needles in the presence of water produces a weak acid that removes soluble soil
bases, leaving it acidic. Pine trees often have a low nutrient demand, so that the trees
retrieve small soil nutrients and then recycle them through a rotting needle litter. The
soil beneath pine trees has a very less water retention capacity, and hence the water
does not get absorbed and glides over the surface, increasing the risk of mudslides
and landslides. The soil beneath oak trees has a high-water retention capacity, and
rainwater easily gets absorbed into the soil, thus keeping the water table alive.

The chemical reaction within the soil is another significant influence, so does the
chemical reaction as the temperature increases. In the evolution of soils, chemical
processes play a dominant role. The weathering of the parent rock in tropical areas is
estimated to be three times faster than in the temperate zone.

7.3 Climate and Soil: The Interaction

Changes in climate variables such as precipitation intensity or seasonal temperatures
may have a direct impact on the hydrophysical properties of the soil. These adjust-
ments have an impact on the soil water regime, which in turn has an impact on the
environmental and economic development of a country. Figure 7.1 illustrates the
relationship of climate with soil and, as a result, agriculture.

The primary energy and humidity sources for biological and soil processes are
solar radiation and precipitation. The Earth’s surface heats the atmosphere and
absorbs and re-emits solar radiation. Precipitation is absorbed by the soil, used by
crops, and accompanied by evaporation and transpiration to the atmosphere. As a
result, the soil and the atmosphere exchange of heat is constant.

However, the study and evaluation of possible collective future changes is far
easier than done due to uncertainties in estimation of the longer-term temperature
and precipitation trends (temporal and spatial change), the evolving water cycle, and
the dynamic impacts of natural vegetation and Earth use patterns (change in socio-
economic conditions).
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7.3.1 Soil Physical Properties

Physical properties of soil are the properties associated with size and arrangement of
soil particles. The effect of solar particle size and arrangement on the movement of
liquids and gases through it is also taken into account. This includes texture, soil
structure, and dynamic characteristics such as capacity to hold water, infiltration,
bulk density, porosity, etc. The physical characteristics of soil have a great effect on
its biological (biological activity, nutrient supply, adsorption, water, heat transport)
and chemical processes, which in turn affects the soil fertility.

Theoretically, four cases can arise due to changing temperature and precipitation:

(a) Decreased temperature with decreased precipitation
(b) Increased temperature with decreased precipitation
(c) Increased temperature with increased precipitation
(d) Decreased temperature with increased precipitation

7.3.1.1 Soil Texture

The most important and basic determining factor for soil characteristics is its texture.
It is defined as the mineral particle’s size or the correlated proportions of several
groups of mineral size present in a given soil sample. The soil texture is of three
types, that is, clay, silt, and sand (Climate and Soil Considerations 2020).

The change in soil texture in accordance with geologic time scale is very slow;
therefore, it is not susceptible to be influenced with time, hence is not much of an

Fig. 7.1 Interaction between changing climate, soil, and agriculture
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importance to climate change studies. However, it still remains as a crucial deter-
minant of the sensitivity degree of soil to the climatic variations.

However, the clay soil phenomenon of shrinking and cracking with respect to
increase in drying and wetting cycles made this soil type vulnerable to climatic
changes. This result in significant soil crack development. The direct and rapid water
flow movement from the surface of soil through the bypass flow (or the drainage
installations) is a result of deep cracks, which can reduce the filtering mechanism of
soil, and the risk of nutrient loss and water contamination increases. These processes
are common in clay soils, but the loss of material and water increases when there are
frequent droughts which are followed by intense precipitation events.

Silt soils are known to have high-water retention capacity and clay soils have
lowest sensitivity toward climatic changes. The soil texture remains the dominating
influencing factor despite soil sensitivity being a function of various properties such
as vegetation density, transpiration, and groundwater depth.

7.3.1.2 Structure: Shape and Stability

The fundamental determining factors for the aeration and moisture status of soil are
pore size and porosity together with the soil stability (structure) and size. The change
in the soil porosity can directly impact the water storing ability and can also change
the carbon dioxide (aerobic condition) and methane (anaerobic condition) emissions
of the soil. The soil aggregate to an extent is directly affected by the raindrops. There
is decrease in soil aggregate stability and size with less soil organic and biomass
content due to increase in temperature and lower water availability.

7.3.1.3 Porosity and Bulk Density

The change on soil form, structure, and spatial distribution with the soil aggregate
stability with respect to climatic change has been a very complex procedure. Soil
structures are directly impacted with the increase in temperature and changes in the
temporal distribution and volume of precipitation via processes of dispersion,
slaking, compaction, and mechanical disruption.

The bulk density which is closely linked to the soil texture properties and organic
matter quality is known to be dependent on climate. There is increase in bulk density
with the soil erosion or decomposition rate which results in the loss of organic matter
present in the soil and leads to the soil compaction with all of the implications like
root growth inhibition due to formation of compact layer and decrease in soil
porosity.
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7.3.1.4 Soil Hydrothermal Regime

The integrated influence on the functioning of soils of changes in environment and
related hydrological, vegan, and land use is shown by the water balance in the field
and soil humidity regime (Gelybó et al. 2018).

The dynamisms of soil moisture combine and represent seasonal changes in soil
moisture supply, plant water availability, deeper-layered liquidation, and
weathering, making the environment a valuable descriptor. The supply of soil
water and the conservation of water, which have a strong influence on the function-
ing of soil ecosystems on the possible effects of climate change, are dependent on the
rate of inflation. According to some, infiltration can be one of the most critical soil
tools, helping to improve soil water store and minimize soil erosion and the risk of
flash flooding and dryness. The hydrothermal regime of the soil (water mode, heat
mode) therefore constitutes a significant determinant of the moisture system of the
soil and an important soil climate descriptor. Figure 7.2 shows the various ecological
conditions of soil and its indirect linkage to soil fertility and biomass production.

7.3.1.5 Soil Organic Carbon

The ratio of the soil to the organic carbon concentration of the soil determines the
impact on the water’s ability of the organic carbon content of the soil. The effect of

Fig. 7.2 Ecological conditions of soil (air regime, heat regime, biological activity, nutrient regime)
directly affecting the soil moisture regime, which in turn affects the soil fertility and biomass (crop)
production
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climate change on the rate of decomposition in temperate grasslands was studied in
an experiment conducted by Walter et al. 2014.

Thus, when litterbags were exposed to drought conditions for about 6 weeks, the
rate of decay decreased. This thus showed that decomposition was more prone to
drought or climate change. Extreme droughts can dramatically alter the composition
of soil bacterial communities and decomposition processes. It was found that even a
very short drought accompanied by heavy rain pulses decreases the rate of litter mass
loss by 5% relative to the exposure duration.

Climate change is caused by changes to soil humidity or temperature, including
the composition and operation of microbial and soil communities, which affect soil
biological processes directly, which change decomposition processes. Thus, drier
climate conditions under global warming could reduce nutrient cycling and alter the
carbon balance of the soil in more intensively maintained grasslands. Changes in
climatic factors have a significant effect on decomposition through changes in the
biotic behavior of the soil and not through changes in litter content.

Stress of soil moisture will significantly decrease healthy soil function, thereby
affecting the productivity of plants. A rise in organic carbon turnover can be caused
by drier and warmer soil conditions, whereas changes in precipitation can affect the
availability of water. In the long term, the detrimental effects of variations in
precipitation on hydrophysical soil properties are attributed to the rapid decomposi-
tion of organic matter under wet conditions.

7.3.2 Soil Chemical Properties

The pH, carbonate concentration and other nutrient contents and distribution of these
nutrients in the soil profile, soluble salt content and base saturation (BS) value, and
cation exchange capacity (CEC) are some of the greatest essential soil chemical
properties.

7.3.2.1 Soil pH

Since the pH of soil is determined by the parent material, climate, the vegetation, and
rate of weathering, it is unlikely to change rapidly as a result of direct climate change
effects. Increased precipitation, on the other hand, can exacerbate leaching and
contribute to soil acidification.

Low pH values can mobilize toxic elements, and this can lead to heavy metal
leaching in well-drained, structurally stable soil that receives a lot of rain. The
changes in soil chemistry are the result of acidification of soil.

Crocker and Major (1955) performed a study that looked at glaciated soil surfaces
and how they evolved over time due to vegetation and surface age. The predicted
50-year changes revealed that if vegetation begins to expand, soil pH will drop

7 Climate Change and Its Impact on Soil Properties 145



dramatically, while pH shift on a bare soil surface will be negligible for decades
(Gelybó et al. 2018).

7.3.2.2 Salt Content

High concentrations of H+ and Al3+ may be found in very acidic soils, whereas Ca2+

and Mg2+ predominate in neutral and moderately alkaline soils. The way which
adsorbed cations affect the development of soil aggregate structure, hence soil water
management, is important. The high amount of sodium in the adsorbed cations
causes weak, diffluent structure, while calcium can preserve and protect the aggre-
gate structure of salt-affected soils. David and Dimitrios (2002) studied saline
structured soils with various Na+ and Ca2+ solutions as well as SAR values.

7.3.2.3 Electrical Conductivity

The effects of electrical conductivity (EC), organic soil (SAR), and organic soil
matter-related variables on tensile strength have been examined in a study by Rahimi
et al. (2000). The authors found that the treatments with higher electron donating
abilities had higher tensile strength and the treatments with higher electron accepting
abilities had lower tensile strength. The study of the soil aggregation responses in
soil was used for the identification of four climatic conditions (along a climate
transect). This study found a nonlinear relationship between changes in soil structure
and climate in several ways (Gelybó et al. 2018).

By transitioning into weather conditions, the surface chemical properties of drier
soils will significantly change, as weathering depletes primary minerals, which can
further be lost by liquefaction and leads to a major change in surface chemistry.

Lavee et al. (1998) reported that organic matter content, and aggregate size and
stability decrease with aridity, while the sodium adsorption ratio and the runoff
coefficient increases with aridity; with respect to the experiment conducted along a
climatic transect, from the Mediterranean climate to the arid zone in Israel. They also
stated that the rate of change of these variables along the climatic transect was non-
linear. According to their study, a threshold existed at the semi-arid area which
separated arid and the Mediterranean ecogeomorphic systems. This existence of
threshold meant that only a relatively small climatic change is needed to shift the
border between the Mediterranean and the arid ecogeomorphic systems. And since
several Mediterranean climate and semiarid regions lied adjacent to the arid ones,
even a small fluctuation in climate can make them susceptible to desertification.

7.3.2.4 Cycle of Nutrients

It should be remembered that nitrogen is one of the nutrients in the soil which is
closely related to the water cycle. The biological and physical behavior of the soil, as
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well as the interactions with the physical and biological soil processes, depends on
the chemical properties of the soil. They combine soil pH monitoring with biological
activity, to determine the soil’s nutrient regime and fertility. Therefore, factors that
influence the water delivery cycle as well as the carbon cycle will have an impact on
nutrient availability. Loss of carbonate in the soil profile is accelerated by a rise in
annual rainfall (cases 2 and 3 in Sect. 7.3.1), and percolation is one of the most
important factors involved in carbonate leaching (Gelybó et al. 2018).

Rising annual precipitation will increase the rate of down-flooding and leaching,
thereby causing greater acidification. Acidification will increase the mobilization of
toxic elements (such as heavy metals), which leads to unhealthy and uninhabitable
environments for plants and other living organisms. Kopittke et al. (2012) analyzed
factors that cause soil acidification due to anthropogenic CO2 release. Drought event
scenarios were simulated in the summer during the germination process, and control
scenarios were also simulated. In both treatments, the soil solution had a lower pH
value than that of the control plot. However, the soil solution pH in the control plots
was more acidic than those in the treatment plots. The drought evidently has had an
inhibitory effect on the ozone hole. Growing sea levels from climate change would
cause more extreme flooding and salt accumulation on coastal regions. Rising
temperatures caused less severe leaching of soil, allowing some plants to regenerate
faster. Salinization and carbonate deposition could have adverse effects on plants
and animals if there is acidic water.

An increase in irrigation water use and inadequate irrigation practice could result
in extensive secondary salinization. In recent regions where the source of salt is
shallow groundwater and decreases are required, upward capillary transportation is
significant. Climate change’s possible impacts on soil properties would be
decreased, resulting in fewer soluble salts being transported to the surface.

7.4 Climate Change Leading to Soil Degradation

Climate-related land degradation refers primarily to the soil quality changes caused by
wind erosion, water, and vegetation degradation. In areas in which the soil-water budget
has been balanced previously, increasing evaporation will lead to evaporation and an
increasing evaporation risk. Groundwater that is salty and close to the surface is usually
toxic. Soil erosion is a major factor that can have a significant effect on soil properties.
Impacts of climatic change on soil leading to soil degradation are as follows:

7.4.1 Soil Erosion

For a variety of reasons, the rate of soil erosion is likely to change as a result of
climate change. Soil erosion is a relatively short-term process in terms of time.
Climate change has a significant influence on erosion rates because of the erosive
force of precipitation, but changes in plant biomass may also play a role. Since it
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affects elements of runoff and soil erosion, the relationship between biomass and
climate change can be a very complicated process. The rate, shape and degree, form
of soil erosion, the amount and intensity of precipitation, relief, vegetation (nature,
quality, density), and soil erosion characteristics all play a role.

The main influences on soil erosion due to potential climatic changes are as
follows:

7.4.1.1 High Precipitation

Higher rainfall, particularly heavy rainfall and thunderstorms, will increase the rate
of erosion (runoff) if it is not offset by the increased impact of denser and more
permanent vegetation on soil conservation as a result of better water supply.

After 3 years of tracking of soil structural variables under arid and Mediterranean
climates, Sarah (2005) reported a high correlation between the mean annual precip-
itation and annular precipitation variability and several aggregation variables. With
declining precipitation, the percentage of microparticles decreased. The overall
stability increased. The aggregate destructive role of the raindrops, surface rushes,
and water filters are one of the most critical direct impacts of soil erosion caused by
precipitation change. The rate of structural damage depends on the intensity and
resistance of the destructive factor to such soil aggregates (Jakab et al. 2016).

7.4.1.2 Decreased Vegetation and Inappropriate Land Use

Lower precipitation normally decreases the erosion rate, but due to moisture con-
straints, it can be counterbalanced by the weaker vegetation. Climate change can
cause changes in plant biomass and land use by changing the natural vegetation
cover or agricultural practices. Vegetation changes can have positive or negative
consequences on soil structure (desertification, watershed, and salinity-alkalinity
changes) (Farkas et al. 2014). Overgrazing, irrational land use, misguided agricul-
tural use (cropping pattern, crop rotation), and inappropriate technologies have
unfavorable, sometimes permanent, and almost impossible to correct consequences
(heavy machinery, over-tillage, and over-irrigation). It may, on the other hand, assist
in the preservation or restoration of good soil structure by wise land use, appropriate
technologies, and improved practices.

7.4.1.3 Lower Precipitation

Wind erosion may also be intensified by lower precipitation. Water erosion can be
minimized by less precipitation itself, while the cohesion between soil particles can
decrease due to loss of moisture, resulting in accelerated wind erosion.

Moreover, the average annual rainfall, surface runoff, and denudation/erosion
rates are not linearly connected. Based on six GCM models, Shiono et al. (2013),
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who determined that the predicted climate change will enhance soil erosion on
farmland in Japan by more than 20% by 2100, have investigated rainfall erosion
factor. Mullan et al. (2012) modeled (three scenarios) soil erosion and potential
effects on soil properties using UK, Canada, and Australia climate change forecasts
and concluded that both increases and decreases in rates of erosion may occur
depending on the types of scenarios used.

7.4.2 Acidification

Decreasing rainfall may decrease downward filtration and leaching. In this indirect
way, climate determines the dominant types of vegetation, their productivity, and the
decomposition rate of their litter deposits and affects soil reactions.

7.4.3 Salinization/Sodification

The increase in the eustatic sea level is the consequence of a projected global
warming that will lead to more flooded areas (in particular in heavy-duty delta and
river valleys) and areas threatened by seawater intrusion. Growing precipitation
(increasing rates of filtering downward) decreases, and decreased precipitation and
elevated temperatures exacerbate salinization and solidification processes: higher
evaporation improves the transfer of solutes from groundwater into the root region
through a capillary transport of water + no to no leaching. In plains and poorly
drained lowlands (evaporative basins, i.e., the Carpathian lowlands), where shallow
salt and brackish soil water are the main source of salt, the groundwater deposition
can be offset by groundwater table (but by the negative water balance: G>Gi + ET).
The formation of compact (petrocalcic) accumulation horizons should be presumed
to create the same patterns by carbonate leaching or deposits.

7.4.4 Structure Destruction: Compaction

The aggregate-destructing effect of raindrops, surface runoff, and filtering water (see
earlier) is the most significant direct impact. By means of the vegetation pattern and
land use practices, the indirect factors function.

7.4.5 Biological Degradation

Changes in temperature, precipitation, and vegetation have a substantial effect on
biological soil processes, but there is little evidence available on these effects.
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7.4.6 Unfavorable Changes in the Biogeochemical Cycles
of Plant Nutrients and Pollutants

All of these processes are connected to the regime of soil moisture as well as the
abiotic and biotic phenomena of transformation (fixation, release of immobilization,
engagement, modifications in solubility, redox status, etc.). High precipitation accel-
erates the leaching, loss of filtration (potential pollution and reduction processes in
groundwater). Low precipitation can affect soluble, mobile, and accessible com-
pounds and elements (dry conditions).

7.5 Soil as a Part of Carbon and Nitrogen Cycles

Soil is an essential part of several biogeochemical cycles. The carbon and nitrogen
cycles are the two biogeochemical cycles that are important from the perspective of
soils and climate change interactions. This is because C and N are both essential
components of organic matter present in the soil, and CH4, CO2, and N2O are the
utmost important long-lasting greenhouse gases.

Due to low population and technological levels prior to the Industrial Revolution,
anthropogenic greenhouse gas emissions were negligible, and C and N cycles were
in equilibrium. However, after industrialization, the natural balance was broken by
increased fossil fuel combustion, soil tilling, and other human activities.

Tillage is also correlated to the amount of organic carbon in the soil. More carbon
and nitrogen are released into the atmosphere each year than global sinks can absorb.
Human land management has a significant effect on the nitrogen and carbon cycle, as
it impacts global climate change by way of C and N gas emissions.

Management choices can limit a soil’s ability to sequester C. The extensive use of
heavy machinery, for example, has made soil compaction an important problem in
modern agricultural production that has demonstrated that the sequestration of C was
restricted.

Organic soils, which form in damp environments and must be drained for
agricultural purposes, can pose a special C management issue. This runoff trans-
forms anaerobic soil to aerobic soil, hastening the decomposition of organic matter
and releasing greenhouse gases into the atmosphere. A net source of CO2, with mean
annual emissions of CO2 ranging from 1500 kg to 7500 kg, were all cultivated
systems in a 2013 study in Finland surveys.

The introduction of more intensive types of tillage and drainage wetlands to the
agricultural production system is an example of a change in soil management that
increases CO2 emissions. It is also true that if management decisions leading to their
sequestration are reversed, sequestered C may in the future sometime be released
back to the environment.

In short, depending on how they are handled, regulated soils may be either net
CO2 sinks or sources. Another element of the carbon cycle that is connected to soil is
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methane. Rice production is the most common source of soil-derived methane
emissions, accounting for 47% of global anthropogenic CH4 emissions per year.
Since different plants grow on similar soil, there may be variances in CH4 emissions
or consumption. According to Hu, R. et al., the soil under forest vegetation acted as a
net sink of CH4, while the same soil in a neighboring field planted with maize (Zea
mays) was essentially CH4 neutral, and a third field planted with grass cover was a
net source of CH4 to the atmosphere (2001). It was caused by differences in
methanotrophic survival rates and gas exchange due to different physical properties
in soils, which were dominated by vegetation (Brevik 2013).

It makes a difference to monitor CH4 and CO2 flow in soil. CH4 production is
reduced by dry tillage of land, dry seed, and other methods to reduce soil saturation
during rice production. Wassmann et al. (1993) found that potassium fertilizers
based on minerals (K) had no effect on the rice paddy soils’ generation of CH4,
but Lu et al. (1999) found CH4 emission of the phosphorus (P) fertilizers had
declined. The increase of CH4 emissions in P-deficient soil was caused by increased
root exudates, according to Lu et al., while the plant was trying to harness the soil
environment to increase the uptake of P. The addition of oxidizing mineral fertil-
izers, according to Stepniewski et al. (2011), will reduce CH4 emissions by 20% to
70%. Ducks have been introduced into the rice system and CH4 emissions have been
reduced, mixing oxygen into paddy water and increasing CH4 oxidation and reduc-
ing CH4 emissions as a result of duck swimming, according to Zhang et al. (2011).

Soils are important components of C and N cycles, which are also important
components of the global climate system. Agriculture emits a disproportionately
large amount of anthropogenic CH4 into the environment per year. Decisions on
agricultural management have a significant impact on whether soil is a net CO2,
CH4, or N2O source of greenhouse gases, which indicates that management systems
could affect climate change.

Climate change, in turn, is projected to have an effect on soil erosion and food
security, as discussed in the following pages.

If climate change and its possible implications for food security are to be
considered through the erosion cycle, we need to be aware of climate changes.
Our understanding of the effect of climate change on the C and N cycles is
incomplete, and more research on these topics is required.

In aerated soils, CO2 emissions are prevalent, while in anaerobic conditions,
production of CH4 is associated. The balance of C in the soil relative to soil C is
used to assess if the soil raises or decreases its total C levels. The soil C levels
increase, with C removed from the atmosphere and the levels of the atmosphere
decreased; the atmosphere levels increase when C is introduced to the atmosphere
when soil C levels decrease.

The impact of human activity on C balance in controlled soils is important. While
recent studies have shown that non-freeze systems will lead simply to higher
accumulation of C of the top 15–20 cm of soil without C growth taking into
consideration the whole soil profile, soil management strategies like non-freeze
systems will result in lower carbon emissions and a more extensive C sequence in
soil compared to intensive tillage management systems.
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Additional adjustments to management, such as the use of cover crops, the
rotation instead of monocropping, and the reduction or elimination of fallow
times, can also help to increase land C sequestration by returning land to local
woods or grasslands from agricultural use. C sequestration tends to be quick at first,
but it slows down over time. For 50–150 years following changes in management,
mainly agricultural soils can only sequester carbon until C is saturated.

7.6 Conclusion

The Earth’s climate system is changing because of the changing levels of greenhouse
gases in the Earth’s atmosphere, the C and N dependency being the major ones.
Since the soils are part of the cycles C and N, and both soils C and N are essential
components of the soil organic matter, the content of soils can be affected by climate
change. The state of any environment is also largely determined by the conditions of
the soil, depending in particular on the climate in general and precipitation. This will
in turn have an impact on essential soil features such as aggregate formation and
stability, water holding capacities, and soil nutrient cation capacity and quality.

Because of many global climate change uncertainties (directional, rate, seasonal),
and in the prediction of their environmental, ecological, economical, and even social
consequences, major assumptions cannot be ruled out in the prediction of how a
single climatic variable (either T or P) affects the soil properties. However, we know
that the risk is that soils will add increasing amounts of greenhouse gas to the
atmosphere as global temperatures rise and lose their ability to serve as a sink for C.

As a result, understanding how nutrient limitations, such as N and P, affect soil C
sequestration is important. We also need to learn about the effect on the nitrogen
cycle of climate change, which has received significantly fewer scientific attentions
than the carbon cycle. At this time, little is known about the impact of climate change
on soil species, which are crucial in driving parts of the soil’s C and N cycles.
Changes in CO2 levels in the atmosphere can affect plant metal absorption, resulting
in food products with insecure levels of those metals in their tissues, but there has
been no conclusive research in this area.

Better knowledge of these areas is therefore important to give us an idea of how
soil erosion and food protection can be affected by changes in processes and
properties.

Hence, we require more detailed, integrated multidisciplinary studies to study the
complex interactions taking place in the environment to give an exact scientific basis
for the consequences of climate change.
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Chapter 8
Climate Change Impacts on Plant–Microbe
Interactions

Anamika Singh and Abhilasha Shourie

Abstract Climate change has impacted all forms of life and its consequences are
evident from altered ecological functions. Plant–microbe interactions are crucial in
maintaining the ecosystem structure and driving important functions such as geo-
chemical cycles, soil formation, carbon sequestration, and greenhouse gas emission.
Microbial communities are very sensitive toward environmental stressors like tem-
perature, moisture, pH, CO2, and any changes in the abundance, diversity, and
activity of microbes which are likely to have profound impact on the associated
plant communities. The plant–microbe interactions range from positive such as
symbiosis to negative such as parasitism; however, benefits of microbial association
certainly outnumber the negative relationships. Numerous vital physiological func-
tions of plants supported by microbes such as nitrogen fixation, phosphate solubi-
lization, sequestration of minerals, and conferment of stress tolerance and plant
immunity can be compromised due to climate change-induced alterations in micro-
bial community structure and dynamics. Climate change effects are also observed as
shifts in phonological patterns of both plants and microbes, which can lead to serious
disturbances in interspecific phenomena such as pollination, herbivory, predation,
etc., threatening community stability and leading to changes in demographic pro-
cesses. Plant–soil feedbacks (PSFs) play a significant role in shaping the community
structure and regulating ecosystem processes. Shifts in microbial community
dynamics also feedback to affect plant performance, coexistence, and community
composition. PSFs also potentially modify the process of succession as the positive
PSFs favoring colonization of symbiotic nitrogen fixers and mycorrhizal fungi help
in establishment of primary successors on nutrient devoid substratum and the PSFs
favoring decomposer community facilitate carbon cycling, soil mineralization, and
nutrient mobilization, accelerating the secondary succession. The chapter discusses
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different aspects of plant–microbe interactions which are directly or indirectly
affected by the abiotic and biotic factors influenced by climate change.

Keywords Climate change · Microbial diversity · Plant–microbe interactions ·
Abiotic factors · Plant phenology · Plant–soil feedbacks

8.1 Introduction

The effects of climate change on animal and plant worldwide are largely visible and
thus well studied and well documented; on the contrary, the effects on microbial
communities being less obvious are not fairly characterized. However, climate
change has profound impact on almost all aspects of microbial dynamics such as
community composition, physiological responses, ecological functions, and evolu-
tionary aspects. Microbes also play a crucial role in regulating climate change due to
their huge diversity, adaptive capabilities, and varied responses under changing
environment. This makes microbes the key drivers of ecosystem functions enabling
them to impact the resilience of other organisms towards climate change. Thus,
microbial response to climate change itself can potentially determine the structure
and function of an ecosystem.

Soil environment is richly populated with huge diversity of microorganisms and
is a hot spot of microbial activity. Microbes residing in the soil interact not only with
each other but also with the plants. These interactions greatly influence the ecosys-
tem structure and function including plant and animal abundance, diversity, and
composition. The effects of such interactions can be positive or negative depending
upon the beneficial or hostile nature of interaction. In general, the interactions such
as symbiosis and mutualism that enhance the growth and productivity of plants are
said to be positive, while the interactions such as parasitism or host–pathogen
relationship that tend to decrease the performance of plants are called negative.
There are a number of beneficial plant–microbe interactions which not only enhance
plant growth but also directly or indirectly improve the host plant resistance to
abiotic and biotic stress factors such as drought, salinity, heavy metals, toxins,
extreme temperature, nutrient scarcity, and diseases. Such interactions strongly
help the plants to withstand the adverse effects of climate change.

Further, many other essential functions of ecosystem are also largely driven by
microbes such as biogeochemical cycles including water cycle and nutrient cycles,
determination of soil composition, carbon sequestration, and greenhouse gas emis-
sion. Microbes modify the soil properties and water regimes adding to the nutrient
acquisition efficiency of the plants and contributing in their growth and biomass.
This has far-reaching consequences as the plants are at the base of trophic levels
serving as producers and providing nutrition to all other organisms.
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8.2 Plant Microbiota and Key Interactions

The association of plants and microbes is inseparable, intimate, vital, and evolution-
ary. Their relationships are ecologically diverse and complex ranging from antago-
nistic to mutualistic, and both the plant host and microbes seem to have coevolved in
response to climate change. All the microorganisms associated with a plant are
together known as plant microbiota. Plant microbiota comprises diverse organisms
including archaea, bacteria, fungi, microbial eukaryotes, etc. that interact not only
with the host plant but also with the surrounding environment. While pathogens are
harmful to their plant hosts, most other plant–microbe relationships often have
functional advantages to the plants such as growth promotion, nutrient uptake, stress
tolerance, induction of secondary metabolism, and biocontrol of pathogens. There
are a number of factors that play a role in shaping the structure of plant microbiota
such as geographical location, climate, soil characteristics, plant community struc-
ture, and environmental stresses.

8.2.1 Functional Zones of Plant Ecosystem

Microorganisms can inhabit in any of the four functional zones of the plant ecosys-
tem, viz., rhizosphere, rhizoplane, phyllosphere, and endosphere.

1. Rhizosphere—Rhizosphere refers to the brief zone of soil immediately surround-
ing the plant roots. The rhizosphere microbiota is present at the root–soil inter-
face, is directly affected by the root exudates and in turn also affects other
organisms such as soil invertebrates in the microenvironment. They also contrib-
ute to the soil formation by facilitating mineralization.

2. Rhizoplane—Rhizoplane is the region where the root surface is in contact with
soil and corresponds to the inner limit of the rhizosphere.

3. Phyllosphere—Phyllosphere comprises the aerial parts of plant which are colo-
nized by a large number of epiphytes including bacteria, fungi, algae, protozoans,
and nematodes. Phyllosphere microbes face the most challenging environment
conditions due to rapid atmospheric changes in the factors like temperature,
humidity, intensity of solar radiation, etc. However, most of the phyllosphere
microbes have developed certain adaptations to survive through these hostile
conditions, for example, epiphytic bacteria have pigments to protect from UV
rays and Pseudomonas species can find way through the cuticle by producing
biosurfactants to reach the nutrient source on the leaf surface (Hirsch and
Fujishige 2008; Warriner 2005).

4. Endosphere—The endosphere comprises the internal tissues of various plant
parts such as leaf, stem, and roots. It harbors the endophytic microbes in
intercellular as well as intracellular spaces. Root endosphere is the most vulner-
able and susceptible towards microbial infection and endospheric colonization.
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8.2.2 Rhizospheric Microbial Diversity

The plant–microbe interactions happening below the ground are usually more
complex as compared to those taking place on the soil surface (Bais et al. 2004) or
those happening in the aerial parts of plant. The most active zone of plant–microbe
interaction is the rhizosphere where the plant roots are in close proximity to a large
number and variety of microbes. Many studies have shown that the properties of
rhizospheric soil differ from the bulk soil to a great extent, especially in terms of
microbial diversity and activity. The rhizosphere microbiota is affected by soil
factors such as soil pH, salinity, soil type, soil structure, soil moisture, and soil
organic matter and root exudates. Besides, the recruitment of soil microbiota in
rhizosphere is influenced largely by plant roots through physical interaction, secre-
tion, and plant immunity. There seem to exist some evolutionarily conserved
mechanisms of selection in plants and adaptation in microbes that are responsible
for microbiota recruitment and cohabitation.

Roots biochemically attract certain microbial species to populate in the rhizo-
sphere. Plant root exudates such as organic acids, amino acids, fatty acids, phenolics,
plant growth regulators, nucleotides, sugars, putrescine, sterols, and vitamins largely
affect the microbial community structure in the rhizosphere (Mendes et al. 2013).

8.2.3 Plant Growth-Promoting Rhizobacteria

Rhizosphere microbiota is also referred to as plant growth-promoting rhizobacteria
(PGPR) due to their contribution in plant growth enhancement through various
means like phytohormone production, protection against pathogens, and alleviation
from environmental stresses. The plant growth-promoting rhizobacteria (PGPR) can
be found in free-living or endophytic modes.

8.2.3.1 Free-Living Bacteria

The PGPR community in soil microbiota often consists of Pseudomonas,
Azospirillum, Azotobacter, Klebsiella, Bacillus, Serratia, Burkholderia,
Enterobacter, Alcaligenes, Rhizobium, Erwinia, Mycobacterium, Mesorhizobium,
and Flavobacterium (Ahmad et al. 2008). Most of the decomposers living freely in
the soil belong to the genera Azotobacter, Bacillus, Beijerinckia, Burkholderia,
Clostridium, Desulfovibrio, Enterobacter, Klebsiella, and Serratia. The free-living
diazotrophic bacteria include Firmicutes, Rhizobia, Bradyrhizobium, Rhodobacteria
(Alphaproteobacteria), Burkholderia, Nitrosospira (Betaproteobacteria), Pseudo-
monas, Xanthomonas (Gammaproteobacteria), and Nostoc (Cyanobacteria) (Mor-
ris and Schniter 2018).
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Tropical rainforest soil was found to be dominated by Heliobacterium,
Gluconacetobacter, Methylobacterium, Azospirillum, and Zymomonas in Costa
Rica (Reed et al. 2010) and Azospirillum, Azorhizobium, Bradyrhizobium,
Methylobacterium, Burkholderia, Paenibacillus, Heliobacterium, Nostoc,
Anabaena, and methanogenic archaea, Methanoregula, Methanosphaerula, and
Methanocella in Western Amazon Basin of Brazil (Mirza et al. 2014).

8.2.3.2 Endophytic Bacteria

Endophytic PGPR specialize in invading the plant tissues as they reside in the plant
endosphere and develop a deep mutualistic relationship with the host. They can be
found in all the plant parts, aboveground and belowground; however, the infection
mostly occurs through roots. Roots are colonized by endophytic bacteria following
the invasion through root tissues and systemic spread through xylem to other plant
parts. Root exudates play an important role in recognition and communication,
facilitating infection and colonization of rhizobacteria. Endophyte diversities are
different in endosphere and phyllosphere due to anatomical and ecological differ-
ences in the aboveground and belowground plant parts.

The predominant phyla of root endophytes found in grapevine were
Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Verrucomicrobia,
Planctomycetes, Chloroflexi, Firmicutes, and Gemmatimonadetes (Burns et al.
2015; Zarraonaindia et al. 2015; Samad et al. 2017; Faist et al. 2016), while the
most abundant phyllosphere genera were Pseudomonas, Sphingomonas,
Frigoribacterium, Curtobacterium, Bacillus, Enterobacter, Acinetobacter, Erwinia,
Citrobacter, Pantoea, andMethylobacterium (Zarraonaindia et al. 2015; Kecskemeti
et al. 2016). Compartment-specific localization of microbes suggested a strong
functional relationship between the host and microbes.

Endophytic bacteria Burkholderia and Enterobacter lived intracellularly in root
tissue of cereals (Wakelin and Ryder 2004), while diazotrophic bacterial genera
associated with maize were Rahnella, Pantoea, Rhizobium, Pseudomonas,
Herbaspirillum, Enterobacter, Brevundimonas, and Burkholderia (Montanez et al.
2012). Klebsiella and Burkholderia were also found to be dominant in roots and
rhizosphere of maize (Arruda et al. 2013). Pseudomonas stutzeri, an endophytic
diazotroph, can switch over to different nitrogen-fixing processes like denitrification
under anaerobic conditions, nitrification under aerobic conditions, and nitrogen
fixation under microaerobic conditions. The root endophyte Herbaspirillum
seropedicae is a Betaproteobacterium that fixes nitrogen and efficiently colonizes
the roots of several plants like wheat, rice, corn, sorghum, and sugarcane (Tkacz and
Poole 2015).

Azoarcus is a plant growth-promoting bacterium as it fixes nitrogen that its host
appears to be able to access but lacks the usual genetic components involved in plant
pathogenicity (e.g., type III and IV secretion) (Krause et al. 2006). Azoarcus along
with the nitrogen-fixing Azospirillum has been found to be a common root colonizer
of rice. Plants were found to exert some control of the endophytic N-fixing
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community as wild rice species were preferably colonized by Azoarcus, while
modern cultivars selected Azospirillum (Engelhard et al. 2000).

The endosymbiotic association is well exemplified by the relationship between
actinorhizal plants and Frankia (Gram-positive bacteria) and between legumes and
Rhizobia (Gram-negative bacteria). Both these diazotrophs are the nodule-forming
bacteria. Besides legumes and actinorhizal plants, there is another example of
colonization of Rhizobium bacteria in a nonlegume plant which is Parasponia
andersonii that belongs to the family Cannabaceae (Sytsma et al. 2002).

Members of the genera Bacillus, Georgenia, Mycobacterium, Bosea,
Microbacterium, Psychrobacillus, Roseomonas, Chitinophaga, and Leifsonia are
found in the root endosphere of wheat (Rilling et al. 2018). Soil actinobacterium
Frankia, a Gram-positive, heterotrophic bacterium, is a common endosymbiont of
Casuarina trees, which lives inside the root nodules. There are many species of
Casuarina that are actinorhizal such as C. glauca and C. equisetifolia. Clusters of
different strains of Frankia infect different plants of different families, such as
Betulaceae and Myricaceae (Cluster 1a); Casuarinaceae (Cluster 1c); Coriariaceae,
Datiscaceae, Rosaceae, and Ceanothus belonging to Rhamnaceae (Cluster 2); and
Myricaceae, Rhamnaceae, Elaeagnaceae, and Gymnostoma belonging to
Casuarinaceae (Cluster 3) (Ngom et al. 2016).

Nostoc, a cyanobacterium, occurs widely in free-living form and is able to enter
into symbiotic association with several lower and higher plant groups, such as
bryophytes (liverworts and hornworts), Azolla (water fern), cycads (gymnosperm),
and the herbaceous angiospermGunnera. The relationship ofGunnera and Nostoc is
facultative endosymbiotic. Nostoc resides in the stem glands of Gunnera and fixes
nitrogen (Bergman et al. 1992). Endophytic diazotrophs found in sugarcane stems
are Gluconacetobacter diazotrophicus, Herbaspirillum seropedicae,
Herbaspirillum rubrisubalbicans, and Burkholderia silvatlantica (Lery et al. 2011;
Dong et al. 1994).

8.2.4 Plant-Associated Fungi

Plant community structure is strongly influenced by the fungal diversity and their
mutual relationships. The three major roles played by soil fungi are decomposition,
biological control of pests and pathogens, and ecosystem regulation. Fungi act as
decomposers and stabilize the soil organic matter contributing to nutrient cycling
and availability. Fungi also act as biological controllers by regulating diseases, pests,
and the growth of other organisms. They actively participate in physiological
processes like nitrogen fixation, hormone production, biological control against
root pathogens, and protection against drought, conferring numerous advantages to
the coinhabitants. They also function as ecosystem regulators since they regulate the
dynamics of soil structure and functions by modifying the physiological processes in
the soil environment which change the microhabitats for other organisms.
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On the basis of beneficial relationship of fungi with plants, they can be broadly
grouped into two categories.

8.2.4.1 Decomposers

These are saprophytic fungi which serve to decompose the dead organic matter and
release minerals and nutrients into the soil. Since the plant litter decomposition is
necessary for recycling of carbon and minerals, the saprophytic fungi are indispens-
able because of their capability of decomposing lignocellulosic material in the litter.
Surface litter horizon is largely controlled by saprotrophic fungi of the group
Basidiomycetes and Ascomycetes (Chanda et al. 2020).

Fungal diversity in senescent leaves and submerged litter was explored, and the
fungal taxa found in senescent leaves were Bullera, Dioszegia, Cryptococcus,
Aspergillus, Aureobasidium, Glomeromycota sp., Tremellomycetes sp., and
Wallemia sebi. The fungi found exclusively in stream-immersed litter were
Alatospora sp., Amanita wadjukiorum, Basidiomycota sp., Ciboria carunculoides,
Circinaria esculenta, Cryptococcus sp., Cyphellostereum sp., Ditopella
aseptatospora, Kockovaella prillingeri, and Paramicrothyrium sp. (Koivusaari
et al. 2019).

8.2.4.2 Mutualistic or Symbiotic

Mycorrhizal fungi form symbiotic association with plant roots extending a number
of benefits to their host such as mineral solubilization, support biological nitrogen
fixation, and improve water availability. In return, the fungi derive carbohydrates
from the host plant. Ectomycorrhiza colonize the root surface and are mostly found
on trees, while endomycorrhiza grow intercellularly and intracellularly within the
root tissues.

Arbuscular mycorrhizal fungi (AMF) are obligate symbiont endomycorrhizal
fungi. They facilitate the plant growth by improving nutrient uptake and resistance
to several abiotic and biotic stress factors. Four orders of AMF, namely, Glomerales,
Archaeosporales, Paraglomerales, and Diversisporales, have been identified in this
subphylum that consists of 25 genera (Redecker et al. 2013). Many other endophytic
fungi which exist as microsymbionts in different plant parts belong to genera
Atkinsonella, Balansia, Balansiopsis, Echinodothis, Epichloë, Myriogenospora,
Parepichloe, and Neotyphodium (Chanda et al. 2020).
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8.3 Physiological Aspects of Plant–Microbe Interactions

Microbes extend numerous benefits to the plant community as they are involved in
vital physiological functions that support the growth and development of plants. As
much as the plants depend upon microbes for life functions, microbial community
structure and functions are also influenced by plant functions. Diverse genera of
plant growth-promoting bacteria are listed in Table 1.1. Some of the prominent
physiological activities of plants which depend largely on microbial association are
discussed further.

8.3.1 Nitrogen Fixation

Nitrogen is not available to plants and animals for utilization in its free form, and the
transformations and conversions of its various forms are carried out typically by
microbes. Although the biological N cycle is quite complex, its main processes can
be enumerated as:

1. Release of nitrogen in the form of ammonia (NH4
+) from dead and decomposed

organic matter
2. Assimilation of NH4

+ and oxides of nitrogen (NO2
� and NO3

�) by microorgan-
isms and plants

3. Dissimilative processes such as nitrification, denitrification, and nitrate reduction
to ammonium including nitrogen fixation

Biological nitrogen fixation contributes the most in reducing atmospheric nitro-
gen (N2) to bioavailable forms with the help of free-living and symbiotic
diazotrophic microorganisms. There are many free-living diazotrophic bacteria
found in the rhizosphere, some of which enter into symbiotic relationship with
certain plants. The nitrogen-fixing symbiotic bacteria include the genera Rhizobium,
Bradyrhizobium, Mesorhizobium, and Sinorhizobium (Graham and Vance 2003).
They colonize the roots of leguminous plants and form root nodules where they fix
nitrogen with the help of nitrogenase enzyme. The nifH gene that encodes the
reductase subunit of nitrogenase enzyme is recognized as the genetic marker to
study the diversity and abundance of diazotrophs (Gaby and Buckley 2011).

8.3.2 Phosphate Solubilization

After nitrogen, phosphorus is the most essential macronutrient for plants that is
required for their growth and development and can be a limiting nutrient. It is present
in inorganic and organic forms in soil in abundance but is not readily available for
plants to be absorbed as it is bound to aluminum (in the form of strengite), iron
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Table 1.1 Diversity of plant growth-promoting bacteria

Physiological
function Genus/group Species References

Nitrogen
fixation

Azospirillum A. brasilense, A. zeae,
A. lipoferum, Azospirillum
amazonense, and
Azospirillum
halopraeferens

Venieraki et al. (2011),
Magalhaes et al. (1983),
Reinhold et al. (1987)

Burkholderia B. tropica, B. xenovorans,
B. silvatlantica,
B. caballeronis, B. unamae,
B. vietnamiensis

Reis et al. (2004),
Vandamme (2004), Perin
et al. (2006), Martinez-
Aguilar (2013), Estrada-
De Los Santos et al.
(2001)

Azotobacter A. vinelandii Jacobson et al. (1989)

Klebsiella K. pneumoniae Arnold et al. (1988)

Pseudomonas P. graminis, P. odorifer,
P. stutzeri, P. koreensis,
and P. entomophila

Venieraki et al. (2011), Li
et al. (2017)

Bacillus Bacillus brevis, B. cereus,
B. circulans, B. firmus,
B. licheniformis,
B. megaterium, B. pumilus,
and B. subtilis

Xie et al. (1998)

Phosphate
solubilization

Pseudomonas Pseudomonas aeruginosa,
P. mosselii, P. monteilii,
P. plecoglossicida,
P. putida, P. fulva, and
P. fluorescens

Naik et al. (2008)

Rhizobium Rhizobium leguminosarum
bv. trifolii

Abril et al. (2007)

Vibrio Vibrio proteolyticus Vazquez et al. (2000)

Xanthobacter Xanthobacter agilis Vazquez et al. (2000)

Actinomycetes Actinomyces,
Micromonospora, and
Streptomyces

Sharma et al. (2013)

Iron sequestra-
tion and
siderophore
production

Sphingobacterium Sphingobacterium Tian et al. (2009)

Pseudomonas Pseudomonas poae Tian et al. (2009)

Enterobacter Enterobacter Tian et al. (2009)

Delftia Delftia acidovorans Tian et al. (2009)

Achromobacter Achromobacter
xylosoxidans

Tian et al. (2009)

Plant growth production

IAA production Actinobacteria Actinobacteria Kumar et al. (2020)

Nocardia Nocardia Kumar et al. (2020)

Frankia Frankia Kumar et al. (2020)

Kitasatospora Kitasatospora Kumar et al. (2020)

Streptomyces Streptomyces Kumar et al. (2020)

(continued)
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(in the form of variscite), or calcium (in the form of apatite) (Tkacz and Poole 2015).
Plants acquire phosphate in soluble forms like H2PO4

� or HPO4
�, and the bioavail-

ability of these forms depends upon the soil pH. Phosphorus is made bioavailable
through solubilization and mineralization by phosphorus-solubilizing microorgan-
isms (PSM) which reside in the soil and rhizosphere. These microbes chelate the
cations bound to phosphate via production of organic acids and siderophores, thus

Table 1.1 (continued)

Physiological
function Genus/group Species References

Actinomycetes Streptomyces, Nocardia,
Nocardiopsis,
Spirillospora,
Microbispora, and
Micromonospora

Shutsrirung et al. (2013)

Ethylene regu-
lating ACC
deaminase
enzyme
production

Pseudomonas Pseudomonas syringae,
Pseudomonas fluorescens,
Pseudomonas putida

Ahmad et al. (2011),
Saravanakumar and
Samiyappan (2007),
Cheng et al. (2007)

Rhizobium
phaseoli

Rhizobium phaseoli Ahmad et al. (2011)

Gibberellin
production

Serratia Serratia nematodiphila Kang et al. (2015)

Bacillus Bacillus pumilus, Bacillus
licheniformis, Bacillus sp.

Gutierrez-Manero et al.
(2001), Bottini et al.
(2004)

Acetobacter Acetobacter sp. Gutierrez-Manero et al.
(2001), Bottini et al.
(2004)

Azospirillum Azospirillum sp. Gutierrez-Manero et al.
(2001), Bottini et al.
(2004)

Cytokinin
production

Bacillus Bacillus sp. Naz et al. (2009)

Pseudomonas Pseudomonas sp. Naz et al. (2009)

Acetobacter Acetobacter sp. Naz et al. (2009)

Azospirillum Azospirillum sp. Naz et al. (2009)

ABA
production

Proteus Proteus mirabilis Karadeniz et al. (2006)

Klebsiella Klebsiella pneumoniae Karadeniz et al. (2006)

Bacillus B. megaterium, and
B. cereus

Karadeniz et al. (2006)

Other growth
promotion
activities

Bacillus B. megaterium, B. safensis,
B. simplex, B. pumilus,
B. circulans, B. cereus,
B. laevolacticus,
B. amyloliquefaciens

Akinrinlola et al. (2018),
Tilak and Reddy (2006),
Egamberdiyeva (2005)

Paenibacillus Paenibacillus graminis Akinrinlola et al. (2018)

Arthrobacter Arthrobacter simplex Egamberdiyeva (2005)

Pseudomonas Pseudomonas denitrificans,
P. rathonis

Egamberdiyeva (2005)
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releasing it into the soil. PSM is a diverse group of microbes comprising of bacteria,
fungi, actinomycetes, and algae which solubilize insoluble inorganic phosphorus
and mineralize insoluble organic phosphorus (Sharma et al. 2013).

8.3.3 Iron Sequestration

Iron is an essential microelement for plant growth but cannot be readily absorbed due
to low solubility and low bioavailability of its ionic forms. Its absorption is facili-
tated by the soil bacteria and fungi which produce specialized iron-chelating mole-
cules called siderophores. Siderophores are low molecular weight peptides that can
bind to ferric ions (Fe3

+) with very high affinity to form iron–siderophore complex.
The plant roots and other soil microbes take up this complex through specific outer
membrane receptor proteins and utilize the iron after cleavage of the siderophore
molecule (Saha et al. 2013).

There exist more than 500 types of siderophores which can be broadly catego-
rized into three groups that differ in their complexation mode and stability constant
with Fe3

+ ions. The siderophore groups classified on the basis of the functional
groups that bind the ferric ions (Fe3

+) are:

1. Catecholates (including phenolates)
2. Hydroxamates
3. Carboxylates (or hydroxycarboxylates)

Phyllobacterium strain produced siderophores that promoted the growth and
quality of strawberries (Flores-Felix et al. 2015). Catechol and hydroxamate
siderophore-producing bacteria Bacillus spp. and Pseudomonas spp. were isolated
from plant roots (Grobelak and Hiller 2017). Iron-chelating activity of bacteria
Azotobacter vinelandii, Bacillus megaterium, Bacillus subtilis, Pantoea allii, and
Rhizobium radiobacter was ascertained. B. megaterium showed the highest iron-
chelating capacity followed by B. subtilis and A. vinelandii. The bacteria were also
evaluated for their siderophore production kinetics, level of siderophore production,
and types of siderophores produced. B. subtilis and R. radiobacter produced
catecholates, B. megaterium and P. allii produced hydroxamates, while
A. vinelandii produced both types of siderophores (Ferreira et al. 2019).

Plants also secrete iron-chelating molecules called phytosiderophores which are
efficient in binding to the ferric ions (Fe3

+). They act as hexadentate ligands that can
coordinate Fe(III) with the help of their amino and carboxyl groups (Singh et al.
2011). The iron–phytosiderophore complex is taken up through the root surface with
the help of membrane receptors. Different phytosiderophores have been identified in
plants of family Gramineae, for example, avenic acid A in oats (Avena sativa) and
distichonic acid in barley (Hordeum vulgare) (Nomoto et al. 1981).

Detailed study of tobacco rhizosphere revealed the presence of siderophore-
producing bacteria which mainly belonged to the divisions α-Proteobacteria,
β-Proteobacteria, γ-Proteobacteria, Sphingobacteria, Bacilli, and Actinobacteria.
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The dominant genera of γ-Proteobacteria group were Pseudomonas, Enterobacter,
Serratia, Pantoea, Erwinia, and Stenotrophomonas (Tian et al. 2009).

8.3.4 Plant Growth Hormone (PGH) Production

Many root-associated microbes synthesize plant growth regulators that not only
facilitate growth of plants but also alleviate them from several environmental
stresses. Auxins play a vital role in growth and development of plants by influencing
cellular-level events like cell division, elongation, and differentiation. Auxins are
also reported to improve abiotic stress tolerance in plants. The most common auxin
is indoleacetic acid (IAA) which can be produced through different biosynthetic
pathways. IAA production is a very common growth-promoting phenomenon
among PGPR, and these bacteria often have two or sometimes three functional
IAA biosynthesis pathways, suggesting the efficiency of their role. Aragon et al.
(2014) reported that the auxin-producing genes could be located on the plasmid as
found in P. savastanoi pv. savastanoi, or on the chromosomal DNA as seen in
P. syringae pv. syringae. PGPR isolated from cucumber plants Pseudomonas
stutzeri, Bacillus subtilis, Stenotrophomonas maltophilia, and Bacillus
amyloliquefaciens were found to produce IAA (Islam et al. 2016).

Another PGR cytokinin (CK) controls cellular proliferation and differentiation in
plants. Cytokinins are essentially produced by plants and much information is not
available regarding production of cytokinins by PGPR. Cytokinin zeatin is produced
by various PGPR like Bradyrhizobium japonicum (Cassan et al. 2009), Pseudomo-
nas fluorescens (Garcia de Salamone et al. 2001), Bacillus licheniformis (Hussain
and Hasnain 2009), Bacillus subtilis (Arkhipova et al. 2005), Paenibacillus
polymyxa (Timmusk et al. 1999), Arthrobacter giacomelloi, and Azospirillum
brasilense (Cacciari et al. 1989).

Ethylene is another endogenously produced plant growth regulator which is
known as a ripening hormone as it ripens the fruits and promotes senescence. It is
also produced in response to several abiotic and biotic stresses. It is reported to be
produced by PGPR Azospirillum brasilense (Perrig et al. 2007). Gibberellins are
reported to be produced by several PGPR such as Acinetobacter calcoaceticus,
Azospirillum spp., Azotobacter spp., Herbaspirillum seropedicae, Achromobacter
xylosoxidans, Gluconacetobacter diazotrophicus, Bacillus spp., and Rhizobia
(Egamberdieva et al. 2015; Dodd et al. 2010). Abscisic acid (ABA), the stress
hormone in plants, was reported to be produced in vitro by Bacillus pumilus and
Pseudomonas sp. (Kudoyarova et al. 2019). Microbial ABA is also produced by
Azospirillum lipoferum which further increases the ABA concentrations in
Arabidopsis thaliana and alleviates it from drought stress (Cohen et al. 2015).
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8.4 Effect of Climatic Change on Diversity and Functions
of Plant-Associated Microbes

There is a huge diversity of microbes in soil which exhibit a variety of morphology,
physiology, and metabolic capabilities and growth dynamics. The distribution,
relative abundance, and function of soil microbial communities are affected by
climate change to a large extent. Ecological factors attributed to climate change
can potentially act as selection forces causing spatial and temporal changes in plant–
microbe interactions leading to adaptive changes. Since plant–microbe relationships
may involve reciprocal manipulation of phenotypes, including morphology, physi-
ology, and life cycle of either of the two or both, the adaptive changes might get
manifested in the form of different kinds of interaction patterns. For example, the
ergot fungus (Claviceps purpurea), which is primarily a plant pathogen, serves as a
conditional defensive mutualist for its host grass when exposed to herbivory, by
producing toxic alkaloids. Asexual Epichloë endophyte acts as a parasite by reduc-
ing host fitness in the absence of the enemy, but shows mutualism on exposure to
enemy by improving host fitness (Wali et al. 2013; Saikkonen et al. 2016). Figure 8.1
depicts the impact of climate change on relationships of plants and microbes and
their feedbacks.

Fig. 8.1 Dynamics of plant–microbe interactions under climate change
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Rhizosphere plays a significant role in shaping the plant community structure.
Rhizospheric microbial communities are sensitive toward the changes in soil tem-
perature, moisture, and pH, the factors which are the most likely to be responsive
toward climate change. The effect of each of these parameters on microbial diversity
is discussed further.

8.4.1 Effect of Soil Temperature

According to the assessment of climate change at 1.5 �C of global warming, the
increase in global mean surface temperature (GMST) has reached 0.87 �C (+0.10 �C
likely range) above pre-industrial values in the 2006–2015 decade. One-quarter of
the land has experienced an intensification of hot extremes (maximum temperature
on the hottest day of the year) by more than 1 �C and a reduction in the intensity of
cold extremes by at least 2.5 �C (minimum temperature on the coldest night of the
year) (Hoegh-Guldberg et al. 2018). A number of soil processes such as soil
respiration, microbial decomposition and formation of soil organic matter, mineral-
ization, and pedogenesis are sensitive to diurnal temperature changes. Increase in
temperature affects the microbial respiration which modulates the decomposition of
organic matter in soil. Soil temperature change has a significant impact on the
terrestrial ecosystem functions and is thus considered as one of the major indicators
of climate change. Alterations in soil temperature directly affect the distribution and
abundance of soil microbial community which further changes the soil structure and
composition, subsequently influencing the individual plant physiology and plant
community structure, having a profound impact on the entire vegetation of a region.

Increase in temperature usually enhances the microbial turnover and rate of
respiratory activity and other biochemical processing events. This can lead to a
shift in the microbial community structure where the taxa which are better adapted to
increased temperature are favored (Castro et al. 2010). In this regard, it must be
added that abundances of both fungi and bacteria are likely to be affected by
warming (Schindlbacher et al. 2011). This holds great significance because ecosys-
tem functions such as nitrogen fixation, nitrification, denitrification, and
methanogenesis are regulated by specific microorganisms. Consequently, alterations
in their relative abundances directly impact the rate of these processes.

Overall microbial diversity and abundance both increase with the increase in
temperature. Certain bacterial populations like Alphaproteobacteria and
Actinobacteria show a surge on soil warming (Hayden et al. 2012). Many Gram-
negative bacteria, Acidobacteria, Planctomycetes, Verrucomicrobia (Sheik et al.
2011), and Firmicutes (Gray et al. 2011) are found to increase with rise in soil
temperature. Some species of archaea also increase in soil with warming like
Crenarchaeota (Sheik et al. 2011) and methanotrophs (Zheng et al. 2012).
Ammonia-oxidizing bacteria (Long et al. 2012) and ammonia-oxidizing archaea
(AOA) (Jung et al. 2011) are observed to decrease with rise in soil temperature.
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The fungal diversity and relative abundance of many fungal species in soil are
affected with increase in temperature. A study reported 2.75-fold increase in
Mucoromycotina with a temperature increase of 5 �C (Andrade-Linares et al.
2016). The effect of climate change on plant-associated fungi was studied in a soil
solarization experiment, and it was found that a number of fungi exhibited changes
which were Alternaria alternata, Cochliobolus spicifer, some varieties of
Emericella nidulans, E. rugulosa, Rhizopus stolonifer, Fusarium chlamydosporum,
F. dimerum, Gibberella fujikuroi, Cochliobolus sativus, Gliocladium roseum,
Melanospora zamiae, Nectria haematococca (anamorph), Aspergillus fumigatus,
A. flavus, and A. niger (El-Shanawany et al. 2004).

There are several studies reporting the effect of temperature on colonization of
ectomycorrhizal fungi on their host which can alter the community structure. Many
ectomycorrhizal fungi like C. geophilum, Suillus intermedius, and Lactarius
cf. pubescens show reduced respiration under increased temperature. Colonization
of ectomycorrhizal fungi C. geophilum in Quercus myrsinifolia was found to
decrease due to increase in temperature (Compant et al. 2010).

8.4.2 Effect of Soil Moisture

Soil moisture varies with temperature, hydrogeological factors, and precipitation.
Warming of soil causes loss of moisture subsequently making the soil dry. Microbial
activities have been often correlated with frequencies of seasonal rains, while
microbial community composition and function are reported to be influenced by
drought events. Large variations in soil moisture can impact microbial distribution,
abundance, and activity. Patterns of soil respiration are also affected by soil moisture
in many terrestrial ecosystems. The moisture content influences the rate of decom-
position of organic matter and in turn alters the soil properties such as percolation of
water, diffusion of gases and solutes, bioavailability of minerals, etc. which are
further responsible for shaping the ecological community structure. Moisture is
reported to suppress the microbial activity in environments like saltwater and soils.
Increase in humidity due to precipitation can increase the abundance of
Proteobacteria while decreasing Acidobacteria (Mandal and Neenu 2012).

Soil hydration after rain favored the increase in Firmicutes followed by increase
in Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria and a rapid
decline in Actinobacteria population in a successive manner (Placella et al. 2012)
probably due to hydration-mediated competition, predation, or phage bloom. In a
study, the effect of hydration–desiccation cycles on dynamics of arid soil bacterial
communities was examined by manipulating rain intensity and incubation condi-
tions. Under heavy rain at the lower temperature, a significant decrease in the
ribosomal abundance of total soil bacteria, Actinobacteria and Firmicutes, was
seen. Bacterial diversity was also affected and there was a drop in both population
richness and evenness. It was observed that there was a community shift upon
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application of heavy rain at the lower temperature entailing a decrease in
Actinobacteria and increase in Bacteroidetes and Firmicutes (Stovicek et al. 2017).

The impact of moisture can be much greater in extreme environments such as hot
deserts and Arctic desert and salt lakes. Interestingly, such environments harbor
unique and rare diversity of microbes which specialize to survive and thrive through
the extremities of these climates. However, the effects of climate change are far more
pronounced on these extreme environments than the moderate environments. A
study explored the effects of addition of water and organic matter microbial com-
munity structure and function in a polar desert along a naturally occurring salinity
gradient. Water addition showed a steep decline in relative abundance of
Actinobacteria while increase in Proteobacteria and Bacteroidetes at low-salinity
soil sites. In the moderate-salinity soil, addition of water favored the dominance of
Acidobacteria and Actinobacteria, which on addition of organic matter were
replaced by Firmicutes and Bacteroidetes. In the high salinity, all bacterial commu-
nities declined on addition of water and organic matter except Firmicutes. It was
suggested that persistent increase in moisture due to permafrost thaw and other
reasons, along with organic matter inputs, could stimulate microbial activity, shifting
the community composition to copiotrophic organisms (Van Horn et al. 2014).

Another study investigated the effects of environmental variables on the bacterial
and fungal communities of permafrost soils in the Beilu River of Tibetan Plateau and
found the soil moisture to be the most important factor in determining microbial
diversity. The soil with higher moisture content was dominated by Proteobacteria
followed in relative abundance by Acidobacteria, Actinobacteria, and Bacteroidetes.
In soil with lesser moisture content, abundance of Proteobacteria and Acidobacteria
decreased, whereas that of Bacteroidetes increased greatly. The most abundant
fungal population in low moisture content soil was Ascomycota followed by
Basidiomycota, Blastocladiomycota, Mucoromycotina, and Chytridiomycota
(Zhang et al. 2013).

8.4.3 Effect of Soil pH

Soil pH is a critical factor that influences the chemical, physical, and biological
properties of soil and therefore plays a critical role in shaping soil community
structure. It directly affects the microbial activity and can impose a selective pressure
on microbial communities. Soil pH is controlled by several factors such as leaching
of ions (both cations and anions), formation of carbonic acid due to dissolution of
CO2 in soil water, nitrification and denitrification processes, humification of soil
organic matter, etc. The pH of soil affects the solubility of minerals and availability
of nutrients such as carbon, nitrogen, and phosphate, further affecting their uptake by
plants and soil microbes. The soil pH also affects the release of plant root exudates
potentially impairing the host–microbe communication. This might in turn influence
the process of microbial recruitment by plant community causing marked ecological
impacts.
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Influence of pH on soil bacterial diversity and community composition has been
demonstrated in several studies. Pronounced shifts in bacterial community compo-
sition and relative abundance were observed across the pH gradient using denaturing
gradient gel electrophoresis (DGGE). The DGGE fingerprints showed the most
pronounced changes for Acidobacteria, Verrucomicrobia, and
Gammaproteobacteria pH 4.5 and 5.0 clusters, while the pattern changes across
the gradient were less pronounced for Firmicutes, Actinobacteria,
Alphaproteobacteria, and Betaproteobacteria. On the basis of NMF (nonnegative
matrix factorization) using 16S rRNA gene data analysis,Dyella and Rhodanobacter
(Gammaproteobacteria) were identified as low-pH-associated groups and
Anaerolineae (a class under the phylum Chloroflexi) and Verrucomicrobia were
among the medium-pH cluster. Lysobacter (Gammaproteobacteria) was also iden-
tified in the medium- and high-pH NMF cluster. No considerable changes in
Firmicutes patterns were observed across the pH gradient (Bartram et al. 2014).

A comparative study of soil bacterial diversity in acidic (pH ¼ 5.2) and neutral
soil (pH ¼ 7.7) was performed, and higher degree of bacterial diversity, evenness,
and richness was found in acidic than neutral soil, although it represented a
nonoptimal pH. Phyla occurring commonly in both types of soils were
Proteobacteria, Actinobacteria, Cyanobacteria, and Acidobacteria. Proteobacteria
and Actinobacteria were the most abundant in both soils, while the frequently
occurring Acidobacteria were very less in abundance. The bacteria found commonly
in both soils were from the order Burkholderiales (Betaproteobacteria) and
Rhizobiales (Alphaproteobacteria). Planctomycetes were found in acidic soil,
while Bacteroidetes were present only in neutral soil. Among different classes of
Proteobacteria, which was the most abundant phylum, the alpha, beta, and gamma
Proteobacteria dominated with proportions of 28.7, 5.3, and 13.6% in acidic soil
and 18.3, 5.2, and 2.0% in neutral soil, respectively. The orders found abundant in
acidic soil were Actinomycetales, Caulobacterales, Legionellales,
Planctomycetales, Rhodospirillales, Solirubrobacterales, and Xanthomonadales,
while those dominated at neutral pH were Acidobacteriales, Clostridiales, and
Sphingomonadales (Cho et al. 2016).

8.4.4 Effect of Elevated Atmospheric CO2

Increase in the levels of atmospheric CO2 is a prominent consequence of climate
change and global warming. Soil microbiota plays a major role in regulation of all
the biogeochemical cycles including carbon cycle in the ecosystems. Microbial
communities transform the organic matter, thereby contributing to the soil fertility
and controlling carbon fluxes to a great extent. Under increased atmospheric CO2,
soil microbes release the greenhouse gases methane (CH4) and nitrous oxide (NO) in
more amounts, while methane uptake by soil microbes decreases.

Altered CO2 levels in atmosphere are also expected to have a profound impact on
plant carbon fluxes. Elevated CO2 concentrations are also expected to increase the
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leaf photosynthetic rate by making the CO2 substrate available to the enzyme
RuBisCO for fixation. However, this relationship is not linear due to other effects
posed by enhanced CO2 such as suppression of photorespiration, reduction in
stomatal conductance, and impairment of nitrogen uptake in certain cases. Conse-
quently, the net primary productivity and carbon fluxes in the food chain are
expected to get affected (Dusenge et al. 2019). However, under elevated CO2

conditions, an increase in plant productivity and detritus production would certainly
increase the organic matter in the soil, accelerating the rate of microbial respiration
(De Graff et al. 2006).

Responses of plants and soil microbiota were studied in Populus tremuloides
rhizosphere, and it was observed that there was no change in abundance of total
bacterial and eukaryotic populations while an increase was recorded in heterotrophic
decomposers and ectomycorrhizal fungi. Significant changes in Proteobacteria
included decrease in OTUs of Bradyrhizobium, Rhodobium, and Duganella
(Alphaproteobacteria), Chitinophaga (Bacteroidetes), Acidobacteria, and
Verrucomicrobia while an increase in Rhodoplanes, Thiomonas, Polaromonas
(Alphaproteobacteria), Pseudomonas (Gammaproteobacteria), Arthrobacter,
Lechevalieria (Actinobacteria), and Niastella (Bacteroidetes). Among fungi, the
abundance of Basidiomycota increased but their diversity decreased.
Ectomycorrhiza Inocybe, a dominant genus belonging to Homobasidiomycetes,
increased in abundance, while Heterobasidiomycetes decreased in abundance at
elevated CO2. Urediniomycetes, which are predominantly plant pathogenic fungi
and OTUs associated with Zygomycota, decreased in abundance (Lesaulnier et al.
2008).

Increased root biomass due to elevated CO2 could stimulate the fungal species
that thrive on both dead and live root biomass. Changes in composition of arbuscular
mycorrhizal (AM) fungi associated with the woody shrub Adenostoma fasciculatum
were recorded under increased CO2 conditions where the AM genera Scutellospora
and Acaulospora dominated indicating a shift in community composition and
thereby in carbon allocation (Treseder et al. 2003).

8.5 Effect of Climate Change on Phenology

Phenology encompasses the study of the recurrent timing or seasonality of biological
phenomena in natural communities and the influences of biotic and abiotic drivers on
such events. Global warming has played a consequential role in disrupting the
phenological patterns of a large number of naturally occurring communities includ-
ing plants, animals, and microbes. Thus, changing phonological profiles serve as
effective indicators of climate change (Workie and Debella 2018). Phenological
shifts have been observed as a response to climate change across several taxa of plant
kingdom; however, the magnitude and direction of phenological responses may vary
among different genera (Rafferty et al. 2013).
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Temperature and rainfall have the most profound effects on plant phenophases
such as vegetative growth period, maturity onset, flowering, seed set, dormancy
onset, and senescence. Any shifts in these life events of vegetation have considerable
impact on the nature and strength of interspecific interactions in the ecosystem such
as plant–pollinator mutualism, butterfly emergence, predator–prey relationship,
plant–herbivore relationship, migratory bird arrival to breeding sites, etc. This
further imposes the risk of phenological mismatches causing temporal overlap
with mutualists and antagonists, threatening community stability and leading to
changes in demographic processes (Rafferty et al. 2013).

In a study conducted across eco-regions in Ethiopia, the temporal changes in the
phenology of vegetation were examined in relation to the shifting patterns of
temperature and rainfall. It was observed that over a 14-year period, there was an
early onset of growing period along with its prolongation in most of the eco-regions.
Temperature variability weakly affected the photosynthetic activities as compared to
the water availability due to rainfall. Temperature related inversely to vegetation
greenness as it enhanced evapotranspiration causing the vegetation to lose the leaf
moisture content and eventually become either pale green or wilt. The prolonged
growth period was correlated with an increase in gross primary productivity (GPP)
and net primary productivity (NPP) due to modification of nutrient cycling and
energy fluxes (Workie and Debella 2018).

8.5.1 Effect of Microbial Community Shift on Plant
Phenology

Soil microbiomes were studied to affect the flowering phenology and reproductive
fitness of Boechera stricta, a wild relative of Arabidopsis, in which they were found
to potentially contribute to its phenotypic plasticity of flowering time and differential
selection observed between habitats. The flowering time of the plant was not only
sensitive to abundance of microbes but also to the altered soil chemistries (Wagner
et al. 2014).

Rhizosphere microbiota can contribute to phenotypic plasticity by producing
phytohormones like auxins which may regulate plant growth and development. A
novel metabolic network was reported in which soil microbiota modulated flowering
time of Arabidopsis thaliana. Rhizosphere microorganisms induced nitrification
delayed flowering through a cascade of events that involved production of auxin
indoleacetic acid (IAA) from tryptophan, increased and prolonged nitrogen bioavail-
ability, downregulation of flowering genes, and continuation of vegetative growth
(Lu et al. 2018).

The influence of soil microbial community on phenology and growth of Ipomea
purpurea was studied under controlled greenhouse experiment to determine the role
of soil community as a selection agent for important plant traits. Comparing the
complex and simplified soil communities, the flowering time was found to
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experience positive and stabilizing selection under both soil environments, and early
flowering plants were at a fitness advantage irrespective of the soil microbial
composition. However, the complex soil community strongly favored early
flowering, and the change in soil environment altered the linear selection differential
on flowering time by 55% between environments (Chaney and Baucom 2020).

8.5.2 Impact of Plant Phenological Shifts on Microbial
Communities

Phenological patterns in plants and animals are easily observable and predictable,
but such patterns are not well documented for microorganisms. However, there are
some studies reporting effects of environmental factors and seasonal variations on
microbial phenology. For example, bacterioplanktons in a high-elevation lake were
studied over an extended period of 3 years and were found to exhibit consistent
phenological patterns which were largely predictable from inter- and intra-annual
variation. The bacterioplankton community composition changed with seasonal
variation exemplified by emergence of distinct, inter-annually recurring community
types. The communities appearing each summer were found to be associated with
thermal stratification. Increased heterogeneity of bacterioplankton community was
also observed throughout the water column, which might be due to the extended
physical isolation and decreased community mixing at different depths (Nelson
2009).

Marked effects of drought stress and phenological stages of Enteropogon
macrostachyus, an indigenous African grass, were studied on rhizosphere microbial
biomass. Drought stress controlled the soil organic matter decomposition and nutri-
ent mobilization, and the nutrient uptake competition between plant and microbes
led to increase in seedling root biomass as well as the microbial biomass and
activities of enzymes β-glucosidase, cellobiohydrolase, and chitinase (Mganga
et al. 2019).

Forest ecosystem processes like productivity and nutrient cycling were hypoth-
esized to be affected by two factors—tree leaf phenology and plant–microbe inter-
actions. The increase in temperature affects the tree leaf phenology by extending the
length of the growing season. In a simulation model, interactive effects of the length
of the growing season and microbe-mediated plant–soil feedback were studied under
increased temperature, and the two factors together were found to intensify the
negative effects of increasing temperature on the size of soil carbon stock as
compared with the length of the growing season alone (Miki and Doi 2016).

The spatiotemporal dynamics of soil bacterial community composition and
functional diversity were studied in a tropical lowland evergreen rain forest in
relation to the precipitation seasonality and spatial variability in soil characteristics
that arose from litterfall-derived nutrient input. Precipitation seasonality-related
changes in soil nutrients and moisture regimes gave rise to high spatial heterogeneity
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and large species turnover. During high precipitation, the abundance of decomposers
of complex polymers increased of which the anaerobic saprophytes and N2 fixers
dominated. Increase in abundance of phyllosphere-derived bacteria Beijerinckiaceae
at the end of the dry season was observed with the increase in litter inputs suggesting
the changes in soil microbial composition with respect to canopy phenology patterns
(Buscardo et al. 2018).

8.6 Plant–Soil Feedbacks (PSFs)

Plant roots form an intricate network within the soil, harboring a huge diversity of
microbes, with which they establish deep relationships. Plants not only affect the
microbial community structure and functions, but by virtue of these interactions with
microbiota, they also affect the soil properties. These effects of plants on the biotic
and abiotic properties of soil last for longer durations, even after they have depleted
from the soil, influencing the performance of successively colonizing plants. These
effects are known as plant–soil feedbacks and play a significant role in shaping the
plant community structure and regulating ecosystem processes. Shifts in microbial
community dynamics also feedback to affect plant performance, coexistence, and
community composition (Lau and Lennon 2011). Plant–soil feedback is not a
unidirectional process; instead, it is the net effect that results from a number of
interactions ranging from mutualistic to antagonistic. The strength and direction of
the PSFs are determined by several abiotic (such as temperature, soil pH, soil
moisture, nutrient availability, and organic matter) and biotic (such as roots and
shoots, microbiota, and herbivores) drivers of the ecosystem processes. Since most
of the factors have already been discussed in the chapter, some key factors, pro-
cesses, and effects in terms of plant–soil feedbacks are discussed here.

8.6.1 Direct Influence of Abiotic Factors on PSFs

Warming or increased temperature exerts direct effect on microbial processes as well
as the physiological aspects of plants. Also the effects of climate change on ecosys-
tem carbon and nutrient dynamics are mediated via plants and their interactions with
soil microbes (De Vries et al. 2012). Warming can enhance the microbial activity in
rhizosphere, increasing the rate of decomposition of organic matter and nutrient
availability. This may lead to increase in plant productivity, litter production, and
rhizodeposition, altering the plant-derived soil inputs. The climate extremes such as
drought and heavy rainfall also affect the structure and function of soil microbial
communities impacting the carbon dynamics. Increased aridity and persistent
drought conditions may lead to reduced aboveground biomass, less litter production,
low litterfall quality, and plant species turnover. The feedback thus generated can be
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observed in the form of slow rate of mineralization, disturbed nutrient cycling, effect
on plant diversity, and effect on carbon dynamics (Pugnaire et al. 2019).

In a study, the plant–soil feedback responses of paired native and non-native
warm- and cool-season perennial grasses to temperatures and soil moisture were
examined. The soil microbial dynamics was found to be stable in either ambient or
elevated temperatures, but was disrupted in variable environments. The PSFs were
strongly negative at the elevated temperatures in combination with the soil legacy of
elevated temperatures and at the constant training and testing temperatures in the
cool-season grasses tested under drought conditions. It could be concluded from the
study that the year-to-year inconsistency in environmental conditions like tempera-
ture and moisture may undermine the stabilizing forces of negative PSF and favor
non-native grasses (Duell et al. 2019).

8.6.2 Soil Community Dynamics and PSFs

The abiotic and biotic drivers of climate change affect the microbial functions which
in turn influence the direction and magnitude of PSFs, increasing the complexity of
the process. There are many examples which show the microbial effect on PSFs
turning them either into positive or negative direction depending on the net effect.
Beneficial plant–microbe relationships such as symbiosis and mutualism lead to
positive PSFs, while pathogenic and parasitic interactions give rise to negative PSFs.
Symbiotic nitrogen fixers, PGPR, free-living decomposers, and mycorrhizal fungi
are all known to enhance the plant growth and soil health, therefore leading to
positive PSFs. Although climatic changes like increase in temperature and altered
precipitation cycles impact the PSFs directly, the adaptation of soil microbial
communities to climatic extremes can be of immense help in improving plant fitness.
For example, symbiotic soil bacteria and mycorrhizal fungi adapted to drought can
enhance the drought tolerance of plants and affect the PSFs accordingly (Pugnaire
et al. 2019).

Besides, there are some studies exploring the role of belowground trophic
interactions on PSFs. A meta-analysis revealed that the top-down control on soil
biota through belowground predators results in positive feedbacks for the perfor-
mance of both fast- and slow-growing plants. Although the consumption of mutu-
alists, symbionts and litter consumers by higher trophic-level organisms is likely to
dampen positive PSFs, and the consumption of soil pathogens is expected to reduce
negative PSFs, the overall positive feedbacks have been observed. This was attrib-
uted to the enhanced nutrient cycling and thereby speeding up of the plant–litter
feedback pathway (De Long et al. 2019).
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8.6.3 Climate Change and Range Expansion

Plant species show range expansion in response to climate change due to their rapid
and farther dispersal efficiency. This enables them to escape from their native
enemies like pathogens, parasites, herbivores, etc. Changes are also expected in
microbial community and diversity across the range expansion gradient. However,
the range expanding plant species may not be accompanied by the same associative
microbial species in the new range, which were present earlier. The negatively
interacting species are usually not present in their new range and the range shifting
plant species are at the competitive advantage with respect to the native plants of the
new range.

As already discussed, the soil microbial community structure and function are
determined by both abiotic and biotic factors, and the range shifts of these commu-
nities also depend upon the interplay of a number of these factors. The rhizosphere
microbiota composition is strongly influenced by abiotic factors like temperature,
soil pH, moisture, nutrients, and carbon dynamics and biotic factors like root
exudates, architecture, and species-specific affinity. These influencing features are
instrumental in building species-specific microbiomes through selection across
spatial and temporal scales. The dispersal capabilities of rhizosphere microbes are
different from plants; therefore, the rhizosphere species might not expand their range
with the same rate as the associated plant community, which disrupts the soil
community structure in the event of range expansion.

The range expander plant species not only experience the benefit of encountering
less pathogenic microbes but also lose their certain specialized soil pathogens
(Ramirez et al. 2019), which makes them more successful in the new range. The
PSFs due to range shifts thus normally range from lesser negative to positive in the
new range. These PSFs can be dynamic in longer duration and turn negative due to
coevolution of species-specific pathogens or adaptive development of pathogenesis
in native microbial species.

8.6.4 PSFs and Succession

PSFs also play an important role in modifying the process of primary and secondary
succession via several mechanisms. Positive plant–soil feedbacks are crucial for
early successional stages such as colonization of symbiotic nitrogen fixers and
mycorrhizal fungi which are extremely helpful in establishment of primary succes-
sors on nutrient devoid substratum. Further, the PSFs involving soil microbes can
also have positive or negative effects on the secondary succession. If PSFs favor the
decomposer community that facilitates the carbon cycling, soil mineralization, and
nutrient mobilization, the succession can be accelerated. Else the negative feedback
may be generated if the plants produce recalcitrant litter that can only be metabolized
by their own mycorrhizal symbionts and not by other species, retarding the
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succession (Pugnaire et al. 2019). In a study, it has been shown that in some
temperate regions, warming-induced feedbacks from arbuscular mycorrhizal
(AM) fungi lead to dominant inhabitation of trees, instead of the feedbacks from
ectomycorrhizal (EM) and saprophytic fungi (Tedersoo et al. 2014).

A negative soil feedback is exemplified by symbiotic relationship of early
successors with nitrogen fixers, which in the early stages facilitate the plants with
nitrogen fixation, but eventually reduce their competitive ability against later suc-
cessional plant species due to increased pathogenicity and decreased symbiosis. The
successive plant species are tolerant to the pathogens of their predecessors and easily
replace the early successors. This also exemplifies the indirect positive PSF for later
successional plants (Van der Putten et al. 2013).

8.6.5 Climate Change and Legacy Effects

Legacy effects refer to the long-lasting effects of existing plant species on abiotic and
biotic conditions of the soil which impact the future plant communities even after
their disappearance. The soil legacy effects vary greatly in their spatial and temporal
extent, depending upon several factors such as type and abundance of the effector
plant community, soil characteristics, and influence on soil microbiota. The legacy
effects on soil microbial community dynamics can further affect plant–plant inter-
actions, altering the PSFs. However, the legacy effects on soil microbes are expected
to persist for very long durations, sometimes for decades, mainly because of greater
dependency of microbial communities on soil characteristics which itself change
very slowly over the time (Ladau et al. 2018). Soil pathogens harboring the rhizo-
sphere of monospecific plant communities produce conspecific legacy effects, while
those which are less species-specific tend to create heterospecific soil legacy effects
(Kaisermann et al. 2017).

In a microcosm study, the microbial soil legacies of early-successional grasses
were observed to be more pronounced on mid-successional grass community than on
any other plants (Kardol et al. 2007). Extremes of climatic change like drought and
altered rainfall patterns are likely to change the plant community composition. There
are evidences of strong legacy effects of drought on soil microbiota which have
far-reaching consequences on plant–plant interactions potentially altering the PSFs.
In arid soil, the microbes can neutralize the legacy effects of drought and promote
seed germination and plant growth of a particular species. In another mesocosm
study, exotic species dominated over natives due to better performance under
drought conditions because they experience weaker negative and positive feedbacks
from interactions with soil biota (Engelkes et al. 2008). The soil legacy effects
favoring exotics were found to be mediated through changes in the soil microbiota
and processes like N mineralization and nutrient availability (Meisner et al. 2013).
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8.7 Conclusion

Disruptive impacts of climate change are evident on all the ecological communities.
The huge diversity of plant-associated microorganisms ranging from archaea, bac-
teria, and fungi to insects and nematodes share a common ecological niche and
function together to contribute toward the stability of the ecosystem. The biotic and
abiotic stresses consequent to climate change potentially affect all these organisms in
some or the other way. Plant–microbe interactions are multidimensional and exert
effect on all the trophic levels and tend to change the food web dynamics. The
overall impact of climate change on an ecosystem depends upon the net effect of the
individual responses of ecological communities. The effects of climate change on
microbial alpha diversity (diversity within a sample, from the same site experiencing
the same environment) may also be different from those on the beta diversity
(diversity variation between samples from different sites experiencing different
environments). The spatial and time scales of microbial and plant functions also
vary greatly, and therefore manifold mechanisms could be responsible for shaping
the community structures across the environmental gradients. Prominently visible
aspects of plant responses toward climate change include alterations in phonological
patterns and range expansion, which have profound impact on microbial diversity
and activity. Such ecological shifts generate strong feedbacks, which further influ-
ence the biotic and abiotic drivers of climate change, making it a seemingly cyclic
process. The complexity of plant–microbe interactions thus cannot be overlooked,
and all the aspects are to be necessarily considered for predicting the climate change
effects in their entirety, in order to draw the sustainable ecological strategies.
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Chapter 9
Climate Changes in Soil Microorganism–

Plant Interactions

Ashutosh Dubey

Abstract As earth’s climate is constituted by land, water bodies, atmosphere within
and around the earth, and living organisms including humans, it is a very intricate yet
collaborative system (Abatenh et al., J Bacteriol Infec Dis 2(1):8–27, 2018), which is
primarily changing due to human activities. Soil is a medium of growth and
development for microbes and plants, and collaborations between plants and soil
microorganism constitute part of land-based terrestrial ecosystems (Hawkins and
Crawford, AoB Plants 10:ply039, 2018). With changing global climate, proper
understanding of possible feedbacks from climate to the soil system and its microbial
population and vice versa is necessary. Microbes have vast diversity in type and
function and considered crucial for survival of life on earth, as these organisms
participate in nutrient recycling for soil fertility, detoxify xenobiotics, and regulate
carbon storage due to their exceedingly adaptable metabolism. The microbial
populations determine key soil functions; hence, they have straightforward influence
on soil properties. Terrestrial ecosystems have interacting biotic and abiotic compo-
nents where soilborne microbes influence plant growth by symbiotic or
nonsymbiotic interfaces. Advantageous plant-affiliated microbes, i.e., plant
growth-promoting rhizobacteria (PGPR), not only stimulate plant growth but also
strengthen plant resistance to biotic and abiotic stresses (Tyagi et al., Eur J Mol
Biotechnol 5:149–156, 2014).

Although different factors are related to climate change such as rise in tempera-
ture and atmospheric CO2, scarcity of water causing drought conditions is nowadays
a crucial point of research to understand altering interaction dynamics between
plants and microorganisms (Compant et al. 2010). As these changing climate
scenarios not only have direct impact on microbial populations in soil but also
have many potential consequences for soil parameters as loss of soil carbon,
variations in soilborne greenhouse gas levels are crucial for plant–microbe
interactions.
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9.1 Soil, Microbes, and Plants

Several fungal and bacterial species found in the soil environment have a vital role to
alter and evolve functional ecosystem (Binyamin et al. 2019). Rhizospheric micro-
organisms have biochemical machinery to produce, consume, and decompose var-
ious metabolites. These soil microorganisms are distributed in diverse phylogenetic
groups carrying exceptional genetic diversity (Torsvik et al. 1990). Environmental
factors play a key role during influence and interaction of biotic soil communities
and plants and provide significant motivation for plant–soil–microbe interactions
(Reynolds et al. 2003).

For the synergetic ecological conduct, complementary resources transference
among host plant and beneficial microbes and subsequent recovery from disturbance
are necessary for ecosystem maintenance (Reynolds et al. 2003). The tripartite
interaction between abiotic conditions of soil; biotic constituents of soil, e.g.,
microorganisms; and plants is collectively known as plant–soil feedbacks (PSFs),
and these complex feedbacks are the prime motivational stimulus for ecosystem
processes which influences diversity, performance, and community structure of
plants and microbes (Bever 1994, 2002; Bever et al. 1997; Ehrenfeld et al. 2005;
Kulmatiski et al. 2008; van der Putten et al. 2013). The plant–microbe interactions
also constitute important ingredient for these feedbacks that influences ecosystem
(Pugnaire et al. 2019). PSFs studies have specifically examined the exclusive
positive or negative ramifications of microbial population on plant performance
(Wagg et al. 2015). The plant growth depends on the equilibrium among beneficial
or antagonistic interactions with the host plant and associated terrestrial microbial
population. This plant–microbe association depends upon abiotic (viz., soil pH, and
EC, physical structure, and nutrient availability) as well as biotic (plant and bacterial
specific) components (Bennett and Klironomos 2019). Although soil microorgan-
isms have complicated influence on PSFs, free-living PGPR or PGPB and PGPF
capable of providing growth-limiting nutrients to plants (Kaisermann et al. 2017) or
suitable for organic matter decay (Veen et al. 2015) accomplish more positive or less
negative PSFs. Host-specific pathogenic fungi found in rhizosphere add burden on
plant species for cohabitation and steer to negative PSFs (Maron et al. 2011; Bever
et al. 2015; Mommer et al. 2018), while rhizospheric aggregation of beneficial
microorganisms, e.g., mycorrhizal fungi (Bever et al. 2012; Cortois et al. 2016)
and nitrogen-fixing symbionts (Carter et al. 2019; Siefert et al. 2019), is responsible
for positive PSFs.
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9.2 Beneficial Plant–Microbe Interactions

Symbiotic relation between almost all terrestrial plants and range of microorganisms
is well recognized (Brundrett 2009). Soil zone around the plant roots, i.e., rhizo-
sphere, has maximum microbial activity and several plant root-allied soil microor-
ganisms depend on root exudates for their existence (Whipps 1990; Bent 2006;
Lugtenberg and Kamilova 2009). Rhizospheric microbiota not only interacts with
each other but also collaborates with plant roots (van der Heijden et al.
1998; Binyamin et al. 2019). Although plant–microbe interactions take place not
only within soil domain but also in the troposphere, they are more intricate in the
rhizosphere than above the soil surface (Bais et al. 2004). Microbial responses
toward plants are environment dependent, e.g., functions and interactions with plants
of nitrogen-fixing bacteria and mycorrhizal fungi are dependent on mineral avail-
ability in the surrounding soils (Bethlenfalvay et al. 1982; van der Heijden et al.
2008). Soil microfloras have a wide range of collaboration with higher plants that
span from synergistic to antagonistic. The microorganisms provide the nutritional
supply to host plants as nitrogen-fixing bacteria directly provide mineral resources to
the plants or mycorrhizal fungi, nonmycorrhizal fungi, various rhizosphere bacteria,
protozoa, and nematodes provide protection to plants against other pests like fungi,
bacteria, actinobacteria, protozoa, nematodes, and viruses in the rhizosphere (Schle-
singer 1991; Schimel 1995; Lavelle and Spain 2001; Reynolds et al. 2003; Reynolds
and Haubensak 2008; Eom et al. 2000) while photosynthesizing plants with use of
solar energy fix carbon that is used by various cohabitating organisms. Competition
for nutrients between microbes and plants persists in soil (Hodge et al. 2000; Burns
et al. 2013), making it a codependent yet a combative alliance (Harte and Kinzig
1993).

Besides these competition for nutrients, plant–microbe interactions may be favor-
able or detrimental for the host plant (Bever 1999; Saharan and Nehra 2011; Nadeem
et al. 2013; Schikora 2018; Ding et al. 2019; Wille et al. 2019). Some of plant root-
associated soil microorganisms can be neutral or pathogenic for their hosts according
to the de Bary definition (de Bary 1879). Whereas plant growth and tolerance against
biotic and abiotic stresses are favorably supported by plant growth promoting
rhizobacteria or bacteria (PGPR or PGPB) and plant growth-promoting fungi
(PGPF) (Kloepper and Schroth 1978; Bashan and Holguin 1998; Bent 2006).
Some microorganisms can also enter the root system of their hosts and enhance
their beneficial effects with an endophytic lifestyle (Stone et al. 2000) and adapt
plants for inhospitable environment (Yang et al. 2008; de Zelicourt et al. 2013;
Pieterse et al. 2014; Pii et al. 2015; Verbon and Liberman 2016).

The affirmative plant–microbe interactions stimulate plant growth and for that
plant growth-promoting rhizobacteria (PGPR) are prominent group of organisms
that includes the following genera: Pseudomonas, Bacillus, Serratia, Enterobacter,
Erwinia, Beijerinckia, Klebsiella, Flavobacterium, Burkholderia, and
Gluconacetobacter (Podile and Kishore 2006). The microbes of these genera com-
prise multitudinous growths promoting attributes that aid and facilitate plant expan-
sion (Mehmood et al. 2018). The microbes assist plants in the form of various inputs
such as nutrient solubilization, siderophore production, formation of
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exopolysaccharides, hormone production, supply of metabolically advantageous
enzymes such as chitinase and ACC deaminase, and last but not the least nitrogen
fixation and sulfur and carbon cycling (Nadeem et al. 2010a, b; Glick 2014).
Accessibility of soil phosphorus and potassium to the plant is viable by activity of
phosphate- and potassium-solubilizing bacteria (Archana et al. 2012; Panhwar et al.
2014). Equivalently, calcium and other nutrients are also readily made available to
plants by PGPR activity (Lee et al. 2010). Under water-deficient conditions, the
PGPR produce exopolysaccharides to safeguard plants from dehydration (Sandhya
et al. 2009). The plant growth is shunned as a result of the abiotic stresses, viz.,
salinity and drought, because of root growth inhibition by heightened ethylene
concentrations (Nadeem et al. 2010b). These effects of stresses, i.e., increased
ethylene, are mitigated by ACC deaminase activity of plant growth-promoting
rhizobacteria (Glick et al. 2007).

The rhizospheric symbiotic microbes not only influence plant nutrition and
growth but can also shield the host plant from detrimental responses of various
plant pathogens by inducing resistant mechanism in the entire plant against patho-
gens (Binyamin et al. 2019). The plant defenses are upgraded either by disintegrating
the pathogen cell wall by activity of proteases, cellulases, glucanases, lipases,
chitinases, and other enzymes. (Beneduzi et al. 2012) or by causing scarcity of
pathogen-specific nutrients, e.g., PGPR-produced siderophores make iron
unavailable to the deleterious organisms (Bhattacharyya and Jha 2012).

Beneficial microbes of rhizosphere also instigate induced systemic resistance
(ISR) in host plants to enhance plant resistance (Saravana and Samiyappan 2007)
against biotic stresses caused by biological agents as different pathogens and insects
(Romera et al. 2019). In bacteria, lipopolysaccharides, salicylic acid, and
siderophores are mobilized for induced systemic resistance (ISR) in host
(Lugtenberg and Kamilova 2009), and in response, several hormones and signaling
molecules, like ethylene, auxin, and nitric oxide (NO), and many transcription
factors are induced in host plants (Romera et al. 2019). These ISR-related signals
perceived in plant activate and strengthen plant defense systems by different mech-
anisms to counter the pathogens (Van Loon 2007).

9.3 Microbes and Climate Change

Various indirect impacts of climate changes on biotic and abiotic constituents of
terrestrial ecosystems include risk of physical injury as well as emergence / spread of
diseases and bereavement from natural disasters such as heat waves, wildfires,
storms, floods, poor air quality, and drought (Wallenstein and Hall 2012; Compant
et al. 2010; de Vries and Griffiths 2018; Endeshaw et al. 2018). Under such
environmental conditions, not only abundance and composition of microbial com-
munities in the form of microbial ecology and ecosystem structure as well as
microbial processes like respiration, fermentation, and methanogenesis are also
accelerated/altered. Furthermore, substantial changes may also be observed in the
functional genes and traits of microbes under the stimulus of biogeochemical
changes (Yergeau et al. 2011; Sayer et al. 2017).
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Simultaneously, rhizospheric microorganisms such as bacteria, fungus, algae, and
archaea also speed up global warming like climate changes through organic matter
decomposition and finally increase the flux of CO2 in the atmosphere (Fierer and
Schimel 2003; Bardgett et al. 2008; Castro et al. 2010; Tyagi et al. 2014; Weiman
2015).

Soil microbial groups are hypersensitive to environmental changes and not able to
promptly recuperate after disturbance (Allison and Martiny 2008). In the changed
environmental conditions, microbes get acquainted in new conditions by varying
resource use efficacy and subsequent growth kinetics as microorganisms have
distinctive resistance and acclimatization attribute (Bradford et al. 2008; Schimel
et al. 2007). In strained terrestrial surroundings, fungi have superior carbon use
competence and C/N biomass stoichiometry yet slower growth rate to facilitate
surpassing of adverse conditions, while rapid growth and higher turnover make
bacteria better equipped for survival (Waring et al. 2013). These common provisions
for resource use and turnover further verify that in soil fungi dominate food webs and
hence more resistant to climate changes, whereas bacterial systems are more robust
(De Vries et al. 2012a, b). Nonetheless, there are also substantial differences in the
physiologies, adaptive capacities, and resource use of organisms within a given
taxonomic group, which will shape community-level responses to climate change.

9.4 Effect of Climate Change on Plant–Microbe Interaction

Climate change leads to alteration in abundance, diversity, proportion, and activity
of rhizospheric microorganisms (Drigo et al. 2008). Evidently, soil microbial com-
munity composition is immensely affected due to changing environment, but every
microbial group responds differently to climate change (Hawkins and Crawford
2018; de Vries et al. 2018). Due to climatic fluctuations, soil microbial population
has direct impact on their respective growth and other activities, while indirect
changes in the flora lead to alteration in resource availability for microbes. Conse-
quences of change in vegetation composition lead to long-term impact on microbial
population, while microbial growth and activities are affected immediately (Sayer
et al. 2017). In the event of climatic changes like temperature rise, drought, flooding,
and increased CO2 in the atmosphere, K-strategists or oligotrophic organisms like
fungi and gram-positive bacteria fair better due to slow growth rates, thick cell walls,
and the ability to form spores. These physiological assets provide stress resistance to
these microbial groups when subjected to changed climate conditions (Schimel et al.
2007; De Vries and Shade 2013). Under the influence of changes in favorable
environment, these K-strategist microbes trade their resources for defense rather
than infusing in growth and acquiring resistance (De Vries and Shade 2013). On the
basis of response to changed climate, bacteria can be segregated into two groups:
(1) copiotrophic, e.g., Betaproteobacteria and Bacteroidetes, and (2) oligotrophic,
e.g., Acidobacteria (Fierer et al. 2007). Copiotrophic bacterial groups cannot face
the adverse environmental changes, while oligotrophic organisms thrive even in the
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antagonistic environmental circumstances (DeAngelis et al. 2015). Although oligo-
trophic organisms have better survival than copiotrophic organisms under harsh or
changed environmental conditions, if environmental conditions are optimized, again
copiotrophic organisms can regain their previous opulence (de Vries et al. 2018).
Thus, resource accessibility undoubtedly supports the microbial community to
overcome environmental disruptions (De Vries et al. 2012; De Vries and Shade
2013).

Despite the fact that impact of climate change on plant physiology and phenology
is not yet fully inferred, it is well studied that any change in environment also cause
alterations in plant in terms of plant growth, biomass allocation, chlorophyll content,
stomatal activity, photosynthetic rate, litter quality, phytohormone concentration,
their distribution, and water use efficiency, and all of these may likely influence/
disturb soil microbial communities and their synergy with plants (Gutknecht et al.
2012). Plants have detailed metabolic network to dissipate the abiotic stresses
(Dubey and Verma 2019). Increment in CO2 concentrations due to climate changes
causes enhanced carbon availability to roots that changes root exudate constitution
(Compant et al. 2010). The modifications in plant discharge may alter nutrition
availability, change in C/N ratio, availability of chemoattractants or signaling mol-
ecules (Kandeler et al. 2006; Haase et al. 2007) and mutually or exclusively these
changes can also impact the microbial communities to revise microbe-mediated
PSFs (de Vries et al. 2018; Chomel et al. 2019). Transformations transpired in
microbial population and plants due to climate change, beneficial microbes might
be impaired to colonize the host, or colonizing efficacy of host may also be
hampered or totally altered in favor of non-beneficial microbes (Compant et al.
2010).

Since climate has major influence on growth, development, and distribution of
species, any change in climatic condition has direct and potent impact on interactions
amid plant and microbial communities. Pinpointing the changes in microbial behav-
ior leading to alterations in plant–microbe interactions such as availability of nutrient
supplying saprophytic taxa to plants or changed ratio of mutualistic to pathogenic
taxa is difficult, but such climate change-induced adaptations in microbial activities
cause major shifts and deviations in PSFs (Allison et al. 2010; van der Putten et al.
2016). Evidently, biodiversity of soil microbes and their function are intensely
linked to climate and climate change, for example, grasslands’ rhizospheric micro-
flora is prominently associated with timing and intensity of rainfall (Sheik et al.
2011) and drought influences the distribution of soil fungal and bacterial communi-
ties (Meisner et al. 2018). Studies have indicated that microbial metabolic functions
including microbial gene expressions are too connected with climate (Bahram et al.
2018).

Microorganism-mediated plant–soil feedbacks (PSFs) can have a significant
impact due to the excessive change in climate, e.g., prolonged water scarcity causes
adjustments in prevailing microbial communities which affect invasiveness and
interactions among plant–plant and plants–microbes (Meisner et al. 2013;
Kaisermann et al. 2017; Fry et al. 2018). Drought-adapted soil microflora not only
enhances plant acclimatization toward water deficiency (Lau and Lennon 2012) but
also instigates colonization and symbiotic interaction with drought tolerance
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promoting fungi and bacteria (Mariotte et al. 2017) and sways the PSFs. Abiotic
stress like high temperature induces alterations with mutualistic symbionts and also
causes loss of connection with host-specific soil communities, together with patho-
genic microbes and plants (van der Putten et al. 2010).

However, PSFs’ shifting microbial activities are unique for each ecosystem that
reflect all involved components, viz., plants, soils, and climate. Climate change has
robust unwavering effects on plants and soil organisms, as well as secondary effects
through changes in plant physiology and the quality and quantity of resources
entering the soil (i.e., as litter and rhizodeposits). It is not easy to predict fate of
the plant–microbe interaction with change in climate, but consequential PSF change
will occur due to various processes of ecosystem and altered dynamics of vegetation
along with feedback effects to climate at local and even global levels. Any irrevers-
ible alteration in plant–microbe interactions caused by climate change is disastrous
for the global ecosystem.
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Chapter 10
Microbial Sequestration of Atmospheric
Carbon Dioxide

Manju Rawat Ranjan, Pallavi Bhardwaj, and Ashutosh Tripathi

Abstract Increased industrialization and urbanization have made humans rely on
the usage of fossil fuels which leads to the generation of carbon dioxide (CO2) and
causes global warming. The concentration of greenhouse gases majorly carbon
dioxide is rapidly increasing in the atmosphere because of various anthropogenic
as well as natural activities. The loss of carbon from the terrestrial ecosystem into the
atmosphere has both short- and long-term negative effects on our planet earth.
Carbon cycling in a terrestrial as well as an aquatic ecosystem is a major concern
in climate change; hence, it is required to comprehend the role of biota in the
management of carbon fixation and its cycling. This chapter mainly focuses on the
potential of different organisms that have the capability of CO2 assimilation. With
this, the process by which organism proceeds sequestration of CO2 is explained in
brief. Different types of microorganisms and their adaptations for effective CO2

sequestration are also highlighted. It is important to implement biological methods to
manage CO2 because they synthesize useful by-products such as bioplastics, medic-
inal compounds, and biofuels.

The current chapter will help us to understand how biological diverse organisms
can work as a sustainable technology to mitigate the increasing CO2 levels in the
atmosphere.
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10.1 Introduction

The present human-induced change in climate globally increases the greenhouse
gases which has become one of the biggest scientific challenges of the twenty-first
century. An increase in the concentration of greenhouse gas like carbon dioxide
(CO2) in the atmosphere is a major concern. According to the Intergovernmental
Panel on Climate Change (IPCC), it has been estimated that carbon dioxide is a
potent greenhouse gas, accounting for 76.7% (v/v) of the total GHG emissions, and
its concentration has increased exponentially since the onset of industrialization
(Ramanathan 1988). Concentrations of CO2 which started from 280 parts per million
(ppm) during pre-industrial times have now exceeded 400 ppm (http://www.esrl.
noaa.gov/gmd/ccgg/trends) and are expected to reach up to 600–800 ppm by the end
of the century (Knohl and Veldkamp 2011). The world’s maximum greenhouse gas
emissions come from small countries, whereas China, the United States, and the
European Union are the three largest emitters. Global carbon dioxide emissions since
1850 are shown in Fig. 10.1. Per capita greenhouse gas emissions are highest in the
United States and Russia, and the share of each country is described in Fig. 10.2
provided by the International Energy Agency, after estimating the sources of CO2

emissions which include coal combustion; natural gas, oil, and other fuels; industrial
waste, and nonrenewable municipal waste.

The major sources of CO2 emissions are fossil fuel burning and higher defores-
tation rate which directly increases the concentration of atmospheric CO2. As per
Global Carbon Budget 2018, global fossil CO2 emissions have increased from an
average of 3.1 � 0.2 GtC year�1 (gigatons carbon per year) in the 1960s to an
average of 9.4 � 0.5 GtC year�1 during 2008–2017, whereas CO2 emissions from
land use, land-use change, and forestry have remained relatively constant, at around
1.3� 0.7 GtC year�1 over the past half-century (Quéré et al. 2018). Along with this,
it is important to notice that the rate of fossil fuel burning has not decreased since the
1940s (Bastos et al. 2016).

The increased concentration of carbon dioxide in the atmosphere leads to harmful
environmental effects such as global warming and climate change. Some of these
observed negative effects are (1) increased frequency and duration of heat waves,
(2) warming of ocean and atmosphere, (3) rise in sea level, and (4) decrease in mass
of Greenland and Antarctic ice sheets. Such effects can deteriorate human health as
we know that biological systems are the most climate sensitive. For example,
increased heat wave frequency may result in heat-related illnesses and varying
temperatures, and precipitation patterns may cause certain diseases. Thus, the
unpredictability of infectious diseases may become the biological expressions of
unstable climate (Dev et al. 2019).

That is why it becomes an emergent challenge in front of our society, and an area
of interest to reduce atmospheric CO2 which accounts for 76% of the total green-
house gas (GHG) emissions (Rossi et al. 2015). Many anthropogenic actions, like
fossil fuel combustion, deforestation, forest fire, automobile combustion, etc.
increase the CO2 concentrations. Soil, plant, and the ocean are the major natural
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sinks for atmospheric CO2. These changing atmospheric levels of CO2 can be
managed using different ways like by increased efficiency of energy conversion
technologies and by using energy sources of low carbon content or free of carbon.
The scientific community is continuously working on mitigating climate change and
global warming by reducing atmospheric CO2 levels through the process of carbon
sequestration (Bhattacharyya et al. 2018). In these ways, we need sustainable and
effective technologies to capture, store, and sequester CO2, so that adverse effects of
CO2 emissions on the environment can be prevented (Ho et al. 2012). One such
sustainable and effective approach to balance the levels of CO2 in the atmosphere is
carbon sequestration (Litynski et al. 2006). Even though we have technologies to
utilize CO2 as a chemical feedstock, at the industrial level, it is still limited. Rare
industries are capable of utilizing CO2 for producing various chemicals such as urea
(~70 Mt. CO2 year

�1, megatons carbon dioxide per year), inorganic carbonates and
pigments (~30 Mt. CO2 year

�1), methanol (~6 Mt. CO2 year
�1), salicylic acid (~20

kt CO2 year
�1 (kilotons carbon dioxide per year)) and propylene carbonate (a few kt

CO2 year
�1) (Wong 2014). Compared to this, photosynthetic organisms fix around

100 Gt of carbon into biomass annually (Field et al. 1998).

Fig. 10.2 Contribution of individual countries in CO2 emissions
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10.2 Overview on Carbon Sequestration

Carbon sequestration is a process that involves capturing and securing storage of
atmospheric CO2 to reduce global warming (Herzog 2001). There are majorly three
types of routes to carbon sequestration, i.e. geological, biological, and
physiochemical.

10.2.1 Geologic Carbon Sequestration

Geologic carbon sequestration involves capturing of carbon dioxide (CO2) in geo-
logic formations. In this process, CO2 is pressurized to convert it into a liquid form,
which is further injected into porous rocks in geologic basins. This method of carbon
storage helps in enhancing oil recovery. The concept of geologic sequestration can
be described in a better way using Fig. 10.3.

10.2.2 Biologic Carbon Sequestration

Geologic carbon sequestration means the storage of atmospheric carbon in vegeta-
tion, soils, woody products, and aquatic environments (oceans) by encouraging
afforestation or by using certain CO2 assimilating microbes, etc. Biological
(or terrestrial) sequestration involves maximum removal of atmospheric CO2. It is
the long-term storage of carbon in soils and vegetation using microbes and is
explained in Fig. 10.4.

Removal of CO2 from atmosphere by increasing its concentration in soils and
vegetation by implementing afforestation or in the ocean by proceeding iron fertil-
ization are the forms of carbon sequestration. Geologic storage means deep saline
formations (subterranean and sub-seabed), exhausted oil and gas reservoirs, forma-
tions for oil recovery operations, and un-minable coal seams. In deep ocean storage,
direct injection of liquid carbon dioxide into the water column is performed at
intermediate depths (1000–3000 m), or at depths greater than 3000 m, where it
becomes heavier than seawater and drops to the ocean bottom forming a “CO2 lake”
(Herzog 2001). With this, the natural process of CO2 sequestration is mainly
performed by photosynthetic organisms present in the terrestrial and aquatic eco-
systems and maintains the global carbon cycle (Mistry et al. 2019). Some microor-
ganisms like autotrophic bacteria can fix CO2 by non-photosynthetic pathway. Few
studies have witnessed efficient CO2 sequestering organisms are present in soil and
belowground which can manage atmospheric carbon levels (Cole et al. 2007). Iron
fertilization experiments in the Southern Ocean are evident to show that increased
net phytoplankton growth has emerged as one method for mitigating rising atmo-
spheric CO2 levels. Because of the high reproduction and faster growth rates, diverse
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distribution, and ubiquitous nature, soil microorganisms have the potential to work
as bio-monitor to detect the effects of global change on ecosystems (Foissner 1999).

In biological sequestration of CO2, the organism produces biomolecules such as
proteins, lipids, and carbohydrates after consuming CO2. Terrestrial ecosystems like
orchards, forests, and agricultural land help in carbon dioxide sequestration (Guo
et al. 2010).

10.3 Terrestrial CO2 Sequestration

Carbon (C) is a crucial and life-supporting element on the planet. Naturally, it exists
in both organic and inorganic forms. About 18% (about 50% on a dry basis), the
concentration of carbon in living matter is almost 100 times greater than the average
concentration of C in the earth’s crust (0.19%) (Kumar et al. 2018). Thus, a
continuous carbon cycle should be managed properly so that life can sustain on
earth. Different terrestrial ecosystems like forests, orchard, and agricultural fields
play different roles in sequestering CO2 (Mistry et al. 2019). Forests are the most
important for balancing levels of carbon. The type of vegetation and present soil
varies from forest to forest; thus, the sequestration varies too. For example, as per
World Bank, tropical forests have carbon stock of approximately 109 tonnes/acre
and wetlands have around 306 tonnes/acre.

Plants sequester atmospheric CO2 via the process of photosynthesis in the
presence of chlorophyll where the conversion of CO2 to glucose takes place for
their growth in the presence of solar energy. This carbon returns to the atmosphere
from fixed organic matter as CO2 by respiration, combustion, and decay. Thus, it is a

Fig. 10.4 Concept of biological carbon sequestration in environment. Source: Organics. https://
www.calrecycle.ca.gov/organics/compostmulch/toolbox/carbonsequest/. Accessed 28 Oct 2020
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constant process through which atmospheric CO2 is utilized naturally through
photosynthesis and stored as organic matter in biomass and soils. Agricultural
lands can be more efficient in carbon sequestration as different agricultural practices
like the use of microbial inoculants could help to achieve desirable characteristics in
soil. A variety of microbial communities exist in terrestrial subsurface systems, and a
recent study recommended that the energetics in geologic carbon sequestration
reservoirs can be advantageous to microbial metabolism under specific conditions
(West et al. 2011). Though the “Microbial Carbon Pump” is a well-established
theory for marine open ocean environments (Jiao et al. 2010). Bacteria acquire
considerable benefits over photosynthetic organisms, e.g., higher plants and
microalgae, which have gained the attention to capture CO2. Keepig this view in
mind the role of microbes in the process of atmospheric carbon sequestration is
described to use them as a potential approach to mitigate the CO2 levels in the
atmosphere.

10.4 Microbial CO2 Sequestration

This is also known as biological sequestration where the CO2 capturing process is
enhanced using algae, bacteria, cyanobacteria, and archaea. Microbes help in
increasing the carbon inputs and decrease the levels of carbon outputs in the soils.
Thus, soil microbial communities have important roles in carbon sequestration and
soil carbon emission (Fang et al. 2014). Soil microorganisms choose different
mechanisms to contribute to the process of sequestration like possessing metabolic
activities resulting in the capture of atmospheric CO2, the ability to sediment
carbonates, forming recalcitrant vegetative tissues and products, and the ability to
form stable forms such as soil aggregates that protect carbon soil organic forms
(Ahmed et al. 2019). Few studies are evident enough to show that some bacterial
strains can reduce CO2, and they could contribute to carbon sequestration and help in
the mitigation of atmospheric CO2 levels (Nie et al. 2015). Figure 10.5 describes the
advantages of using microbes for carbon sequestration. Dissolved inorganic carbon
(DIC) which include CO2 and bicarbonate are vital elements for microorganisms.
The CO2 requirement of a bacterial cell is fulfilled by transporting it into the cell by
hydration reaction on the basis of bicarbonate and CO2 concentration inside and
outside the cell. In this process, carbon dioxide gets converted into bicarbonate at a
very low rate. That is why being the fastest enzyme, carbonic anhydrase catalyzes
the reaction with typical catalytic rates (Heck et al. 1994). The reaction can be read
as:

CO2 þ H2O !CA HCO�
3 þ Hþ

Carbonic anhydrase enzyme is stated to be present in animals, plants, and
microorganisms, and it existed in them even before the division of Archaea and
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Bacteria (Karlsson et al. 1998). According to Thauer, autotrophic organisms can fix
CO2 in four ways which are:

1. Calvin cycle or Calvin–Benson–Bassham (CBB) pathway or reductive pentose
pathway

2. Reductive TCA cycle or reverse citric acid cycle
3. Reductive acetyl CoA pathway or Wood–Ljungdahl pathway
4. 3-Hydroxypropionate cycle

10.4.1 Calvin Cycle/Calvin–Benson–Bassham (CBB)
Pathway/Reductive Pentose Pathway

A number of prokaryotic microorganisms perform the Calvin cycle for CO2 fixation
(Saini et al. 2011) using RuBisCO (Bharti et al. 2014). Organisms like plants, algae,
cyanobacteria, proteobacteria, and mycobacteria follow this pathway.

Advantages of 
using different 

microbes during
CO2

sequestration and
biorefinery

Bacteria

Aerobic and easier to cultivate,
Various carbon utilization 

pathways, Store lipids and PHA
as reserve food material, 

Balances composition of fuel,
can be modified genetically

easily

Algae

Widely dispersed, Easy to 
cultivate, Faster growth rates, 
Utilizes CO2 rapidly, Contains 

High fatty acids, By-products are 
used as proteins, fertilizers, can 

be modified genetically.

Cyanobacteria

Grow at moderate nutritional 
value, Easy to cultivate and

cheap, Higher photosynthesis
rate, contain good amount of 
lipids, Fuels like H2, ethanol, 

diesel, methane can be 
produced and can be modified

Genetically easily.

Archaea

Methanogens help to produce 
CH4, Excellent sources of 

thermostable enzymes
(e.g., carbonic anhydrases).

Fig. 10.5 Advantages of using microbes during the sequestration of carbon dioxide and biorefinery
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10.4.1.1 Proteobacteria

Proteobacteria belong to a phylum of Gram-negative bacteria. α-Proteobacteria
including Xanthobacter flavus, Oligotropha carboxidovorans, Rhodobacter
capsulatus, and some β-proteobacteria and γ-proteobacteria can sequester CO2 via
Calvin cycle (Ding and Yokota 2004; Meijer 1994).

10.4.1.2 Algae

Algae are either unicellular or multicellular photosynthetic organisms and are
primary producers that fix CO2 and produce O2 (Sahoo and Elangbam 2012).
These are one of the most efficient organisms for carbon sequestration. They exist
throughout the biosphere but are majorly found in marine and freshwater environ-
ments. Algae exist in multiple forms which include large-sized macroalgae and
smaller-sized microalgae. With this, macro marine algae popularly known as sea-
weeds have emerged as a major group for CO2 sequestration from the ocean. Algal
species have great potential to fix CO2 via the Calvin–Benson cycle by application of
an enzyme RuBisCo, which converts CO2 to complex organic compounds.

10.4.1.2.1 Microalgae

Microalgae are responsible for the production of almost half of the atmospheric O2

and consume CO2, which accounts for almost 50% of the photosynthesis on earth
(Paul et al. 2020). About 1.0 kg of cultivated microalgae can fix 1.83 kg of CO2

(Cheah et al. 2015). Microalgae species such as Anabaena sp. and Chlorella vulgaris
can fix CO2 at rates of 1.45 and 6.24 g/L/d, respectively (Ghorbani et al. 2014).
According to Beardall and Raven (2004), marine photosynthesis contributes 54–59
Pg C year�1 (picogram carbon per year) of the total primary productivity of the
planet, and out of this, ~1 Pg C year�1 is contributed by seaweeds and sea grasses
(Beardall and Raven 2004). CO2 fixation by algae is more advantageous over
terrestrial plants. CO2 captured as bicarbonates by sparging in water profusely gets
utilized by aquatic microalgae to produce biomass. Algae have a better CO2-con-
centrating mechanism, a higher CO2 fixation efficiency, and a higher growth rate
(Zhang 2011).

10.4.1.2.2 Marine Macroalgae

Marine macroalgae such as Macrocystis, Laminaria, Sargassum, Ascophyllum,
Fucus, Porphyra, Palmaria, Ulva, and Enteromorpha also achieve high rates of
CO2 assimilation per gram fresh weight (Gao and McKinley 1994). Macroalgae can
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incorporate an average of 0.26 � 106 tonnes C into the harvested algae annually
(Chung et al. 2011); thus, seaweeds also have a good potential in capturing carbon.

10.4.2 Reductive TCA Cycle or Reverse Citric Acid Cycle

This pathway is used as an alternative pathway to the Calvin cycle and works in the
reductive direction of the TCA cycle. Microorganisms in extreme conditions, such as
high temperature, anaerobic conditions, and acidic conditions, usually acquire this
way to fix CO2. Microorganisms like proteobacteria and green sulfur bacteria follow
this pathway.

10.4.3 Wood–Ljungdahl Pathway

This is also known as the reductive acetyl-CoA pathway used by microbes to fix
CO2. Ragsdale and Wood in 1985 stated that in this metabolic activity, autotrophic
acetogens and methanogens synthesize acetic acid and methane from CO2. Anaer-
obic organisms including Proteobacteria, Planctomycetes, Spirochaetes, and
Euryarchaeota use this pathway. In anaerobic conditions, Archaea like
Methanobrevibacter aboriphilus, Methanothermobacter thermautotrophicus, and
Methanosarcina barkeri act as methanogens and produce methane by consummat-
ing CO2 as a carbon source and H2 as an energy source (Rittmann et al. 2015).
Clostridia, predominantly Clostridium spp., being an obligate anaerobe and gram-
positive bacteria balances the carbon cycle and can fix CO2 as well as CO. For
example, Clostridium autoethanogenum captures CO2 (in the presence of H2) and
CO into central metabolite acetyl-CoA via the Wood–Ljungdahl pathway (Liew
et al. 2016). This pathway is the most efficient thermodynamically in synthesizing
acetate and is the only linear pathway for CO2 fixation (Fast and Papoutsakis 2012).

10.4.4 Hydroxypropionate Cycle

Some green non-sulfur bacteria of the family Chloroflexaceae have found to use this
pathway. Archaea, the single-celled prokaryotic microorganisms, are termed as
extremophiles because they are found in extreme conditions like acidic environ-
ments, high salinity, anaerobic environment, and high and low temperatures.
Metallosphaera, Sulfolobus, and Cenarchaeum spp. are such members of autotro-
phic archaea that can sequester CO2 by the 3-hydroxypropionate-4-hydroxybutyrate
cycle (Berg et al. 2007).

Few more examples are Pseudomonas fluorescens which being a plant growth-
promoting bacterium increases the productivity of plants and has a high potential to
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increase terrestrial carbon sequestration (Pemencilan et al. 2014). Bacillus
mucilaginosus produces carbonic anhydrase which captures the atmospheric CO2

and fixes it through bacterial metabolism and forms carbonate to form carbonated
minerals which lead to decreased atmospheric CO2 levels (Han et al. 2013). Bacterial
strains like Bacillus pumilus (Stocks-Fischer et al. 1999) Bacillus cereus (Li et al.
2015), and Bacillus pasteurii (Ekblad et al. 2013) are known to reduce CO2 as they
can sediment carbonates and can contribute to the carbon cycle and sequestration.

10.5 Fungi and Carbon Sequestration

It is observed from previous studies that fungi contribute more than bacteria in
carbon sequestration (Espinoza Pérez et al. 2017). The photosynthetic rates and
respiratory losses of the autotrophs and symbionts like mycorrhizal fungi have direct
impact on the carbon sequestration. These fungi utilize 5–20% of the net primary
productivity of the symbiotic system (Liao et al. 2010). A fungus is a
non-chlorophyllous organism and is heterotrophic (requires an organic source of
carbon) in nature, i.e., it obtains its food from either dead organic matter or the
autotrophic/heterotrophic associates (Chung et al. 2011). Agaricus, Aspergillus,
Morchella, Mucor, Penicillium, Rhizopus, Saprolegnia, etc. are a few examples of
saprophytic nutrition. The role of fungi in the process of carbon sequestration is very
substantial because fungi symbiosize with plant roots and help the plants in utilizing
the nutrients from the soil. It helps in the sequestration of soil carbon by maximizing
the quantity of carbon allocation to the soil by synthesizing biomolecules that
enhance aggregate stability (Govindarajulu et al. 2005). There is a different pathway
of converting the atmospheric CO2 to plant biomass (Fellbaum et al. 2012). Carbon
accumulation varies with different fungal species (Abraham et al. 2016). Fungal
mycelium grows into soils to provide water and nutrients to the fungi. Carbon being
the main constituent of fungal mycelia captures maximum carbon to grow. There-
fore, fungal mycelia are considered a vital carbon sink to the soils.

10.5.1 Mycorrhizal Fungi

Mycorrhizal fungi stimulate plant growth which results in the faster removal of
atmospheric CO2 through its conversion into plant biomass. Mycorrhizal fungi
dominate in the microbial community of soils. Changes in their abundance and
their contribution to carbon sequestration could have global effects. Two groups of
mycorrhizal fungi, ericoid and ectomycorrhizal fungi, are especially common in high
latitude systems (Read et al. 2004). Ectomycorrhizal fungi proliferate when
subjected to variable concentrations of atmospheric CO2 and decline after nitrogen
enrichment (Treseder and Allen 2000). With this, Clemmensen et al. found that
mycorrhizal fungi make smaller contributions to soil carbon in more frequently
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burned boreal forests, potentially because dead fungal tissues decay faster in these
soils (Clemmensen et al. 2013). Fungi are a potential CO2 sequester because they
secrete glomalin which forms soil aggregates, and it is the recalcitrant nature of
glomalin, which makes it hard to decay. Stable aggregates in the soil contribute to
carbon sequestration preventing degradation of carbonaceous compounds and keep
carbon stored and sequestered in soils for long periods.

10.6 Interlinkage Between Carbon Sequestering Biological
Systems

The most followed metabolic pathway by trees, plants, algae, and some
proteobacteria for sequestration of carbon is Calvin–Benson cycle. Few
microorganisms like archaea, clostridia, and proteobacteria (delta- and epsilon-
proteobacteria) follow biochemical pathways such as 3-hydroxypropionate-4-
hydroxybutyrate cycle, Wood–Ljungdahl pathway, and reductive TCA cycle.
Organisms ranging from eukaryotic plants to prokaryotic microorganisms are
found to be active in terms of carbon sequestration and achieve the same using
different metabolic routes. Sequestration using algae is found to be more beneficial
as it removes CO2 from different sources in an eco-friendly way. And it can be
further used to produce several biofuels such as biodiesel, bioethanol, etc. which is a
positive economic aspect of it.

10.7 Importance of CO2 Sequestration by Microbes
in Biorefinery

Biorefinery means the conversion of biomass into various commercially valuable
products and fuels. A biorefinery is similar to an oil refinery, where energy, fuels,
chemicals, and materials are produced by using organic matter as raw material (Mata
et al. 2010). The overuse of fossil fuels by society generates the issue of managing
natural resources to achieve sustainable development goals. The biorefineries simul-
taneously produce biofuels and biomaterials and minimize environmental degrada-
tion by waste utilization (Ghimire et al. 2017). For example, the microalgal biomass
constitutes lipids (7–23%), proteins (6–71%), and carbohydrates (5–64%) (Bhati
et al. 2010) and has the potential to be used as feedstock for the production of
biofuels like biodiesel, biogas, biohydrogen, bioethanol, and biobutanol. The lipids
in microalgae are converted into FAMEs (fatty acid methyl esters) via the process of
transesterification to produce biodiesel and glycerol as by-products. Microalgal
biomass is efficient enough to produce biogas which includes methane, hydrogen,
and biohythane (Koller et al. 2014). The carbohydrate component of microalgae
mainly constitutes glucose, starch, cellulose, and hemicellulose which can be used
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for transforming into bioethanol via fermentation. The residual part of microalgae
after oil extraction can be processed further for the production of biobutanol which is
more suitable than biomethanol or bioethanol as a biofuel because of its high energy
density. These also produce extracellular polymeric substances (EPSs), and
cyanobacterial genera are capable of accumulating polyhydroxyalkanoates (PHAs)
(Olaizola 2003). EPS has several industrial applications, whereas PHAs are used for
manufacturing biodegradable bioplastics (Forjan et al. 2007). Microalgal biomass is
been used as a nutrition source too. India predominantly cultivates cyanobacteria
Arthrospira sp. and Spirulina sp. for their high protein content. The pigments of
algae contain high contents of pro-vitamin A and vitamin E (Forjan et al. 2007). The
advantages of using microbes using biorefineries are summarized in Fig. 10.5.

10.8 Way Forward

All three types of carbon sequestration are employed for CO2 mitigation. Using the
geologic sequestration process, CO2 emissions from anthropogenic sources can be
injected into the oceans or deep inside the earth’s surface. Biologically, CO2 gets
sequestered either by terrestrial plants or microorganisms. Physical and geological
methods have certain limitations to perform the process, that is why biological
methods are more effective in the active application. Microbes utilize the carbon
and produce biomass which gets further used for the production of value-added
products, such as biofuels. These biofuels serve as a substitute for dependence on
fossil fuel, synthetic plastics, surfactants, and chemically synthesized flocculent.
India being an agriculture-based nation can manage CO2 levels by opting for a
variety of soil management strategies. Soil microbes play a major role in soil
inorganic carbon (SIC) dynamics via carbonate precipitation. Several growth-
promoting bacteria have the potential for carbon sequestration, and they could be
studied further to use them as microbial inoculants so that carbon levels in soil can be
increased. And the composition of microbial populations and their metabolic path-
ways for microbial mineral formation are correlated positively with the rate of
microbial CO2 incorporation into SIC. Thus, soil present in agricultural lands acts
as a great carbon sink due to the diverse symbiotic relationships between crops and
soil microorganisms.
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Chapter 11
Direct and Indirect Impacts of Climatic
Change on Soil Communities and Plants

Rajiv Kumar, Moni Kumari, Mayank Pathak, and Jagpreet Singh Kamboj

Abstract Climate change is one of the most important environmental issues that
may lead to changes in the biotic and abiotic components of the planet. The soil
communities and plants are affected directly and indirectly by the changing climate,
such as increasing average temperatures, increasing CO2 content in the atmosphere,
and disturbed rainfall patterns. Climate plays a significant role, right from the
development of the soil to its maintenance. The changes in the terrestrial ecosystems
that dwell in the soil are a result of the global climate change. The species distribu-
tion as well as their interaction with other species in the ecosystem is being altered
due to the global climate change. The natural communities are composed of organ-
isms with varying traits and abilities. This chapter aims at comprehensive description
of the direct and indirect impacts of climate change on the soil communities and
plants and how climate change disturbed or changed soil structure and the microbial
communities present in the soil. Further, the chapter also deals about how climate
change affects the interaction of soil microbial communities among themselves and
with the plant. The discussion also throws light on the extent of effects climate has
on the soil degradation, biodiversity in soil community, and other soil dynamics.
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11.1 Introduction

Biological, chemical, and physical processes occurring in the land, ocean, and
atmosphere determine the climate of the planet (Denman et al. 2007). The wide
variety of organisms at each tropic level play an indispensable role. Any external
disturbance either natural or anthropogenic may disturb the well-established equi-
librium within the ecosystem. If the disruption continues with time, eventually it will
result in complete ecosystem destruction and biodiversity loss.

Climate change is a major environmental challenge of the twenty-first century
facing mankind. Anthropogenic activities play a vital role in climate change around
the world (Mishra 2016). Industrial revolution, burning of fossil fuel, increasing
population, deforestation, and land use changes are responsible for the changing
climate (Salam and Noguchi 2005). Worldwide, it may impose dramatic effects on
the society and the ecosystem. Shifting precipitation, rising of temperatures, occur-
rence of more frequent wildfires, melting of the glaciers and snow, and the rising sea
level all indicate that climate change is already happening. Climate change alters or
disturbs the natural ecosystem, posing dangerous effects on human health across the
globe. It also threatens the biodiversity and severely affects global food production.
Decline soil fertility, disturbed rainfall patterns, floods, and increasing population are
now raising questions about food security. On the other hand, temperature increase
due to climate change favors microbial growth, thus reducing food safety
(Hammond et al. 2015). The constant increase in population in this stressful envi-
ronment is raising an important question on how we will provide adequate food to
the entire population in the future (Kang et al. 2009).

The interaction between plant and soil is called plant–soil feedbacks (PSFs)
(Kulmatiski and Kardol 2008). Basically, the two major steps of PSFs are (1) differ-
ent soils are created by different plant species and (2) growth of different plant
species is affected by the presence of different soil types. The plant ecosystem
processes and the dynamics of the plant community are significantly governed by
the plant–soil feedbacks. Since growth of organism and distribution of organism are
driven by climate, the changing climate may prominently affect the plant composi-
tion, soil microbial communities, and the interactions between them. However, very
little is understood how climate change affects plant–soil feedbacks (Pugnaire et al.
2019).

The inter-community interactions, soil microbial biodiversity, and ecosystem
function could be constructive or destructive and might even have no significant
impacts due to the changing climate. How PSFs cope themselves from the adverse
environment effects arises due climate change. Despite a number of studies present,
climate change triggered changes in these interactions that add up to alter the
biodiversity, with a few of them specializing in soil communities. Soil organisms
act with each other like plants in a number of ways that shape and maintain the
properties of the ecosystem. Soil–microbe interactions can shape landscape patterns
of plant and animal abundance, diversity, and composition (Classen et al. 2015).

218 R. Kumar et al.



Several theoretical, mathematical, and conceptual models are there providing
insightful information about how climate change alters PSFs (Bellard et al. 2012).
However, applied testing in the laboratory and field studies is very necessary to
explain the underlining mechanisms behind the changes in the PSFs in response to
climate change (Van Der Putten et al. 2013). The effect of climate change on the
PSFs may be direct or indirect. A study at the ClimGrass site indicates that the
indirect effects due to climate change in the future predominate over the direct
effects (Deltedesco et al. 2020). Botkin et al. (2007) predict the effect of global
warming on plant migration and genetic diversity. This study shows that due to
global warming plant migration as well as loss of genetic diversity will take place. A
survey conducted in the Amarkantak region shows that due to climate change and its
effects on PSFs, there is loss of microbial biodiversity and diversity of medicinal
plants. Decrease in fishery catches and productivity of maize, wheat, and soybean
has also been reported. This negative aspect of climate change on PSFs is risky for
the local tribal people of that region who are dependent on forest and agriculture for
their livelihood (Ahirvar et al. 2020). Thus, it is very necessary to study the impact of
changing climate on the agrological regions in a regular basis (Karmakar et al. 2016).

11.2 General Overview of Climate Change

The natural ecosystems are significantly affected by the increasing global tempera-
tures with global warming (Chao and Feng 2018). The emissions of greenhouse
gases from the natural or anthropogenic sources contribute significantly in the global
climate change. It leads to changes in parameters like disturbed precipitation, snow
cover, humidity, and sea level rise, increasing the mean temperature. Besides that,
climate change severely affects the ecosystem services, biodiversity, species com-
position, plant growth, and productivity (Amedie 2013). The cropland area and
cropping frequency are more sensitive to climate change than crop yield (Chao
and Feng 2018; Cohn et al. 2016). Due to climate change, it is predicted that the
global bio-production may reduce by around 17% by 2050. By the end of this
century, the annual food production would decline by 0% to 2%, and the demand
for food would increase by 14% by 2050 (Nelson et al. 2014). Based on a mathe-
matical modeling, it is specified that grain production in Southeast Asia and South-
ern Africa will be more severely affected by climate change (Fischer and Edmeades
2010; Rai 2020).

The impact of climate change can be mainly divided into two categories:

1. Biophysical impact: This category takes into account the effects that directly
affect the physical environment due to climate change like drought and flooding,
causing an effect on physical environment such as (1.1) effects on quality and
amount of crops, pasture, forest, and livestock; (1.2) change in natural resources
quality and quantity of soil, land, and water resources, (1.3) increased weed and
bug blighter challenges, and (1.4) sea level rise and change in ocean salinity.

11 Direct and Indirect Impacts of Climatic Change on Soil Communities and Plants 219



2. Socioeconomic impacts: It includes decline in yield and production, reduced
marginal gross domestic product from agriculture sector, fluctuation of world
market value, change in geographical distribution of trade regimes, hunger, and
migration (Amedie 2013; Fao 2017).

11.3 Impact of Climate Change on Plants

Plants are autotrophs, capable of synthesizing organic compounds using simple
inorganic molecules. The energy generated by the plant through photosynthesis is
utilized as food. Climate change creates abiotic stress environment; thus, the plant
growth and yield are greatly influenced. Impact of the changing climate on plants is
shown in Fig. 11.1. Several stressful environments like high temperature or heat,
drought, waterlogging, cold, and salinity under natural climate conditions are often
experienced by the plants. Thus, the physiology of plants is greatly affected by
several means. Climate change also affects plants at the level of molecular function,
developmental processes, and morphological traits.

The climatic factors influencing plant growth and yields are discussed below.

Fig. 11.1 Impact of climate change on plants
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11.3.1 Light

Light is vital for the plants right after their germination. The intensity of light,
brightness, photoperiod, and wavelength have their own role in the growth of plants.
Light is also inevitably required by plants for chlorophyll production and to carry out
photosynthesis. The movements of stomata are significantly governed by light.
These movements are responsible for inhibition or producing various processes
like abscission and translocation. Various properties that play a crucial role are
light intensity, quality, and photoperiod. Variance in this climatic factor causes
variations in the seed production, maturity, and flowering of the plants (Pandey
2020).

11.3.2 Temperatures

By the end of this century, it is predicted that the global average surface temperature
will increase by around 1.0–3.7 �C (IPCC 2014). Variations in the diurnal temper-
atures have a significant effect on the maturity and expansion of the plants.
Balasubramanian et al. (2006) reported that due to increasing atmospheric temper-
ature both vegetative and reproductive phase get shifted earlier in Arabidopsis
thaliana. In response to increase in temperature, the allocation of food to the roots
may increase, and the root function also gets affected including nutrient uptake by
the root and rate of respiration (Awal et al. 2003; Atkin et al. 2000). Different plants
need different favorable day-and-night temperatures for their growth, and yields of
different crops vary with different atmospheric temperatures (Table 11.1) (Pandey
2020; Warren 2011). By means of global warming, different latitudes of the earth’s
surface experienced different degrees of temperature stress. Thus, plants growing in
different regions face different levels of temperature stress. Thus, in the Southern
USA, elevated temperature leads to 2.4% yield loss of soybean opposing 1.7%
increase in yield of the same in the Midwestern USA (Hatfield et al. 2011). The
negative relationship between crop yield and temperature has been reen reported in
the Midwestern USA. For both soybean and maize for every 1 �C rise in tempera-
ture, growing season yield loss decreases by 17% (Lobell and Asner 2003). The
reproductive structure of the plant is greatly affected by the elevated temperature.
Hedhly (2011) reported that plant male reproductive part is more sensitive to the
temperature stress when compared with pistil or female gametophyte. In response to
temperature stress, there is decrease in the number of ovule, and ovule abortion rate
is increased in Arabidopsis (Whittle et al. 2009). Elevated temperature strongly
altered the leaf developmental processes like rate of leaf initiation and leaf expan-
sion. Leaf morphology and the emergence of new leaf are also affected by the
increase in temperature (Granier et al. 2002). Plant dry matter content determines
the physical structure or toughness of the plant. Elevated temperature increases the
carbon content of the plant in the plant tissue, thus enhancing toughness of the plant
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(Gross and Lombardo 2018). Warmer temperature accelerates plant growth by
extending growing season and increasing net photosynthesis (Berggren et al.
2009). Temperature not only influences the quantity but also the quality of net
production of the plant.

11.3.3 Rainfall

Rainfall is the basic requirement of plants and it affects crop production worldwide.
Regular and adequate rainfall is very crucial for good crop productivity. One side
variation in rainfall pattern due to climate change either causes extreme precipitation
or floods. On another side, climate change may lead to drought due to complete
absence or very little rainfall for a longer time. By the next 50 years across the world,
transformed rainfall pattern or drought will hinder crop productivity in more than
50% of the total arable land (Table 11.2) (Dhankher 2018). The function of photo-
system II (PSII) gets affected more strongly and decreased when exposed to com-
bined stress of heat and drought in Leymus chinensis (Xu and Zhou 2006). Plant
faces multiple stresses under drought condition and elevated atmospheric CO2

because it initiates the generation of reactive oxygen species (ROS) in the plants
(Raza et al. 2019). The enhanced production of ROS will further lead to break down
of the cell membrane; thus, eventually the plant development frequency, plant
respiration, and photosynthesis get negatively affected (Ahmad et al. 2018). The
net benefits from the plant mycorrhizal mutualistic relationship to the plant are also
decreased due to decreased rate of photosynthesis in response to drought stress
(Johnson et al. 2015). Based on data collected on mathematical modeling experi-
ments conducted by Easterling et al. (2007), it is proposed that variation in rainfall
pattern, increase in atmospheric CO2, and increase in temperature by 1–3 �C have
positive impacts on crop yields in mid- to high-latitude regions. But even moderate
increase in temperature (1–2 �C) has deleterious impact on the yield of major cereals

Table 11.1 Quantitative impact of climate change at 2 �C and 4 �C on agriculture and food,
ecosystems and feedback processes in the earth system (Warren 2011)

Impact sector
Projections at 2 �C above preindustrial
levels

Projections at 4 �C above
preindustrial levels

Agriculture
and food

32% of currently cultivable land
becomes unfit for crop growth

50% of currently cultivable land
becomes unfit for crop growth;
threats to food security

Ecosystems 20% species face risk of extinction,
damage to arctic ecosystem function-
ing, some increases in fire frequency

40% species face risk of extinction,
disruption to functioning of major
global ecosystems, large increase in
boreal and Mediterranean fire
frequency

Feedback pro-
cesses in the
earth system

Much reduced risk of loss of terrestrial
carbon sink

Loss of terrestrial carbon sink causing
large-scale loss of forests via desic-
cation and fire
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in low-latitude regions. In soybean, the number and density of root nodule have been
decreased which houses nitrogen-fixing bacteria (Bradyrhizobium) in response to
elevated atmospheric CO2 and decreased precipitation (Gray et al. 2013, 2016). The
variation in precipitation pattern poses impact on the moisture content of the soil or
soil humidity. Walck et al. (2011) reported that this will affect the time and rate of
success of germination and regeneration of the seedling.

Due to global warming, the temperature of the earth’s atmosphere is increased
which leads to melting of the snow and ultimately sea level rise. This will possibly
increase the ratio of rainfall to snowfall. The rate of rainfall has been increased
especially in the winter (Sheffield and Wood 2008). Due to increase in soil moisture
content, the number of pre-germination seed mortality has been increased in
response to enhanced fungal pathogen infection (Walck et al. 2011).

11.3.4 Raising CO2

Increasing atmospheric concentrations of CO2 due to climate change are possible
which have profound direct effects on the plant chemistry, plant growth, and plant
physiology (Ziska 2008). Plant responds to increase in atmospheric concentration of
CO2 by closing their stomata and reducing the water loss through transpiration. The
chemical composition of the plant tissue is also changed in response to elevated
atmospheric CO2. Free-air CO2 enrichment (FACE) experiments conducted showed
that the plant photosynthetic activity is increased due to elevated CO2 concentra-
tions. Carbohydrate content of the nonstructural leaf is also increased by 30–40%
(Ainsworth 2008; Ainsworth and Long 2005). The nitrogen content of the leaf is
decreased by 13% per unit leaf mass in FACE experiments (Ainsworth and Long
2005). In India, the yield of wheat, rice, oilseeds, and legumes has been increased by
10–20% in response to increase in atmospheric CO2 to 500 ppm (Mahato 2014).

Generally, it is well studied that climate change reduces the crop yields. The CO2

fertilization effects tend to increase crop yields. The increasing concentration of CO2

in the atmosphere leads to CO2 fertilization where the rate of photosynthesis is

Table 11.2 Consequences of drought on different plant species

S. no. Name of plant Description

1 Triticium aestivum
L.

Reduction in total growth and yield, delay in pre-anthesis

2 Chenopodium qui-
noa Wild

Delay in pre-anthesis

3 Oryza sativa L. Delay in flowering

4 Glycine max L. Drought at the time of grain filling accelerates the maturity and
decreases the yield

5 Pennisetum glaucum
L.

Increase in the rate of abortion
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increased. It gives a positive feedback in terms of increasing crop yield (Miller 2001;
Pandey 2020). The CO2 fertilization effect is predominantly seen in C3 species
because in these plants with rise in atmospheric CO2 the rate of carbon assimilation
is increased. The RuBisCo enzyme of C3 species is not completely saturated with the
atmospheric concentration of CO2. On the other hand, increased atmospheric CO2

inhibit the oxygenation of the enzyme; thus, the loss of CO2 via photorespiration is
decreased. In both C3 and C4 species, elevated atmospheric CO2 decline stomatal
conductance; thus, the use of canopy water has been decreased. This will upsurge the
moisture content of the soil and thus plant yields are maintained even in low water
availability (Leakey 2009; Leakey et al. 2006).

Fertilization effect of CO2 is also dependent on other factors like availability of
water and nutrients for the plant and outbreak of pests and diseases that may also be
affected by climate change (Erda et al. 2005). In the next 20–80 years without
considering CO2 fertilization effect, it is also studied by the same group using
modeling approach that in China only climate change could reduce the yields of
wheat, rice, and maize by up to 18–37%. The quality of wheat is also affected very
seriously if the atmospheric concentration of CO2 is more than 460 ppm. 100 ppm
increase in atmospheric CO2 resulted in 5–17% increase in average crop production
over regions including Russia, Central Asia, Africa, Brazil, etc. It is also well noted
that the positive response of plant with increasing concentration of CO2 is more in
dry regions when compared with wet regions (McGrath and Lobell 2013). This study
report also mentions that the response of CO2 fertilization is especially large in
Russia, due to high production of potatoes, a tuberous species. It is projected that by
2050 or midcentury with increase in CO2 concentration, free-air CO2 enrichment
(FACE) experiments conducted in the US Midwest expected a 100% increase in the
dry mass of cassava tubers (Rosenthal et al. 2012; Rosenthal and Ort 2012).

11.4 Impact of Climate Change on the Soil Communities

The relative abundance and function of soil communities will possibly change with
the climatic condition. This is because different soil microbial community members
differ in their temperature sensitivity, growth rate, and physiology (Whitaker et al.
2014; Briones et al. 2014).

Global climate change alters the distribution of species and interaction among
them (Van Der Putten et al. 2013). Understanding climate change impacts on the soil
dynamics is very important. The functioning of soil and ecosystem is significantly
governed by the composition of the soil microbial communities (Kardol et al. 2010;
Schimel and Schaeffer 2012). An alteration in the soil physical and chemical
properties in response to climate change directly affects the soil microbial commu-
nity. The interactions of the soil microbial communities among each other as well as
with plants shape the plant structures and biodiversity (Van Der Putten et al. 2013).
Alteration in ecosystem function and biodiversity happened due to climate change.
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There are very few study reports focusing on the impact of climate change on the soil
microbial communities (de Vries and Griffiths 2018).

11.4.1 Temperature

Soil temperature change is always linked with moisture content of the soil that may
further explain how microbial community responds to climate change. Due to
climate change, the atmospheric temperature has been increased. Global warming
promotes growth of microbial biomass, decomposition of soil organic matter, and
soil respiration. The effects of increased atmospheric temperature on microbial
physiology are very complex, and microbial system of the soil probably adapted
or evolved with time. The rate at which the temperature of the atmosphere is
increased is with the same rate the moisture content of the soil is decreased. It is
reported that as compared to fungal communities, soil bacterial communities react
rapidly to the moisture content of soils (Hagerty et al. 2014). However, Classen et al.
(2015) stated that when the water holding capacity of the soil is decreased by 30% in
response to climate change, the dominant fungal communities of the soil shift from
one to another, while the bacterial soil communities remain unaffected. At the
present time, how microbial metabolism reacted with elevated temperature is gaining
attention (Hagerty et al. 2014). An increase in the average temperature increased the
abundance of sagebrush at cold sites, and decreased the same at hot sites
(Kleinhesselink 2017). DeAngelis et al. (2015) reported that in temperate forest, a
temperature increase of 5 �C altered the relative abundance of soil bacterial com-
munity and also increased the ratio of bacterial community to fungal community.
Increase in temperature and soil moisture content poses special effects on the
microbial community involved in ecosystem functions like nitrogen metabolism
such as nitrification, nitrogen fixation, denitrification, and methanogenesis (Isobe
et al. 2011; Bakken et al. 2012; Bodelier et al. 2000).

Soil microbial communities adapted with the warmer soil by altering their
physiology mainly carbon use efficiency (CUE). The amount of carbon utilized by
the microbes for their growth is called CUE. Since microbial respiration is increased
with the soil temperature, the CUE of the microbes is reduced, thus inhibiting carbon
allocation to the microbial growth. Soil microbial production of extracellular
enzymes is significantly changed due to global warming or climate change because
long-term warming shifts microbial community of the soil organic matter content of
the soil that determines its health and productivity. It is also important for the
enormous number and variety of microflora and fauna present in the soil. In the
upper layer of the soil in the forest, fungi composed a large proportion of microbial
biomass. It plays a major role in nutrient recycling and degradation of soil carbon.
Complex organic substrates of the soil including lignin and chitin are degraded by
the enzymes extracellularly produced by the fungi (Kellner and Vandenbol 2010).
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11.4.2 Elevated CO2

The rising levels of global CO2, for example, have remarkable impacts on soil
ecosystems (Janus et al. 2005). Various types of soil processes govern these soil
dynamics, at different rates and ways to make the soil a complex system to be
studied. The major changes in the soils over the past 50 years are reflected on the
dynamicity of the soil processes. The soil processes are influenced directly by
climate factors such as precipitation, global temperatures, and atmospheric CO2

changes and indirectly by the climate-induced changes in the land use and
management.

In this section, we aim to study the impacts of climate change on the soil
communities with different parameters such as physical parameters (water, temper-
ature, and structure and texture differentiation), biological parameters (organic
matter), chemical parameters, and soil degradative parameters. These areas holisti-
cally help us to visualize the impacts of the climate changes on the soil communities
with various parameters. Under elevated atmospheric CO2 conditions the plant yield
is increased due to CO2 fertilization effect and enhanced belowground carbon
allocation. This will further support the soil microbial communities to increase the
rate of nitrogen fixation, immobilization of nitrogen, denitrification, increased
aggregation of the soil, and mutualistic relationship between roots of higher plants
and fungi (Jones et al. 2009). Increased CO2 also accelerate the colonization of plant
growth-promoting bacteria.

11.5 Climate Change Impact on Plant–Microbe
Interactions

Various changes in the land use and land cover (LULC) due to the climatic changes
are responsible for the effects on the plant–microbe interaction. There are a wide
variety of microbes present in the rhizosphere or associated with the plant root. Some
of them are neutral or may be pathogenic for the plants on which they reside.
However, some are very beneficial for the plants, accelerating their growth and
enhancing their tolerance to abiotic or biotic stress. Plant roots communicate via
chemicals with the microbial community present in the rhizosphere. Root exudates
play a vital role in the plant–microbe interactions. Several external factors including
photosynthetic activity of the plants, size of plants, and soil condition determine the
chemical nature of the root exudates (Mhlongo et al. 2018).

Climate change alters the environmental condition; thus, the physiology of plants
and nature of its root exudation changed (Compant et al. 2010). Due to elevated
atmospheric CO2, the allocation of carbon to the plant root has been increased that
will potentially change the chemical composition of the root exudates. Alteration
resulted in changed C/N ratio, nutrient availability, and the availability of signaling
molecules present in the root exudates (Haase et al. 2008). In the same manner,
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increased atmospheric temperature and drought due to climate change also resulted
in changes in chemical composition of the root exudates in the same manner. Thus,
climate change leads to alteration in microbial community associated with the plant
root. As an effect of the changing climate, the soil communities may change their
distributions in the soil profile (Jansson and Hofmockel 2019; Classen et al. 2015).

11.5.1 Effect of Global Changing Conditions on Arbuscular
Mycorrhizal Fungi (AMF)

Roots of around 90% of the higher plants present on the earth are associated with the
mycorrhiza. In the exchange for carbohydrate compounds present in the rhizosphere,
AMF boost nutrient uptake by the plants especially phosphorus (P). It is reported by
Leake et al. (2004) that in the terrestrial ecosystem, AMF contributes to 20–30% of
the total microbial biomass. The hyphae of AMF may possibly occupy 100 m cm�3

of soil (Miller et al 1995).
Due to climate change effects such as soil warming or drought and increase in

atmospheric CO2 concentrations, several studies have reported the effects of climate
change factors on these plant-associated fungi (Augé 2001). The effect of drought on
the AMF colonization is a major section of concern. Augé (2001) reported that AMF
protect plants from drought resistance and also support plant–water relation. The
negative effect of drought on the AMF depends on the species of the AMF as well as
the plant, and it is also determined by the hyphal growth within or outside the root
(Wilson et al. 2016).

The hyphae of the AMF strains under the elevated atmospheric CO2 (600μL L�1)
showed increase growth in the rhizosphere of Prunella vulgaris when compared
with the CO2 level of 350μL L�1 (Sanders et al. 1998). This is further related with
the increased root biomass due to increased atmospheric CO2 level. Tang et al.
(2009) reported that due to increased CO2 level, colonization of AMF is increased in
C4 plants, whereas the rate of canonization is unaffected in C3 plants. Climate
variables like elevated CO2 level and atmospheric temperature have positive effects
on the AMF colonization due to enhanced plant productivity, and thus the demand
for plant nutrients and the production of root exudates have been increased
(Zavalloni et al. 2012). The effect of elevated CO2 on the AMF colonization is
also influenced by other factors like fungal species, precipitation, and the availability
of water (Veresoglou et al. 2016). The ratio of Glomeraceae to Gigasporaceae
fungal species in the AMF community composition has been increased with increase
in the concentration of atmospheric CO2 (Cotton et al. 2015).

The effect on AMF due to increase in atmospheric temperature is studied. Mohan
et al. (2014) mentioned in his study report about the effect of increased atmospheric
temperature on the abundance of the mycorrhizal communities. He reported that in
response to increased temperature, 17% of mycorrhizal communities shows
decreased, 20% neutral, and 63% positive effects in their abundance. Majority of

11 Direct and Indirect Impacts of Climatic Change on Soil Communities and Plants 227



the study reports stated that AMF colonization and hyphal growth increase with
increase in atmospheric temperature. There are a few reports on the neutral or
negative effects of temperature on AMF colonization and hyphal growth. Augé
et al. (2015) reported that when the atmospheric temperature is rise upto 27 �C,
the growth of AMF is increased by 10%. In the Mediterranean region, an increase in
atmospheric temperature by 3 �C decreases the rate of colonization of AMF (Wilson
et al. 2016). At higher temperature, the activity of AMF decreases (Mohan et al.
2014). Hawkes et al. (2008) mentioned in his study report that the structure of AMF
hyphae is altered in response to increased atmospheric temperature, and also a
number of vesicles are increased. The rate by which carbon is allocated to the
rhizosphere has been increased (Heinemeyer et al. 2006). Similarly, Zhang et al.
(2016) reported that at high temperature, the diversity of AMF species and the
growth of hyphae are increased.

Way Forward
The effect of the changing climate on the plant and soil communities may be
unpredictable initially. With time as the temperature of the atmosphere is increased,
atmospheric level of CO2, frequent drought, and altered precipitation is increased to
a greater extent. The consequences of changing climate are visible. The present
chapter discussed about the different factors of the changing climate like how they
affect either alone or all together the growth and development of plants. Due to the
temperature sensitivity, the composition of soil microbial community also shifts
from their natural form.
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Chapter 12
How Climate Change Alters Soil
Productivity

Moni Kumari and Rajiv Kumar

Abstract Climate change or global warming occurs constantly. Climate change
drivers including temperature, moisture, altered rainfall pattern, and greenhouse
gases (GHGs) are likely to have harmful effects on different soil properties and
processes. The results of the changed climatic conditions are environmental prob-
lems like soil erosion, soil degradation, loss of soil fertility, and desertification. The
development of several soil processes and properties depends on their soil organic
matter (SOM) content. The presence of organic matter in the soil enhanced soil
structure and its quality. A section in the present chapter especially emphasized on
how climate change alters the organic content of the soil, resulting in reduced soil
productivity. The present study deals about the physical, chemical, and biological
parameters necessary for a healthy soil and how the changing climatic condition
affects soil productivity. A little idea about CO2 fertilization effect is also discussed
here and how the other factors of climate change combat the effect of CO2 fertili-
zation, so that the overall outcome of climate change on soil productivity is adverse.

Keywords Climate change · Greenhouse gases · Soil organic carbon · Soil organic
matter · Soil leaching · Soil acidification

12.1 Introduction

Climate of an area is determined by the temperature and moisture content of that
area. Presently, climate change is acknowledged as the most serious issue facing the
planet. Climate change or global warming occurs constantly. The rate of climate
change is enhanced very rapidly from the last 150 years. By 2090–2099, the average
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worldwide temperature will most likely rise between 1.1 and 6.4 �C (Brevik 2013).
Based on the data presented by IPCC globally between 1970 and 2004, the emission
of greenhouse gases rose by 70% (IPCC 2007). The adverse effects of climate
change are linked to droughts, heavy rainfall, storms, frosts, and the increasing
levels of the sea in coastal areas and temperature increase. It has been studied that
the predicted change in climate is expected to have profound effects on the natural
ecosystem as well as on soil water availability, carbon storage, and yields (Chao and
Feng 2018; Cox et al. 2018). The results of the changed climatic conditions are
environmental problems like soil erosion, soil degradation, loss of soil fertility, and
desertification. Table 12.1 shows the expected effects of individual climate change
variables on soil processes.

Climate change drivers including temperature, moisture, altered rainfall pattern,
and greenhouse gases (GHGs) are likely to have profound effects on different soil
properties and processes, thus having significant effects on soil fertility and produc-
tivity. However, the consequences of climate change factors cannot be assessed
independently. They are interrelated and influence one over the other. The outcome
of changing climatic condition on the soil properties and processes depends on the
region, its magnitude, and the type of soil present in that region. In India, 9 types of
soil are present out of the 12 types that exist in the world. India is subdivided into
15 agroclimatic zones, with different seasons, crop yields, and agriculture systems.

Table 12.1 Summary of expected effects of individual climate change variables on soil processes

1. Increasing temperature Loss of soil organic matter

Reduction in labile pool of SOM

Reduction in moisture content

Increase in mineralization rate

Damage of soil structure

Enhanced soil respiration rate

2. Increasing CO2 concentration Soil organic matter (SOM) is increased

Water use efficiency is enhanced

More carbon is easily available to soil microorganisms

Nutrient cycling is accelerated

3. Increasing rainfall Soil moisture is increased

Enhanced surface runoff and erosion

Improved SOM

Leaching of nutrients is noticed

Increased reduction of Fe and nitrates

More volatilization loss of nitrogen

Arid regions’ productivity is increased

4. Reduction in rainfall Decline SOM

Soil alkalinity
Reduction in nutrient availability
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The impact of different climate change factors on the soil fertility is discussed in this
chapter and also explained with the various study reports.

Soil is the sole vital natural resource available to all living systems present on the
planet. It is the base of all factors, namely, food, feed, clothes, shelter, and medicine.
Its multifunction role enormously supports the living system by biomass production,
fiber, and fuel. It maintains biodiversity and acts as a reservoir of the gene pool.
Besides that, other important ecological functions of the soil are detoxification of
organic materials, nutrient recycling, carbon turnover, carbon sequestration, and
water as well as air purifier of the terrestrial system. It also plays a major role in
conserving the quality and quality of water. Nitrogen and carbon cycle together with
hydrological cycle linked soils to the climate system (Brevik 2013). Either directly
or indirectly, soil functions are affected by climate change. The direct consequences
of climate change on soil include transformation of soil organic carbon (SOC),
nutrient cycling, soil moisture content, soil temperature, and altered rainfall pattern.
Climate change and soil management can change the ability of soils to perform soil
functions. Various study reports are there dealing with effects of climate change on
soil functions (Coyle et al. 2016; Ostle et al. 2009; Xiong et al. 2014). Due to global
warming, it has been reported by Díaz et al. (1997) that there is a decrease in dry
matter production and the rate of soil mineralization gets increased. These changes in
the climatic conditions adversely affect soil functions like reduced soil fertility, soil
compaction, and soil erosion, thus lowering agricultural productivity (Lal et al.
2011). In the future, threatening situations will be present for food due to climate
change (Brevik 2013; Fanzo et al. 2018).

Global climate change is greatly influenced by the soil since it acts as a natural
sink for the atmospheric CO2. An increase in SOC positively influences soil fertility,
soil structure, the water-holding capacity of the soil, nutrient retention, and
decreased soil erosion (Hoyle 2013). Climate change has positively influenced the
agriculture system via CO2 fertilization effects. It is mentioned in Kulshreshtha
(2019) that there is a possibility of CO2 fertilization under the influence of increased
atmospheric CO2 that ultimately enhances crop yields especially in C3 plants like
canola and wheat. Under climate change, water using the efficiency of crops also get
increased that may further support crop yield. An increase in atmospheric CO2 has
ultimately supported the soil organic carbon (SOC) that may positively influence
crop productivity. It has been demonstrated by Cheng and Johnson (1998) that under
the elevated CO2 environment, plant produced 15–26% more biomass.

The basic needs (physical, chemical, or biological) for plant growth are provided
by the soil only (Abbott and Murphy 2007). For proper growth and development of
plants, 14 soil-derived nutrients are required. If the soil has the potential to supply all
the 14 nutrients, then the soil is fertile. The most important features of soil are its
fertility and how it is managed for crop production in current agriculture system Due
to less fertile soil, developing nations in continents like Asia and Africa face food
security problem (St. Clair and Lynch 2010; Sanchez and Swaminathan 2005). It has
been estimated by Lal (2008) that nearly 40% of agricultural land in Europe is prone
to soil degradation.
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This chapter focuses on the how changing climatic conditions alter or harm soil
health with a special focus on soil fertility.

12.2 Soil Parameter Determines Soil Health

Soil health is also referred to as soil quality. Soil health of an area is influenced by
several factors including climate of that area, agriculture system, urbanization,
forestry, waste disposal, natural events, etc. Maintenance of soil health is very
important. Further, soil health has impacts on atmospheric balance, plant health,
soil microbial community, soil ecosystem health, and the most important human
health. Doran (2002) initially discusses the concept of soil health. He stated that in
order to sustain plant life, maintenance of air and water quality, promotion of animal
and plant health, and the role of living soil are very important.

The basis of agriculture and natural plant communities is soil. Soil health depends
upon the different physical, chemical, and biological parameters of the soil. Physical
indicators of soil health include moisture, soil texture, aggregation, infiltration,
porosity, and bulk density. Chemical indicators comprise cation exchange capacity;
total C and N content; mineral nutrients; availability of N, P and K; and organic
matter present in the soil, while the biological indicators of soil health are the
microbial biomass C and N, soil respiration, soil enzyme, and the floral and faunal
biodiversity (Girija Veni et al. 2020). The soil biological, physical, and chemical
health depend on a number of factors; thus, determination of soil health status is a
very complex process (Fig. 12.1).

Today, soil health is destroyed very rapidly in the form of soil erosion, soil
alkalinity, soil acidity, loss of soil organic carbon (SOC), loss of soil organic matter
(SOM), soil contamination, and soil compaction. Due to climate change, the pattern
of rainfall (altered precipitation) has been changed, and the atmospheric temperature
and carbon dioxide (CO2) concentrations are elevated and the atmospheric nitrogen
gets deposited. It is expected that climate change vigorously affects different
physiochemical parameters of the soil including organic matter, moisture, pH,
salinity, and bulk density. These altered climatic factors adversely affect soil health
profile. Incidence of extreme climate variabilities including floods, drought, and
occasional heavy storms has also become very frequent, destroying soil health and
threatening soil fertility, agricultural productivity, and food security (Nikolskii et al.
2010). It has been observed that food insecurity is more likely to occur in regions of
the world where soil degradation is more common, for example, in sub-Saharan
Africa and South Asia (Abrahams 2002).

Conservation of soil health is very essential to fulfill food security for the future
generations and to mitigate the harmful effects of the changing climate. In order to
enhance economic profit and agronomic profit, maintenance of soil health is also
important.
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12.3 How Climate Change Influenced Soil Productivity

12.3.1 Impact of Climate Change on Soil Organic Carbon
(SOC) and Soil Productivity

The development of several soil processes and properties depends on their SOM
content. The presence of organic matter in the soil enhanced soil structure and its
quality. Besides that, it also plays a major role in soil fertility, nutrient storage
capacity, and water holding capacity (Obalum et al. 2017).

The nitrogen (N) and carbon (C) dynamics of the atmosphere are changed with
the changing climatic conditions. Soil organic carbon and soil inorganic carbon
together constitute the total carbon content of the soil. The changing climatic
conditions mainly poor rainfall and increasing atmospheric temperature intensify
the loss of organic carbon from the soil. Lehman et al. (2015) reported that soil health
primarily depends on the soil organic matter (SOM) content. Fifty percent of the total
SOM mass is composed of only soil organic carbon (SOC). Jenny (1941) reported
SOC content of the soil is beneficial to vegetation pattern, inherent fertility of soil,
soil moisture content, soil structure, soil erosion reduction, water holding potential of
the soil, parent material, and soil biological activity (Sanderman et al. 2010; Hoyle
2013).

The deposition of organic matter to the soil is highly sensitive to the temperature.
SOC content of the soil is inversely related with the atmospheric temperature. As

Fig. 12.1 Several physical, chemical and biological indicators that determining soil health

12 How Climate Change Alters Soil Productivity 239



atmospheric temperature increases, the SOC decreases. Kirschbaum (1995) reported
that in regions where the annual mean temperature is 5 �C, a 1 �C rise in atmospheric
temperature due to climate change causes 10% loss of SOC. The loss of SOC is 3%
only with the same increase in temperature where the annual mean temperature is
30 �C. With increasing atmospheric temperature, the chance of loss of SOC is more
in older soil than the younger one (Zhou et al. 2018). This will also cause loss of
SOC. Thus, the soil health will deteriorate and eventually the fertility of the soil is
lost (Lal. 2004). As SOC content of the soil decreases, soil infiltration rate, stability
of soil aggregate, soil runoff, and increased susceptibility to compaction also
decrease (Guo et al. 2019).

Under the elevated atmospheric CO2 environment, the quality and quantity of
root exudate have been changed. In the root exudate, the quantity N-rich metabolite
is decreased, whereas C-rich metabolite is increased under the climatic change
conditions. This will further stimulate the activity of soil microbial community. As
a result of this, CO2 released to the atmosphere or the amount of organic carbon
stored in the soil is decreased (Tarnawski and Aragno 2006). Because of CO2

fertilization effect, the plant biomass is increased by 15–26% and at the same time
a 56–74% increase in C respiration released by the root rhizosphere (Cheng and
Johnson 1998).

Changing climate causes alteration in rainfall pattern, and this may lead to either
droughts or floods. Intense rainfall vigorously losses the organic carbon content of
the soil. This will further result in increased bulk density of the soil, causing soil
compaction and decreased soil porosity, and thus compact layer formation eventu-
ally inhibits root growth (Singh et al. 2011). Also, intense rainfall pattern may
exaggerate soil leaching, reduce soil pH, and then cause soil acidification.

At present, important management practices have been used, leading to reduction
of soil surface erosion, maintenance of soil total nutrient content, improvement of
soil fertility, and overall preservation of soil health. By using modern technology if
crop productivity is increased, than the amount of crop residues is also increased.
Thus, the formation of soil organic matter or the level of SOC has been increased
(Snyder et al. 2009). Any management practices that are able to preserve SOC ensure
food security for the future generation.

12.3.2 Impact of Climate Change on Soil Temperature
and Soil Productivity

Soil moisture and soil temperature are the main drivers of soil processes. Air
temperature and soil temperature are complementary to each other. When the air
temperature increases, the soil temperature also increases. The temperature system of
the soil is governed by increases and misfortunes of radiation at the surface, the
procedure of dissipation, heat conduction through the soil profile, and convective
transfer by the movement of gas and water (Karmakar et al. 2016). By the end of the
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twenty-first century, due to the tremendous emission of greenhouse gases (GHGs),
the global temperature is projected to increase by 2 �C–4 �C.

The increase in soil tempertaure will increase soil processes, make decomposi-
tion of organic matter rapid, increase microbiological activity, quicken nutrient
release, increase nitrification rate, and generally accentuate chemical weathering of
minerals. However, soil temperatures will also be affected by the type of vegetation
occurring at its surface, which may change itself because of climate change or
adaptation management. Besides, in many regions, climatic change conditions,
mainly enhanced air temperature, would intensify evaporative demand (IPCC
2019). Eventually, this leads to deficit in soil moisture content, and if the drainage
system is not well established, soil salinity will increase and the carbon storage
capacity of the soil is reduced (Ostle et al. 2009; Xiong et al. 2014). Climate change
consequences including elevated temperatures and atmospheric CO2 concentrations
resulted in decline in water content of the soil; thus, the risk of wind soil erosion has
been increased. In climatic conditions of the Asian grassland, it is observed via
simulation experiments that when atmospheric temperature is increased by 2 �C, soil
erosion via wind will increase by approximately 25% (Gao et al. 2003). This is
because at high temperatures, the stability of soil aggregates has been decreased and
surface soil erosion is increased (Edwards 1991).

The enzymatic activity of microbial community present in the soil is an important
factor to assess soil quality, which can reveal soil fertility (Guoju et al. 2012). Due to
increasing atmospheric temperature, soil temperature has been increased. It directly
or indirectly affects the structure of microbial community, its enzymatic activities,
total microbial biomass, microbial respiration, microbial diversity, decomposition of
soil organic matter, and mineralization rate of SOM (Xue et al. 2003).

As climate warms, microbial populations shrink or die. Numerous studies have
demonstrated an expansion in microbial biomass in transient trials; however, over
the long term under raised temperature, biomass is bound to diminish. This is
because the effectiveness of microbial growth changes at higher temperatures.
Some physiological changes are observed in microorganisms at higher temperatures
including configuration of membrane-bound lipid and the expression of warmth
shock proteins. In the in vivo environment, rise in atmospheric temperature caused
shift of microbial community and functional gene field (De Vries and Griffiths 2018;
Jansson and Hofmockel 2019). Catalase and urease enzymes of the soil microor-
ganisms are linked with the conversion of SOC and total N content of the soil,
respectively. Several study reports observed that if the atmospheric temperature is
increased, it facilitates the decomposition of soil organic matter; thus, the fertility of
the soil has been decreased (Hinojosa et al. 2004).

Thakur et al. (2016) reported that due to increase in soil temperature, interaction
between plant and soil biota has been potentially modified. Temperature also
influences the plant physiological processes including photosynthesis and root
respiration because it affects the activities of both aboveground and belowground
enzymes (Liang et al. 2013; Atkin et al. 2000). Heinze et al. (2016) observed that due
to warmer temperature, the soil root structure is altered, whereas the biomass
production is increased and the ratio of plant root to shoot is decreased.
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Nutrient-use efficiencies and nutrient uptake by the plants are also positively
influenced by increasing soil temperature (Gavito et al. 2001).

Possible vulnerabilities due to increase in atmospheric temperature are decrease
in water table, increase in evapotranspiration, soil erosion, landslides, floods, inun-
dation of standing crops, and reduction of soil fertility.

12.3.3 Effects of Higher CO2 due to Climate Change on Soil
Productivity

The global climate change has produced changes in the soil composition, since
different types of soils are closely linked with the geological carbon and nitrogen
cycles. Soils with a sufficient amount of organic matter are more productive than
soils that are deficient in organic matter. One of the main impacts of climate change
on soil processes and resources is how soils will be influenced by the future changes
in the C and N cycles (Brevik 2013). The disturbance in the nitrogen and phospho-
rous cycles has produced significant changes in the soil organic matter. The flow of
carbon and nitrogen from land to the atmosphere is increased due to higher concen-
tration of atmospheric CO2. Thus decreasing the soil carbon and nitrogen content.

This problem is further increased by soil tilling, which changes the soil structure
and resulted in the decrease of carbon content (Brevik 2013). Other parameters such
as the moisture content, global CO2 levels, and global temperatures also affect the
soil fertility. However, the changes in the soil caused by these parameters are highly
region-specific along with being dependent on the magnitude of changes in climate
(Pareek 2017). Early expectations were that increased atmospheric CO2 would lead
to increased productivity of plants coupled with increased soil C sequestration,
which would help offset rising atmospheric CO2 levels by raising plant growth
and the soil–plant system. The CO2 fertilization effect may not be as high as
originally believed. However, recent studies suggest that rising ozone levels will
potentially offset the effect of CO2 fertilization that contributes to decreased plant
growth under high CO2, and the negative effects of elevated temperatures on plant
growth can also cancel out any impact of CO2 (Hattenschwiler et al. 2002; Poorter
and Navas 2003; Zaehle et al. 2010). Plant growth may be adversely affected by
nitrogen limitations, and modeling of C dynamics as influenced by N suggests less C
sequestration by soil than originally expected providing CO2 fertilization. Some
researchers conclude that as opposed to a CO2 fertilization effect, the increases in
plant productivity they saw were largely attributable to the soil moisture status
(Niklaus and Körner 2004). Experiments looking at the decomposition of plant
tissues grown under elevated atmospheric SOC decrease due to increased microbial
activity under elevated atmospheric CO2 levels (Carney et al. 2007; Brevik 2013). It
is observed with the help of FACE (free-air CO2 enrichment) experiment that as
compared to ambient environment in the high CO2 environment, pH drop more
rapidly in submerged soil (Kumeleh et al. 2009). In the same experiment, it is found
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that elevated CO2 environment causes deficiency of minerals like nitrogen, calcium,
and magnesium in the soil. The minerals present in the soil form complexs that are
not readily utilized by the plants at change soil pH. On the other hand, soil organic
matter, potassium (K), phosphorus (P), iron (Fe), zinc (Zn), and manganese (Mn) are
found to increase in soil concentration under the elevated atmospheric CO2 level.
The elevated atmospheric CO2 alter the soil mineral equilibrium; thus, the nutrient-
use efficiency and mineral uptake by the plants get badly affected (Nakandalage and
Seneweera 2018). Thus, due to increasing atmospheric CO2 concentration, the
nutrient imbalance of minerals may occur in the future, and it will adversely affect
soil fertility. Across a wide variety of plant species due to CO2 fertilization, the effect
of the elevated CO2 atmosphere in plant growth may increase, but the quality of the
grain is reduced (Dong et al. 2018).

It is expected that the drivers of climate change, such as humidity, temperature,
and CO2, would have considerable and variable effects on different soil processes
and properties related to soil fertility and productivity. These consequences of the
causes of climate change, however, cannot be considered independently, being one
factor influencing the other, and the resulting impact will be complex. Furthermore,
depending on the extent of climate change, soil properties and climatic conditions,
all of these impacts may be extremely region-specific. Since climate change is a
reality, it will have a direct and indirect effect on soil development processes and
crop production-related resources that affect the livelihoods of millions of people
worldwide (Fig. 12.2).

Fig. 12.2 Schematic diagram showing the impact of enhanced CO2 concentrations on soil fertility
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12.3.4 Rainfall Pattern/Altered Precipitation due to Climate
Change Effect Soil Productivity

In the rainfed areas, it is soil moisture availability that determines the seed germi-
nation crop stand establishment. Alteration in rainfall patterns due to climate change
largely affects the moisture content of the soil. Changed rainfall pattern leads to
either flooding or drought. In both cases, it disturbs the water table and physiology of
trees along with soil properties. In addition to deleterious effects on the carbon and
water equilibrium of the plants, mineral nutrition will also be influenced badly in the
future due to extreme water availability (Ciais et al. 2005). Soil N is lost due to
waterlogging because it promotes nitrate leaching, denitrification, and runoff
(Kopyra and Gwód 2004). Soil N mineralization rate is also greatly reduced due to
waterlogging (Haddad et al. 2013).

Depending upon the buffering pool of the soil, increased rainfall due to climate
change leads to enhanced soil leaching and soil acidification. There is a possibility of
greater nutrient loss from the soil. Increased deposition of N to the soil, soil
disturbances, enhanced soil erosion, flooding, and habitat changes also occur due
to increased rainfall (Karmakar et al. 2016). Water holding capacity of the atmo-
sphere has been increased by 7% due to 1 �C rise in atmospheric temperature. Thus,
the water vapor content of the atmosphere is increased, and eventually it leads to
more intense rainfall. In the United Kingdom, only due to 7% increase in rainfall
intensity soil erosion is enhanced by 26% (Favis-Mortlock and Boardman 1995). It
has been predicted that this altered rainfall pattern and rising atmospheric tempera-
ture have profound effect on soil productivity in the future (Gang et al. 2015). As the
rate of soil erosion is increased due to climate change, it adversely affects food
production.

Because of high intensity of rainfall due to climate change, there is a possibility
that the rate of soil erosion will be affected. Soil erodibility, land use pattern, and
vegetation cover will also get disturbed. Peat formation and methane release are also
enhanced by increased rainfall (Chander 2012). A study report of an experiment
conducted in Australia indicated that due to increased rainfall intensity, there is
significant increase in the chances of surface runoff. The probabilities of surface
runoff are much more likely in arid areas than in temperate and wet areas (Chiew
et al. 1995). The chance of more surface runoff leads to enhanced soil erosion. UK
water erosion model depicted that during wet years the rate of soil erosion is
increased by 150% if rainfall in winter is increased by 10% (Favis-Mortlock and
Boardman 1995). Teng et al. (2017) estimated that erosion rates of the Tibetan
Plateau will increase by 14%–41% by the mid-twenty-first century. If the drainage
system of an area is not working properly, then waterlogging may occur due to
intense rainfall. It leads to oxygen deprivation in the soil. And due to lack of proper
supply of oxygen from the soil to the plant roots and microbial community present in
the soil, their growth is retarded.

Decreased rainfall could undergo peat and CO2 loss and increased moisture
deficit for arable crops (especially on shallow soils) and for forest soils, thereby
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affecting foraging patterns, reproduction, and survivability of the soil invertebrates
(Chander 2012). Low-rainfall due to climate change resulted in enhanced soil
salinity or soil alkalinity. Many study reports of soil erosion and climate change
depicted that it depends on the change in the mean annual erosion rates, which in
temperate zones are thought to exhibit a linear relation to annual precipitation
amount (Obalum et al. 2017; Rounsevell et al. 1999). A decrease in the availability
of water, caused by the climatic changes, in the eco-geomorphic system of the
Mediterranean region may cause open bare soil patches in the future (Lavee et al.
1998). Salinization, acidification, and soil erosion caused by climate change are
majorly responsible for the soil degradation (Rounsevell et al. 1999). In case of
decreased rainfall due to climate change, soil erosion is also accelerated because of
increased risk of wind erosion (Parry et al. 1998). If erosion rates either via water or
wind are unchecked, degradation of soil will continue. Due to low rainfall in the
Southern Europe, countries like Serbia, Hungary, Romania, and Bulgaria will face
the most negative impact, i.e., very low crop productivity (Olesen et al. 2011).

12.3.5 Impact of Climate Change on Soil Microbial
Communities and Soil Productivity

Soil microbial community is an indicator of soil biological health, and it plays a
major role in retaining soil fertility (Zhu et al. 2020). Microbial community present
in the soil transforms carbon (C) biomass present there into humus. Due to climate
change, an increase in atmospheric temperature, altered precipitation, and modified
vegetation have significant impact on the biological soil processes. It also leads to
alternation in distribution of species across the globe. Climate of an area also
determines the interactions among species. Factors of climate change both positively
and negatively affect the microbial communities present in the soil (Varma et al.
2019). The physiology, temperature sensitivity, and growth rate of soil microbial
communities are dependent on the factors of climate change (Whitaker et al. 2014).
Due to global warming in temperate forest, an increase in temperature by 5 �C leads
to alternation in soil bacterial abundance and the percentage of bacterial and fungal
community in the soil (DeAngelis et al. 2015). The microbial activity, growth rate,
and processing are increased with increase in temperature (Bradford et al. 2008).
Climate change lowers moisture content of the soil; thus, it leads to cytoplasmic
dehydration and slows down the diffusion of substrate within the soil-nitrifying
bacteria; hence, its activity gets reduced (Stark and Firestone 1995). Due to global
warming, the concentration of CO2 in the atmosphere has been increased, indicating
high degree of variability in microbial biomass and microbial immobilization. Soil
wetness or soil moisture is a noble way to illustrate land use changes and climate–
hydrology. Karmakar et al. (2016) mentioned in his study report that it is the
moisture content of the soil which determines framing processes, soil weathering,
and complex soil formation processes (podzolization), movement of clay, and
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gleying. The rate of water evaporation from the soil surface is enhanced with
increasing atmospheric temperature. The moisture content of the soil system has
decreased, and this would affect the soil microbial communities (De Vries and
Griffiths 2018).

How soil microbial community is influenced and changed with its moisture level
is highly variable. There is no such record that linked soil respiration and moisture
and temperature together and its influence on each other.

12.4 Conclusion

Understanding the impact of climate change on soil productivity is very necessary.
The mechanism behind alternation of soil physical, chemical and biological proper-
ties due to changing climatic conditions is very important. That eventually leads to
depecit soil fertility. The impact of climate change on soil is changed with changing
soil type and factors of climate change. The chapter concludes how the factors of
climate change deteriorate soil quality. It is also very essential to study and opt for
conservation practices in order to maintain and improve soil structure. This would
help agriculture system to adapt to changing climatic conditions. Threats of food
security due to climate change are only overcome by maintaining soil health.
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Chapter 13
Crop Microbiome Engineering
and Relevance in Abiotic Stress Tolerance

Mayur Naitam, Rajeev Kaushik, and Anjney Sharma

Abstract Agriculture is the panacea of human’s very existence. Maintaining or
increasing the agricultural productivity is needed to feed the ever-increasing global
population, but we have limited resources like land and water, so effective manage-
ment of available resources is need of the hour in ever-changing global environ-
mental threats. Agriculture is exposed to vagaries of nature, and various abiotic
stresses like drought, salinity, extremes of temperature and heavy metal toxicity are
the major limiting factor for plant growth, threatening agricultural productivity and
ecological sustainability. Microorganisms are the inhabitants of the most diverse
environment and possess metabolic and physiological capabilities to tolerate various
abiotic stresses. Such microorganisms naturally inhabiting plant rhizosphere can be
exploited to ameliorate the effect of abiotic stresses in agriculture and enhancing
growth and productivity. Having known the identity and characteristics of microbes
involved in imparting tolerance to abiotic stress, provides us with the plethora of
opportunities to modulate and restructure the microbial community composition at
the roots of host plants through varied microbiome engineering techniques. Effect of
abiotic stress on agriculture, microbes involved in stress mitigation and how to
engineer plant microbiome to recruit ideal microbiome at host plants to alleviate
effects of abiotic stress and to enhance overall agricultural productivity is
reviewed here.
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13.1 Introduction

Agriculture is a game of uncertainties and is exposed to vagaries of nature, where
various abiotic stresses affect the plant growth one or other way. Abiotic stresses
specifically drought, salinity, elevated temperature and heavy metal toxicity influ-
ence the crop growth and thus reduce agricultural productivity drastically (Rolli et al.
2015). Enhancing the agricultural productivity under such abiotic stresses has come
up as a challenge because of an incomplete understanding of how stress affects the
plants and what stress tolerance mechanisms are employed to produce better growth
by plants. Efforts are being taken to understand and develop the strategies for
combating abiotic stress, but unfortunately, it has met with little success (Hussain
et al. 2018). Development of improved crop varieties having tolerance to various
abiotic stresses using current breeding technologies seems to have far-reaching
implications, but still, we need to wait a bit longer for development and worldwide
use of such crops (Ashraf and Foolad 2007). Development of transgenic crops seems
a feasible and attractive option, which involves the transfer of genes imparting
abiotic stress tolerance to the domesticated high-yielding varieties of economically
important crops. Transgenics has got immense potential and can be used to solve the
problem of abiotic stresses in agriculture, but the progress is limited due to problems
faced in the identification of genes involved in abiotic stress tolerance and their use
without harming the present yield potential of crop plants (Marasco et al. 2016; Thao
and Tran 2016). Microorganisms are well adapted to varying ecological conditions
and are found to grow at extremes of conditions like high and low temperature, salt
concentration, pH, water activity and nutrient availability. This distinguishing prop-
erty of microorganisms can be exploited to improve crop growth and productivity in
agriculture while combating abiotic stresses. The potential of bacterial inoculants in
alleviating drought, salinity and other abiotic stress in plants has been demonstrated
earlier. It was reported that high-affinity potassium transporters (HKTs), small heat
shock proteins (sHSPs) and drought-responsive element binding (DREB) genes play
crucial roles in salinity and drought tolerance. “High-affinity potassium transporters
(HKTs) are a large superfamily of transporters in plants, bacteria, and fungi which
resist salinity via removal of Na+ from the xylem during salinity stress” (James et al.
2006). “In general, little is known about Na+ excluding genes in plants, particularly
in wild genotypes, or their degree of genetic diversity. In wheat, the group I HKT
genes confer salt tolerance through sodium exclusion mechanisms in leaves” (Huang
et al. 2006). “Small heat shock proteins (sHSPs) of the molecular mass of 15–42
kDa, are a family of HSPs, or chaperons, which are synthesized upon heat shock and
are responsible for proper folding of unfolded or partially-folded polypeptides”
(AL-Quraan et al. 2002; Waters 2013). Drought tolerance in plants can be enhanced
by overexpression of the gene coding for HSP17 protein (AL-Quraan et al. 2002;
Zou et al. 2012). “Different members of HSPs play different roles under drought
stress. Drought-tolerant cultivars exhibit accumulation of HSP17 proteins and their
transcripts” (Grigorova et al. 2011; Svoboda et al. 2016). The drought-responsive
element binding (DREB) genes activate multiple stress-responsive genes by
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interacting with the dehydration-responsive element (DRE) (Huang et al. 2012;
Yamaguchi-Shinozaki and Shinozaki 1994). Microorganisms are ubiquitous in
nature, occupying every single possible niche in the environment. They exist either
singly or in communities comprised of the same species or different ones. Over the
due course of evolution, these interesting creatures have coevolved with their host
species resulting in the development of ecological communities on earth. Microbial
communities interact effectively among themselves and with their host to form
co-operative and mutualistic relationships, which determines the composition of
the microbial community (microbiome) as well as affects the physiology of the
host (Foo et al. 2017). Microbiomes, through their dynamic interactions, not only
can influence the properties of the ecosystem in their vicinity but also affect the
condition of local host as whole, i.e. holobiont, the organism together with its
microbiome. The microbiome of the particular crop plants and the soil can have a
considerable impact on the productivity of the concerned crop and the environment
(Chaparro et al. 2012). Soil microbial communities are highly complex and are
evolving continuously responding to environmental fluctuations. Manipulation and
management of these soil and plant microbiomes have great potential towards
improving plant growth and health, enhancing agricultural productivity, suppressing
pathogenic microorganisms, recruiting beneficial microbiota to impart tolerance to
various biotic and abiotic stresses and promoting environmentally friendly agricul-
ture (Mueller and Sachs 2015). Thus the agricultural productivity and environmental
sustainability would depend on the wise application and utilization of agriculturally
important microorganisms, which may prove beneficial for improving agricultural
productivity in the near future (Hussain et al. 2018). Microorganisms are at the heart
of nutrient cycling, helping replenish the nutrients for plant growth; at the same time
they play an important role in integrated management of various abiotic and biotic
stresses; thus they can help in reducing the reliance on chemical fertilizers and
pesticide for better plant growth and higher productivity. Looking at the consider-
able impact of microbiome on agriculture and environment, there is immediate need
to understand microbiome and the factors contributing towards variability in
microbiome to develop strategies for engineering the microbiome for altering
microbiota to model ecosystem as per our interest. Microorganisms having abiotic
stress tolerance abilities can be well utilized to alter the microbiome composition of
target plants in prevailing conditions to impart stress tolerance abilities to the plants.
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13.2 Abiotic Stress in Agriculture: Harnessing
Rhizobacterial-Plant Interaction for Increased
Resilience

13.2.1 Drought Stress

“Microorganisms could play an important role in adaptation strategies and increase
of tolerance to abiotic stresses in agriculture, moreover plant growth-promoting
rhizobacteria (PGPR) are associated with plant roots and mitigate most effectively
the impact of abiotic stresses (drought, low temperature, salinity, metal toxicity, and
high temperatures) on plants through the production of exopolysaccharides and
biofilm formation” (Dimkpa et al. 2009). Plants increase the synthesis of osmolytes
in response to a lack of water, increasing the osmotic capacity within cells (Farooq
et al. 2009). “Incidentally, compounds exudated by root zone bacteria also include
such osmolytes, like glycine betaine which is produced by osmotolerant bacteria and
can act synergistically with plant produced glycine betaine in response to the stress,
and this way, increase drought tolerance” (Yuwono et al. 2005). Another essential
factor in these osmotolerant bacteria’s ability to promote growth is their ability to
produce IAA. This hormone is likely to cause an increase in root proliferation in
inoculated drought-stressed rice plants, possibly for improved water uptake
(Yuwono et al. 2005). Achromobacter piechaudii ARV8 isolated from arid and
salty environments helped tomato and pepper plants to grow better in water-stressed
conditions and also helped to recover faster and better once watering was resumed
after drought imposition (Mayak et al. 2004). “Bacteria occurring on root surfaces
containing ACC deaminase have been shown to modify the sensitivity of root and
leaf growth to soil drying, apparently by influencing ethylene signalling” (Mayak
et al. 2004). The drought stress tolerance imparted by the bacterium can be attributed
to the production of ACC deaminase in rhizosphere, which can break down the
ACC, the immediate precursor of ethylene into α-ketobutyrate and ammonia, thus
eliminating the stress response. Inoculation of the plant growth-promoting
rhizobacteria, Pseudomonas sp., was shown to ameliorate the effects of drought
stress on pea plant. Certainly, the vegetative growth was affected due to drought, but
the decrease in growth was much less in inoculated plants as compared to
uninoculated. Moreover 40% to 62% increase in grain yield and delayed ripening
of pod were observed in inoculated vs. uninoculated (Arshad et al. 2008). Addition-
ally, inoculation of Pseudomonas sp. reduced the intensity of triple response which
was induced through external application of ACC to the pea leaves. Timmusk et al.
(2014) observed a noteworthy effect of bacterial priming (isolated from the rhizo-
sphere of drought-stressed plants) on drought-stressed wheat which enhanced its
tolerance towards drought. Plant biomass was increased up to 78% and supported
fivefold more survival under such severe drought conditions. Moreover, the emis-
sion of stress-related volatile organic compounds was also observed. Inoculation of
bacterium Burkholderia phytofirmans PsJN on drought-stressed wheat growing in
field conditions increased transpiration rate, the relative water content of the plant

256 M. Naitam et al.



cells, photosynthesis rate and total grain yield (18–21% higher than uninoculated
ones), and it also improved ionic balance, level of antioxidants and N, P, K and total
protein content of the wheat grains as compared to uninoculated wheat grains
(Naveed et al. 2014a). Similar kind of results was obtained when drought-stressed
maize was inoculated with Burkholderia phytofirmans PsJN and Enterobacter sp.
FD17. Additionally, both the bacteria were found to establish an endophytic relation
with the maize plant by colonizing endorhizosphere of maize (Naveed et al. 2014b).
Sandhya et al. (2009) inoculated the bacterium Pseudomonas sp. GAP-45 on
sunflower seedlings, resulting in the enhancement of biomass production and sur-
vival rate under severe drought conditions, suggesting that plant growth-promoting
bacteria can be sustainably utilized for drought stress amelioration. Similarly, three
bacterial strains, two Pseudomonads and a Bacillus megaterium were shown to
sensitize plant growth under stress conditions. Inoculation with bacterial strains
increased shoot and root biomass and also the water content under prevailing
water-stressed condition. Bacterial production of Indol-3-acetic acid (IAA) under
stress conditions can be accounted for increased tolerance towards drought stress
(Marulanda et al. 2009). Kohler et al. (2008) evaluated the effect of inoculation of
Pseudomonas mendocina and Glomus intraradices on Lactuca sativa. Highest level
of stress alleviation was observed with fertilization and microbial PGPR inoculation
together. PGPR inoculation resulted in increased nitrate reductase, phosphatase
activity and antioxidant enzymes activity (the activity of peroxidase and catalase
increased with increasing drought but not of superoxide dismutase), along with the
accumulation of compatible solutes like proline in leaves (Kohler et al. 2008). This
establishes the role of PGPR in alleviating oxidative damage under drought stress
conditions. Marulanda et al. (2007) reported similar findings with lavender plants
when inoculated with different arbuscular mycorrhizal (AM) fungus, Glomus spe-
cies. Through various studies as mentioned above, now it has been well established
that plant growth-promoting microbes can be utilized economically to alleviate
drought stress in agriculture.

13.2.2 Salinity Stress

“Salinity is one of the most brutal environmental factor, since most crop plants are
vulnerable to salinity, which is caused by high salt concentrations in the soil, and the
area of land affected is growing by the day” (James et al. 2006; Huang et al. 2006).
“For all-important crops, average yields are only a fraction between 20% and 50% of
record yields, mostly due to drought and high soil salinity. Efficient resource
management and crop improvement for the development of better breeds can help
to overcome salinity stress” (Huang et al. 2006). “However, since such strategies are
long-drawn and cost-intensive, there is a need to develop simple, low-cost, biolog-
ical methods for managing salinity stress that can be used in the short term”.
Microorganisms could play a significant role in this respect if we take
advantage of their unique properties, such as saline tolerance, plant
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growth-promoting hormone production and their interaction with crop plant. “Saline
soil is generally defined as one in which the electrical conductivity (EC) of the
saturation extract (ECe) in the root zone exceeds 4 dS m�1 (approximately 40 mM
NaCl) at 25 �C and has exchangeable sodium of 15% and the yield of most crop
plants is reduced at this ECe, though many crops exhibit yield reduction at lower
ECes” (AL-Quraan et al. 2002; Waters 2013). “It has been estimated that worldwide
20% of total cultivated and 33% of irrigated agricultural lands are afflicted by high
salinity. Furthermore, the salinized areas are increasing at a rate of 10% annually for
various reasons. It has been estimated that more than 50% of the arable land would
be salinized by the year 2050” (Jamil et al. 2011).

Besides drought, there is ample evidence to suggest that the low productivity in
rain-fed agriculture is also due to decreased nutrient availability and soil salinity
(Arshad et al. 2008; Timmusk et al. 2014). Yadav et al. (2015) suggested that
rhizospheric archaea assist the plants in sustaining the effects of drought and salinity
by altering the level of osmoprotectants (carbohydrates, amino acids, proline), which
helps in maintaining their membrane integrity under water-deficient conditions as
well as salinity stress. These rhizospheric archaea were also found to possess plant
growth-promoting attributes that assist in nutrient management such as solubiliza-
tion of P, K and Zn. Microorganisms use different mechanisms to alleviate salinity
stress in crops. Accumulation of exopolysaccharide and biofilm formation by certain
bacteria affects the growth and development of crop plants grown in saline environ-
ments by restricting sodium uptake (Afrasayab et al. 2010). Zhang et al. (2008)
studied induced systemic tolerance to salinity stress in Arabidopsis using Bacillus
subtilis GB03. Interestingly, some of the volatile organic compounds (VOCs) that
are emitted from B. subtilis GB03 are bacterial determinants involved in salinity
stress tolerance. These VOCs caused tissue-specific regulation of high-affinity K+

transporter (HKT1) which controls Na+ homeostasis under salt stress (Zhang et al.
2008). Halotolerant bacteria can help plants grow better in salt-affected areas
through various mechanisms. Halotolerant bacteria isolated from the rhizosphere
of halophytes growing near Yellow Sea, Korea, when inoculated with Canola plants,
resulted in increase in root length and dry weight up to 40% as compared to
uninoculated ones (Siddikee et al. 2010). This growth-enhancing property can be
attributed to various PGP activities as observed in the halotolerant isolates like N2

fixation, P and Zn solubilization and IAA production, along with the production of
ammonia and other extracellular hydrolytic enzymes, but the most promising was
ACC deaminase production. Similarly, Upadhyay et al. (2009) reported plant
growth-promoting properties of bacteria isolates, isolated from the rhizosphere of
wheat, showing tolerance to NaCl concentration up to 8%. Presence of these isolates
in the wheat rhizosphere confirms their contribution to the enhanced growth and
productivity of the host crop. A new group of diazotrophic halotolerant bacteria
present at the roots of a halophyte Salicornia brachiata was shown to have plant
growth-promoting attributes (IAA and ACC deaminase production and phosphorus
solubilization) by Jha et al. (2012) at varying salt concentrations. Nitrogen is one of
the most important nutrients for plant growth, and these nitrogen-fixing halotolerant
bacteria can provide plants growing in salt stress with a readily available source of
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biologically fixed nitrogen helping them grow more efficiently. PGPR priming of
bean plants can alleviate the negative effects of higher salt concentrations (Yildirim
and Taylor 2005). Also, inoculation of Azospirillum on lettuce mitigated the nega-
tive effect of salinity (Barassi et al. 2006). Similar observations were also reported
for sugarcane (Leite et al. 2014). In addition to bacteria and archaea, AM fungi were
also observed to impart salinity tolerance in Sesbania aegyptiaca and Sesbania
grandiflora (Giri and Mukerji 2004), moong bean (Jindal et al. 1993), tomato
(Al-Karaki et al. 2001) and maize (Feng et al. 2002) through enhanced Mg2+ and
suppressed levels of Na+ in plant tissue. This signifies the paramount importance of
recruiting plant growth-promoting microorganisms as they help the plant to alleviate
the salinity stress at least to some extent.

13.2.3 High- or Low-Temperature Stress

Extensive industrial growth in the last century has led to an unprecedented increase
in global environmental temperature, owing to global warming. It is predicted that
by the end of this century, the global temperature will rise by 3.5 �C (IPCC 2007;
Masson-Delmotte et al. 2019), resulting in hampering the plant growth severely,
threatening the ecosystem functioning and food security to the ever-increasing world
population. The major effect of temperature rise is cellular damage, protein aggre-
gation and improper folding which directly affects the protein function in addition to
altered physiology and biochemistry of plants (Hassan et al. 2020). Not only plants
but microorganisms growth also gets affected by elevated temperature levels, to
alleviate which they use “complex multilevel regulatory processes”, which involves
higher-level expression of heat shock proteins like stress sigma factors (RpoS)
(Srivastava et al. 2008). Thus priming of thermotolerant microorganisms on crop
plants can help mitigate the heat stress. Khan et al. (2020a, b) reported the
thermotolerance effect of plant growth-promoting Bacillus cereus SA1 on soybean
growing under heat stress. Bacterium inoculation resulted in increased biomass,
chlorophyll content and fluorescence under heat stress and normal conditions,
which can be attributed to reduced abscisic acid (ABA) and increased salicylic
acid (SA) production along with enhanced antioxidant enzyme activity and amino
acid content of the plant. Additionally, soybean was found to overexpress heat shock
proteins, GmLAX3 and GmAKT2, which can be associated with decreased reactive
oxygen species production and altered auxin and ABA stimulus of the plant critical
in heat stress. Similar results were reported for wheat (Abd El-Daim et al. 2014;
Zulfikar Ali et al. 2011), Dichanthelium lanuginosum, and tomato (De Zelicourt
et al. 2013; Khan et al. 2020b). Ali et al. (2009) also reported the growth-enhancing
and sustaining effects of inoculation of thermotolerant strain Pseudomonas
sp. AKM-P6, isolated from pigeon pea growing in arid regions on Sorghum seed-
lings. The bacterium supported seedling growth for 15 days in contrast to 5 days in
uninoculated at 47–50 �C, as a result of reduced membrane injury, biosynthesis of
high molecular weight proteins and cellular metabolites like proline, sugars,
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chlorophyll and amino acids along with increased shoot and root biomass. As studies
mentioned above indicates the potential role of thermotolerant microorganisms in
sustaining and enhancing host plant growth at elevated temperature regimes, they
can be well utilized as bioinoculants for increasing agricultural productivity in semi-
arid and arid regions. Development and use of microbiome module using
thermotolerant microbial strain as one of the components of the modular microbiome
might have imperative implications for increasing agricultural productivity in the
regions of higher-temperature stress.

Low temperature significantly limits the crop growth and productivity specifically
in areas where annual temperature variation is high. Temperature governs the rate of
photosynthesis and respiration and thus the yield potential of the plant. Drastic
reduction in temperature during plant growth may also lead to chilling or freezing
injury, forming ice crystals in the plant tissue and damaging or rupturing the
membranes (de Langre 2008). Burkholderia phytofirmans PsJN a PGPR, inducing
resistance to grey mould, has been shown to impart tolerance to non-freezing
low-temperature (4 �C) stress unlike normal temperature (26 �C) in grapevine by
Theocharis et al. (2012). As a result of PGPR priming, the stress-responsive metab-
olites and transcripts increased in plant tissue, reaching higher levels earlier than
non-primed plantlets. Burkholderia phytofirmans PsJN also had growth-enhancing
effects on switchgrass (Kim et al. 2012). Earlier Ait Barka et al. (2006) also reported
a rise in amino acids, phenolics, starch and proline in grapevine inoculated with
Burkholderia phytofirmans PsJN, strengthening the low-temperature tolerance. AM
fungus Glomus versiforme and Rhizophagus irregularis forming symbiotic relation
with barley enhanced plant performance and post freezing survival at �5 �C.
Inoculated plants were observed to have improved phosphorus uptake, photosyn-
thesis rate and plant growth. Improved post freezing tolerance of the barley plant can
be accounted for lower cellular damage as a result of increased antioxidant defence
mechanism and phenolics-related metabolism (Hajiboland et al. 2019). Similar
results were also reported by Ma et al. (2019) on inoculation of Rhizophagus
irregularis on cucumber. Inoculation of rhizobacterial consortium composing of
Bacillus amyloliquefaciens Bk7 and Brevibacillus laterosporus B4 in rice resulted in
imparting tolerance to dual stress of drought and cold (Kakar et al. 2016). A fungal
isolate from Iran, Trichoderma harzianum (Th) AK20G, found to impart chilling
resistance in tomato against the cold stress (Ghorbanpour et al. 2018). Molecular
communications, improved growth, relative water content, electrolyte retention and
increased proline biosynthesis relative to uninoculated controls can be accounted for
increased chilling tolerance. PGPR imparting cold stress tolerance to the crop plant
can significantly be utilized to improve crop growth and productivity at
low-temperature regimes.
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13.2.4 Heavy Metal Stress

Industrialization along with the geological and anthropogenic activities has led to
extensive soil pollution due to heavy metal release. These heavy metals cannot be
degraded; thus they persist through times and affect ecosystem functioning and
agricultural productivity (Chibuike and Obiora 2014). “Essential and non-essential
heavy metals generally produce common toxic effects on plants, such as low
biomass accumulation, chlorosis, inhibition of growth and photosynthesis, altered
water balance and nutrient assimilation, and senescence, which ultimately cause
plant death” (Singh et al. 2016). Bioremediation is the most favoured and econom-
ical approach for treating the heavy metal polluted soils. Phytoremediation is being
practised as routine at polluted sites as it accumulates heavy metals in plant parts and
thus can be removed from the soils (Ashfaque et al. 2016). In addition to the use of
plants, microorganisms associated with plants can successfully be exploited for
bioremediation of heavy metals, as they improve uptake and accumulation by plants
through various activities like increasing the bioavailability and mobility (Yang et al.
2012). Various studies have proved the effectiveness of utilizing microorganisms for
bioremediation of heavy metals while simultaneously improving the plant growth
and productivity. Staphylococcus arlettae strain NBRIEAG-6 an arsenic hyper-
tolerant bacterium having PGP activity was observed to improve growth as well as
arsenic uptake by Indian mustard. Bacterium possesses arsenic reductase activity in
addition to IAA, siderophores and ACC deaminase production, as revealed by
biochemical profiling (Srivastava et al. 2013). Phyllobacterium myrsinacearum
RC6b having high heavy metal resistance successfully mobilized the cadmium
(Cd), zinc (Zn) and lead (Pb), resulting in the higher accumulation of these metals
by Sedum plumbizincicola. The bacterium also possesses PGP attributes, i.e. ACC
deaminase, siderophore and IAA production and phosphorus solubilization, which
improved plant growth at various metal concentrations (Ma et al. 2013). Pseudomo-
nas koreensis AGB-1 inoculation enhanced solubility and bioavailability of Cd,
copper (Cu), Pb and Zn in the rhizosphere of Miscanthus sinensis along with
improved plant growth. The Pseudomonas koreensis inoculated plants promoted
remediation and phytostabilization of heavy metal-polluted mine soils (Babu et al.
2015). A bio-surfactant-producing bacterium Bacillus sp. J119, exhibiting resistance
to Pb, Cd, Cu, nickel (Ni) and Zn and antibiotics, showed plant growth promotion in
heavy metal-contaminated pot soils. Additionally, it helped the tomato plant to
accumulate higher concentration of Cd (39% to 70% in live bacterium inoculated
plants against dead bacterium inoculated controls) (Sheng et al. 2008). Differential
response to bacterial inoculation was observed in rapeseed, tomato, maize and
sudangrass. This may reflect the host specificity of Bacillus sp. J119 for helping
the plants to grow better and bio-remediate the contaminated soils. Similar results for
plant growth promotion, bioremediation and phytostabilization were reported for
Rhizobium leguminosarum strain TAL-102 and Azotobacter chroococcum in maize
(Hadi and Bano 2010), Rhizobium sp. RP5 in pea (Wani et al. 2008),
Bradyrhizobium sp. (Vigna) in moong bean (Wani et al. 2007) and Enterobacter
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aerogenes and Rahnella aquatilis in Indian mustard (Kumar et al. 2009). Therefore
use of heavy metal-tolerant microorganisms in addition to other abiotic stress-
tolerant ones in increasing the plant growth, productivity and overall ecological
sustainability is imperative.

13.3 Engineering the Crop Microbiome: Recruiting
Beneficial Microflora at the Host Roots

The microbiome is

the community of microorganisms (such as bacteria, archaea, fungi and viruses) that
inhabit a particular environment and especially the collection of microorganisms
living in or on the plant, human or any living organism’s body. Plant microbiome
comprises the microbial community which inhabits different plant organs like root
(rhizobiome), leaf, stem, flower, etc. Plant along with its complete microbiome is
regarded as phytobiome. However these microbial communities are labile to envi-
ronmental fluctuations, and the community structure is always in a dynamic state,
owing to the multitude of factors like microbe-microbe interaction, biotic and abiotic
environmental stresses like drought and pathogen invasion and most important
among all, the host genotype (Foo et al. 2017). Physiology of host can be influenced
by modulating its microbiome composition, and thus crop or plant microbiome
engineering has come up as a potential tool for improving plant fitness attributes,
such as disease suppression, enhanced nutrient uptake, increase in photosynthetic
rate and biomass accumulation, higher productivity and tolerance to abiotic stresses
like drought. Engineering of plant microbiome occurs naturally at plant level
through a variety of mechanisms, which we should know before developing strate-
gies for engineering microbiome. Plants use strategies for recruiting their
microbiome like production of specific root exudates, e.g. malic acid and succinic
acid (Sasse et al. 2018); secretion of secondary metabolites, e.g. DIMBOA by maize
plant (Neal et al. 2012); exudation of signalling molecules, e.g. AHL by Medicago
truncatula (Veliz-Vallejos et al. 2014); plant genotype, e.g. glucosinolates produc-
tion by transgenic Arabidopsis (Bressan et al. 2009); and defence activation and
recruitment in response to infection, e.g. firmicutes against Ralstonia solanacearum.
Plant microbiome is being continuously engineered by humans without proper
scientific understanding since the advent of agriculture when humans started
selecting and domesticating the crops of their interest. This unobserved microbiome
engineering might have taken place due to selection during the domestication of crop
plants, plant breeding to change quality and quantity of root exudates, development
of transgenic varieties, biofertilizers introduction on seed, planting material or in
soil, foliar spray of nutrient, organic compound and chemicals, through crop man-
agement practices and management of soil type and properties.
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13.3.1 Microbiome Transfer and Transplantation

Plant microbiome can be engineered for desired characters through various ways, the
most common of which is the transfer of microbiome itself; others are the transfer of
synthetic microbial communities like inoculation of biofertilizer on planting mate-
rials and artificial selection of plant beneficial microbial groups based on host
response through phenotypes. The most common and familiar example of
microbiome transfer is the transfer of disease-suppressive soil to disease-conducive
soil to tackle soil sickness as a measure of plant disease management. Many of the
diseases like potato scab, black root rot of tobacco and infection in sugar beet have
been impeded successfully using microbiome transfer through suppressive soils
(Gopal et al. 2013). Along with soil sickness, microbiome transfer have been
found effective in alleviating drought stress and enhancing biomass accumulation
in water stresses areas. Moreover, the success of this strategy depends on the
availability of native microbiota capable of suppressing a known disease of eco-
nomic importance. Microbiome transfer was successfully used against Pseudomonas
syringae a pathogen of bacterial canker of kiwifruit, where the microbiome from a
medicinal plant Leptospermum scoparium was transferred to kiwifruit through
wound infection. It was observed that kiwifruit produced the same antimicrobial
effect as Leptospermum scoparium and was able to control Pseudomonas syringae
infection (Wicaksono et al. 2018). Root microbiome of Ralstonia solanacearum-
resistant and susceptible tomato varieties was analysed for its effect on disease
invasion by pathogen Ralstonia solanacearum using metagenome analysis. Results
showed an abundance of Flavobacterium in root microbiome of resistant variety.
Transfer of this Flavobacterium-abundant microbiome from the rhizosphere of
resistant variety to susceptible one was able to suppress the disease incidence
(Kwak et al. 2018). Therefore, native microbiome has promising roles in protecting
plants from the microbial pathogen and can be successfully used for engineering the
microbiome of susceptible crop cultivars.

13.3.2 Synthetic Microbial Community

Engineering of crop microbiome requires in-depth knowledge of the composition of
microbial community forming a mutualistic relationship with the particular crop
plant. The microbiome structure of the crop can be analysed using standard labora-
tory procedures which will provide you with the culturable part of the community.
However, the use of sequencing and omics techniques such as metagenomics will
give you the complete picture of plant microbial community composition. This prior
knowledge of microbiome composition comes handy in predicting and formulating
synthetic microbial community which may represent the natural microbiome of a
particular plant. The plant microbiome can be divided into core microbiome and the
rest. The core microbiome is necessary for the plant to grow and function well, and
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this core microbiome can be found to be associated with the host plant in all
cultivation sites and all climatic conditions. A similar approach was used to study
and characterize the potential interspecies interaction in gnotobiotic maize rhizo-
sphere and to study its beneficial effect on the host. Microbiome composition of
maize rhizosphere and its abundance profile at maize roots was studied using both
culture-based and culture-independent techniques which involve isolation of total
DNA from roots and rhizosphere followed by 16S rRNA sequencing and identifi-
cation of isolate and, on the other hand, culturing the microbes from dilutions
prepared from rhizospheric soil. From the relative abundance of culture from day
0 to 15, a simplified synthetic microbial community was designed consisting of
seven isolates, Enterobacter cloacae, Stenotrophomonas maltophilia,
Curtobacterium pusillum, Ochrobactrum pituitosum, Pseudomonas putida,
Herbaspirillum frisingens and Chryseobacterium indologenes. The association and
effect of this synthetic community on maize roots were studies for 15 days, and it
was found that the community was able to form a stable association with maize roots.
Community composition and root association were stable up to 15 days in all
inoculations, but when the Enterobacter cloacae was excluded from inoculation
group, it was observed that the whole community got collapsed after initial growth.
The collapsed community showed an overgrowth of Curtobactrium pussilosum,
these suggest that Enterobacter cloacae plays a crucial role in maintaining the
synthetic community on maize roots, and it is important for the establishment and
continued association of the synthetic community on maize roots (Niu et al. 2017).
Besides Enterobacter cloacae plays a key role in maintaining other species of the
community onto the roots, and this seven species synthetic community protects
maize seedling from Fusarium moniliforme and Fusarium verticillioides a seedling
blight-causing fungus (Niu et al. 2017; Niu and Kolter 2018). Hence, microbial
strain with desired functions can be assembled into synthetic microbial communities
as per research interest and used for engineering the host plant’s microbiome. It is the
consortium of plant-associated microorganisms which helps plants tackle the
stressed conditions as evident from Nicotiana attenuata. A consortium of five
root-associated bacteria of native plants but not the individual ones was successful
at rescuing from the sudden attack of wilt similar to symptoms produced by
Fusarium-Altarneria disease complex in continuous cropping of Nicotiana
attenuata (Santhanam et al. 2015). Thus, a native microbiome seems to impart
resistance against the pathogen buildup and disease incidence during continuous
cropping. The community composition of the synthetic microbiome can be con-
trolled and modified in fulfilment of desired research goals, but all these advantages
are limited by our understanding of core microbiome. Moreover, only culturable part
of the plant-associated microbes can be used in the formulation of the synthetic
microbiome, which may miss upon the more active and important but unculturable
member of the community, thus hindering the exploitation of the full potential of
these synthetic microbiomes.
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13.3.3 Host-Mediated Artificial Selection

Another approach in the engineering of crop microbiome is host-mediated artificial
selection (HMAS), which can be used to change ecology and plant microbiomes
could be obliged to evolve. This host-mediated artificial selection is being practised
for centuries to shape the properties of particular organisms, and it holds the promise
for shaping properties of the whole ecosystem (Swenson et al. 2000). This approach
involves propagating genetically constant cultivars in microbiome from the soil
which showed promise in producing desired phenotypes in previous studies and
can be successfully used to change plant phenotypes such as biomass accumulation
and flowering specifically with Arabidopsis thaliana (Swenson et al. 2000). Studies
with rice show that the microbiome varies with soil source and genotype in green-
house conditions. On the other hand, geographical location and cultivation practice,
i.e. organic vs. conventional, were the major contributing factors to microbiome
variation. “Dynamic changes observed during microbiome acquisition, as well as
steady-state compositions of spatial compartments, support a multistep model for
root microbiome assembly from soil wherein the rhizoplane plays a selective gating
role” (Edwards et al. 2015). In the case of Brassica rapa host-mediated artificial
selection was used for engineering plant microbiome through repeated
multigenerational cultivation of best-performing plants to impart resistance against
drought stress and for better fitness. “The research findings suggest that when faced
with environmental change, plants may not be limited to “adapt or migrate” strate-
gies; instead, they also may benefit from association with interacting species,
especially diverse soil microbial communities, that respond rapidly to environmental
change” (Lau and Lennon 2012).

13.3.4 MAP-Assisted Microbiome Engineering and Modular
Microbiome

However, unobserved microbiomes contribute to host growth and fitness, its phys-
iology and its response to the prevailing ecological conditions. Oyserman and
colleagues introduced a new concept in plant microbiome engineering referred to
as microbiome-associated phenotype (MAP)-assisted microbiome engineering
(Oyserman et al. 2018). Host-mediated microbiome selection based on phenotypic
characterization has always been a qualitative and taxonomically driven approach,
but to provide with a more reliable solution, Oyserman and group have introduced a
MAPs first approach which is theoretical as well as incorporates experimental
observations, and it involves quantitative profiling of microbiome-associated phe-
notypes across genetically variable host cultivars while subsequently identifying the
mechanism lying underneath. Authors have also introduced the concept of modular
microbiome, i.e. synthetic microbial consortia that can be engineered co-operatively
with the host genotypes to give out different but at the same time mutually consistent
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microbiome-associated phenotypes to single or population of hosts. The main
guiding principle in MAPs first approach is going back to the roots which involve
the search for the missing plant microbes to restore the plant-microbe interactions
lost during domestication or breeding for disease resistance. This MAPs first
approach involves systematic quantification of most significant MAPs across wild
and domesticated host, herein natural ecosystem; traditional and modern agriculture
serves as a reservoir of genetic and ecological potential, for identification of
microbiome-associated phenotypes. These MAPs are systematically screened for
identification of plant-microbe and environmental combinations in which MAPs
provide the largest fitness advantage. This framework will guide into the mechanism
that drives MAPs, and this generated information can be used for targeted plant
breeding and microbiome engineering in concert with the plant genotype referred to
as next-generation agriculture. MAPs are defined quantitatively, for examples, salt
tolerance, phosphorus solubilization, disease suppressiveness, etc., but the contribu-
tion of MAPs to fitness and the conditions in which maximum benefits from
cumulative microbiome effect comes should be assessed quantitatively. These
studies will inform us about where to target the mechanistic investigation and
where to apply direct microbiome engineering efforts, and it will also guide the
field applications for results generated and applications developed.

The distinct functional communities can be considered as modules, which are
individually separate and discrete. “Module can be combined to provide new
functional combinations designed to improve host fitness over the various dimen-
sions of the niche” (Oyserman et al. 2018). Oyserman et al. (2017) provided the
functional basis of modularity in the microbiome when he tried to develop a novel
waste water treatment by combining photosynthetic-nitrifying group with
polyphosphate-accumulating organisms group. The concept aimed to exploit the
full potential of the unique metabolic potential of each functional guild. The need for
mechanical aeration has been overcome, and polyphosphate cycling was not
interrupted, by the design of such biogeochemically complementary communities
or modules. From this experiment, it becomes clear that the impact of different
communities or modules on the function is nonlinear. Some communities can be
dominant with no significant change in cumulative microbiome effect, and some are
recessive with a significant change in cumulative microbiome effect after mixing due
to trade-off between the two functional MAPs, which constitutes a suboptimal space.
Successful implementation of microbial communities as a modular component
requires, firstly, minimizing the overlap in resource requirement between the func-
tional guilds, example between endosphere and rhizosphere and secondly minimiz-
ing the trade-off between the functional guilds, which will be the key for developing
customizable and modular microbiome. As no silver bullet organisms can provide
optimum MAP under any ecological and environmental conditions, the modularity
of microbiome would provide agriculture with the toolbox for rapid adaptation and
maximization of crop output under different environmental and ecological condi-
tions. This modularity can be achieved by dividing resources of root exudates, such
as plant microbiome cross-feeding strategies in opinal plants which select microbial
categorization preferentially opinal and minimize a crosstalk with non-target
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microbes. These modular microbiome modularities can be achieved through the
resource division of the root exudates. Breeding for tailored root exudates compo-
sition and designing functional microbial modules depending on these distinct
exudate profiles, exploiting natural compartmentalization produced by rhizosphere,
endosphere and phyllosphere communities. Engineering MAP heterogeneity at the
population level can lead to inter-compatibility between MAPs without necessitating
individual host level modularity, for example, an approach analogous to
intercropping can be adapted wherein neighbours or interacting microbes provide
combinatorial effect for the population.

13.3.5 Manipulation of Root Exudates for Engineering
Microbiome

Soil is home for the vast diversity of microorganisms, but the density of microflora
increases as you move near the rhizosphere zone as compared to remaining bulk soil.
Rhizosphere harbours only a limited diversity, i.e. subset of the microbial population
in bulk soil on account of secretion of root exudates. This macro and microflora in
the rhizosphere zone comprise the rhizobiome. As you look deeper into the rhizo-
plane and endosphere, they shelter a subset of the rhizospheric microbial population.
The rhizobiome composition of every plant differs, and this selectivity is imparted
by the root exudates. This very fact that rhizobiome composition depends on the type
of compounds exuded from roots opens up the plethora of options and strategies for
designing and engineering root microbiome composition. In Arabidopsis thaliana, it
was reported that synthesis and foliar application of salicylic acid is the most
determining factor on the assembly of the normal microbiome at the roots (Lebeis
et al. 2015). Salicylic acid is also involved in imparting tolerance towards pathogen
attack; thus being an important part of the central immune system of the plant, it
harmonizes the assembly of specific bacterial taxa on plant roots and thus the whole
colonization process. Therefore central immunity regulators, as well as specific
metabolite compounds, can be applied for moulding plant microbial community
structure for enhanced productivity, growth and fitness, tolerance to biotic and
abiotic stresses and resilience towards changing environmental conditions. Unlike
establishing symbiosis, recruitment of plant-associated microbial community is still
unclear. Induction of plant-microbe symbiosis involves secretion of exudates into
the rhizosphere attracting microbes. The well-known examples of plant microbes
symbiosis are mycorrhizal and rhizobial association, which are attracted by
strigolactones and flavonoids secreted by plants. Strigolactones were initially
reported to stimulate germination of root parasitic weed seeds; later it was charac-
terized as signalling molecule having a role in the initiation of symbiotic relationship
with mycorrhiza fungi excreted through ABC transporters of root cells (Kretzschmar
et al. 2012). Alfalfa roots secret flavonoids from infectable zones to the concentra-
tion of one micromolar which stimulates assembly of Rhizobium meliloti on roots,
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but nodulation minus mutant lines of Alfalfa exudates compounds, i.e. morin,
naringenin and chrysin, which have an inhibitory effect on Rhizobium meliloti
(Peters and Long 1988). Plant signalling molecules are not yet well characterized
but are proved to have an important role in the assembly of the microbiome.
Pathogen elicited Arabidopsis thaliana showed specific root colonization by the
biocontrol agent Bacillus subtilis as a result of increased ALMT1 expression and
exudation of malic acid (Rudrappa et al. 2008). Exudation of malic acid (signaling
molecules in this case) in pathogen elicited plant helps better colonization by
Bacillus subtilis as compared in absence of malic acid but, it also signifies the
presence of other signaling molecules which needs to be characterized. The com-
pounds of plant-microbe crosstalk can also be responsible for root colonization by
microbiota. Moreover, plant-secreted cell wall polysaccharides of maize and other
plant signalling molecules were reported to commence root colonization by
microbes and biofilm formation (Benizri et al. 2007; Dombrowski et al. 2017).
The genetic network that commands the phosphate stress response in Arabidopsis
thaliana has been shown to regulate the root microbial community structure, even in
the absence of phosphate stress (Castrillo et al. 2017). However, how the plant
metabolites, signalling molecules or immune system moulds formation of
microbiome remains a mystery.

13.3.6 Host Genotype, Crop Breeding and Transgenic
Varieties in Microbiome Engineering

It is now well established that host plant genotype plays an indispensable role in
assembly, function and determination of the structure of microbiome. If we look at
the microbiome level, different cultivar genotypes recruit different microbiota
extending to beneficials like plant growth-promoting rhizobacteria (PGPR), disease
suppressing and immunity busting through variations in their root exudates (Arif
et al. 2020). Genome-wide analysis studies in cultivars of Arabidopsis thaliana
establishes the fact that there occurs a differential response of genotypes to get
benefited from PGPR being tested. Only some of the plant genotypes showed good
response to inoculation of Pseudomonas simiaeWCS417r in the form of an increase
in fresh shoot biomass and the number of lateral roots formed as compared to others
which barely showed any response (Wintermans et al. 2016). Comparison of eight
different wild and common modern bean also showed a strong genotype-dependent
response in the assembly of rhizosphere microbiome along with a profound impact
of the expansion of habitat from native soil to agricultural soils. There was reduced
complexity of interaction in bean rhizosphere in agricultural soils as compared to
native soils, and only a small fraction of all sequenced OUTs formed the core
microbiome which was shared among all the eight bean cultivars in both native
and agricultural soils (Pérez-Jaramillo et al. 2019). Plant phenotypic and functional
genomics studies in concert with the plant microbiome interaction have provided
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with the means of manipulating the microbial community at plant roots (Stringlis
et al. 2018). Tailoring the root exudates and hormones being released into the soil
through crop breeding or developing the designer plants through transgenics pro-
vides us with the toolbox to manipulate and maintain beneficial community at plant
roots. Wild relatives of the domesticated plants can provide newer point view about
the role of genes in wild plants which are associated with microbiome assembly
(Jaramillo et al. 2016), as emphasized by Oyserman et al. (2018) that going back to
the roots with the search for missing plant microbes to restore the plant-microbe
interactions lost during domestication or breeding for disease resistance can be a
guiding principle in microbiome engineering (Oyserman et al. 2018). Breeding for
resistance against pathogen also affects the microbiome composition and assembly.
Comparison of different common bean cultivars, i.e. resistant to Fusarium
oxysporum (fox) and susceptible ones, showed striking differences in their root
microbiome composition. Fox-resistant cultivars had more microbial diversity and
abundance of Pseudomonadaceae, Bacillaceae, Solibacteraceae and
Cytophagaceae in their rhizosphere as compared to susceptible. Besides
metagenome analysis suggested the abundance of genes responsible for protein
secretion systems and biosynthesis of antifungal compounds like rhamnolipid and
phenazines in rhizobiome of fox-resistant cultivars of bean (Mendes et al. 2018).
Like root microbiome engineering, engineering the seed microbiome economically
important crops might have importance in enhancing agricultural productivity of
food, fodder and fibre crops through crop breeding and improvement. Mitter et al.
(2017) introduced an approach to alter the microbial composition of seed through the
introduction of an endophyte, Paraburkholderia phytofirmans, to the flowers of
parent plants which could be included in the microbiome of seed. This approach
may lead to the transfer of newly introduced microbe to future generations through
vertical inheritance and have a potential role in determining the plant traits.

13.3.7 Effect of Biofertilizer Inoculation on Root Microbial
Community Structure

The application of biofertilizer when inoculated on seeds, planting material or
directly through soil, enhances crop growth and fitness, mineral nutrition, disease
resistance and drought tolerance and increases environmental sustainability
(Bhardwaj et al. 2014). Microbial inoculants grow in the rhizosphere and interact
with the host plant roots. Similarly, they interact among themselves and other
microbes in the rhizosphere to bring about changes in the composition of microbial
community which may in turn benefit crop growth, productivity and immunity
towards disease incidence (Dal Cortivo et al. 2020). Inoculation of arbuscular
mycorrhizal fungi in various agricultural fields influenced the microbial community
structure in a field-dependent manner. External inoculation changed the abundance
of indigenous AM fungi along with other fungi. Additionally, enrichment of several
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bacterial OUTs either by changing abundance or introducing new bacterial members
to the community was observed (Akyol et al. 2019). Xiong et al. (2017) reported that
alteration in the microbial community structure and bacterial abundance on inocu-
lation of Bacillus and Trichoderma spp. as biofertilizers played a key role in
containing Fusarium oxysporum infection. This biocontrol activity is the result of
suppressiveness induced in the soil through alteration of soil microbiome composi-
tion rather than direct antagonism. Endophyte-enriched root microbiome of rice
showed restructuring in response to growth-promoting treatment of urea and Rhizo-
bium leguminosarum compared to untreated ones. Treated root microbial commu-
nity showed a reduction in the OUT richness and read abundances. Only 12.04%
OTU represented the core microbiome associated with roots with the dominance of
α- and γ-proteobacteria followed by Firmicutes and Bacteriodetes (Jha et al. 2020).
No difference in the community composition and biodiversity in the rhizosphere was
observed when inoculated with seed-applied biofertilizers. However, biofertilizer
treatment resulted in increased microbial biomass in the rhizosphere along with the
enhanced activity of enzymes involved in the decomposition of organic matter (Dal
Cortivo et al. 2020). This suggests dynamic interactions of root-associated
microbiome with externally inoculated biofertilizers may impact microbiome com-
position altering abundance and richness of bacterial communities of common
occurrence, which may help microbiome evolve and benefit the host plant in
various ways.

13.3.8 Soil Amendments: Organic and Inorganic

Indiscriminate use of inorganic fertilizers has disturbed the resident microflora of
soil, thus affecting soil health in turn. This damage to soil microbial community can
be resurrected through soil amendments with organic compounds which enhances
the positive microbial activity and functional diversity. Incorporation of organic soil
amendments like organic waste and manure, peat, lignite, biochar and various crop
residues would have long-term positive effects on soil health and sustainability (Liu
et al. 2020). In addition to organic amendments, inorganic amendments like, fine
sand, vermiculite, lime, perlite, etc. can be used for alleviating the soil salinity and
acidity (Qadir et al. 2019), which in turn increases colonization by the greater
number of microbial groups, resulting in increased plant biomass and root exudates,
which further strengthens the microbiome (Wang et al. 2015). Incorporation of
organic manure in the soil is well-known for altering the physicochemical properties
of soils, which causes a shift in microbiome towards beneficial ones and increases
agricultural yields (Qian et al. 2016). Use of sheep manure in Alfalfa planting
resulted in higher crop yields as a result of boost in microbial activity and removal
of toxic metal ions like lead, zinc and cadmium from rhizosphere region (Elouear
et al. 2016). Signalling molecules from plants can be applied purposefully to
modulate soil microbiome. Plant root exudates like coumarins and benzoxazinoids
are reported to induce disease suppression in soil, increase the bioavailability of iron
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compounds and provide protection against herbivore insects (Voges et al. 2019;
Cotton et al. 2019). Incorporation of 1-aminocyclopropane-1-carboxylic acid (ACC)
2 weeks prior planting alters the microbiome composition to add ACC cleaving
bacterial groups, which cleaves off ACC into ammonia and α-ketobutyrate through
enzyme ACC deaminase, reducing ethylene levels in plants, thus enabling plants to
grow better in salinity-stressed conditions (Liu et al. 2019). Therefore, optimal
utilization of organic and inorganic soil amendments as mentioned above might
help enhance positive microbial interaction and microbial ecosystem services to
establish soil health and agricultural sustainability.

13.4 Conclusion

Abiotic stresses severely affect the plant growth and reduce the yield by 20% to 50%.
Land affected by the abiotic stress is predicted to increase further in the future
diminishing the total area under cultivation, threatening the global food security.
Better cultivars of crop plants can be developed using modern breeding approaches
and transgenics, but it is slow and time taking. Alternatively plant growth-promoting
microorganisms exhibiting tolerance to various abiotic stresses can be utilized to
alleviate effect of abiotic stress in agriculture. Through extensive studies numerous
microorganisms have been identified and characterized for their ability to ameliorate
abiotic stresses, but mechanisms behind how these microbes help to mitigate stress
and their interaction with host plants are yet to be understood completely.
Microbiome engineering can successfully be utilized for recruiting beneficial
microbes either directly or through tailored root exudate, which can respond to
specific abiotic or biotic stresses. Microbiome engineering can further facilitate
development of modular microbiome through use of microbial consortium having
varied metabolic and physiological activities, complementing each other to achieve a
cumulative goal of helping plant to withstand the abiotic stress and enhance the
productivity.
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Chapter 14
Impact of Abiotic Stress on Plant
Brassinosteroids

Zahra Dehghanian, Ali Bandehagh, Khashayar Habibi, Khosro Balilashaki,
and Behnam Asgari Lajayer

Abstract Brassinosteroids (BRs) are a category of steroid hormones which have
different functions on development and plant growth process, in addition to stress
response. BR deficiencies disrupt physiological processes and induce phenotypic
anomalies in plants. A wide number of studies indicate that BRs could have a
beneficial impact on the plant tolerance to abiotic tensions, consisting of low
temperature, sun, salinity, drought, pesticides, and heavy metals. The fundamental
mechanisms of tension resistance caused by BR however remain still unknown. BR
reception occurs in the cellular level through BR receiver, resulting in flow of
phosphorylation incidents triggering main transcription factors Brassinazole-
Resistant1 (BZR1) which regulate BR-responsive gene transcription in cell nucleus.
BRs enhance photosynthetic performance affected by tension situation that lead in
large part to enhanced growth and accumulation of biomass. Genetic experiments
indicate established association between endogenous rates of BR and resistance to
abiotic stress, but this conclusion contradicts the results of some BR mutants under
stress. Importantly, the reaction of plants to BRs varies greatly depending on the
species, stages of development, and environmental factors. Furthermore, some
chemical messengers that engage in the effective regulating of BR efficacies often
do a significant role in plant adjustment to tension. In this chapter, the role of BRs in
response to abiotic stresses in plants was studied. These findings show the elabora-
tion of BR function in interceding tension tolerance in plants.

Z. Dehghanian
Department of Biotechnology, Faculty of Agriculture, Azarbaijan Shahid Madani University,
Tabriz, Iran

A. Bandehagh · K. Habibi
Department of Plant Breeding and Biotechnology, Faculty of Agriculture, University of Tabriz,
Tabriz, Iran

K. Balilashaki
Department of Horticultural Science, Faculty of Agriculture, University of Guilan, Guilan, Iran

B. Asgari Lajayer (*)
Health and Environment Research Center, Tabriz University of Medical Sciences, Tabriz, Iran
e-mail: h-asgari@tabrizu.ac.ir

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
D. K. Choudhary et al. (eds.), Climate Change and the Microbiome, Soil Biology 63,
https://doi.org/10.1007/978-3-030-76863-8_14

279

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76863-8_14&domain=pdf
mailto:h-asgari@tabrizu.ac.ir
https://doi.org/10.1007/978-3-030-76863-8_14#DOI
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14.1 Introduction

Associated with both daily and seasonal changes, plants have to tolerate the usual
trends in environmental parameters. Moreover, pollution in the environment and
abnormal weather events mostly lead to plant stress (Ahammed et al. 2015; Fang
et al. 2019). Plant durability depends mainly on understanding the stress incentives
and quick response to the impacts caused by stress, as they are unable to move
(Nolan et al. 2020; Planas-Riverola et al. 2019); and also by the help of several
signaling molecules and hormones, they respond to stressor factors (Wang et al.
2019a; Zhang et al. 2019; Zhou et al. 2019; Guo et al. 2019).

In stressful situations, hormone coordination regulates plant tolerance and also
survival. Phytohormones engage a notable pathway which includes several mole-
cules directing to an arbitrary general pathway (Xiong et al. 2002). Essentially, this
begins the reception of signals on the surface of the cell, pursued by the secondary
messenger’s production like ROS, reactive oxygen species, and NO, nitride oxide,
leading to protein phosphorylation cascade in ultimately propelling transcription of
stress-responsive genes (Xia et al. 2009a, 2011, 2014; Yin et al. 2016). Nevertheless,
for plant acclimatization to stress, the proper spatial coordination among signaling
molecules is substantial.

14.2 Brassinosteroids in the Development Regulations
of Plant

BRs perform various roles in the plant growing progress (Fang et al. 2019; Peres
et al. 2019). In model plants, both signaling pathways and BRs Biosynthetic have
been studied widely, which noticeably helped improving the comprehension of BR
regulatory mechanisms, especially in various biological practices about develop-
ment and growth of plants (Zhao and Li 2012; Nolan et al. 2020; Planas-Riverola
et al. 2019). At the outset, BRS-induced formation was considered as the result of
cell elongation, although a function has been identified in cell division for BR. As
Nolan states, in addition to cell elongation and partition, it’s perfectly appointed that
BRs regulate various aspects of development and growing, for example, photomor-
phogenesis, xylem differentiation, reproduction of plants, and also response biotic
and abiotic stresses. Though biosynthesis of BRs considered to take place just in the
endoplasmic reticulum, the realization of BR is mediated by local receptors on the
plasma membrane at the surface of cell, BRI1 (Brassinosteroid Insensitive 1), and
relevant homologs (Nolan et al. 2020; Northey et al. 2016). After BR is perceived by
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BRI1 and the receptors, the BR signals are transmitted through a well-known
signaling cascade to BRI1-EMS-Suppressor1 (BES1) and Brassinazole-Resistant1
(BZR1), transcription factors, which ultimately control the transcription of BR-
regulated genes (Tong and chu 2018; Nolan et al. 2020; Planas-Riverola et al. 2019).

According to Clouse, low seed germination, delayed flowering and aging, dwarf-
ism, and reduced prolificacy are the reasons of BR deficiency in plants (Clouse
2015). In rice, the expression of a gene as encoding, stero1 hydroxylase, enhances
interior BR levels and leads in an increase up to 40% in the size of grain (Wu et al.
2008). A new investigation on soy (Glycine max L. Merrill) has illustrated BR can
lag leaf aging (Yin et al. 2019). The collected evidence also depicts that in the future
of agriculture, the inclusion of BR in controlling important agronomic factors has the
capacity to deform (Divi and Krishna 2009; Tong and Chu 2018).

14.3 The BR Effects in Abiotic Stress

BRs have a significant part in adapting to the environment, besides improving
growth. Except in few cases, BR makes to ameliorate plant adaptation to biotic
and abiotic pressures like aridity, salinity, high temperature, low temperature,
pesticides, heavy elements, and also stress due to organic pollutants (Kagale et al.
2007; Rajewska et al. 2016; Xia et al. 2018). Nonetheless the process of BR
operation in rising the endurance accomplished by plant to abiotic stresses is not
yet known. In tomato (Solanum lycopersicum L.) while DWF overexpression leads
to raised cold tolerance, BRS biosynthesis mutations (dwf) present sensitivity to cold
stress (Xia et al. 2018; Fang et al. 2019). Investigations have exposed that through
autophagy regulation, the self-destructive process of cell, which is applied with the
plant to intercede stress tolerance, BRs are included in plants’ tolerance to nitrogen
(N) deficiency (Wang et al. 2019d). Exogenous BR involved in autophagosomes
formation and autophagy increases the transcript levels of genes. Also tolerance to N
starvation and autophagosomes are increased by excessive expression of BZR1, and
BR-induced tolerance to N starvation and the formation of autophagosomes are
reasons for the BZR1 shutdown. Nevertheless, a duality of BR function in tolerance
of plant to nutrient deficiencies and plant susceptibility to iron deficiency is raised by
the application of exogenous BR (Wang et al. 2012a). Many studies examining the
effects of BR on plants, almost all studies use pharmacological methods that use
exogenous to investigate the preventive role of BR (Ahammed et al. 2015). Different
modes of applications, such as pre-sowing seed treatment, pre-planting dipping of
cuttings, post-emergence root treatment, foliar application, etc. have been used in
multiple plant species (Kagale et al. 2007; Sasse 2003; Yu et al. 2004; Amraee et al.
2019; Yue et al. 2019; Yin et al. 2019; Sharma et al. 2016c, 2019). The impacts of
BR greatly appertain on several factors such as plant species, dose, types and stress
period, and interaction with other criteria like different levels of growth and condi-
tions (with or without tension), signaling molecules, development regulators and
hormones, and type and duration of stress (Nolan et al. 2020; Yin et al. 2019).
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According to studies on producing crops, the proper brassinolide concentration is
between 5 and 50 mg per hectare (Khripach et al. 2000). However, BRs can affect
different physiological processes of plant at low doses. In addition, plants’ response
may be different in the limited doses. For instance, cucumber bushes have high BR
concentrations (0.2–1.0 μM EBR). While moderate BR concentrations
(0.1–0.15 μM EBR) cause photosynthesis, it eliminates CO2 uptake capacity
(Jiang et al. 2012). On average, a BR low dose (0.1 μM EBR) causes the stomata
to open, and a BR high dose (1.0 μM EBR) brings the stomata to close (Xia et al.
2014). Some studies on BR depicts the plants’ response to BR concentration widely
depends on plant species, growth conditions, the stage of plant growth, and specific
application method (Ahammed et al. 2015).

14.3.1 Heat Stress and BRs

Recently, due to climate change, heat tension is identified as a very significant
abiotic tension (Nolan et al. 2020), which has a negative impact yield on each part
of the world. Damage emerging from heat includes reduced plant growth, leaf
burning, abscesses, and aging decreasing productivity of plant, also fruit injuries
(Bita and Gerats 2013). Accumulations of BZR1 and BES1 at the molecular stage
happen at high temperatures, enhancing PIF4 level (Phytochrome Interacting Factors
4) (Martínez et al. 2018). On gene transcription, the foundation of PIF4-BES1
heterodimers comforts the act of BZR1 and promotes growth of thermogenic. Also
it can be stated that reduction of BRI1 cumulation at high temperatures enhances the
root growing (Martins et al. 2017). Destructive heat impacts on plants can be reduced
by the use of BR exogenously (Sadura and Janeczko 2018). For heat stress, photo-
synthesis is almost the main delicate physiological procedure (Ahammed et al.
2016). Moreover, high temperature reduces photosynthetic rate, even hindering
photosynthesis output (PSII), depending on photochemical activity (Ogweno et al.
2008; Zhang et al. 2013).

According to stress, by rising the antioxidant activity enzymes which minimize
lipid peroxidation, EBR pretreatment (0.2 μM) in tomatoes can improve the high-
temperature reduction in photosynthesis (Ogweno et al. 2008). Amazingly, in the
both genotypes of heat-sensitive and heat-tolerant plant, BR can ameliorate
thermotolerance. As an example, EBR pretreatment clearly ameliorate net CO2

uptake rate, water use efficiency, photosynthetic pigment content, stomatal conduc-
tance, and PSI photochemical activity from heat-sensitive and heat-tolerant ecotypes
in melons (Zhang et al. 2013).

Treatment of EBR (0.05–0.2 μM) in eggplant by increasing antioxidant potential
diminishes heat stress, which ultimately cuts down ROS cumulation at high temper-
atures (Wu et al. 2014). Thus, the EBR use (0.01 μM) foliage greatly reduces
biomass cumulation, growth improvement, photosynthetic regulation, and antioxi-
dant capability at high temperatures in wheat (Hussain et al. 2019). Then, BR mimic
7, 8-Dihydro-8α-20-hydroxyecdysone (αDHECD, 0.0001 μM) usage in reproduc-
tive level can enlarge carbohydrate content in rice and also raise photosynthesis and
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regulation of seed and grain weight below high-temperature stress (Sonjaroon et al.
2018). The accounts demonstrate that BRs own specific stimulative impacts on the
antioxidant capacity and photosynthesis of plants, which has an important position
in diminishing the damaging outcomes of heat stress. Though major investigations
have shown the heat stress preservative role from BR utilizing exogenous applica-
tions, just a few ones have concentrated on fully developed procedures with genetic
evidence (Ahammed et al. 2015; Yu et al. 2004; Zhou et al. 2014). Also BRs appear
to compel heat endurance via complicated mechanisms, of which just a few are
declared. Studies have depicted that transient H2O2 production in apoplasts is an
important signal for stress toleration of BR-induced heat in tomatoes (Zhou et al.
2014). By respiratory burst oxidase homolog 1 (RBOH1), BR-induced H2O2 pro-
duction in NADPH oxidase-dependent apoplasts is encoded. H2O2 accumulation is
severely repressed, and BR-induced endurance to heat is compromised, when the
RBOH1 and Mitogen-activated Kinase 2 (MPK2) or 1 (MPK1) protein genes are
extinguished in tomato plants (Nie et al. 2013). According to the researches,
extinguishing off MPK1 does not have the required outcome in such effect and
suggests MPK2 is more significant in comparison with MPK1 in producing
BR2-induced MP2 H2O2 in the apoplast and also its heat tolerance; in addition,
RBOH1, H2O2, and MPK2 may act as affirmative feedback. Moreover BR-induced
tolerance to high heats and, also, levels of the stress tolerance and related genes to
defense, like APX5, Cu-Zn SOD, CAT1, GR1, HSP90, PR1, NPR1, and WRKY1
which are adjusted by the exogenous BR program in tomatoes and reveal the BR
mechanism. Heat tolerance caused by (Zhou et al. 2014). Except antioxidant system,
HSPs proteins of high temperature shock do a vital role in BR-induced heatstroke
(Dhaubhadel et al. 2002; Kagale et al. 2007). During heat stress, therapy of EBR
increases synthesis of HSP by preserving multiple translation machines (Dhaubhadel
et al. 2002). However, by rejecting those reports, the increased expression of HSP in
the BR2 mutation in dwf4 and det 2–1 under high-temperature stress offers cumu-
lation of HSP which is not essential for BR-induced heatstroke in Arabidopsis
(Kagale et al. 2007). In 5-day-old seedlings which revealed to salinity stress and
high temperatures, the BR biosynthetic gene overexpression in ATDWF4
[in Arabidopsis] does not alter stress tolerance. Analysis of BR mutations in
atmosphere-deficient BR (mutations in the HvDWARF or HvCPD) or impaired in
BR signaling (missense HvBRI1 gene) indicated that all atmospheric mutations are
more tolerant of high temperatures than wild-type mutants (Sadura et al. 2019).
These studies representing the shapes of physiological impacts and function of
endogenous BR and exogenous BR applied in different plant species are very
diverse (Ahammed et al. 2015; Kagale et al. 2007; Nie et al. 2019).

14.3.2 Low-Temperature Stress and BRs

In the world’s different parts, especially regarding the exothermic plants, low
temperature is one of the significant elements in crop producing, which causes
cold or frost tolerance (Cui et al. 2011; Zhang et al. 2019). Changes in the actions
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of macromolecules, membrane fluidity, also mechanical limitations, and reduced
osmotic potential in cells are disorders caused by cold stress (Xiong et al. 2002). The
mentioned stress type has impacts on the process of photosynthetic in plant, which
decrease with lessening CO2 uptake, Benson-Calvin cycle enzyme activity, and
photoinhibition at PSI and PSI (Jiang et al. 2013; Zhang et al. 2019). Cold stress
causes ROS to cumulate too and via lipid peroxidation large amounts of ROS can
harm biomembranes (Chen et al. 2013). Plants have expanded diverse collections of
ROS conservation strategies, in order to prevent overaccumulation of ROS and
overdestruction of the photosynthetic systems causing photoinhibition (Fang et al.
2019; Zhang et al. 2019; Ahammed et al. 2020b). The mutant plants by expanding
the ability to modify ROS, overexpression of genes which increase ROS inhibitory
enzymes or expose better endurance to low-temperature stress (Xiong et al. 2002).
Via stimulating protein oxidation and lipid peroxidation, BR deficiency reduces
tolerance to low temperatures. In tomato plants, the exogenous EBR usage or DWRF
overexpression reduces tolerance to low temperatures by reducing oxidative damage
(Xia et al. 2018). Pursuant to studies, ROS against cold stress tolerance can act as a
signal in mediating BR-regulated responses (Cui et al. 2011). A new survey found
RBOH1, 2-cysteine peroxyrodoxin (2-Cys Prx), and GLUTAREDOXIN (GRX)
take part in the signaling flow for BR-induced responses to cold in tomatoes (Xia
et al. 2018). RBOH1 encodes NADPH further for signaling oxidase purposes, which
is liable for production of ROS in apoplasts (Zhou et al. 2014). With the exception of
ROS, NO participates in the cold replication pathway regulated by BR (Cui et al.
2011). Research has shown that there are no downstream functions of H2O2 in
BR-induced low-temperature endurance. The exogenous EBR (0.1 μM) usage
enhances CO2 uptake and reduces the use of PSII exposure in cold stress. By
activating important enzymes involved in the cycle of ascorbate-glutathione
(AsA-GSH) also redox homeostasis, photosynthetic recovery after BR therapy is
accomplished (Jiang et al. 2013). EBR treatment temporarily moderates AsA-GSH
cycle module under cooling stress in grape seedlings (Vitis vinifera) and leads to an
enhanced cold tolerance (Chen et al. 2019). Furthermore, by enhancing the antiox-
idant capability that decreases membrane lipid peroxidation under stress, cold
tolerance in grapes improves the use of EBR (0.3 μM) leaves (Xi et al. 2013). In
maize, EBR pretherapy (1.0 μM) can raise biomass and chlorophyll amounts, plant
height, sugar, and also protein in low-temperature stress (Singh et al. 2012). Plants
pursue an important strategy called photoprotection in order to prevent exposure to
cold stress. BRs have been illustrated to be included in protecting plants which are
exposed to cold stress. Plants activate active BR and activate BZR1 after exposure to
cold temperatures, which ultimately increases RBOH1 transcript levels and
apoplastic H2O2 production (Fang et al. 2019). In contrast, a mutation in BZR1
and subduing RBOH1 eliminates BR-induced shielding light, thereby intensifying
cooling photoprotection. Notably, BRS-induced apoplastic H2O2 is important for
cyclic electron flow-dependent protein regulatory gradient protein (PGR5) (CEF)
and non-photochemical following induction suppression (NPQ), PSII S subunit
protein accumulation (PsbS), D1, Is, and redox signaling, which largely affects the
protection of light from the cold (Fang et al. 2019). Transcriptional approach depicts
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that treatment of EBR increments the transcripts of chlorophyll biosynthesis level
and photosynthesis-related genes that secrete PSII oxygen-enhancing proteins, PSI
subunits, and complexes of chlorophyll protein I, II, and ferrodoxin at low temper-
atures (Zhao et al. 2019). Through activation of Cold-Responsive (COR) genes, BRs
have been presented to increase cryopreservation tolerance through both dependent
and independent C-REPEAT/DEHYDRATION-RESPONSIVE BINDING FAC-
TOR1 (CBF1) genes (Eremina et al. 2016). Medium-enhanced low temperatures
tolerance includes the BZR1 and BES1 accumulation in the inactive modes, which
transcribe CBF1 and CBF2 to induce cold tolerance (Li et al. 2017). Nevertheless,
BR controls the response to low temperatures stress during extended stress by
undermining the transcription factor induction of Cbf Expression1 (ICE1) by
Brassinosteroidinsensitive2 (BIN2) negatively (Ye et al. 2019). These studies
show that BRs can not only enhance response to stress but also can reduce stress
tolerances, which is highly dependent on spatial controlling (Nolan et al. 2020).

Increased BRS response to low temperature is not only limited to the entire plants
but also to harvest plant products like fruits. Research has presented that BR can
enhance the fruits and vegetables quality after harvest by increasing the shelf life
affected by cold stress conditions (Aghdam and Mohammadkhani 2014; Wang et al.
2012b). Comparatively high amounts of EBR as compared to amounts used to
withstand stress in a healthy plant, for example, cold, significantly reduce quality
of fruit in tomatoes (Li et al. 2016a, b); According to the outcomes, 6 μM EBR can
reduce cold-induced damage in tomato fruits, which assigned to BR-induced phos-
pholipase D reserved and lipoxygenase activity (Aghdam and Mohammadkhani
2014). By increasing a protein set level such as remorin, proteins which cause
ripening such as abscisic acid stress, ripeninglike protein, temperature-induced
lipocalin, and type II SK2 dehydroin 10 μM EBR protect fruits from frost damage
in the case of mango (Li et al. 2012a). BR enhances the fatty acids rate of
unsaturation in the mango fruit plasma membrane fats, reduces the phase increments
transition temperature, and also leads to raised fluidity in the low temperatures
(Li et al. 2012a). Wang investigated the various amounts of EBR effects on the
vegetables quality (Capsicum annuum L.) at low temperatures (3 �C) and understood
that 15 μM EBR is the most constructive amount that can improve the damage
caused by colds in green pepper fruits. The antioxidant enzymes activity, L-ascorbic
acid, and the chlorophyll level were higher in EBR-treated pepper fruits, which
likely decreased electrolyte leakage and lipid peroxidation under low-temperature
pressure (Li et al. 2012a).

14.3.3 BRs and Drought

Drought or aridity attribute to a water deficiency in the soils (Ghassemi et al. 2018;
Khoshmanzar et al. 2020; Ahammed et al. 2020a). Failure to precipitation or irrigate
results in the dryness, which significantly decreases crop yields. In areas with
inadequate or poor rainfall, the issue is more severe. Osmotic stress induced by
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drought stress causes impacts normal cellular activity by disadjusting homeostasis
and ions dispensation, like ion absorption, extrusion and cell individuation (Xiong
and Zhu 2002). Drought resistance is related to the abscisic acid (ABA) aggregation.
Investigations have shown exogenous use of BR can increase the ABA level and
reduces the damaging drought signs on plant (Wang et al. 2019b).

In tomatoes, for example, EBR therapy increases resistance to drought that could
be expressed in ameliorate photosynthetic ability, leave water condition and antiox-
idant defense under stress condition (Yuan et al. 2012). Exogenous BR therapy (0.02
Mm) in pepper leaves will enhance the performance of light usage and the destruc-
tion of PSII antennas stimulation energy under drought stress (Hu et al. 2013).
Exogenous BR usage (0.1 μM EBR) in Chorispora bungeana could increase
resistance to drought triggered by polyethylene glycol (PEG) (Li et al. 2012b). BR
usage changes genes expression which encodes both constructional and regulating
proteins. For example, increased transcript amounts EBR-induced of BnCBF5 and
BnDREB (two drought tolerance genes) induced by EBR-induced contribute enough
to BR-induced increased drought resistance in Brassica napus plants (Kagale et al.
2007).

Experiments as well show that BR therapy could reduce a long range impact of
drought stress on different genus species. For example, Brassica juncea plants which
experience weeklong drought tension in a primary phase of development show
growth reduction and photosynthetic performance and after 60 days. Therefore,
after 30 days of planting, post-dry therapy with 28-homobrassinolide (HBL,
0.01 μM) may ameliorate growth condition and photosynthesis performance after
60 days of planting (Fariduddin et al. 2009). Although dry tension causes ample
aggregation of ROS, BR therapy could greatly decrease ROS rate and lipid perox-
idation in drought tension condition (Yuan et al. 2010). However exogenous usage
of BRs increases resistance to abiotic stresses, like drought; both insensitive and
BR-deficient mutants exhibit improved resistance to stress (Nie et al. 2019; Nolan
et al. 2020; Northey et al. 2016). Nevertheless, a study on tomato reveals an
exaltation through endogenous BR extent but not BR signaling rate improves
resistance to drought (Nie et al. 2019). The research observed a BR I1 negative
impact overexpression on tomato drought toleration, indicating defects in the BR
mechanism may either enhance or reduction stress endurance and then implicate the
complication of the relationship among BRs and stress toleration (Nolan et al. 2020).

14.3.4 BRs and Salinity

Salinity is an important reason in osmotic tension, frequently called physiological
drought. This stress has a negative impact on development, extension, and crop
yields (Saghafi et al. 2018, 2019a, b, 2020; Khadem Moghadam et al. 2020). BRs
were shown to reduce the minus salinity impact in several plants such as arabidopsis
(Arabidopsis thaliana), rapeseed (Brassica juncea), eggplant (Solanum melongena),
mustard (Brassica napus), pepper (Capsicum annuum), common bean (Phaseolus
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vulgaris), maize (Zea mays), cucumber (Cucumis sativus), and black locust (Robinia
pseudoacacia L.) (Hayat et al. 2010; Yuan et al. 2012; Yue et al. 2019). In eggplants,
the enhanced response to salinity stress caused by treatment with EBR is demon-
strated by the enhanced acting of antioxidant enzymes, reduced Na+ and Cl�

cumulation, and enhancement of K+ and Ca+2 cumulation. Comparably, use of
EBR could decrease the cumulation of NO3

� and NH4
+ in salt-stressed cucumber

plants (Yuan et al. 2012). Foliar HBL usage in rapeseed could efficaciously improve
the harmful salinity impacts even at 30 days and 45 days after planting (Hayat et al.
2012b). BR-induced increased salinity stress resistance is due to enhanced photo-
synthesis, productivity in nitrogen usage, and overall polyamines in cucumber plants
(Yuan et al. 2012). In black locusts, the exogenous use of EBR decreases leaf Na+

amount and membrane leaking and ameliorates the photosynthetic rate, stomatal
conductivity, transpiration, chlorophyll amount, and highest PSII quantity perfor-
mance under salinity stress (Yue et al. 2019). BR is as well efficacious in decreasing
the impact of composed stress. For example, EBR (1 μM) in Brassica juncea could
relieve the combined stress caused by NaCl and NiCl2 (Ali et al. 2008), and HBL
(0.01 μM) could reduce the combined stress induced by salt and high temperatures
among mung beans (Hayat et al. 2010). The wide difference in BR condensation
advance underlines the BR dose effect based on the BR forms and plant organisms.
BR-induced toleration to salt stress has revealed a task for ubiquitin conjugating
enzymes 32 (UBC32) (Cui et al. 2012). UBC32 regulates the BRI1 aggregation
receiver in cells as a practical section of the endoplasmic reticulum protein destruc-
tion (ERAD) process and also leads the ERAD process to BR-enhanced salt stress in
Arabidopsis. In fact, BR has been involved in controlling DNA methylation that
plays a crucial function in the toleration of salts. Seed priming with EBR, for
example, causes complete methylation and ameliorates salt tolerance, indicating
BR function in epigenetic change caused by salinity stress (Amraee et al. 2019).

14.3.5 BRs and Heavy Metals Stress

Through widespread anthropogenic activities, including deforestation, urbanization,
industrialization, and combustion of fossil fuels, contamination induced by numer-
ous heavy metals has risen tremendously in recent years (Asgari Lajayer et al. 2017a,
2019a). Plants growing in contaminated soils are afflicted by metal-induced stress
(Ahammed et al. 2013, 2020c). As compared to different abiotic stress, stress caused
by heavy metals has special impacts. At first, the crops cultivated in heavy metals
contaminated soils are compromised in terms like efficiency and modality. Further-
more, the use of heavy metal-contaminated plant productions is correlated with
major risks due to possible pollution of the food webs (Asgari Lajayer et al.
2017b, 2019b; Hasan et al. 2019; Wang et al. 2019c).

Crops have been grown in such a metal-contaminated soils often contain high
concentrations of toxic metals that increase the consumption risks of these contam-
inated foods (Hasan et al. 2019). The usage of plant growth regularizers, bioactive
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composed and endogenous hormone adjustment, and signaling pathway indicates
tremendous potential for alleviating tension induced by means of heavy metals
(Bücker-Neto et al. 2017). Likewise, BRs could alleviate heavy metal tension in a
large variety of plant species (Rajewska et al. 2016).

Heavy metals negatively impact CO2 sorption valence and photosynthetic device
in plant (Rajewska et al. 2016). Evidence indicates heavy metals like Cd suppress the
photosynthetic procedure by reducing the usage of ATP and NADPH in the Calvin
cycle. In tomato, cadmium (cd) tension (100 Mm for 40 days) reduced photosyn-
thetic rate of significantly net, stomatal conduction, highest PSII quantity produc-
tivity (Fv/Fm), PSII quantity efficiency, and photochemical quenching coefficient
(qP) (Ahammed et al. 2013).

Cd-induced decrease in CO2 sorption ability is associated positively with the
photosynthetic pigment amount and associated with the aggregation of Cd in leafs,
negatively. In consequence, aggregation of biomass in plant is significantly inhibited
by Cd tension. Nevertheless, foliar use of EBR (0.1 Mm) greatly increments
aggregation of biomass by ameliorating potential for sorption of Fv/Fm, CO2, and
photosynthetic pigments amount following Cd tension. In fact, exogenous EBR
reduces the absorption of Cd within roots and their transposition to the leaves.

Mesophyll cell transportation electron micrographs in tobacco leaf demonstrated
skewed cell membrane and cell wall, and thylakoid dilated under tension of chro-
mium (Cr) (Bukhari et al. 2016). Nevertheless, EBR use preserved the chromium-
induced harm to chloroplast and assisted to sustain grana and thylakoids under Cr
tension. Like the EBR, HBL as well demonstrates a stress-protective function in
reducing heavy metals tension. HBL therapy may mitigate the Cd-induced decrease
of growth, photosynthesis, and PSII photochemistry in tomato seedlings (Singh and
Prasad 2017).

At the cellular stage, ROS generation is caused when the plants are exposed to
heavy metals, which adversely influence the metabolism of plants making oxidative
harm to proteins, nucleic acids, and lipids (Song et al. 2013).

Heavy metals like nickel (Ni) in Brassica juncea L. enhance the biosynthesis of
various BRs (epibrassinolide, typhasterol, dolicholide, and castasterone) (Kanwar
et al. 2012). BRs were shown to protect plants from stress caused by induced heavy
metal. In tomato plants, e.g., EBR therapy (0.1 Mm) may increase resistance against
Cd tension by increasing photosynthesis, photosynthetic pigment amount photo-
chemical performance, and the act of important antioxidant and detoxification-
related enzymes at levels of protein and transcript (Ahammed et al. 2013). Likewise,
BR (0.01 μM EBR or HBL) foliar use could ameliorate the yield and quality of
tomato fruits in polluted soils with ~12 mg kg�1 Cd (Hayat et al. 2012a). Within a
short time after usage, BRs show a strong protecting impact to Cd stress. For
example, a foliar dose of EBR or HBL (0.01 μM) one day before measuring could
dramatically ameliorate photosynthesis in tomato leafs within 60-day-long Cd
tension (Hasan et al. 2011). BR therapy ameliorates nodule production in legumi-
nous crops under threat from heavy metals. In Vigna radiata, the increased nodula-
tion caused by EBR facilitates plant development under Ni tension. Furthermore,
HBL therapy mitigates phytotoxicity of Cd by raising the amounts of both enzymatic
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and nonenzymatic antioxidants in Cicer arietinum (Hasan et al. 2008). The comple-
tion of EBR (5 nM) in the half strength MS medium improves the resistance
seedlings of tomato to the tension caused through ZnO nanoparticles through
enhancing antioxidant enzyme function and redox poise (Li et al. 2016b). Exoge-
nous BR-induced response increase to heavy metal is due to essential amelioration in
photosynthetic pigment amount, enzymatic and nonenzymatic antioxidant defense,
ROS scavenging ability, glutathione contents, phytochelatin quantity, and carbon
metabolism affected by heavy metal stress (Choudhary et al. 2012; Rajewska et al.
2016).

14.3.6 BRs and Pesticides

Pesticides are usually organic combinations that are widely used to deter and manage
pests, including detrimental pests, phytopathogens (fungi, bacteria, nematodes,
weed, etc.) (Sharma et al. 2016a, 2019). The pesticide usage for tolerable crop
production worldwide is an important part of modern agriculture (Tiwari et al.
2019). However, pesticides could guarantee crop casualties of up to 80% (Oerke
2006), the levels and quantities of pesticides usage in developed countries are
extremely large (Liu et al. 2016). Therefore, non-judicious and unreasonable pesti-
cides usage could raise hytotoxicity and human well-being dangers. Therefore, it is
indispensable to ensure food safety by reducing pesticide residues in edible plants
(Chen et al. 2019). The plants are capable of detoxifying or degrading toxicant
combinations (Zhou et al. 2015). The plants’ natural detoxification pathway could be
utilized to reduce pesticide remnants (Hou et al. 2018). The detoxification and
disintegration of natural contaminant caused by glutathione have a major importance
in plant toleration to pesticides and organic polluters. Most findings indicate that BR
could increase plant toleration to stress caused by pesticides and heavy metals (Yin
et al. 2016; Sharma et al. 2016b, c, 2017; Hou et al. 2018; Xia et al. 2009b).
Furthermore, by enhancing the detoxification process, BR can decrease pesticide
remnants in plants. BRs have indeed been recognized as safe, environmentally
sustainable, natural compounds that are ideal to a broad spectrum of usages to
decrease the dangers correlated with pollutant exposure (Hou et al. 2018; Xia et al.
2009b). BR effects on boost plant growth, photosynthesis, and yields are well-
known (Nolan et al. 2020). BR-induced increased biomass cumulative is mostly
ascribed to the BR-induced betterment in photosynthesis (Yu et al. 2004). BRs
individually increment the gene expression of carbon stabilization and RuBisCO’s
primary action for enhancement CO2 apperception in plant (Xia et al. 2006; Sharma
et al. 2019). Additionally, BRs boost electrons moving related to pathway of
photosynthesis and photosystem 1 (PS I) and II overall activity. Nevertheless,
using pesticides greatly decreases plant photosynthesis ability (Xia et al. 2006).
Xia et al. (2006) studied the effects of nine pesticides (paraquat, cuproxat,
imidacloprid, cyazofamid, haloxyfop, xuazifop-p-butyl, chlorpyrifos, xusilazole,
and abamectin) on photosynthesis in cucumber plant. They used pragmatic
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pesticides dosage to evaluate phytotoxicity in presence or absence of EBR
pretherapy on photosynthesis (Xia et al. 2006). The use of pesticides resided the
фPSII, Gs, Qp, Pn, and Fv/Fm. For example, therapy with chlorpyrifos, abamectin,
and imidacloprid reduced Pn, respectively, by 36, 81, and 40%. Although the
imidacloprid- and chlorpyrifos-induced reduction of CO2 sorption was linked to
pair stomatal and non-stomatal invoices, the decrease in Pn caused by abamectin
therapy was primarily due to stomatal parameters. Nevertheless, the pesticide
enforced disorders to photosynthetic system are diminished by EBR pretherapy in
rare cases. It has proposed which EBR can reduce a terbutryn (s-triazine group
pesticide that decrease transfer of electron) decreased prevention on PSII by
comforting the QB relocation of its binding site in PSII D1 protein. In some other
research, once cucumber plant is developed in chlorpyrifos polluted hydroponic
solution (20–80 μM), the dose-dependent root length measure was significantly
inhibited (Ahammed et al. 2017). Moreover to chlorpyrifos inhibition effect on
root length, leaf chlorosis and roots browning were witnessed, and also approved
chlorpyrifos toxic impacts on plants development. Nevertheless, foliar use of EBR
reduced chlorpyrifos (10 μM)-related deterrence on the length of the shoots and
roots. The affirmative impact of EBR on plant grows incremented with the EBR
concentrations (0.001–0.1 μM); the 0.1 μM EBR, however, applied the most note-
worthy results, with root elongation boosted by ca. 43% caused by therapy with
chlorpyrifos (Ahammed et al. 2017). In mustard seed treatment (Brassica juncea L.)
with EBR pre-seeding improved plant growth (dry weight, seedling length) once
developed by imidacloprid (insecticide used for soil management) toxicity (Sharma
et al. 2016c). Imidacloprid toxicity EBR-induced reduction was strongly related to
EBR-induced improvements in numbers of leaves, shoot length, gas exchange
parameters, and photosynthetic pigment contentment (Sharma et al. 2016b).

A numerous researches have shown that BR could defend plant from the oxida-
tive tension caused with ROS by agitating antioxidant (enzymatic and
nonenzymatic) advocacy (Rajewska et al. 2016). The Mehler reaction is one of the
possible reasons for increased production and toxicity of ROS in plants. EBR-
induced increased CO2 sorption works as an extra electron sink for CO2 decrease
and thereby diverts unused electrons from alternate electron sinks, like reactions the
Mehler (Hu et al. 2013). This is well known that EBR could boost plants’ ROS
cleanse ability in both usual and stressful environments, which is mainly due to
enhancing antioxidant enzymes. Therefore, EBR capacity to boost both CO2 sorp-
tion and antioxidant enzyme function contributes significantly to alleviating pesti-
cide reduction phytotoxicity (Xia et al. 2006, 2009a, b). The pesticide remainder in
the leaf tissues is primarily extracted via the detoxification process of the plant (Hou
et al. 2019). Period-span pesticide remainder study shows that chlorothalonil remain-
ders did not reduction in 6 days of use of pesticides (Xia et al. 2009b). BRs are being
implicated to improving the plant detoxification pathway toward reducing pesticide
remainders from vegetable and fruit. EBR (0.1 μM) could reduce remainders of
different categories of popular pesticide including organochlorine, organophospho-
rus, and carbamate pesticides in different types of plant species, such as tea, rice,
tomato, broccoli, cucumber, and strawberry, by between 30 and 70% EBR (Zhou
et al. 2015). Also the minimum EBR condensation (0.02 μM) inside the
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physiological range substantially reduces the chlorothalonil remainder by 38.9%
(Xia et al. 2009b). Study showed exogenous EBR improved the several pesticides
metabolism and as a result decreased residues of pesticides in cucumber. They ended
up finding that EBR improved the action of the enzymes involved in pesticide
metabolism like the glutathione reductase (GR), glutathione S-transfer (GST), and
peroxidase (POD). In addition, the transcript amount of the P450 and MRP genes
encoding ABC-type transporters and P450 monooxygenase, separately, were
inhibited by EBR that led significantly to the increased metabolism of several
pesticides like the chlorpyrifos, chlorothalonil, cypermethrin, and carbendazim.
Exogenous EBR use often enhances plant secondary metabolism through improving
the transcript and acting of enzymes related to secondary metabolism like the
phenylalanine ammonia-lyase (PAL) and polyphenol oxidase (PPO) and flavonoid
amount and contributes greatly to mitigating organic polluter-induced tension
(Ahammed et al. 2013, 2017). A genome-wide microarray study in tomato leaves
found that a whole of 301 genes, such as a collection of detoxifying genes that
encode cytochrome P450, oxidoreductase, hydrolase, and transferase, were reported
to regulated by chlorothalonil fungicide (CHT) and exogenous EBR (Zhou et al.
2015). BRs therefore likely pesticide destruction by enhance the metabolism of
glutathione and the acting of GST. BR impact on the metabolism of the pesticides
mainly dependent on pharmacological information (Zhou et al. 2015) demonstrated
that apoplastic H2O2 synthesis through the NADPH oxide-dependent pathway coded
with RBOH1 has a major impact in the BR-induced pesticides metabolism.
Extinguishing of RBOH1 in tomato plant jeopardizes the efficacies of BR on GST
acting, glutathione biosynthesis, and redox homeostasis, contributing to improved
remainders of pesticides in tomato leafs. It was established that BRs increased the
degradation of pesticides by increasing the metabolism of glutathione and GST
acting through a pathway based on RBOH1. However, RBOH1-interceded
apoplastic ROS production is necessary for the BR-interceded pesticide in the
chemical processes (Zhou et al. 2015). That ROS signs converted downstream to
enhance the metabolism remains mostly unclear. A variety of ROS-scavenging
enzymes, buffers of redox including glutathione and oxidoreductases like
peroxiredoxins (PRXs), thioredoxins, glutaredoxins (GRXs), and peroxidases, are
implicated in the estimation of enhance amounts of ROS in plants (Ahammed et al.
2020). It was recently discovered that GRXS16, a CGFS-type GRX, functions
streaming of the apoplastic ROS producing and is implicated in the metabolism of
BR-induced pesticide in tomatoes (Hou et al. 2018). Placement of GRXS16 both in
the nucleus and cytosol was reported and suspected; GRXS16 could activate detox-
ification genes like GTS by association with presumptive factors of transcription.
Many evidence indicates GRX can interfere TGA2, transcription factor, which is
involved in process of plant growth. Many evidence indicates that GRX can interfere
with TGA2 and transcription factor, which is involved in plant growth, stress
response and detoxification processes (Hou et al. 2018; Zander et al. 2014). TGA2
factor could bind straight to the TGACG motif of the detoxification-related GST3
gene, indicating that the metabolism of BR-induced pesticide is interceded by means
of interplay among GRX and transcription factors, which induces the gene expres-
sion, implicated in detoxification of pesticide (Hou et al. 2019).
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14.4 Conclusion

Plants require those circumstances to grow and develop naturally. Nevertheless,
inordinate conditions, also environmental emissions, can therefore have a damaging
effect on crop growth. Cellular homeostasis, detoxifying, and growth improvement
are three main forms of reactions acted by plant to prevail tension occurrence.
Phytohormone BRs have a significant role in the interceding of these reactions
through the regulation of specific gene sets. BRs are also used to control the
transcription of these genes, which encode proteins protective for stress resistance.
However, the BR efficacies on plant under normal conditions are lesser common, but
their useful efficacies are well-known in stressful situations. BR-induced increased
stress toleration is strongly related to the BR-induced recovery in CO2 sorption,
photoprotection antioxidant potential (enzymatic and nonenzymatic), redox homeo-
stasis, ROS scavenging, defensive reaction, autophagy, secondary metabolism, and
the ability for detoxification. Since several stress factors mostly happen to arise
under normal circumstances, BRs, in the face of changing climate, have serious
consequences for crop production.
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Chapter 15
The Effects of Climate Change
on the Alteration of Plant Traits

Nüket Altındal and Demet Altındal

Abstract In the world, the increase in the transportation, industrialization, defores-
tation, use of fossil fuels, and unconscious use of agricultural land have enhanced the
absorption of greenhouse gases in the atmosphere causing global temperatures to
rise, and thus the concept of climate change, effects, and consequences have become
major issues of concern for all the countries in the world. Stress factors such as
drought, water scarcity, greenhouse gases, and salinity, which occur with climate
change, have a direct negative effect on plants. The increase in temperature and the
change in rainfall frequency also negatively affect food production. Flood disasters
caused by excessive rainfall cause pollution and decrease of water resources, and the
increase in temperature and change in the frequency of rainfall negatively affect food
production. Against stress factors caused by climate change, plants develop some
cellular and molecular mechanisms thanks to bioactive compounds, phytohormones,
and vitamins.

Keywords Plant · Climate change · Drought · Greenhouse gases · Salinity · Defense

Headings
1. There is a negative relationship between climate change and plants.
2. Climate change has an impact on the ecosystem as well as especially on plants.
3. The world is at risk as a result of climate changes as ecological destruction

increases.
4. Against global warming (climate change), plants activate some mechanisms in

their metabolism.
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15.1 Introduction

The climate has tended to change from the formation of the Earth to the present day
and still continues. Climate change causes negative consequences, while the rela-
tionship between living things and the atmosphere, land, snow, ice, and oceans
changes gradually over the short and long periods of time due to changes in internal
and external factors. In the short term, climate changes caused by a meteor impact on
the Earth or the negative effects of volcano activities resulted in the extinction of
many species. The adaptation times of living things to rapidly changing climatic
conditions are different, which also directly affects ecological systems. In later times,
new species have been trying to adapt to changing conditions, but the plant and
animal products, which are important in human life, are facing a reduction.

Agriculture is an activity carried on independently of nature. Therefore, the
impact of climate change on agriculture is greater than in any other sector. Since
natural resources are constantly used in agricultural activities, agriculture is effective
on soil and water resources, and agricultural production is directly affected by
changes in natural resources. For all these reasons, the agricultural sector is more
affected by climate change, and the extent of the impact is greater. Therefore,
changing climatic conditions are becoming a serious threat to agricultural
production.

Plants that are sedentary living beings respond to stress conditions such as
drought, temperature, salinity, and excessive rainfall with physiological and meta-
bolic changes to minimize their growth and development. However, these changes
are still not fully understood due to their complexity.

As a result of global warming, increasing greenhouse gases, carbon dioxide,
irregular rainfall, frost, temperature, and drought factors negatively affect plant
growth and flowering and cause phenological changes (Parmesan and Hanley
2015). In particular, salinity conditions inhibit seed germination in plants (Fig. 15.1).

Faced with heat, droughts, pests, and diseases, the sustainability of agricultural
products in areas where they are adapted and cultivated is adversely affected.
Changes in ecology result in a decrease in plant productivity due to abiotic and
biotic stresses such as heat, drought, excessive rainfall, nutrition, diseases, and pests.
Bioactive compounds, phytohormones, and vitamins found in plants play an impor-
tant role in defense mechanisms. Therefore, the cellular and molecular mechanisms
of plants against biotic and abiotic stresses undergo changes. For example, the
amount of proteins, polysaccharides, lipids, minerals, heavy metals, vitamins, and
phytochemicals in the grain of wheat, which ranks first among the cultured plants
used in human nutrition in terms of cultivation and production in the world, are
affected by genotype and environmental factors (Johansson et al. 2020).

Other phytohormones, including abscisic acid, auxins, brassinosteroids, ethylene,
gibberellins, and cytokinins, known as the “stress hormone” against stress in plants,
have also important contributions. Other phytohormones such as jasmonic acid,
salicylic acid, and nitric oxide (NO) enable the plant’s adaptation to abiotic stresses
and also regulate various physiological processes such as the closure of its stomata,
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thereby increasing osmotic stress tolerance by reducing water loss (Souri et al.
2020). Again, xylem-induced abscisic acid (ABA) plays a crucial role in the
regulation of stomatal opening, which is a priority in defense against drought
(Li et al. 2020a).

15.2 Effect of Greenhouse Gases on Plants and Reaction
of Plants

Considering that respiration and photosynthesis are the main components of plant
carbon balance, the changes in respiration greenhouse gases (carbon dioxide (CO2),
nitrogen oxides (NOx), ozone (O3), methane (CH4)), temperature, and drought
factors can affect plant growth, reproduction, and yield. For example, exposure of
plants to O3 causes major changes in transcription and metabolism, ultimately
resulting in a reduction in plant yield by up to 14% (Wilkinson et al. 2012) and
cell death (Florez-Sarasa et al. 2020).

The high amount of carbon dioxide in the atmosphere can affect plant growth by
several factors, increasing temperature, and drought. Therefore, although effects are
observed by giving high amounts of carbon dioxide to the environment where the
plant is cultivated, correct results may not be obtained for long-term effects. Carbon
dioxide, a substrate for photosynthesis, has a direct effect on plants. With the
increase in carbon dioxide, nitrogen, one of the building blocks of living things, is
used by plants in the form of nitrate, while some of them are converted back into
nitrogen by bacteria with denitrification, which means that the N cycle increases and
also plant productivity increases in parallel with the increase in temperature. The

A B

Fig. 15.1 Seed germination in corn on non-salinity (a) and salinity (b) conditions
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reactions of plants against carbon dioxide are more complex than expected
(Ainsworth et al. 2020).

The presence of carbon dioxide in the environment allows the pores of the leaves
to close, and this helps to protect the water in the plant. Due to this mechanism,
carbon dioxide has a fertilizing effect on many plants. CO2 fertilization can improve
photosynthesis, nutrient uptake, and plant productivity as well as provide plant
resistance to environmental stress. On the contrary, it was found that N uptake
decreased in wheat grown in cabins under high atmospheric CO2; similarly, phos-
phorus (P) uptake via arbuscular mycorrhizal fungi (AMF) was determined to be
affected by atmospheric carbon dioxide (Thirkell et al. 2020).

Increasing atmospheric CO2 levels in vegetable production under the greenhouse,
i.e., making CO2 fertilization, is a widely used practice to increase productivity.
However, this method results in high energy costs and has harmful effects on the
environment. Therefore, it suggests that the enrichment of the plant root zone with
CO2 may be a more economical and sustainable alternative to the increase in CO2 in
the atmosphere. Even though carbon dioxide aids the development of plants, it is just
one of the many factors that affect the development of plants.

It has been reported that high bicarbonate concentrations (20 mM) in hydropon-
ically grown plants prevent the development of lettuce, pepper, and tomato, but
lower concentrations (1 mM) increase biomass accumulation in lettuce and pepper
and have no effect on tomato (Estibaliz 2020).

In a study investigating the effect of high carbon dioxide concentration and
temperature on the development of cowpea varieties, it was reported that the
temperatures of 29 �C (day)/23 �C (night) increase the seed weight and the increase
in CO2 increases the pods and seeds number and seed weight (Angelotti et al. 2020),
while in other studies, high CO2 increased plant productivity in grain crops (Dong
et al. 2020) and caused rapid growth in trees (Kim et al. 2019).

Greenhouse gases absorb the rays (infrared) reflected back from the surface of the
Earth and cause the formation of radiation. High doses of UV-B radiation can
damage Photosystem II and Rubisco enzyme, thus negatively affecting photosyn-
thesis in many plants (Jarma-Orozco et al. 2020).

In a study, it was revealed that in high carbon dioxide conditions in the soil, there
was a significant reduction in microelement concentration, especially in iron
(Fe) and zinc (Zn) quantities (Chumley and Hewlings 2020).

15.3 Effect of Water and Temperature Stress on Plants
and Reaction of Plants

With a significant reduction of rainfall in the atmosphere as a result of climate
change, drought occurs as a limiting factor for plant production, which negatively
affects soil, water resources, and production systems and leads to severe hydrolog-
ical imbalances.
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One of the most important physiological processes affected by drought stress is
carbon partitioning. A study examined some varieties of potatoes grown in drought
conditions and found that the most serious effects of drought stress prevented the
differentiation of stolons and tuber formation. Some physiological features such as
stomata conductivity and chlorophyll content have been reported to affect carbon
assimilation, transport, and ultimately tuber yield (Aliche et al. 2020a).

According to the severity of drought conditions in plants, the transport of photo-
assimilates in the stem is affected. In water scarcity, the reduction of root growth in
plants leads to the reduction of transport distance of assimilates, which is advanta-
geous for plants. Morphological changes in xylem diameter and density under
drought in potatoes suggest that they may be associated with xylem flux and
dehydration tolerance in potato plants (Aliche et al. 2020b).

Drought stress inhibits plant growth and development by altering cellular and
biological activity. However, plants stimulate signaling multiplex mechanisms to be
drought-tolerant, and drought stimulates oxidative stress by overproduction of
reactive oxygen species (ROS) at the cellular level. A study suggests that drought-
induced transcription activation and abscisic acid regulate the stress signaling
mechanism in cotton. In the case of drought stress, root development, stomata
closure, photosynthesis, hormone production, and ROS take place in the plant. In
the genetic studies carried out in cotton, drought-resistance genes are identified and
presented as genetic source samples. It has been stated that researching, identifying,
and characterizing the genetic basis for superior candidate genes associated with
stress physiology will provide information in a better understanding of the complex
cellular biology of these plants (Mahmood et al. 2020).

Li et al. (2019) revealed that although long-term drought conditions in cotton
caused leaf shedding, water integrity was maintained by early stoma closure and leaf
shedding, thus improving drought resistance.

To adapt to the humidity in the soil, Arabidopsis thaliana plants reduce root
development and alter the flow of cellular signals by closing stoma. These physio-
logical changes lead to early flowering or stunted growth and often reduce yield
(Gupta et al. 2020).

Gázquez et al. (2020) studied redox metabolites and enzyme activities in the leaf
growth region of paddy plant at the low temperature and found that low-temperature
tolerance is achieved by regulation of enzymatic and non-enzymatic antioxidants.

Naraikina et al. (2020) stated that there was a decrease in total saturated fatty
acids content in potato leaves, which were kept for 6 days at 5 �C, and that
polyunsaturated fatty acids content increased by about 30%.

The seed weight of Festuca rubra, a perennial grass species, and nutrient
concentrations such as nitrogen and phosphorus in the seed are significantly affected
by climatic conditions, while carbohydrate concentrations are not affected. Higher
seed weight and temperature lead to more and faster germination (Veselá et al.
2020).

Li et al. (2020b) investigated the effects of climate change on cotton yield and
determined that relative air humidity and temperature affect cotton growth during the
flowering stage; sunshine duration and average maximum and minimum
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temperatures affect seed yield; precipitation and minimum temperature affect stalk
weight; and also sunshine duration, average temperature, and especially precipita-
tion affect lint percentage.

Pollution of water resources caused by excessive rainfall with flood disasters and
drought caused by lack of rainfall can cause heavy metal accumulation in soil.
Exposure of plants to heavy metals causes deterioration in various physiological,
biochemical, and metabolic processes, including nitrogen (N) uptake and assimila-
tion (Hussain et al. 2020).

Some metals, such as mercury (Hg), zinc (Zn), cadmium (Cd), cobalt (Co), lead
(Pb), copper (Cu), and nickel (Ni), inhibit growth of plants. Altındal (2019) studied
the effects of some heavy metals (Co, Cu, and Zn) on germination in sunflower
(Helianthus annuus L.) and stated that increased doses of heavy metals negatively
affected germination ratio, mean germination period, shoot and root length, and
fresh and dry weight.

15.4 Effect of Salt Stress on Plants and the Reaction
of Plants

Salinity is an increasingly common stress factor in the world. Salinity can occur as a
result of natural factors and wrong agricultural practices, and stress factors cause
average annual loss of 25% crop yield (Altındal and Altındal 2018).

Soil salinity occurs in arid and semiarid (insufficient rainfall) regions as a result of
climate changes after accumulating water-soluble salts in the soil at a high rate.
Therefore, this situation poses an increasing threat to agriculture in the world.

While salinity affects different physiological and metabolic processes in plants, it
causes various symptoms such as decreased trunk length and leaf surface area,
increased leaf thickness and fading, absorption of leaves, and necrosis of roots and
shoots (Avcı et al. 2020). Plants have developed cellular ion signal reactions, ion
transport, gene expression, and physiological mechanisms against salt stress. Plants
that grow in salty conditions have to cope with osmotic stress, which leads to a
reduction in water intake. Moreover, the increased osmotic pressure in the environ-
ment reduces leaf water potential, causes the stomata to close, and continuously
limits carbon dioxide fixation, so plants cope with high osmotic pressure (Mahmoud
et al. 2020) preventing ion toxicity (Munns et al. 2020). In addition, salinity together
with high temperature negatively affects the electron transport chain, reducing
photosynthetic capacity (Pérez-Romero et al. 2020).

Yoshida et al. (2020) conducted a research under different conditions of salt
concentrations and determined that high levels of Na + were accumulated in roots,
stem, and leaves in Vigna marina (M1, M4) and that the stomatal conductance,
transpiration rate, and photosynthetic rate increased with adaptational regulation of
aquaporin gene expression, under salt stress.
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15.5 Conclusion

Like all living beings, plants are subject to global warming effects such as drought,
greenhouse gases, temperature, and water shortages. Especially temperature changes
have a negative effect on plant production. Since the negative effect of temperature
changes is greater than the positive effect of rainfall changes, the overall effect of
climate change on plant production is negative. Plants create complex physiological
and metabolic defense mechanisms to adapt to the environment against adverse
effects, which are not still explained by studies. However, these defense mechanisms
may be insufficient to sustain the vitality of plants. As it is not possible to fully
compensate for the effects of greenhouse gas emissions in the world today, more
attention should be paid to mitigate the effects of climate change. Therefore, the fight
against plant diseases and pests, organic agriculture and good agricultural practices,
ensuring traceability at every stage of production, development of seed varieties
resistant to biotic and abiotic stress factors, and the establishment of gene and seed
banks are some support applications to adapt to climate change in plant production.
It is possible to make effective use of high amounts of new and renewable energy
sources, which are inevitable to have significant positive effects on the environment.
Increasing the use of renewable energy sources will benefit in terms of maintaining
natural balance components such as air, soil, water, and sustainability.
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Chapter 16
Impact of Climate Change on miRNA:
Bioinformatics Perspectives

Anshul Tiwari and Prachi Srivastava

Abstract Small, noncoding RNAs are a distinct class of regulatory RNAs that
regulate the range of biological functions in animals and plants. In plants,
microRNAs (miRNAs) are major groups of small RNAs, which regulate the expres-
sion of cognate target genes by binding to reverse complementary sequences,
resulting in the target RNAs being cleaved or translationally inhibited. MicroRNAs
are also important for adaptation to stress conditions, in addition to their functions in
growth and development and retention of genome integrity. In the twenty-first
century, climate change is a concerning issue, and the impact of climate change on
plant resources, biodiversity, and global food security is a major concern. It is
important that we understand at the molecular level how plants react and adapt to
higher temperatures, drought, ozone, and UV-B radiation, which are some of the
main stresses that will be associated with changing climates, to ensure food produc-
tion in the expected climates of 2030 and even beyond. In this chapter we discuss the
responses and roles of plant miRNAs in climatic changes.

Keywords miRNAs · Climate · Biogenesis · Regulation · Translation · Sequencing ·
Databases

16.1 Introduction

Climate change in the twenty-first century is a concerning phenomenon. Current
studies have suggested that agroecological systems are highly vulnerable to current
warming patterns with seasonal variations in precipitation (Hatfield et al. 2018). It is
expected that these reforms would have significant consequences for food security.
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In accordance with most other environmental stresses, the levels of atmospheric
carbon dioxide (CO2) and ozone (O3) are rising, including insufficient water sources
causing drought or waterlogging situations, rising concentrations of toxic salts and
heavy metals in agricultural fields, high temperatures, and UV radiation which are
posing a danger to global food supply. Research indicates that global crop produc-
tion is being limited by the imminent climate change, with no indication of reversing
these patterns throughout the coming years. The discovery of intrinsic physiological,
metabolic, and gene regulatory mechanisms under expected environmental condi-
tions is of major importance for the execution of breeding or biotechnological
approaches. In order to overcome the challenging environmental barriers, breeding
methods are accompanied by modern biotechnological techniques, including geno-
mics, proteomics, and transcriptomics, for the development of stress-tolerant agri-
cultural crops with the least harmful impact on yield and even higher yields (Tester
and Langridge 2010; Mittler and Blumwald 2010). It is well-known that plants
respond to environmental signals in a complex and extremely structured way at
physiological, biochemical, and molecular levels (Woodrow et al. 2010, 2016).
Stress-mediated interference in normal cell processing requires rapid and broad
reprogramming at the molecular level to respond to such adverse circumstances
(Megha et al. 2017). The said programming is focused in particular on a strong
regulation of stress-responsive genes expression at transcriptional and posttranscrip-
tional levels (Xu et al. 2019; Khare et al. 2018; Shriram et al. 2016; Jeknić et al.
2013).

The small noncoding RNAs comprising 20–24 nucleotides were increasingly
examined, either through transcriptional gene silencing (TGS) or posttranscriptional
gene silencing (PTGS) allowing these small RNAs to serve as major regulators for
protein coding gene expression (Baulcombe 2004). In several cellular and develop-
mental processes, miRNAs are involved and act as master regulators of gene
expression. It is well recognized that miRNAs are evolutionarily conserved in
eukaryotes, although there are variations between animals and plants, primarily
linked to their biogenesis and the target recognition function (Millar and Waterhouse
2005; Moran et al. 2017). In plants, microRNAs are processed in the nucleus and
exported to the cytoplasm, while in animals, pri-microRNA and pre-microRNA are
produced in the nucleus, while the microRNA/microRNA* is produced in the
cytoplasm. Both plant and animal miRNAs are associated in the cytoplasm with
the RISC complex, which is important for miRNA activity. The pri-miRNAs are first
cleaved by Drosha RNase III in animals, while this is accomplished by Dicer-like
(DCL) 1 in plants. There is a 2’-O-methylation of plant miRNAs on the 30-terminal
nucleotide that is not present in animal miRNAs. Considering the target identifica-
tion mechanisms, in plants it is centered on near-perfect or perfect sequence com-
plementarity (mostly leading to mRNA decay), while in animals the sequence
complementarity is imperfect, mostly centered on the “seed law” (base pairing to
the 50 end of miRNAs, especially nucleotides 2–7) (Lewis et al. 2005).

However, understanding and establishing the connection between miRNAs and
their coordinated stress signaling regulation is a major challenge (Joshi et al.
2017a, b). Along with the environmental adaptation process, miRNAs are also
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linked to plant stress tolerance and seem to have considerable potential for crop
improvement (Budak and Zhang 2017). In recent years, miRNAs have gained
considerable attention from researchers because of their important functions in
many aspects of plant molecular life. High-throughput or deep sequencing as well
as degradome analyses coupled with advanced analytical techniques and databases
have helped to classify a significant number of mRNAs that react to single or
multiple biotic/abiotic stresses (Esmaeili et al. 2016; Brant and Budak 2018;
Ebrahimi Khaksefidi et al. 2015). Many essential points regarding these noncoding
RNA species, however, need to be thoroughly understood.

In this chapter, we focused the responses and roles of plant miRNAs in climatic
changes along with recent updates in this field.

16.2 miRNAs in Plants

Posttranscriptionally, miRNAs mainly repress target genes (Bartel 2004; Borges and
Martienssen 2015). Plant miRNAs are derived from single-stranded hairpin pre-
cursors from unique stem regions, which have distinct characteristics from other
forms of small RNAs. Detailed criteria have recently been identified for plant
miRNA annotation (Axtell and Meyers 2018). In almost all aspects of normal
plant development and growth, but also in response to environmental variations
such as light, nutrients, and different abiotic and biotic stresses, miRNAs play crucial
roles (Budak et al. 2015; Shriram et al. 2016; Brant and Budak 2018; Wang et al.
2019; Li et al. 2017). To maintain precise regulation of target genes, the temporal-
spatial expression of intracellular miRNAs is under multi-tier supervision. In order
to cope with stress, environmental stress induces plants to over- or under-express
some miRNAs or to synthesize new miRNAs. Under different biotic and abiotic
stress conditions, numerous stress-regulated miRNAs have been identified in model
plants, including nutritional deficiency (Fujii et al. 2005), drought (Zhao et al. 2007;
Zhou et al. 2007; Liu et al. 2008), cold (Zhou et al. 2008), salinity (Liu et al. 2008;
Sunkar et al. 2008), bacterial infection (Navarro et al. 2006), UV-B radiation (Zhou
et al. 2007), and mechanical stress (Lu et al. 2005). Even though stress regulation
may represent a possible feature of the regulated miRNA in stress responses, it is
apparent that the fact that miRNA is regulated differently in response to environ-
mental stress does not necessarily imply that miRNA is engaged in responses to
stress adaptation. In a latest report, salinity, drought, and low-temperature levels of
117 miRNAs were studied using miRNA chips comprising almost all documented
miRNAs found in Arabidopsis (Liu et al. 2008). Seventeen stress-inducible miRNAs
were detected, and the results were confirmed by detecting their expression patterns
and analyzing the cis-regulatory elements in their promoter sequences (Liu et al.
2008). A library of small RNAs from Arabidopsis seedlings exposed to various
abiotic stresses, including cold, dehydration, high salt, and abscisic acid (ABA), was
developed by Sunkar and Zhu, and several new miRNAs that are responsive to
abiotic stress were identified (Sunkar and Zhu 2004). For reference, miR393 was
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upregulated by treatments with cold, dehydration, salinity, and ABA; miR397b and
miR402 were marginally upregulated by general stress treatments, whereas miR319c
was induced by cold, but not by other treatments; miR389a was downregulated by
all stress treatments. The results revealed the stress-induced miRNAs target negative
stress response regulators or positive stress-inhibited process regulators and that
tissue- or developmental stage-specific expression patterns are exhibited by many of
the newly recognized miRNAs.

16.3 miRNAs and Temperature

Due to the rapid growth and rapidly inexpensive use of high-throughput sequencing
technologies, genome-wide searches for miRNAs involved in temperature stress
response have been carried out in many plant species in recent years. Recently, some
known miRNAs have been shown to be involved in temperature stress response in
some plant species, suggesting a recurrent role in the control of severe changes in
temperature. Several temperature stress-associated miRNAs have been exchanged
by different plant varieties; their patterns of expression seem to be species-dependent
to certain degree during heat or cold stress, e.g., in Brachypodium and Prunus
persica, miR172 was triggered by cold stress (Zhang et al. 2009; Barakat et al.
2012), whereas it was suppressed in grapevine and wheat throughout cold stress
(Tang et al. 2012; Sun et al. 2015). In genotypes that exhibit opposing temperature
tolerance, miRNA profiles have also been studied to examine the complexities of
miRNA expression in plant temperature stress response. A remarkable variation was
observed in a latest report between miRNA profiles in heat-tolerant and heat-
sensitive rice genotypes (Liu et al. 2017). In total, in the tolerant genotype,
85 heat-responsive miRNAs were detected, while in the sensitive genotype, only
26 heat-responsive miRNAs were recognized. In addition, three miRNAs
(miR159a.1, miR159b, and miR528-3p) were upregulated in the sensitive genotype
among the nine common responsive miRNAs, while the same set of miRNAs were
downregulated in the tolerant genotype. Another research involving comparative
analysis between two cultivars of tea plants (Camellia sinensis) differing in cold
sensitivity (“Yingshuang” cold-tolerant and “Baiye-1” cold-sensitive) also showed
differential miRNA expression in response to cold stress (Zhang et al. 2014). These
findings indicate that miRNA profiles with opposing temperature sensitivities can be
unique in closely related genotypes. It may help to classify the tolerance-associated
miRNAs and explore their mediated regulatory mechanisms in plants by means of
differential expression comparison of miRNAs between the two genotypes with
contrasting temperature stress tolerance.
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16.4 Drought

The irregular and decreased precipitation rates, resulting in more frequent and
intense drought periods, are one of the key consequences of climate change.
Drought, including grain yield, is known to adversely impact plant growth and
production. It impacts the physiology of plants and promotes molecular
reprogramming by controlling gene expression at transcriptional and posttranscrip-
tional stages, thus adjusting biochemical and physiological mechanisms. In several
plants, microRNAs (miRNAs) have been implicated in important roles in stress
responses. In several species of plants, such as A thaliana, Oryza sativa, Triticum
dicoccoides, Medicago truncatula, Phaseolus vulgaris, and P trichocarpa, drought-
responsive miRNAs have been reported (Sunkar and Zhu 2004; Zhou et al. 2007,
2010; Lu et al. 2008; Arenas-Huertero et al. 2009). Upregulation of miR169f and
miR169 g, in roots but not in shoots, was detected by microarray-based study of
miRNAs in rice seedlings exposed to polyethylene glycol-mediated water deficit
(Zhou et al. 2007). Interestingly, 11 downregulated miRNAs (miR170, miR172,
miR397, miR408, miR529,miR896, miR1030, miR1035, miR1050, miR1088, and
miR1126) and 8 upregulated miRNAs (miR395, miR474, miR845, miR851,
miR854, miR901, miR903, and miR1125) were detected by O sativa plants exposed
to drought (Zhou et al. 2010). Drought-tolerant and drought-sensitive soybean
genotypes showed differences in miRNA expression; in sensitive genotypes,
miR166-5p; miR169f-3p; miR1513c; miR397a, b; and miR-Seq13 levels were
upregulated, while in tolerant genotypes, these miRNAs were downregulated
(Kulcheski et al. 2011). Significant upregulation of miR2118, miR159.2, miRS1,
miR1514a, and miR2119 and mild upregulation of miR168, miR395, miR397,
miR399, miR403, and miR4088 were shown by P vulgaris in response to drought
stress (Arenas-Huertero et al. 2009). In T dicoccoides, O sativa, and P trichocarpa
under drought, miR474 levels were upregulated (Lu et al. 2008; Zhou et al. 2010).
MiR474 is known to be involved in the RNA production and control of organelle
gene expression (Lu et al. 2005; Zhou et al. 2010). It is established that miR396
targets GRL transcription factors. Upregulated miR396 acts by inhibiting the expres-
sion of GRL, which tends to reduce stomatal density and narrow the leaf blade,
which might lead to drought tolerance (Liu et al. 2009).

16.5 UV-B Radiation

In plants, UV-B radiation induces physiological and developmental changes. Solar
radiation includes characteristics of light that are vital for photosynthesis, but also
wavelengths that can cause cell damage. Plants have evolved adaptations to many
environmental conditions, especially solar radiation, because of their sessile life-
style. Plants comprise red/far-red (phytochromes) and blue/UV-A (cryptochromes
and phototropins) photoreceptors and at least one UV-B photoreceptor (Rizzini et al.
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2011). A wide range of physiological responses are caused by UV-B radiation
(280–315 nm) touching the planet. UV-B causes mainly unspecific damage
responses in species at elevated levels of intensity. In addition, UV-B-specific
photo regulatory responses are also present in plants (Ulm 2003). Pleiotropic effects
of elevated UV-B radiation on plant growth, morphology, and physiology were
reported (Frohnmeyer and Staiger 2003; Blanding et al. 2007). UV-B stress can
cause sudden changes (within 1 h of exposure) in gene expression (Casati and
Walbot 2004; Mahalingam et al. 2005). In A thaliana and Populus tremula, miRNAs
regulating gene expression in response to UV-B stress have been identified (Zhou
et al. 2007; Jia et al. 2009). P tremula showed downregulation of 11 miRNAs in
response to UV-B radiation and upregulation of 13 miRNAs as studied using the
miRNA array (Jia et al. 2009). In P tremula, miR398 was found to be upregulated
within 1 h following exposure to UV-B radiation. UV-B exposure typically contrib-
utes to oxidative stress; miR398 upregulation is in contrast to the downregulation
found under other conditions of oxidative stress such as elevated Cu2þ, Fe3þ, methyl
viologen, high sun, fumigation of ozone, and salt stress (Sunkar et al. 2006;
Jagadeeswaran et al. 2009).

16.6 Ozone

The most prevalent air pollutant is ozone, which is an integral part of global climate
change impacting habitats and human health (Freer-Smith 1990). Ozone is a reactive
oxygen species (ROS) abiotic elicitor in plants (Kangasjarvi et al. 1994; Rao and
Davis 2001; Kangasjarvi et al. 2005). In response to several different biotic and
abiotic stresses, ROS are major signaling molecules that are induced (Mahalingam
and Fedoroff 2003; Apel and Hirt 2004; Mittler et al. 2004; Gechev et al. 2006;
Miller et al. 2008). Some greenhouse gases (GHG), like CO and NOx, interact
toward volatile organics that are photochemically oxidized for the production of
tropospheric ozone (Fiore et al. 2002). The ozone of the troposphere, while neces-
sary in the stratosphere, is a GHG and a primary smog component. In the Northern
Hemisphere, ozone levels in the pre-industrial period were 1015 ppb, currently rising
to 35 ppb (Vingarzan 2004; Fuhrer 2008). Ozone reaches the leaves via stomata;
causes oxidative stress; reduces photosynthesis; damages the membranes of DNA,
protein, and cells; and thus adversely affects the productivity of plants (Stapleton
1992; Mackerness 2000; Leisner and Ainsworth 2011; Wilkinson et al. 2011;
Ainsworth et al. 2012). The response of miRNAs in Arabidopsis to ozone stress
was investigated in a recent study which reported an altered response of 22 miRNAs
(Iyer et al. 2012). Many of these miRNAs exhibited a similar expression under
UV-B stress, suggesting the activation under both types of stressors of common
regulating pathways (Iyer et al. 2012). Such similarities may be anticipated in
miRNA reactions during ozone and UV-B stress, as both stresses lead to oxidative
stress induced by the production of reactive oxygen species (ROS). The upregulation
of CSD gene expression, which is known to decrease ROS accumulation, is
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mediated by miR398 under oxidative stress (Sunkar et al. 2006). Downregulation of
miR398 in ozone and UV-B stress (Jagadeeswaran et al. 2009; Jia et al. 2009; Iyer
et al. 2012) can therefore induce the expression of the CSD gene and thus prevent the
plant from oxidative stress. The significance of miR398-mediated upregulation of
CSDs can be evidenced by the fact that miR398 levels escalate to normal levels
rapidly after ozone release (Ainsworth et al. 2012). Certain miRNAs such as
miR390, miR319, miR159, and miR156 exhibited increase in the levels within 1 h
of ozone stress, and their cognate mRNA targets were rapidly reduced (Guan et al.
2013).

16.7 Conclusion

Doubtlessly, in response to temperature, drought, UV-B, and ozone stresses,
miRNAs play critical roles. All of the above factors that cause climate change
function in conjunction within natural environmental conditions: an increase in
ozone can cause warming, which will influence plants more strongly than the impact
of the individual stressor that has been investigated in combination with drought
associated with oxidative stresses. Consequently, in order to mimic future climate
changes, it is important to conduct miRNA analysis in conjunction with these
stresses. The small RNA regulatory mechanisms that better support plant adaptabil-
ity under field conditions will definitely be revealed in this study. Such information
has the potential to integrate revolutionary molecular processes in crop plants that, in
climate variability, will preserve agricultural production.

References

Ainsworth EA, Yendrek CR, Sitch S, Collins WJ, Emberson LD (2012) The effects of tropospheric
ozone on net primary productivity and implications for climate change. Annu Rev Plant Biol 63
(1):637–661. https://doi.org/10.1146/annurev-arplant-042110-103829

Apel K, Hirt H (2004) REACTIVE OXYGEN SPECIES: metabolism, oxidative stress, and signal
transduction. Annu Rev Plant Biol 55(1):373–399. https://doi.org/10.1146/annurev.arplant.55.
031903.141701

Arenas-Huertero C, Pérez B, Rabanal F, Blanco-Melo D, De la Rosa C, Estrada-Navarrete G,
Sanchez F, Covarrubias AA, Reyes JL (2009) Conserved and novel miRNAs in the legume
Phaseolus vulgaris in response to stress. Plant Mol Biol 70(4):385–401. https://doi.org/10.1007/
s11103-009-9480-3

Axtell MJ, Meyers BC (2018) Revisiting criteria for plant MicroRNA annotation in the era of big
data. Plant Cell 30(2):272–284. https://doi.org/10.1105/tpc.17.00851

Barakat A, Sriram A, Park J, Zhebentyayeva T, Main D, Abbott A (2012) Genome wide identifi-
cation of chilling responsive microRNAs in Prunus persica. BMC Genomics 13:481–481.
https://doi.org/10.1186/1471-2164-13-481

Bartel DP (2004) MicroRNAs. Cell 116(2):281–297. https://doi.org/10.1016/s0092-8674(04)
00045-5

16 Impact of Climate Change on miRNA: Bioinformatics Perspectives 315

https://doi.org/10.1146/annurev-arplant-042110-103829
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1007/s11103-009-9480-3
https://doi.org/10.1007/s11103-009-9480-3
https://doi.org/10.1105/tpc.17.00851
https://doi.org/10.1186/1471-2164-13-481
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1016/s0092-8674(04)00045-5


Baulcombe D (2004) RNA silencing in plants. Nature 431(7006):356–363. https://doi.org/10.1038/
nature02874

Blanding CR, Simmons SJ, Casati P, Walbot V, Stapleton AE (2007) Coordinated regulation of
maize genes during increasing exposure to ultraviolet radiation: identification of ultraviolet-
responsive genes, functional processes and associated potential promoter motifs. Plant
Biotechnol J 5(6):677–695. https://doi.org/10.1111/j.1467-7652.2007.00282.x

Borges F, Martienssen RA (2015) The expanding world of small RNAs in plants. Nat Rev Mol Cell
Biol 16(12):727–741. https://doi.org/10.1038/nrm4085

Brant EJ, Budak H (2018) Plant small non-coding RNAs and their roles in biotic stresses. Front
Plant Sci 9:1038. https://doi.org/10.3389/fpls.2018.01038

Budak H, Zhang B (2017) MicroRNAs in model and complex organisms. Funct Integr Genomics
17(2–3):121–124. https://doi.org/10.1007/s10142-017-0544-1

Budak H, Kantar M, Bulut R, Akpinar BA (2015) Stress responsive miRNAs and isomiRs in
cereals. Plant Sci 235:1–13. https://doi.org/10.1016/j.plantsci.2015.02.008

Casati P, Walbot V (2004) Rapid transcriptome responses of maize (Zea mays) to UV-B in
irradiated and shielded tissues. Genome Biol 5(3):R16–R16. https://doi.org/10.1186/gb-2004-
5-3-r16

Ebrahimi Khaksefidi R, Mirlohi S, Khalaji F, Fakhari Z, Shiran B, Fallahi H, Rafiei F, Budak H,
Ebrahimie E (2015) Differential expression of seven conserved microRNAs in response to
abiotic stress and their regulatory network in Helianthus annuus. Front Plant Sci 6:741. https://
doi.org/10.3389/fpls.2015.00741

Esmaeili F, Shiran B, Fallahi H, Mirakhorli N, Budak H, Martínez-Gómez P (2016) In silico search
and biological validation of microRNAs related to drought response in peach and almond. Funct
Integr Genomics 17(2–3):189–201. https://doi.org/10.1007/s10142-016-0488-x

Fiore AM, Jacob DJ, Field BD, Streets DG, Fernandes SD, Jang C (2002) Linking ozone pollution
and climate change: the case for controlling methane. Geophys Res Lett 29(19):25-1–25-4.
https://doi.org/10.1029/2002gl015601

Freer-Smith P (1990) Air pollution and forests interaction between air contaminants and forest
ecosystems. Environ Pollut 67(1):94–95. https://doi.org/10.1016/0269-7491(90)90176-d

Frohnmeyer H, Staiger D (2003) Ultraviolet-B radiation-mediated responses in plants. Balancing
damage and protection. Plant Physiol 133(4):1420–1428. https://doi.org/10.1104/pp.103.
030049

Fuhrer J (2008) Ozone risk for crops and pastures in present and future climates.
Naturwissenschaften 96(2):173–194. https://doi.org/10.1007/s00114-008-0468-7

Fujii H, Chiou T-J, Lin S-I, Aung K, Zhu J-K (2005) A miRNA involved in phosphate-starvation
response in Arabidopsis. Curr Biol 15(22):2038–2043. https://doi.org/10.1016/j.cub.2005.10.
016

Gechev TS, Van Breusegem F, Stone JM, Denev I, Laloi C (2006) Reactive oxygen species as
signals that modulate plant stress responses and programmed cell death. BioEssays 28
(11):1091–1101. https://doi.org/10.1002/bies.20493

Guan Q, Lu X, Zeng H, Zhang Y, Zhu J (2013) Heat stress induction ofmiR398triggers a regulatory
loop that is critical for thermotolerance in Arabidopsis. Plant J 74(5):840–851. https://doi.org/
10.1111/tpj.12169

Hatfield JL, Antle J, Garrett KA, Izaurralde RC, Mader T, Marshall E, Nearing M, Philip
Robertson G, Ziska L (2018) Indicators of climate change in agricultural systems. Clim
Chang. https://doi.org/10.1007/s10584-018-2222-2

Iyer NJ, Jia X, Sunkar R, Tang G, Mahalingam R (2012) microRNAs responsive to ozone-induced
oxidative stress in Arabidopsis thaliana. Plant Signal Behav 7(4):484–491. https://doi.org/10.
4161/psb.19337

Jagadeeswaran G, Saini A, Sunkar R (2009) Biotic and abiotic stress down-regulate miR398
expression in Arabidopsis. Planta 229(4):1009–1014. https://doi.org/10.1007/s00425-009-
0889-3

316 A. Tiwari and P. Srivastava

https://doi.org/10.1038/nature02874
https://doi.org/10.1038/nature02874
https://doi.org/10.1111/j.1467-7652.2007.00282.x
https://doi.org/10.1038/nrm4085
https://doi.org/10.3389/fpls.2018.01038
https://doi.org/10.1007/s10142-017-0544-1
https://doi.org/10.1016/j.plantsci.2015.02.008
https://doi.org/10.1186/gb-2004-5-3-r16
https://doi.org/10.1186/gb-2004-5-3-r16
https://doi.org/10.3389/fpls.2015.00741
https://doi.org/10.3389/fpls.2015.00741
https://doi.org/10.1007/s10142-016-0488-x
https://doi.org/10.1029/2002gl015601
https://doi.org/10.1016/0269-7491(90)90176-d
https://doi.org/10.1104/pp.103.030049
https://doi.org/10.1104/pp.103.030049
https://doi.org/10.1007/s00114-008-0468-7
https://doi.org/10.1016/j.cub.2005.10.016
https://doi.org/10.1016/j.cub.2005.10.016
https://doi.org/10.1002/bies.20493
https://doi.org/10.1111/tpj.12169
https://doi.org/10.1111/tpj.12169
https://doi.org/10.1007/s10584-018-2222-2
https://doi.org/10.4161/psb.19337
https://doi.org/10.4161/psb.19337
https://doi.org/10.1007/s00425-009-0889-3
https://doi.org/10.1007/s00425-009-0889-3


Jeknić Z, Pillman KA, Dhillon T, Skinner JS, Veisz O, Cuesta-Marcos A, Hayes PM, Jacobs AK,
Chen THH, Stockinger EJ (2013) Hv-CBF2A overexpression in barley accelerates COR gene
transcript accumulation and acquisition of freezing tolerance during cold acclimation. Plant Mol
Biol 84(1–2):67–82. https://doi.org/10.1007/s11103-013-0119-z

Jia X, Ren L, Chen Q-J, Li R, Tang G (2009) UV-B-responsive microRNAs in Populus tremula. J
Plant Physiol 166(18):2046–2057. https://doi.org/10.1016/j.jplph.2009.06.011

Joshi R, Gupta P, Singla-Pareek SL, Pareek A (2017a) Biomass production and salinity response in
plants: role of MicroRNAs. Indian J Plant Physiol 22(4):448–457. https://doi.org/10.1007/
s40502-017-0327-7

Joshi T, Wang J, Zhang H, Chen S, Zeng S, Xu B, Xu D (2017b) The evolution of soybean
knowledge base (SoyKB). Methods Mol Biol 1533:149–159. https://doi.org/10.1007/978-1-
4939-6658-5_7

Kangasjarvi J, Talvinen J, Utriainen M, Karjalainen R (1994) Plant defence systems induced by
ozone. Plant Cell Environ 17(7):783–794. https://doi.org/10.1111/j.1365-3040.1994.tb00173.x

Kangasjarvi J, Jaspers P, Kollist H (2005) Signalling and cell death in ozone-exposed plants. Plant
Cell Environ 28(8):1021–1036. https://doi.org/10.1111/j.1365-3040.2005.01325.x

Khare T, Shriram V, Kumar V (2018) RNAi technology: the role in development of abiotic stress-
tolerant crops. In: Biochemical, physiological and molecular avenues for combating abiotic
stress tolerance in plants. Elsevier, Amsterdam. https://doi.org/10.1016/b978-0-12-813066-7.
00008-5

Kulcheski FR, de Oliveira LF, Molina LG, Almerão MP, Rodrigues FA, Marcolino J, Barbosa JF,
Stolf-Moreira R, Nepomuceno AL, Marcelino-Guimarães FC, Abdelnoor RV, Nascimento LC,
Carazzolle MF, Pereira GA, Margis R (2011) Identification of novel soybean microRNAs
involved in abiotic and biotic stresses. BMC Genomics 12:307–307. https://doi.org/10.1186/
1471-2164-12-307

Leisner CP, Ainsworth EA (2011) Quantifying the effects of ozone on plant reproductive growth
and development. Glob Chang Biol 18(2):606–616. https://doi.org/10.1111/j.1365-2486.2011.
02535.x

Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by adenosines,
indicates that thousands of human genes are microRNA targets. Cell 120(1):15–20. https://doi.
org/10.1016/j.cell.2004.12.035

Li S, Castillo-González C, Yu B, Zhang X (2017) The functions of plant small RNAs in develop-
ment and in stress responses. Plant J 90(4):654–670. https://doi.org/10.1111/tpj.13444

Liu H-H, Tian X, Li Y-J, Wu C-A, Zheng C-C (2008) Microarray-based analysis of stress-regulated
microRNAs in Arabidopsis thaliana. RNA 14(5):836–843. https://doi.org/10.1261/rna.895308

Liu D, Song Y, Chen Z, Yu D (2009) Ectopic expression of miR396 suppresses GRF target gene
expression and alters leaf growth in Arabidopsis. Physiol Plant 136(2):223–236. https://doi.org/
10.1111/j.1399-3054.2009.01229.x

Liu Q, Yang T, Yu T, Zhang S, Mao X, Zhao J, Wang X, Dong J, Liu B (2017) Integrating small
RNA sequencing with QTL mapping for identification of miRNAs and their target genes
associated with heat tolerance at the flowering stage in Rice. Front Plant Sci 8:43–43. https://
doi.org/10.3389/fpls.2017.00043

Lu S, Sun Y-H, Shi R, Clark C, Li L, Chiang VL (2005) Novel and mechanical stress-responsive
MicroRNAs in Populus trichocarpa that are absent from Arabidopsis. Plant Cell 17
(8):2186–2203. https://doi.org/10.1105/tpc.105.033456

Lu S, Sun Y-H, Chiang VL (2008) Stress-responsive microRNAs in populus. Plant J 55
(1):131–151. https://doi.org/10.1111/j.1365-313x.2008.03497.x

Mackerness SAH (2000) Plant responses to ultraviolet-B (UV-B: 280–320 nm) stress: what are the
key regulators? Plant Growth Regul 32(1):27–39. https://doi.org/10.1023/a:1006314001430

Mahalingam R, Fedoroff N (2003) Stress response, cell death and signalling: the many faces of
reactive oxygen species. Physiol Plant 119(1):56–68. https://doi.org/10.1034/j.1399-3054.
2003.00156.x

16 Impact of Climate Change on miRNA: Bioinformatics Perspectives 317

https://doi.org/10.1007/s11103-013-0119-z
https://doi.org/10.1016/j.jplph.2009.06.011
https://doi.org/10.1007/s40502-017-0327-7
https://doi.org/10.1007/s40502-017-0327-7
https://doi.org/10.1007/978-1-4939-6658-5_7
https://doi.org/10.1007/978-1-4939-6658-5_7
https://doi.org/10.1111/j.1365-3040.1994.tb00173.x
https://doi.org/10.1111/j.1365-3040.2005.01325.x
https://doi.org/10.1016/b978-0-12-813066-7.00008-5
https://doi.org/10.1016/b978-0-12-813066-7.00008-5
https://doi.org/10.1186/1471-2164-12-307
https://doi.org/10.1186/1471-2164-12-307
https://doi.org/10.1111/j.1365-2486.2011.02535.x
https://doi.org/10.1111/j.1365-2486.2011.02535.x
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1111/tpj.13444
https://doi.org/10.1261/rna.895308
https://doi.org/10.1111/j.1399-3054.2009.01229.x
https://doi.org/10.1111/j.1399-3054.2009.01229.x
https://doi.org/10.3389/fpls.2017.00043
https://doi.org/10.3389/fpls.2017.00043
https://doi.org/10.1105/tpc.105.033456
https://doi.org/10.1111/j.1365-313x.2008.03497.x
https://doi.org/10.1023/a:1006314001430
https://doi.org/10.1034/j.1399-3054.2003.00156.x
https://doi.org/10.1034/j.1399-3054.2003.00156.x


Mahalingam R, Shah N, Scrymgeour A, Fedoroff N (2005) Temporal evolution of the Arabidopsis
oxidative stress response. Plant Mol Biol 57(5):709–730. https://doi.org/10.1007/s11103-005-
2860-4

Megha S, Basu U, Kav NNV (2017) Regulation of low temperature stress in plants by microRNAs.
Plant Cell Environ 41(1):1–15. https://doi.org/10.1111/pce.12956

Millar AA, Waterhouse PM (2005) Plant and animal microRNAs: similarities and differences.
Funct Integr Genomics 5(3):129–135. https://doi.org/10.1007/s10142-005-0145-2

Miller G, Shulaev V, Mittler R (2008) Reactive oxygen signaling and abiotic stress. Physiol Plant
133(3):481–489. https://doi.org/10.1111/j.1399-3054.2008.01090.x

Mittler R, Blumwald E (2010) Genetic engineering for modern agriculture: challenges and per-
spectives. Annu Rev Plant Biol 61(1):443–462. https://doi.org/10.1146/annurev-arplant-
042809-112116

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reactive oxygen gene network of
plants. Trends Plant Sci 9(10):490–498. https://doi.org/10.1016/j.tplants.2004.08.009

Moran Y, Agron M, Praher D, Technau U (2017) The evolutionary origin of plant and animal
microRNAs. Nat Ecol Evol 1(3):27. https://doi.org/10.1038/s41559-016-0027

Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N, Estelle M, Voinnet O, Jones JDG (2006) A
plant miRNA contributes to antibacterial resistance by repressing auxin signaling. Science 312
(5772):436–439. https://doi.org/10.1126/science.1126088

Rao MV, Davis KR (2001) The physiology of ozone induced cell death. Planta 213(5):682–690.
https://doi.org/10.1007/s004250100618

Rizzini L, Favory JJ, Cloix C, Faggionato D, O'Hara A, Kaiserli E, Baumeister R, Schafer E,
Nagy F, Jenkins GI, Ulm R (2011) Perception of UV-B by the Arabidopsis UVR8 protein.
Science 332(6025):103–106. https://doi.org/10.1126/science.1200660

Shriram V, Kumar V, Devarumath RM, Khare TS, Wani SH (2016) MicroRNAs as potential targets
for abiotic stress tolerance in plants. Front Plant Sci 7:817–817. https://doi.org/10.3389/fpls.
2016.00817

Stapleton AE (1992) Ultraviolet radiation and plants: burning questions. Plant Cell 4
(11):1353–1358. https://doi.org/10.1105/tpc.4.11.1353

Sun X, Fan G, Su L, Wang W, Liang Z, Li S, Xin H (2015) Identification of cold-inducible
microRNAs in grapevine. Front Plant Sci 6:595–595. https://doi.org/10.3389/fpls.2015.00595

Sunkar R, Zhu J-K (2004) Novel and stress-regulated microRNAs and other small RNAs from
Arabidopsis. Plant Cell 16(8):2001–2019. https://doi.org/10.1105/tpc.104.022830

Sunkar R, Kapoor A, Zhu J-K (2006) Posttranscriptional induction of two cu/Zn superoxide
dismutase genes in Arabidopsis is mediated by downregulation of miR398 and important for
oxidative stress tolerance. Plant Cell 18(8):2051–2065. https://doi.org/10.1105/tpc.106.041673

Sunkar R, Zhou X, Zheng Y, Zhang W, Zhu J-K (2008) Identification of novel and candidate
miRNAs in rice by high throughput sequencing. BMC Plant Biol 8:25–25. https://doi.org/10.
1186/1471-2229-8-25

Tang Z, Zhang L, Xu C, Yuan S, Zhang F, Zheng Y, Zhao C (2012) Uncovering small
RNA-mediated responses to cold stress in a wheat thermosensitive genic male-sterile line by
deep sequencing. Plant Physiol 159(2):721–738. https://doi.org/10.1104/pp.112.196048

Tester M, Langridge P (2010) Breeding technologies to increase crop production in a changing
world. Science 327(5967):818–822. https://doi.org/10.1126/science.1183700

Ulm R (2003) Molecular genetics of genotoxic stress signalling in plants. Topics in current genetics.
Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-540-39402-0_9

Vingarzan R (2004) A review of surface ozone background levels and trends. Atmos Environ 38
(21):3431–3442. https://doi.org/10.1016/j.atmosenv.2004.03.030

Wang J, Mei J, Ren G (2019) Plant microRNAs: biogenesis, homeostasis, and degradation. Front
Plant Sci 10:360–360. https://doi.org/10.3389/fpls.2019.00360

Wilkinson S, Mills G, Illidge R, Davies WJ (2011) How is ozone pollution reducing our food
supply? J Exp Bot 63(2):527–536. https://doi.org/10.1093/jxb/err317

318 A. Tiwari and P. Srivastava

https://doi.org/10.1007/s11103-005-2860-4
https://doi.org/10.1007/s11103-005-2860-4
https://doi.org/10.1111/pce.12956
https://doi.org/10.1007/s10142-005-0145-2
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1146/annurev-arplant-042809-112116
https://doi.org/10.1146/annurev-arplant-042809-112116
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1038/s41559-016-0027
https://doi.org/10.1126/science.1126088
https://doi.org/10.1007/s004250100618
https://doi.org/10.1126/science.1200660
https://doi.org/10.3389/fpls.2016.00817
https://doi.org/10.3389/fpls.2016.00817
https://doi.org/10.1105/tpc.4.11.1353
https://doi.org/10.3389/fpls.2015.00595
https://doi.org/10.1105/tpc.104.022830
https://doi.org/10.1105/tpc.106.041673
https://doi.org/10.1186/1471-2229-8-25
https://doi.org/10.1186/1471-2229-8-25
https://doi.org/10.1104/pp.112.196048
https://doi.org/10.1126/science.1183700
https://doi.org/10.1007/978-3-540-39402-0_9
https://doi.org/10.1016/j.atmosenv.2004.03.030
https://doi.org/10.3389/fpls.2019.00360
https://doi.org/10.1093/jxb/err317


Woodrow P, Pontecorvo G, Ciarmiello LF, Fuggi A, Carillo P (2010) Ttd1a promoter is involved in
DNA–protein binding by salt and light stresses. Mol Biol Rep 38(6):3787–3794. https://doi.org/
10.1007/s11033-010-0494-3

Woodrow P, Ciarmiello LF, Annunziata MG, Pacifico S, Iannuzzi F, Mirto A, D'Amelia L,
Dell'Aversana E, Piccolella S, Fuggi A, Carillo P (2016) Durum wheat seedling responses to
simultaneous high light and salinity involve a fine reconfiguration of amino acids and carbohy-
drate metabolism. Physiol Plant 159(3):290–312. https://doi.org/10.1111/ppl.12513

Xu J, Hou QM, Khare T, Verma SK, Kumar V (2019) Exploring miRNAs for developing climate-
resilient crops: a perspective review. Sci Total Environ 653:91–104. https://doi.org/10.1016/j.
scitotenv.2018.10.340

Zhang J, Xu Y, Huan Q, Chong K (2009) Deep sequencing of Brachypodium small RNAs at the
global genome level identifies microRNAs involved in cold stress response. BMC Genomics
10:449–449. https://doi.org/10.1186/1471-2164-10-449

Zhang Y, Zhu X, Chen X, Song C, Zou Z, Wang Y, Wang M, Fang W, Li X (2014) Identification
and characterization of cold-responsive microRNAs in tea plant (Camellia sinensis) and their
targets using high-throughput sequencing and degradome analysis. BMC Plant Biol
14:271–271. https://doi.org/10.1186/s12870-014-0271-x

Zhao B, Liang R, Ge L, Li W, Xiao H, Lin H, Ruan K, Jin Y (2007) Identification of drought-
induced microRNAs in rice. Biochem Biophys Res Commun 354(2):585–590. https://doi.org/
10.1016/j.bbrc.2007.01.022

Zhou X, Wang G, Zhang W (2007) UV-B responsive microRNA genes in Arabidopsis thaliana.
Mol Syst Biol 3:103–103. https://doi.org/10.1038/msb4100143

Zhou X, Wang G, Sutoh K, Zhu J, Zhang W (2008) Identification of cold-inducible microRNAs in
plants by transcriptome analysis. Biochimica et Biophysica Acta (BBA) - Gene Regulatory
Mechanisms 1779(11):780–788. https://doi.org/10.1016/j.bbagrm.2008.04.005

Zhou L, Liu Y, Liu Z, Kong D, Duan M, Luo L (2010) Genome-wide identification and analysis of
drought-responsive microRNAs in Oryza sativa. J Exp Bot 61(15):4157–4168. https://doi.org/
10.1093/jxb/erq237

16 Impact of Climate Change on miRNA: Bioinformatics Perspectives 319

https://doi.org/10.1007/s11033-010-0494-3
https://doi.org/10.1007/s11033-010-0494-3
https://doi.org/10.1111/ppl.12513
https://doi.org/10.1016/j.scitotenv.2018.10.340
https://doi.org/10.1016/j.scitotenv.2018.10.340
https://doi.org/10.1186/1471-2164-10-449
https://doi.org/10.1186/s12870-014-0271-x
https://doi.org/10.1016/j.bbrc.2007.01.022
https://doi.org/10.1016/j.bbrc.2007.01.022
https://doi.org/10.1038/msb4100143
https://doi.org/10.1016/j.bbagrm.2008.04.005
https://doi.org/10.1093/jxb/erq237
https://doi.org/10.1093/jxb/erq237


Chapter 17
Climate Change on Plant Community
Structure and Ecosystem Function

Rajeev Singh and Manish Kumar Raj

Abstract Climate change is working in a very unprecedented manner with the land
system and mostly affecting the plant communities in either way. The mechanism
and action might vary on temporal and spatial scale of plants, but the modifications
are inevitable. The modification is driven by many direct and consequential factors
involving human-induced land use, land degradation, desertification, biotic interac-
tion of non-native communities and adding to it the role of micro climate of the
species. The climate change and the induced alterations in the plant communities
bring relatable modification in the working of the ecosystem. Plant cover and
composition of biological communities play pivotal role in understanding the
dynamic nature of the different ecosystems and their responses towards the climate
change. Forecasting their future trajectories requires the in-depth knowledge of
driving factors responsible for any shift due to climate-driven change. Recent
changes in drought periods and periodically extreme rainfall conditions, carbon
sequestration, N deposition and thermal stress due to elevating temperature are the
vital signs of a future shift in the composition of the plant community and ecosystem
structure.

Keywords Climate change · Thermal stress · Nitrogen deposition ·
Thermophilization · Biotic invasion

17.1 Introduction

Environment plays a crucial and noteworthy role in defining the structure of a
population, and any change in the surrounding tends to shift the population dynam-
ics. The Intergovernmental Panel on Climate Change (IPCC) special report on
climate change and land (2019) has discussed the complex interaction of land and
climate through multiple bio-geophysical and biogeochemical responses across
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different geographical and temporal scales. Species abundance and distribution is
expected to be altered, and the modifications consequently influences the ecosystems
(Parmesan 2006), as well as gradual or rapid depletion and decline of the services
and functioning (Fig. 17.1) is expected that these ecosystems offer (Millennium
Ecosystem Assessment 2005). Declining ecological niches due to altered disturbance
regimes, desertification and biotic invasions, along with the micro biome interplay,
are the multiple drivers for the shifting habitats and plant community structure.
Along with the direct human-induced land use patterns, there are many indirect
factors like CO2 fertilization, nitrogen deposition, extended growing season,
increase in diffuse radiation, drought, desertification, heat waves, soil acidification,
mineralization, etc. Climate-induced precipitation and temperature alterations are
more likely to bring the changes in abundance, distribution and plant species
interactions and possess the potential to bring structural shifts in plant community
composition and consequently can have profound effects on ecosystem functioning,
involving plant diversity and productivity (Munson et al. 2011).

17.2 Effect of Temperature

17.2.1 Thermal Stress

Increase in the global temperature is inseparable phenomenon of climate change, and
it poses the threats of temperature stress to the biological community (Saxe et al.
2001; Parmesan and Hanley 2015), and in its drastic condition, it carries the potential
to limit the individuals and community performance, in the due course leading to the
elimination of some species ranges or modification in species ranges if local
extinctions are offset by concurrent biotic invasions in case of low temperature

Fig. 17.1 Relation of ecosystem composition structure and ecosystem functioning

322 R. Singh and M. K. Raj



areas and local extinctions (Feeley 2012; Lenoir and Svenning 2015). The local
extinctions followed by the chain of events including decline in diversity through
distribution shift of the species (Colwell et al. 2008; Wiens 2016), changes in
community structure and make up (Feeley et al. 2011, 2013; Duque et al. 2015;
Fadrique et al. 2018) possible changes in processes such as carbon capture and
storage (Clark et al. 2003; Brienen et al. 2015), regulation of the regional climate
(Cox et al. 2000; Luo 2007) and yielding of food (Tito et al. 2018) overall indicates
the altering nature of climate change-induced thermal stress over ecosystem structure
and functions.

The increase in respiration rate and/or the photosynthesis decline causes the
thermal stress in plants as high temperatures above a species-specific critical thermal
maximum will permanently damage photo system II, leading to reduction in electron
transport rates and photosynthetic non-performance, therefore, decreasing effective-
ness of leaf physiological processes ensuing leaf and plant death (Baker, 2008). The
thermal tolerances of plants can vary remarkably while comparing the communities
occupying different latitudinal gradients as it is observed that plant community
growing in hot equatorial conditions like rainforests has higher heat tolerances on
average compared to communities from colder, higher latitude habitats like temper-
ate or boreal forests (O’Sullivan et al. 2017; Zhu et al. 2018). It is also found that
warming effects are context dependent, and multitude of factors works together like
precipitation-induced soil moisture (Cowles et al. 2018.) along with other biotic and
abiotic interactions. Even an experimental warming study shows the inconsistent
productivity response with soil moisture (Wu et al. 2011; Elmendorf et al. 2012).
These studies more likely elucidate the not so consistent connection between soil
moisture and the escalated temperature response due to biotic factors, such as species
composition, and abiotic habitat factors like soil type and infiltration rates (Way and
Oren 2010; Dieleman et al. 2012). Another warming-related effect dependency is
observed where experimental escalation in warming tends to increase productivity
more strongly near the poles (Rustad et al. 2001). Another slope and watering-based
study by Ronk et al. (2020), using open-top passive warming chamber (OTC),
suggests climate variations have greater consequences for composition of the plant
communities under greater soil moisture conditions, at the lower slope location, and
at the drier upper slope location with addition of water. Study also suggests more
affected community composition at lower slope location with greater soil moisture
and the location on the drier upper slope where warming was combined with
additional watering. More strong response of the lower slope’s community compo-
sition to escalating temperature and the associated water deficit of the OTC is
consistent with Grime’s (1974, 1998) plant strategy theory, which predicts a bal-
anced mechanism and regulation of the plant community in terms of stress tolerance,
with potential resistance to environmental disturbances like warming/drought and
competitive vigour.
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17.2.2 Thermophilization

The process of directional change of the entire plant ecosystems over time to include
more and more of the species that prefer warmer climates is called thermophilization.
The process suggests the rise in relative abundances of thermophilic or thermal-
tolerant species and shifts in precipitation cause change in abundance of tree species
which demands more water for the growth and sustenance. Some of the most
noteworthy changes is observed in forest plant communities and ecosystem func-
tions due to the changes in climate (Esquivel-Muelbert et al. 2017; Thomas et al.
2004). Various studies relate to the warming climate where the decline in forest
biomass and productivity could be related to hydraulic failure in larger trees due to
highly increased temperature and intensifying drought (McDowell and Allen 2015;
Rowland et al. 2015), and more effectively it is evident in the Amazon tropical
forest, where forest diversity is concentrated in the wetter, humid, least seasonal alter
forest (Francis and Currie 2003), a continuous lengthening of the hot and precipita-
tion deficient season might threaten a large section of tropical biotic community. The
compositional shift is observed to be in consistency with the studied and recognized
escalation of the seasonal drought, and also the increase in the abundance of drought-
tolerant species shows a slow shift resilience behaviour of Amazon tree communities
towards the future drought (Esquivel-Muelbert et al. 2019). Another work by Feeley
et al. (2020) on floristic compositions of nearly 200 new world (North, Central and
South America) ecoregion collected species over the past 40 years (1970–2011)
based on optimal mean annual temperature and optimal total annual precipitation,
yearly calculated community temperature index (CTI) and community precipitation
index(CPI) suggested positive thermophilization for all biomes which is consistent
with the previous studies and expectations that relates the decreasing relative
abundance of species in the ecoregions with increasing temperature. Though work-
ing at such huge collection over large spatial and temporal scales may have under-
represented the urban heat and other land use effects like deforestation, forest
recovery, forest fires or biotic interactions, overall, the study represents a scenario
of temperature-mediated drought stress effect on plant community composition.

17.3 Effect of Biotic Invasion

Species invasions have been identified as an important aspect of global change, and
the invasions influence synergistic effect with other anthropogenic modifications in
the environment to shift biodiversity and ecosystem structure and functional out-
comes in invaded habitats, and even extinctions are often driven with this synergism
(Brook et al. 2008). Due to the continuous changes in climate across the latitudes,
more observation-based study is being concentrated on the consequences of these
changes on co-existing native and invasive species across various environments
(Rahel and Olden 2008) and their relative functions and processes in response to
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climate change (Stephens et al. 2019). Some striking negative interactions are also
observed at different levels of hierarchal organization ranging from native individ-
uals to populations to communities and entire ecosystems (Vilà et al. 2011), but
results are well aligned in terms of different physiology and functional aspects of
specific species or ecosystem like decline in pollination behaviour which definitely
impact the ecosystem structure and functions (Hoover et al. 2014; González-Varo
et al. 2013) as it is already predicted that reduction in pollination may lead to effect
the plant populations (Bennett et al. 2018). Study of the phonological aspect to
climate change at both local and global level (Parmesan and Yohe 2003), species-
specific flowering phenological responses and presence of comparatively high
phenological plasticity of invasive to native plant species (Gallinat et al. 2018)
suggest the invasion role in determining community composition. Further the
flowering phenological modification in the native species alters the plant pollinator
interaction modifying floral resources in landscapes (Drossart et al. 2017), with
sometimes positive (Knight et al. 2018) but generally negative impacts for native
plant reproductive process (González-Varo et al. 2013). Change in flower phenology
with prolific flower production by many invasive species creates an opportunity for
interspecific competition, and it may affect the fitness of the native community
(Brown et al. 2002; Mitchell et al. 2009), but again, this would be the prevalent
case when the invasive species attract the pollinators with high nutritional value or
easily foraged (Brown et al. 2002; González-Varo et al. 2013; Drossart et al. 2017).
Few studies have explored that competitive interactions are one of the prevalent
ways of reducing the abundance of native species. In support of these interactions,
Giejsztowt et al. have studied the experimental warming (+1.7 �C) modulated
flowering phenology study by taking flowering overlap between a native plant
(Dracophyllum subulatum) and an invasive plant (Calluna vulgaris L.) as reference
and observed only neutral to negative effects of C. vulgaris on D. subulatum seed
mass. The observation suggests some aspects of climate change potential of invasion
process impact on the reproductive success over native. Other such example of a
negative interaction is observed by Delipetrou (2006) in Carpobrotus edulis, a
European succulent found in coastal dune and sand habitats that alters the growth,
survival, reproduction and germination of native species such as Gilia millefoliata,
Scabiosa atropurpurea and Malcolmia littorea, by altering the condition of the soil
by way of allelopathy or by terminating it by C. edulis (Novoa and Gonzalez 2014)
diminishing soil moisture content to native equivalents and by decreasing the pH and
improving organic carbon (C) and nitrogen (N) (Delipetrou 2006).

17.4 Nitrogen Deposition

The process of nitrogen deposition, before ending up on the earth’s surface, starts
with anthropogenic nitrogen emission from various sources and once airborne in the
form of atmospheric aerosols is capable of vast coverage in the atmosphere under the
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dominance of air currents. The range it covers is determined by different factors like
emission level, wind speed, turbulence, rate of chemical reactions, etc. Climate
change plays a crucial driver plant growth regulation, alterations in species distri-
butions and modifications in biogeochemical cycling. The human-induced creation
of reactive N in its various forms emitted to the atmosphere as NOx, NH3 and
organic N (Galloway et al. 2004) has effectually increased the losses of reactive N to
the environment and emerged in a cascade of environmental consequences (Stevens
2019) and posing a hostile approach to the ecosystem structures and functions (Sala
et al. 2000; Bobbink et al. 2010).

Under N-limited conditions, a variety of effects are observed in the form of
increased plant growth (Fig. 17.2) as a stimulation of carbon (C) sequestration
(de Vries et al. 2014; Schulte-Uebbing and De Vries 2018) and decreased plant
biodiversity which follow the principle of competitive exclusion by the expansion of
nitrophilous species (Bobbink et al. 2010). The other driving impacts like soil
acidification, cation depletion and escalated availability of toxic metals such as
Al3+ and Fe3+ can also downgrade plant health and productivity, modify community
composition and cause lowering in species richness (Bowman et al. 2008). Some

Fig. 17.2 Modified schematic representation process and patterns of the N deposition (Erisman
1990)
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other aspects have also been observed which includes increased invasive species and
nutrient imbalances (Du et al. 2019), elevated level of damages from pests and frost
and increased N leaching to water bodies.

A recent study by Cheng et al. on forest ecosystem found remarkably increased
net rates of mineralization and nitrification by N deposition. But more research is
suggested on gross transformation rates for the proper assessment of the same.
Further Lilleskov et al. (2018) reviewed the consequences of N deposition on the
structure and function of mycorrhizal communities in forest ecosystems and
suggested the withdrawal of key ectomycorrhizal communities, which would bring
down the specified role to access organic N and/or phosphorus and slow down the
rate of decomposition of organic matter due to strong responsiveness of
ectomycorrhizal species to N deposition. The sensitivity of ectomycorrhizal fungi
is well understood in boreal and temperate forests, with the help of current approx-
imation of N critical loads which suggest conifers are more sensitive than those of
deciduous trees (Lilleskov et al. 2018). However, more intricate studies are required
to establish the conclusive effects of N deposition on arbuscular mycorrhizal and
tropical ectomycorrhizal communities.

N deposition is also related to the understorey species like bryophytes and lichens
based on its sensitivity towards the deposition. It occurs due to the lack of cuticle in
understorey species which allow the absorption of pollutants across their surface
area. Moreover, N deposition causes increase in productivity in vascular plants
which may lead to increased shading and reduction in understorey species. Light
and pH conditions can also be the deciding factors for the feedback of the
understorey species and community to N deposition (Perring et al. 2018).

17.5 Elevated Atmospheric CO2

CO2 has been increasing and piling up in the atmosphere at an accelerating pace, and
one of the important aspects of elevated level of CO2 is knowing and understanding
the response towards the plant community. Elevated CO2 enrichment and their
interrelationship with environmental change are responsible for many biological
responses at various levels (Ainsworth and Rogers 2007). One of the most studied
and interesting research aspects is the response of photosynthesis and stomatal
conductance to increased carbon dioxide concentration [CO2]. The general response
of plant community to the elevated CO2 level is observed in terms of enhancement of
the photosynthetic carbon fixation rate by leaves and the plant growth and produc-
tivity due to increase in photosynthesis as well as reduction in stomatal conductance
(Ainsworth and Rogers 2007). It has also been studied that all other effects of
escalating CO2 on plant communities and interrelated ecosystems are derived from
these two fundamental responses of increase in photosynthesis as well as reduction
in stomatal conductance (Long et al. 2004; Ainsworth and Rogers 2007). One of the
most harmonious and universal results and effects under different studies of rising
atmospheric CO2 on plants is an increase in the photosynthetic carbon fixation rate
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by leaves. The variation in concentrations of CO2 is also involved in regulating the
stomata opening, gas exchange pores of the plants which helps the plant to function
in coordination with the external environment. Opening of stomata not only allows
atmospheric CO2 to diffuse into leaves for the process photosynthesis but also
provides a channel for water to diffuse out of leaves. Free-Air CO2 Enrichment
(FACE) experiments allow a noble approach to study the relativeness of elevated
CO2 concentration to the plant communities in open conditions, and the study shows
the reduction in efficiency of the whole plant towards water use under elevated CO2

due to decline in stomatal conductance and eventually lowering of diffusion of water
from the leaves to the external environment. This in turn can have related follow-up
influence for the hydrological cycle of entire ecosystems, resulting in escalating soil
moisture levels as well as runoff under the conditions of rise in atmospheric CO2

concentration (Leakey et al. 2009). It can be suggested that the degree of stomatal
opening is regulated by the plants as a trade-off between high rates of photosynthesis
and low rates of water loss, and in case of elevated CO2 concentrations, plants can
support high rates of photosynthesis with relatively low stomatal conductance.
Stomatal conductance is a measure of degree of stomatal opening and represents
the water deficit status of any plant (Gimenez et al. 2005), and any decline in the
stomatal conductance in case of rise in CO2 concentrations (Long et al. 2004) may
narrow down the CO2 fixation rate in exchange of improving water use efficiency in
water-deficit conditions promoting plant growth (Leakey et al. 2009; Sreeharsha
et al. 2015). Likewise, while stomatal conductance at escalated CO2 is usually
declined, the consequence is variable and depends on feedback relation of different
environmental factors such as deficiency of soil water, inadequate vapour pressure,
temperature variability and light either alone or in combination (Šigut et al. 2015; Xu
et al. 2016).

To reveal the prime mechanism of the various responses and to test the findings
and the proposed hypothesis under open air condition, Free-Air Carbon dioxide
Enrichment (FACE) technology is used in many recent studies like comparing the
response of C3 and C4 plants towards elevated CO2. Being more naturalistic in
condition and the approach applied is nearer to real world, they should provide the
best evidence of the responses of plants to elevated CO2.

17.5.1 General Response of C3 and C4

Both C3 and C4 plant species show the similar type of response and act in consistent
with decline in stomatal conductance at increased concentration of CO2 (Ainsworth
and Rogers 2007). On an average, across all plant species grown at raised CO2

concentration during the conductance of FACE experiments, stomatal conductance
is in reducing trend. But in contrast to general rule, there are evidences of deviation
to the rule that stomatal conductance declines at elevated CO2; even in FACE
experiments like in a very specific study of Pinus taeda, guard cells appear to be
independent to elevated CO2 (Ellsworth 1999). Also, there are many studies that
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suggest the variation in stomatal conductance behaviour to elevated CO2 in presence
of various environmental factors.

Studying the photosynthetic responses mediated through Rubisco, it is observed
that with the elevation of atmospheric CO2 levels, the CO2 affinity towards Rubisco
increases in the photosynthetic cells, modifying the ratio of CO2:O2 in favour of CO2

and thereby increasing the rate of carboxylation while decreasing the rate of
oxygenase activity of Rubisco (Makino and Mae 1999), but the evidence provided
by Ainsworth et al. also demonstrate the downregulation of photosynthesis activity
after a long exposure of CO2 which may sum up the role of degree of plant
acclimatization to elevated CO2, which explains both positive and reducing response
of photosynthesis activity. The increase in the rate of photosynthesis caused by rise
in CO2 concentration results in an increase in carbon assimilation, which alters the
plant's carbon and nitrogen activity.

17.5.2 A Comparative Response of C3 and C4 Towards
Elevated CO2

C3 plants without any doubt show positive response towards elevated CO2 (Ains-
worth and Long 2005). In case of escalated temperature and drought stress condi-
tions, anticipation is more oriented towards C4 species than C3 species (Ainsworth
and Long 2005). However, a few recent studies have reported that increase in CO2

concentration has increased the growth of several C4 grasses even under hydrated
conditions (Ghannoum et al. 2000). Reich et al. (2018) on the basis of 20-year field
experiment of 88 grassland plots proposed a complete reversal aspect of biomass
enhancement in C4 but not C3 grasses in response to ambient CO2 and the obser-
vation cast some degree of doubt over positive effect on the growth of the plants on a
long terms with an increasing atmospheric CO2, so these conclusions need to be
attributed with more research in this field for the consistent results provided in
support of more positive photosynthesis growth of C3 over C4 which can be
explained on the basis of C3 and C4 primary physiological process of photosynthe-
sis. In conditions of elevated CO2, enhancement in the photosynthetic rate and
efficiency in C3 plants can be advocated on the basis of the general physiology of
both plants. Analysing C4 pathway which avoids the photorespiration pathway, fix
CO2 as HCO3� with the help of phosphoenolpyruvate carboxylase lacks an
oxygenase function, and having the high affinity for CO2 without any competition
for oxygenase activity and further decarboxylated to bundle sheath cells for the
rubisco active site helps in concentrating CO2 (Sage 2004). Despite the efforts of
eliminating the oxygenase loss, C4 plants required to give away 10–15% of their leaf
nitrogen in Rubisco in exchange of its catalytic activity (Ainsworth and Rogers
2007). On the other hand, C3 plants are devoid of CO2 buildup mechanism,
suggesting lower N use efficiency than C4 plants. Due to nature of Rubisco being
substrate bound at current CO2, rate of the carboxylation reaction increases with
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rising CO2. Moreover, the absence of photorespiratory pathway reduces the loss of
CO2 in C4 (Long et al. 2004). The increase in the CO2 concentration is not
anticipated to directly effect C4 plants because they avoid photorespiratory pathway
and are CO2-saturated at current level CO2. Maybe the prediction on the impact of
elevated CO2 at C4 photosynthesis rate is the outcome of indirect effect like water
stress (Ghannoum et al. 2000). Results from FACE experiments provide additional
support for this conclusion.

17.6 Conclusion

The consistent and expected results of most of the recent studies represent a wider
picture of acknowledging the change drivers due to the multitude nature of the
responses of the plant communities. The ability of the plant communities to maintain
functioning under different circumstances also varies. Observations such as shifting
of the communities, phonological plasticity, resilience and adaptability show plant
species response in all dimensions. So, it needs a more holistic approach at different
levels of biological research. The act of synergism by the induced responses yields
greater understanding into current and future possibilities of changes due to climate
change. The compositional and functional parameters studied till now also contain
some restricted approach towards the experimentation and that inconclusiveness still
provides opportunities for a conclusive research on the basis of particular species,
communities, functional interactions and many more on local and global basis in
different time scales so that it ensures a stable and steadfast supply of ecosystem
functions and services in the era of climate change.
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Chapter 18
Impact of Climate Change on the
Importance of Plant Growth-Promoting
Microbes in the Rhizosphere

Archi Chaurasia, Chitrakshi Shandilya, Isabell Robert Rupa, Nitin Kumar,
Ajit Varma, and Kanchan Vishwakarma

Abstract The global climatic changes have made significant alterations in the
environment that can be harmful for microbes, plants, animals, and humans. Cli-
matic parameters include the temperature, atmospheric gases, carbon dioxide levels,
etc. that have been known to pose harmful effects to microbes when present in
excess limits. Among microbes, plant growth-promoting rhizobacteria and
arbuscular mycorrhizal fungi have been shown to be affected by climate fluctuations.
Hence, this book chapter will discuss the impact of various climate parameters on
microbial communities and the microbial processes going on in the soil with special
emphasis on plant growth-promoting rhizospheric bacteria and arbuscular mycor-
rhizal fungi.

Keywords Climate change · Plant growth-promoting bacteria · Arbuscular
mycorrhizal fungi · Temperature · Carbon dioxide
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18.1 Introduction

Till the following century, it is said that the global climate will immensely change
and will affect various parameters about this alteration in environment (Houghton
et al. 2001), leading to continuous increase of atmospheric CO2 concentration (IPCC
Climate Change 2007), along with the prediction of global surface increase in
changing temperature between 1.8 and 3.6 �C until 2100, caused due to human
and natural activities to increase atmospheric CO2 level (IPCC Climate Change
2007). It is expected for the soil water content to decrease due to the increase in
temperature (Le Houerou 1996), causing drought to various parts of the world.
Terrestrial microorganism will be affected by these climate changes. Along with
affecting ecosystem and organisms as well as per the recent studies, it has been seen
that there is well-established symbiosis of plant taxa with various types of microor-
ganisms (Nicolson 1967). As characterized by De Bary definition, they can be
neutral or pathogenic toward their host (de Bary 1879); additionally they increase
plant tolerance toward abiotic and biotic stress and support plant (Bent 2006). The
rhizosphere is colonized by plant growth-promoting microorganisms. The part of the
soil that is attached to the surface of root and affected by exudes of root and via
microorganism (Bent 2006). Microorganisms benefit their host by endophytic life-
style by entering in the root system (Stone et al. 2000). This can be referred to as the
plant growth-promoting rhizobacteria (PGPR, Kloepper and Schroth 1978) or plant
growth-promoting bacteria (PGPB, Bashan and Holguin 1998). Changes in the plant
physiology and root exudation are to be likely seen due to the climate change. The
increase in carbon (C) allocation in the root zone with the increase level of CO2 will
lead to root exudates composition change. These changes can be chemoattractant or
signaling compound along with various carbon and nitrogen ratio or nutritional
presence (Kandeler 2007). The plant-associated microbial activities and diversity
will be affected by the climate change (Drigo et al. 2008). Beneficial effect of
microorganisms on growth of plant or its overall health might be weakened in
reference to possessing their required property and their ability to colonize under
specific situations. A definite comprehension on how precisely microbes associated
with plants are impacted is either influenced directly by modified plant anatomy, or
the way it influences plant performance and the environment functioning is yet
missing. Mycorrhizal growth and endophytes just as PGPB are used as biocontrol
specialists, biofertilizers, and additionally phytostimulators used in agricultural
sector (Vessey 2003; Welbaum et al. 2004) or on the other hand used in
phytoremediation applications as degrading microorganisms (Denton 2007). The
immense effect of global climate change may alter the performance; thus appropriate
study is required to choose the strains that will perform well in changed conditions.
Here we will discuss about major environment parameter that are likely to be altered
via climate change and impact the microbes and related processes.
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18.2 Influence of Climate Change on Soil Microbial Process

Relative abundance and capacity of soil communities is adjusted by growing change
in climate since soil network individuals contrast in their physiology, temperature,
affectability, and development rates (Castro et al. 2010, 2012; Gray et al. 2011;
Lennon et al. 2012; Briones et al. 2014; Delgado-Baquerizo et al. 2014; Whitaker
et al. 2014). There has been wide range of exploring due to sudden impacts of
climatic changes occurring on composition of microbial composition and its func-
tioning (Blankinship et al. 2011; Manzoni et al. 2012; Chen et al. 2014). In a
temperate forest, warming by 5 �C, for instance, expanded the bacterial to fungal
proportion of the soil community (DeAngelis et al. 2015).

Changes in ecosystem functioning can be led by the shifts in microbial commu-
nity when soil microbes contrast in their functional characteristics or controlling a
rate-limiting or fate-controlling step (Schimel and Schaeffer 2012). Nitrification and
nitrogen fixation are regulated via specific microbial groups (Isobe et al. 2011),
denitrification, and methanogenesis (Bodelier et al. 2000). Alterations in the number
of organisms who regulate specific process can directly affect the pace of that
process. Nonetheless, a few processes are firmly connected to abiotic factors such
as nitrogen mineralization, temp, and dampness than microbial community compo-
sition in the soil that a variety of life forms are in charge of these processes (Isobe
et al. 2011).

The temperature-sensitive process such as microbial soil respiration rates are
likely to be altered by warming effect of climate change. The extensive recent
consideration is on the function of raised temperature in microbial metabolism
(Compant et al. 2010). The natural temperature affectability of microbial action is
characterized as the factor by which microbial activity increments with a 10 �C
expansion in temperature (known as Q10). Q10 is a frequently used model in climate
change to represent sensitive nature of microbes to temperature; in any case, through
this a large number of associations that affect the temperature dependence of
microbes in processes such as decomposition can be assessed.

Along these lines, temperature sensitivity represented via Q10 in models may
give a bad representation of forecasts. During the field study, the process like
decaying of soil organic matter, soil respiration, and development of microbial
biomass with increase of temperature in reaction to warming are usually short-
lived. The short-lived impacts have been speculated to happen as carbon substrates
present in soil are expanded by microbial action and due to exchange as the soil
microbial diversities display shift in composition or compel their biomass to react to
adjusted conditions and substrate availability (Allison and Martiny 2008, Bradford
2013). Alteration of the composition of microbial communities can be initiated by
experimental warming and can also affect the population of both gram-positive and
gram-negative bacteria; soil dampness is linked to temperature change which may
give clarification to contrasting outcomes from tests evaluating microbial commu-
nity reactions to climate alterations. For instance, microbial activity at hotter tem-
peratures can be restricted by dissemination and its contact with substrate (Zak et al.
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1999). While bacterial community may react quickly to moisture pulse, the fungal
counterpart may slow in their reaction (Bell et al. 2008; Kardol et al. 2010). Further,
drought intensifies the differential temperature affectability of fungal and bacterial
gatherings (Briones et al. 2014). With change in soil moisture availability (<30%
decrease in water holding limit), soil fungal communities may shift starting with one
dominant member onto the next, while bacterial communities stay consistent. Soil
microbial communities acclimated to less water access may inspire to a lesser extent
a compositional or functional move to changing water systems. Communications
among organisms and background temperature and dampness systems in some
random area impact microbial composition and function with evolving climate. Be
that as it may, it is yet not satisfactory that (1) how temperature and sogginess and
their connection impact unequivocal microbial network, for instance, methanogens
inside a community, (2) what impacts microbial network changes that work like rot
of new and old soil organic matter, and (3) which system drive the net climate
reaction of microbial activities to the ecological change.

18.2.1 Effect of Climate Change on PGPR

Bacteria are also known to colonize the plants other than fungi (Compant et al. 2010)
and possess positive effects on their host which can in turn act as beneficiary for
them (Welbaum et al. 2004; Lugtenberg and Kamilova 2009). Microscopic organ-
isms improve plant development and health by different components which incor-
porate plant growth substances, for example, hormones, mitigation of biotic and
abiotic stresses, pathogen antagonism, and induction of systemic responses
(Lugtenberg and Kamilova 2009). Even in the adverse conditions like high level
of heavy metal in plants, bacterial endophytes may grow (Lodewyckx et al. 2002;
Idris et al. 2004). Through specific plant genes under stress conditions, they alleviate
abiotic and biotic stress (Hallmann 2001).

18.2.2 Effects of Elevated CO2 Levels

Bacteria-associated plants can be affected by elevated CO2 level. Drigo et al. (2008)
reviewed the repercussions of increased CO2 on various communities of
rhizobacteria. Along with rhizospheric bacteria, endophytic populations may also
be affected. The “Free-Air CO2 Enrichment (FACE) experiment” held in Switzer-
land showed the effect of increased ambient CO2 (Hebeisen et al. 1997). This
experiment involves interaction of legumes with rhizobia that was triggered by
elevated CO2 (Marilley et al. 1999); they are known for their interaction with
legumes for nitrogen fixation in addition to their plant growth-promoting activities
(Sessitsch et al. 2002). It also depicted that leguminosarum strains were favored for
the enrichment of CO2 over the other plants (Montealegre et al. 2000). 17% more
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nodulation on the roots were produced by the isolates acclimated to elevated CO2

than isolates favored by ambient CO2 levels, telling that under various conditions,
plants prefer the selection of specific microorganism (Haase et al. 2007). Nitrogen
deficiency symptoms were found under the elevated CO2 conditions in which N
tissue decreased in bean. The reason behind lower N nutritional microbial growth
under elevated atmospheric CO2 concentration is relation between rhizosphere
microbial growths is due to increase in competition of plant microbial nitrogen in
the rhizosphere (Haase et al. 2007). This experiment provided a lot of information
about PGPB such as Pseudomonas sp. and even on rhizobia (Marilley et al. 1999),
Actinobacteria, and Deltaproteobacteria. Drigo et al. (2009) gave information on
soil-specific effect of elevated CO2 on Pseudomonas and Burkholderia sp. and on
soil-particular effects on Pseudomonas and Burkholderia sp. and on the genes
producing antibiotics. Elevated CO2 has different plant responses which led to
regulated photosynthate distribution in the rhizosphere. But some strong antibiotic
producers such as Actinomycetes and Bacillus sp. are not influenced. Selective
bacterial species responded differently to plants having association with enrichment
to atmospheric CO2 reported by Drigo et al. (2009). The dominance of Pseudomonas
sp. was increased in presence of elevated CO2 which includes a variety of plant
growth-promoting members, associated with rye and white clover and enhancement
of the abundance of Rhizobium sp. (Marilley et al. 1999).

Additional data of the relative amount of HCN-delivering Pseudomonas strains
which are known as likely inhibitors of fungi taken from mass and rhizospheric soil
alongside two perpetual perennial grassland root fraction systems (L. perenne and
Medicago coerulea) were diminished in raised CO2 conditions (Tarnawski and
Aragno 2006). There was expanded extent of siderophores and nitrate dissimilating
strains. It expresses a model that expanded atmospherically CO2 levels may affect
plant beneficial microbes, which may later have ramifications on their use in
agricultural or phytoremediation processes (Fig. 18.1) (Baon et al. 1994; Sanders
et al. 1998).

The investigation of practically identical detail on CO2 restraint of bacterial
development is that of King and Nagel. Pseudomonas aeruginosa was grown on
solitary suboptimum temperature (24 �C) on minimal media and reasoned that
inhibition differed directly with CO2 concentration. A comparative relationship
was seen with P. fluorescens developing at 30 �C at a restricted range of CO2

concentration; significant deviation was observed. Low CO2 fixations created
marked hindrance of development in complex medium, yet stimulated growth in
least amount of medium, and in complex medium, a most extreme level of restraint
was achieved at generally low CO2 concentration. It is conceivable that a more
detailed examination of P. aeruginosa would uncover a similar reaction to CO2.

It has been expected that this perception is relevant to microorganisms; however,
plainly with P. fluorescens, there is an immediate improvement of CO2 inhibition
with diminishing temperature. The nonlinearity of the connection among tempera-
ture and the level of inhibition with minimal medium most likely emerge due to the
competition caused due to inhibitory and stimulant impact of CO2 during develop-
ment in this medium. Since the inhibitory effect of CO2 can fluctuate with
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Fig. 18.1 Effects of (a) elevated CO2 concentrations and (b) warming and drought on beneficial
plant-microbe interactions (Adapted with permission from Compant et al. 2010)

340 A. Chaurasia et al.



temperature and medium composition, it is clearly not legitimate to look at results
from changed sources except if these variables are considered. King and Nagel could
not recognize any change in enzyme levels between cells of P. aeruginosa cultured
in air and inside seeing CO2 and stated that adaptive enzyme synthesis in the
presence of CO2 does not happen.

18.2.3 Effect of Temperature

Alleviation of temperature stress is depicted by rhizosphere bacteria and endophytes
on some plants, and they may cause induction in growth of various crops under
altering temperature, climates, and soil conditions (Fig. 18.2) (Bilal et al. 1993;
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Fig. 18.2 Effect of temperature on the growth rate of P. fluorescens growing in simple (O) or
complex medium with pCO2 in solution at 150 mm of Hg (Adapted with permission from Gill and
Tan 1979)
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Bashan and Holguin 1998). Egamberdiyeva and Höflich (2003) postulated that
performance of plant beneficial bacteria may be affected by temperature and soil
type. Mycobacterium sp. 44, Pseudomonas fluorescens, and Pantoea agglomerans
strain which were isolated from a semi-continental climate showed elevation growth
properties of root and shoot at 16 �C in comparison to growth at 26 �C in loamy sand.
But in any case, M. phlei strain MbP18 delivered good results under the two
conditions just like M. bullata MpB46, showing genotypic-explicit inclinations for
some natural conditions. A few strains of PGPB growing at a hot condition than at
cold ones can be used in agriculture. In an assessment, it was evidently shown that
rhizobia segregated from the desert wood vegetable Prosopis glandulosa nods were
grown more noteworthy at 36 �C than at 26 �C. Moreover, microbes colonizing
specific destination may react contrastingly to some biological conditions. An
assessment with the endophytic microbe Burkholderia phytofirmans strain PsJN
displayed that increasing the temperature from 10 to 30 �C diminished its establish-
ment in the tomato rhizosphere; however endophytic abundance wasn’t impacted
(Pillay and Nowak 1997). When successfully colonized in rhizosphere, it may help
prevent the temperature or water stress on plants (Aroca and Ruiz-Lozano 2009) by
inducing a systemic response (Yang et al. 2009). This shows the expected part of
specific strains for their utilization in agriculture; however there is need to consider
the impacts of altering conditions on their establishment just as on their plant
growth-promoting capacity.

18.3 Influence of Climate Change on Arbuscular
Mycorrhizal Fungi

Mycorrhizal fungi are known as one of the crucial factors while considering global
changes related to variations in the ecosystem, as these fungi are known to play a
major role in the plant-soil interface. Global changes encircle natural as well as
human-led changes on the Earth’s environment. This section will focus mainly on
anthropogenic aspects resulting in global changes related to mycorrhiza. While
considering climate change, media heeds about global warming mainly, among
other factors. But now people perceive that anthropogenic factors not only influence
climate change, but they also steer toward many global changes (Vitousek 1994).

Human-induced changes have caused serious repercussions in the Earth’s envi-
ronment other than climate change. Some important examples are increased concen-
tration of the atmospheric gases (ozone, CO2, etc.), the ecosystem being exposed to a
rising number of nutrients due to atmospheric deposition (Nitrogen), change in
climate (altered precipitation as well as temperature regimes), increase in UV
radiations, and occurrence of non-native species. These comprise present or upcom-
ing global alterations, displaying good or bad impact on mycorrhizae associations.
These aforementioned factors are distinct, based on the fact that mycorrhizal sym-
biosis involves two classes of organisms. Some factors have direct impact on the
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host plant solely (example carbon fixation), and some have an indirect influence on
the mycorrhizal fungi (mycobionts), like change in carbon distribution by plant
(atmospheric causes can affect the presence of nutrients in the soil) in turn affecting
the fungi as well. Warming or an altered precipitation is included in factors that
directly affect mycobionts. Understanding this difference is substantial in figuring
out the mechanism behind the effects of global change factors and also for exper-
imental proposals. An isolated environment can rarely be subjected to factors
responsible for global change. We need to figure out the mechanism behind these
factors in order to understand the complexity of the regional combinations of such
factors, as experimental exploration of all possible scenarios will be nearly impos-
sible in artificial or mimicked environments. For complete assessment of the impact
of global changes on mycorrhiza, we need to consider patterns and processes
involved in both temporal scale and spatial scale. Mostly experiments mimic
short-term responses, but for a complete study, we need to have an insight about
long-term responses as well. A possible solution would include in situ experiments,
for example, CO2 springs. Large-scale events such as variations in distribution of
plant species globally (it includes regional extinction of a particular plant) as an
adverse effect of climate change may in turn affect the mycorrhizal population
dependent on that plant as it’s host. Therefore, it may alter the mycorrhiza population
distribution as well. Some of the mycorrhizal fungi are not dependent on the host
(plant) but are still affected by changes in environment. This concept is least
understood, but apparently is the most important factor to be considered when
analyzing mycorrhiza’s response toward global change. Global change is an intricate
phenomenon, but here, we focus on how it affects the mycorrhizal fungi. Variations
in the symptoms of global changes may be coined important in the future (examples
are effect of urbanization, habitat fragmentation, etc.); these eventually may be
included in the areas of study concerning mycorrhizal ecology. Factors which are
involved in climate change which affect the mycorrhizal fungi are discussed below.

18.3.1 Effect of Warming

Soil is termed as “chief organizing center for ecosystem function”, and the part
played by soil biota in modifying plant responses as well as ecosystem as a whole,
toward global change, is being highly acknowledged. Microbes found in rhizosphere
of a plant have a major role in sending strong feedbacks based on the plant’s growth
(Bever 1994), so any difference in the behavior or functions of these microorganisms
as a result of global changes is of significance, as it may alter plant response to
certain stimuli. When noting the key role of mycorrhiza at root-soil interface as well
as its effect on plant physiology, community, and ecosystem, it is evident after a
detailed consideration that mycorrhiza play a major role in studies related to global
changes. AMF entirely depend upon their host (plant) for carbon requirement.
Therefore, if the plant is affected by global changes, it will indirectly affect the
AMF as well. Mycorrhiza will be considered important, if there is a notable
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interrelation between global changes and presence of symbiosis, i.e., if the symbi-
ont’s presence or its function affects the response of plant communities or the
ecosystem. Mycorrhizae are present abundantly in natural ecosystems, but in the
case of habitat fragmentation or change in land utilization patterns, it may lead to
decrease in the population of the fungi. This can contribute as another factor for
global change (Vitousek 1994). It is important to know the inter-relation between
factors leading to global changes and the presence of mycorrhiza. It will give a better
insight on the underlying mechanism of variations occurring in the ecosystem as a
response to global changes. The global change factors can affect the ecosystem in
complex ways resulting in numerous variations even at regional levels, so it is
important to prioritize understanding the mechanism behind it than to document
the variations or changes. Based on these circumstances, mycorrhizal fungi (or fungi
in general) has crucial role in maintaining and forming the soil structure, thereby
benefiting the ecosystem (Tisdall and Oades 1982). If the extraradical mycelium of
the mycorrhizal fungi is affected by any factors influenced by global change, it may
indirectly impact the soil structure as well (Young et al. 1998; Rillig et al. 1999).
Any change in soil structure will affect water infiltration ability, soilborne aspects
involved in biogeochemical cycle operations, maintenance of sustainable agricul-
ture, and resistance to soil erosion (Oades 1984; Elliott and Coleman 1988; Hartge
and Stewart 1995; Jastrow and Miller 1997). Group of hyphae contribute to forming
the mycelia of mycorrhizal fungi, which have a potential effect on the ecosystem.
Based on these facts, mycorrhiza should be included in the research conducted to
further understand the effects of global change.

18.3.2 Effect of Elevated CO2 Levels

Approximately 90% of the plants form firm associations with mycorrhiza (Smith and
Read 1997). Immediate need has been felt of understanding the impact of carbon
(C) due to its increase in atmosphere in the form of carbon dioxide, on symbioses of
mycorrhiza. Carbon is the main component for functioning of AM associations
which are fixed in photosynthesis and has been seen to move from plant to fungus.
Environment rich in carbon dioxide is the main factor for existence of fungus, be it
inside the root or in the soil. Thus, if elevated atmospheric carbon increases the
fixation of carbon and supply of it to roots then it might help in the promotion of
fungal growth. This could lead to the consequence of increased fungal performance,
which is best characterized for uptake of phosphate, increased uptake of nutrients
rich in minerals, and resistance toward many phytopathogens and drought as well
(Newsham et al. 1995). Elevated carbon dioxide can also have a positive aspect in
which elevation can lead to enhanced fixation of carbon followed by increased
carbon transfer to root system. Improved uptake of phosphate with increased mycor-
rhizal fungal growth due to elevated fixation of carbon might lead to efficient
functioning of plants leading to relief in potential deficiency which could have
otherwise caused restriction in ability of responding to increased level of
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atmospheric carbon (suggestion by photosynthetic downregulation alleviation)
(Staddon et al. 1999a). Important and essential processes in the plant metabolism
of phosphorus are determined by carbon availability; these metabolisms include
uptake, transportation, and utilization. In consideration, photosynthetic rate is deter-
mined by status of phosphorus of leaf. The positive feedback which could be
possible eventually has constrained by few deficiencies, for example, nitrogen
level and water content; thus it can act as a controlling or limiting factor. The
main reason for understanding the responses of AM fungi is because they have
potential of regulating response of plant toward climatic change; this is quite evident
from the interface representation of AM fungi in soil-plant system. Link in transfer
chain by which movement of carbon is seen from plant to soil is performed by
mycorrhizal fungi, which makes it another major feature of interest (Staddon et al.
1999b). Thus, AM fungi can potentially influence cycling rates of carbon and can
even use this structural carbon in construction of extraradical mycelium which is
transferred to symbiotic AM fungus. The fine network formed by these mycelia has a
faster turnover rate as compared to either root or shoot material, and fungal carbon is
therefore a medium for a rapid movement of carbon back to atmosphere, whereas
some of the fungal compounds might adapt and become resistant to attack of
microbial community, thus entering the slow pool of recalcitrant soil carbon which
leads to retardation in carbon cycle (Treseder and Allen 2000). This behavior of
some fungal compound can lead to the consequence of either increased accumulated
or reduced carbon content in plant soils. The consequence of elevated carbon dioxide
in atmosphere for functioning of mycorrhiza could be changes in way of promotion
in plant growth or changes in cycling rates of carbon. These effects are considered to
be indirect, which is regulated by responses created by plants due to presence of
carbon dioxide. Promotion in fungal ability to provide phosphorus to plants and
enhance plant growth can be done by elevated carbon fixation and increased
availability of carbon to fungus.

With respect to effects of mycorrhiza, elevation in carbon dioxide is considered as
the best researched factor of global change. Increase in biomass of root of nitrogen
fixing plant by 114%, in non-mycorrhizal individuals, was observed under elevation
of carbon dioxide. But reduced or slower rate by 31% of effect was seen when AM
species of genus Glomus was considered. Mycorrhizal fungi are a means of nutrient
accession for plants. Uptake of inorganic phosphorus (Smith and Read 1997) and
nitrogen (Ames et al. 1983; Tobar et al. 1994) is enhanced by AM fungi. Access to
pool of organic nutrients in soil is usually provided by ecto-mycorrhizal fungi (Smith
and Read 1997). Carbon source is required by fungi and uses an important amount of
net photosynthate of plant which is usually about 10–20% (Allen 1991). As it is seen
that capacity of photosynthesis, efficiency of water use, and growth are enhanced in
plants which are exposed to elevation of carbon dioxide (Bazzaz 1990), then
increase in investment of mycorrhizal fungi of amount of available carbon can be
possible. Along with the rise of carbon demand, demand of nitrogen, phosphorus
also rises. Therefore, it is assumed that allocation of resources for plants is done
efficiently according to economic theories (Bloom et al. 1985; Read 1991); elevated
carbon dioxide might increase mycorrhizal fungi investment. To study the effect of
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elevated carbon in atmosphere, numerous workers experimented on plants by
growing them at ambient (usually 350 μll�) as well as at elevated levels (variously
500, 600, 610, 700, and 710 μll�) (eCO2) of atmospheric carbon dioxide (aCO2) and
measured root colonization degree by AM fungi (Staddon and Fitter 1998). Appro-
priate evidence has not been found from results acquired from experiment. Never-
theless, rarely seen case was about decreased colonization, and null to increased
responses are found equally more frequent. Examination of morphological structures
(hyphae, arbuscules, and, where appropriate, vesicles) of fungi was done more
efficiently by workers who participated in the experiment. Later, they reported all
possible combinations of decrease, increase, and null responses. Argument was
made by Staddon and Fitter (1998) on effects which were due to serious flaw
made in experiment; according to the researcher as elevated CO2 was observed to
have a positive effect on growth of plants, he suggested that if plants show the same
level of growth in both atmospheric and elevated carbon dioxide concentrations,
then there must be some flaw in conducting experiment. As we know that plant
characteristic does not include nature and degree of root mycorrhizal colonization,
instead are dependent on conditions of plants in which they are grown; thus various
changes in colonization were expected (Staddon 1998).

18.3.3 Effect of Temperature

Slow or poor spore germination was observed at RT (20–23 �C) when continued
experiments were performed specially to obtain axenic growth of various species of
AMF. Several temperatures were compared to study its impact on spore germination
and incidence of contaminating bacteria and fungi which are in association with
surface-sterilized spores. Results were acquired with only those species that gave
consistent spore germination rate, although experiments were conducted for evalu-
ating various species of VA mycorrhizal fungi as well. When pot cultures were
maintained with VA mycorrhizal fungi, then spores of respective fungi were
obtained. As it was possible to maintain few isolates from various samples on pot
cultures, it was used to maintain few isolates on pepper and soybean pot cultures. An
isolate of Gigaspora coralloidea Trappe, Gerdemann and Ho and G. heterogama
(Nicol. and Gerd.) Gerdemann and Trappe obtained from soybean in Florida were
maintained on Bahia grass (Paspalum notatum Flugge) pot cultures. An isolate of
Glomus mosseae (Nicol. and Gerd.) Gerdemann and Trappe from Washington was
grown on pepper (Capsicum annum L.) pot cultures. Sieving and decanting tech-
niques were used to remove spores from pot culture soil and roots. Surface sterili-
zation was done of spores by using surface sterilizing agent that is 0.5% of sodium
hypochlorite for three rounds and was later rinsed two times in a deionized sterile
water before transfer to either soil extract agar or Mosse’s medium No. 16 (Mosse
and Phillips 1971). Preparation of soil extract agar was done by boiling finely sieved
sandy loam of amount 200 g in a liter of deionized water. Later filtration was
performed under vacuum, and addition of 15 g agar was done to a liter. Small
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petri dishes were used for transferring spores and incubating them at desired
temperatures; petri plates were incubated after transferring it in polyethylene bag
to prevent dehydration and were later covered with aluminum foil for excluding
light. Contamination from fungi and bacteria along with germination of spores was
noted at regular intervals for 2–3 times. Three replicates were used of each treatment
per temperature, and six to nine spores were observed at every replication. Studies
were carried out with Gigaspora coralloidea, G. heterogama, and Glomus mosseae
and were repeated three times, twice, and once, respectively. Maximum germination
was obtained at temperature of 34 �C of two isolates taken from Florida (Gigaspora
coralloidea and G. heterogama), of Washington isolate (Glomus mosseae) was
20 �C, and no germination was observed at the same temperature or below for
Gigaspora heteroganza spores. Most surface sterilized spores were found to be
contaminated by fungi and bacteria highly at a temperature of 25 �C. Gigaspora
heterogama spores were highly contaminated with fungi, while no fungal associa-
tion with spores of Glomus mosseae was found. Light was found to be a negative
factor for growth of spores, and it was evident that maximum more growth of both
Gigaspora coralloidea (at temperature of 20 and 25 �C) and G. heterogama
(at temperature of 34 �C) was observed. Occurrence of contamination through
bacteria was not found to differ on the basis of presence of light, whereas fungal
contamination was observed to occur on surface-sterilized spores which were
exposed to light (� 14.8%). Study conducted by Schenck and Schroder (1974)
showed the results of maximum sporulation and vesicle formation of Florida isolate
of Gigaspora calospora (Nicol. and Gerd.) Gerdemann and Trappe on soybean pot
culture [Glycine max (L.) Merrill] at temperature of 35 �C. Results of spore germi-
nation gave endorse evidence that adaptation at high temperature occurs in Florida
isolates Gigaspora spp. (Schenck and Schroder 1974). It was also assumed that
northern isolates of endomycorrhizal fungi, such as the Washington isolate of
Glomus mosseae, may be more adapted to lower temperatures.

18.3.4 Effect of Gases on Spore Germination of AM Fungi

Production of aqueous extracts or suspensions was done for testing various effects of
beet root HT material on spore germination of AM fungi; the suspension was made
by forming a mixture of HTC material with deionized water thereby making
adjustments in pH to 6.0, later autoclaved for about 20 min at a temperature of
121 �C. Since pH is found to influence germination of spores, thus it was kept
constant (Green et al. 1976). Concentrations used were 0.05, 0.25, 1.25 g HTC
100 mL�1 and the parent material (also ground and sieved to 500 m) 1.25 g beet root
chips 100 mL�1. Addition of 12 milliliters of suspensions were performed under
axenic conditions, to each petri dish which were filled prior with sterilized silica sand
(48 g) for total of 50 units of experiment (n ¼ 10). Small discs were cut of nitrous
cellulose with a help of paper hole punch after sterilizing them with 70% of ethanol.
Preparation of spores was done according to the description made by Antunes et al.
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(2008). Paraffin tape was used to seal all petri dish, and later petri dishes were kept
for incubation at 25 �C for 4 days at random positions. After the completion of
incubation duration, spores were stained using 0.05% (w/v); trypan blue examina-
tion was done using dissecting microscope (40�); thus, hyphal growth was evident,
which was carefully observed, and distinguished germination hyphae from already
present hyphae found attached to spores. Previous trails found showed various
germination ranges, and it was concluded that a spore is considered non-viable if
germination does not take place within duration of 48 h under the provided condi-
tions (Antunes et al. 2008). This experiment finally concluded that range of spore
germination is from 50 to 80% across all treatments, besides that significant differ-
ence was found in effect of treatments on germination of spores ( p < 0.0001).
Increased germination of spores than parent material was recorded after application
of all three HTC treatments. But this experiment had a limitation that addition of
only highest rate showed effective high germination of spores than no-addition
control. Parent material was found to have negative effect on germination as
decrease of spore germination was observed. Thus, evidence was confirmed by
concluding deleterious effect of HTC material on growth of plants, but at least
symbionts like AM fungi are found to be less sensitive than plants and more
stimulated under higher rates of addition.

18.4 Impact of Climate Change in Plant-Microbe
Interactions

Elucidation of physical processes occurring in upper soil layers can be done by
studying climatic parameters, and atmospheric region at lower level plays a signif-
icant role in determining the climate for the local or regional biosphere (Monteith
and Unsworth 2007). Migration of plant species to more altitudes and latitudes
(Grabherr et al. 1994; Walther et al. 2002; Parmesan and Yohe 2003) has been
observed with warming; also these species are leafing out and flowering in the
growing season to its earliest (Cleland et al. 2007; Wolkovich et al. 2012) and
even seen to be creating alterations in the expression of functional traits (Walker
et al. 2006; Hudson et al. 2011; Verheijen et al. 2015). Observations were made
when scaling up happened to community level; shrubification of the arctic was seen
as a result of warming as woody shrubs have been replaced grasses and forbs in
several regions which lead to carbon feedbacks in system and transformation in
properties of ecosystem (Sturm et al. 2001; Hinzman et al. 2005; Lawrence and
Swenson 2011; Pearson et al. 2013). Plant community transitions may be facilitated
or retarded by soil communities, especially the ones which are tightly coupled with
plants. For instance, plant survival, phenotype, and expression of functional traits,
that are responsible for climatic change, can be strongly influenced by root-
associated microbe communities (Van der Heijden et al. 1998; Friesen et al. 2011;
Wagner et al. 2014). There is no clear understanding made till date on plant-plant
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interactions, their association with microbial community, and ecosystem functioning
due to climatic changes (Fischer et al. 2014; Mohan et al. 2014). Induction in major
shifts in bulk of microbial community by climatic alterations have shown extended
effects on establishments and performance of plants as well as balance of carbon in
the soil. Responses of ecosystem will be dependent on association between plants
and soil microbes, and if alterations are made in soil microbial communities, due to
climatic change and plant growth, establishment of plant species is also determined
by these changes. Buffering of plants to drought stress can be done by rapid
responses of surrounding soil community which is becoming a suggestion by recent
studies (Lau and Lennon 2012). Microbial diversity changes are responsible for
alteration of functional traits in plants (Lau and Lennon 2011). Significant difference
is there in direct and indirect impact of climate change on plants, bulk soil commu-
nity, and their associated soil communities (Kardol et al. 2010). For instance, Kardol
et al. (2010) found out that alterations of soil community and its functions in TN old
field occurred with changes in precipitation, but variations were observed with
respect to precipitation on soil microbes, its functioning, and composition on basis
of location from where the sample soil was collected. Moreover, response of being
relatively muted was seen from soils which were collected from different locations,
and these were homogenized to access to climatic change impact. Results suggested
that offset responses of soil ecosystem to climatic changes could be expected if shift
in composition of plant community due to climate change occurs. Therefore, under-
representation of these soils which are collected across plant species has been seen in
most of the studies to cause shift in functional and communal plant species (Kardol
et al. 2010).

Temperature Alleviation of negative impact of temperature stress on plants could
be done by few organisms such as rhizospheric bacteria and endophytes; these
organisms also help in expansion of capability of host plants to show growth at
different ranges of temperatures. Example of the symbiosis of the organisms for
allowance of both organisms to grow at high temperatures of soil is symbiosis
between tropical panic grass Dichanthelium lanuginosum and the fungus Curvularia
protuberata, but neither of them can survive independently at such high tempera-
tures (Marquez et al. 2007). Infection of fungus by thermal tolerance virus, that is
Curvularia, is required to confer ability of C. protuberata, for tolerating heat to the
host plant (Marquez et al. 2007). Observation on tomato was made that in addition to
panic grass, it could also have C. protuberata-mediated heat tolerance (Rodriguez
et al. 2008); thus it could suggest that broad application of this underlying mecha-
nism to diversity of plants could cope with increased temperatures. There are some
organisms which can even help plants in coping up with different multiple stresses.
An intriguing example of this is Burkholderia phytofirmans strain PsJN, which helps
in improvement in tomato for plant tolerance to heat, cold in grapevine, water stress
in wheat, and salinity along with freezing in Arabidopsis (Issa et al. 2018; Miotto-
Vilanova et al. 2016). This bacterium is not only capable of creating heat tolerance
but also has capability of acting as antifungal and can act as a plant defense
mechanism primely and formation of better mobilization resource in plants
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(Miotto-Vilanova et al. 2016; Timmermann et al. 2017). The mechanism remains
elucidated by which PsJN confers multistress tolerance, and this elucidation can act
as an interesting topic for crop improvement which will be mediated by microbes.

Drought Water has an essential part in life on Earth, and variation in the amount of
water that is too little (lead to osmotic stress) or too much (leads to flooding) can
have great impact in many areas of biology of microbes and plants. Regulation of
phytohormone level, ABA, occurs during the deficiency of water in plants. Increase
of ABA is responsible for triggering a cascade of signals, which results in
reprogramming of transpiration at large scale and changes in physiology, which
may include stomatal closure for reducing transpiration (Zhu 2016). Studies have
been conducted on Arabidopsis which showed that pathogens specifically bacterial,
such as P. syringae or PAMPs, like flg22 (a 22-amino-acid epitope of Pseudomonas
flagellum), can be perceived by FLS2, which results in closure of stomata, thus
helping in reduction of pathogenic entry (Melotto et al. 2006). Thus, stomatal
closure, induced by ABA, might help in reduction of bacterial entry through stomata
during drought stress. Suppression of SA signaling pathway in mesophyll cell of leaf
can occur on elevation of ABA, and thus it can lead to decrease in post-invasion
resistance mediated by SA (Jiang et al. 2010). Plant-microbiome is also affected by
drought. Increase in intensity of drought leads to increased effect on microbial
community composition (bulk soil, rhizosphere, and root endosphere) which
resulted in immense intimate association of community with the root, also greater
shift of composition in stressed rice plants which was found out by Santos-Medellın
et al. (2017). Xu et al. (2018) found out in a study which examined influence of soil
moisture on microbiome of sorghum root that there was significant reduction in
rhizospheric diversity in root endosphere, while bacterial community diversity in
soil surrounding remains mostly unaltered.

Nutritional Status Plant-microbe interaction-driven ultimate force is acquisition of
nutrients. There is a significant effect on plant-microbe interactions, and this is
possible due to plant nutritional level and availability of nutrients in the
environment.

Phosphate Regulation of complex symbiotic association between land plants and
phosphate accessing AMF is done by phosphate status in soil and its presence in the
plants (Müller and Harrison 2019). Therefore, plant AMF interactions are out of the
reach of effect of phosphate on plant-microbe interactions. Arabidopsis thaliana is
considered to be a non-host for AMF that acquires phosphate (Fernandez et al.
2019). Identification was done by Hiruma et al. (2016) of a natural fungus which is
endophytic in nature, known as Colletotrichum tofieldiae (Ct), isolated from wild
Arabidopsis found in central Spain. Ct is responsible for transfer of phosphate to
Arabidopsis and for promotion of fertility and growth of plants. Promotion of growth
which is mediated by Ct is also observed when study was conducted on plants grown
under conditions having deficiency of phosphate.

Nitrogen Symbiotic nodules are formed in root as a result of interactions between
legumes and Rhizobium spp. Thus, it represents a biological process in which
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conversion of inert atmospheric N2 occurs biologically into a useful NH3 for
facilitating growth and development of plants. Although this reaction is expensive
energetically, the formation of nodules by legume host may act as cost-effec-
tive approach when nitrogen-rich environment is required for growing plants
(Morgan et al. 2005). Susceptible state of rhizobium symbiotic interaction is
maintained by communication of shoots with roots under conditions having defi-
ciency of nitrogen.

Iron Induced systemic resistance is a form of plant immunity which is triggered by
few microbes which live in rhizosphere, forming a mutual relation with prime host,
against potential attacks from pathogens. Mutant analysis and microarray were
conducted for identifying Arabidopsis transcription factor MYB72 which act as a
key regulator of ISR (Van der Ent et al. 2008). Induction of MYB72 factor
expression occurs in roots during the deficiency of iron (Buckhout et al. 2009).

18.5 Conclusion

Human-induced changes have led to serious repercussions in the Earth’s environ-
ment other than climate change. Some important examples are increased concentra-
tion of the atmospheric gases (ozone, CO2, etc.), the ecosystem being exposed to a
rising number of nutrients due to atmospheric deposition (nitrogen), change in
climate (altered precipitation as well as temperature regimes), increase in UV
radiations, and occurrence of non-native species. These components comprise pre-
sent or upcoming global changes, which can have a positive or negative impact on
microbial associations and their existence. Hence, it is necessary to control the
climatic alterations and overcome the harmful effects caused to the beneficial
microbes such as plant growth-promoting rhizobacteria and arbuscular mycorrhizal
fungi.
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Chapter 19
Impact of Climate on Soil Microbes
and Plant Health

Swayamsidha Pati, Swati Mohapatra, Kanchan Vishwakarma,
Divya Bandekar, Arti Mishra, and Deviprasad Samantaray

Abstract As the global climate continues to change, it becomes more important to
understand possible feedbacks from soils to the climate system. This chapter focuses
on soil microbial community responses to climate change factors. The omnipresent
microbes provide a major contribution in plant, microbes and soil interactions
especially during the cycling of soil organic carbon (SOC) and other nutrients.
This is the need of the hour to understand and predict the influence of climate
change on soil micro flora. In this chapter we compiled the trends on climate change
such as influence of greenhouse gas, temperature, pH, salinity and moisture on soil
microbiota and its effect on plants.

Keywords Plant microbiota · Endophytes · Plant prebiotic · Mycorrhiza · PGPR ·
Chemolithotroph

19.1 Introduction

For more than a century, persisted incineration of fossil fuels generates immense
amount of carbonic acid gas within our environment that makes our planetary
warming and change to a climate crisis (Sheik et al. 2011). These factors have
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imprinted a harsh effect on agricultural cultivated field, features of arable land and
productiveness. Modification in the ambiance has passive and active implications on
up and below ground. Alteration can be change in atmospheric condition in different
time intervals which has substantial impact on the selection of the crop for farming,
watering, application of compost or manure and protection against different infec-
tious agents needs to be managed. All these activities concomitantly change the
microbiota of the ground soil. The climatic response makes the environment more
complex especially the environment under the surface soil. As a response, it affects
the morphology of plant root and nutrients contain of rhizosphere. Climatic changes
are related to moisture, temperature, salinity, charge and compositing of different
soils. All these factors modify the microbial communities inside the soil microenvi-
ronment that helps the microbes sustain different extreme conditions and can
customize nutrient accessibility based on requirement. Due to various nutrient
signalling and architecture, the roots are directly controlling the microbial diversity
and its load; it also manages the interaction of the plant pathogens. The most
profitable contribution of climate change on microbes is it activates genetically for
the growth and productivity of plants. Some in-depth monitoring depicted uplifting
of carbon dioxide in our ecosystem which leads to the increasing temperature that
melts the snow and helps the plant to grow healthy (Bradford et al. 2008). However,
the same parameters on the other side become harmful for the plants of terrestrial
environment due to increasing temperature. Hence, such controversy needs more
scientific attention for sustainable agriculture and the ecosystem. In 2017, an
alarming condition was raised in a publication signed by more than 21,000 eminent
researchers that it’s the need of the hour to shift the focus from economic develop-
ment to the conservation economy that can help to have a healthy environment and
achieve sustainable future. Here this chapter is a compilation of the effect of climate
on microbes especially the positive impact on soil and plant (Fig. 19.1).

19.2 Interaction of Soil Microbiota with the Plant

Meta-omics approaches opened the exact pathway of microbes and their metabolism
in different environmental conditions. These pathways are related to the primary
source of the plant, and it also helps in balancing the C source. This pivotal role of
microbes in nutrient (C, N, S, K, S, etc.) cycling and soil fertility highly depends on
the soil and the climatic condition, as the actinomycetes, fungi, soil algae, and
protozoa help in agricultural productivity of agro-ecosystems (Gehring et al.
2005). Thus uncertainties and complexities of the climate towards these microbes
through abiotic and biotic stresses need to be addressed and protected. In a wide
range, soil microbes are divided into four variants:

1. The primary variants are decomposers: these variants intake simple carbon source
as an example root excreta and litters of plant biomass. The load of decomposer
variety increases during the rainy season especially the actinomycetes named as
Micromonosporaceae, Nocardiopsis, Micromonospora, Salinispora and
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Pseudonocardia. Due to accumulation of these microbes, the organic matter
decomposes easily, and then the energy uptake also speeds up in the soil
ecosystem and soil food web. Mostly these decomposers have been proven highly
beneficial in farms contaminated with heavy metal, pesticide, pollutants and
hydrocarbons. Decomposers facilitating bioremediation keep the nutrients (Pan
et al. 2011) (Carbon & nitrogen) intact in the soil.

2. The second variant of microbes makes mutualistic relationship with the plants for
their habitat as in return they help for the intake of nitrogen source from the soil.
Most of the second variant microbes belong to nitrogen-fixing group (Batterman
et al. 2013). In order to keep the environment healthy for the nitrifying and
denitrifying bacteria, some parameters such as organic form of dissolved carbon,
nitrogen, hydrogen and pH significantly contribute in soil microenvironment
(Jana and Roy 1986). It has been observed some plants and microbes (autotroph)
that help in nitrogen fixation reduce most common carbon dioxide directly by
uptaking CO2 during photosynthesis sometimes and indirectly building nitrogen-
rich compounds like proteins, and its degradation again leads to fertility of the soil
that enhances the plant growth. On the other hand, during carbon sequestration
due to decomposition on plant litter, emission of NO2 also produces which is the
greenhouse gas; thus a proper balance is essential among the nitrifying and
decomposer bacteria for the healthy soil, farming and ecosystem
(Kou-Giesbrecht and Menge 2019).

3. The third variant as well-known as chemolithotrophs and chemoautotrophs drives
energy and electron source from pollutants (pollutants contain N, Fe, H, etc.).
Most of these variants contribute highly in nitrogen cycle (Gehring et al. 2005).

Fig. 19.1 Positive impact of climate on microbe and plants
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4. The major part of the microbes is fungus that degrades most of the pollutants
easily with their secreted enzymes; the growth of fungus needs low temperature
for its healthy growth. Diversified fungus and its enzyme promote critical part of
the decomposition so that other microbes can easily use for its growth to maintain
the soil food web. Apart from the enzyme secreted from fungus, the soil mole-
cules can tie up collectively by fungal hyphae in the ambient temperature (Bond-
Lamberty et al. 2018). Due to gathering of the soil compounds by the hyphae, the
nutrients of the soil remain intact, and water filtration and holding capacity of the
soil increase.

Fungi that reside in soil are of two types: some get energy by decomposing the
dead organic material, and some grow in the plant commonly known as mycorrhizae
(Torres et al. 2018). Fungus that degrades the organic material like cellulose,
hemicellulose, hydrocarbons and lignin generates organic acid, carbon dioxide and
other small molecules during its metabolism. This fungus also known as sugar
fungus keeps the nutrient in the soil and makes it available for the plant and other
bacteria. The second major group of microbes are fungus that requires 18–25 �Cwith
wide range of pH curled the plant root as their habitat and at the same time it.

19.3 Effect of Climate on Endophytic Population

Depending on the climate change, the population of endophytes varies among the
same species and plants even in the same region. Reports are available in support of
chronological changes in relative frequency of endophytic fungi where matured
leaves of teak (Tectona grandis L.) and rain tree (Samanea saman Merr.) not only
had greater number of genera and species but also had higher colonization frequency
than in young leaves. Additionally, their occurrence in leaves amplified during rainy
season (Rustad et al. 2001). The population and frequency of endophytes differ amid
the sampling dates of individual organs studied, like young petiole, leaves and twigs
of Ginkgo biloba L. Reports also suggested the very first occurrence of Phyllosticta
sp. in leaves and petioles in August, maximization of numbers in October and
declination rate in May. However, Phomopsis sp. was detected in twigs throughout
the growing season. These results signify that existence and distribution of the two
dominant endophytic fungi are organ-specific and differed within seasons.

19.4 Different Factors and Their Impact

19.4.1 Temperature

Temperature is the most important environmental factor that affects microbial
growth and metabolism in soil. Recently, temperature dependency of soil microbes
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comes into limelight; microorganisms are the pivotal group that produces CO2

during decomposition of organic material in soil. Growth rate and product yield of
microbes are determined by temperature, and in response to higher temperature,
microbes sometimes experienced reduction in membrane fluidity and expression of
heat shock protein (Bond-Lamberty et al. 2018). Although being advanced in
functional gene arrangements and gene sequencing revealed functional and commu-
nity gene shifts of microbes in response to higher temperature, still it is very difficult
to assess the in situ response of microbes towards high temperature.

Temperature dependency of soil microbes is typically studied by measurement of
respiration rate and various field and laboratory experiments of soil habitats. In case
of bacteria, temperature dependency is determined by thymidine and leucine incor-
poration method, while response of fungi towards temperature is estimated by
acetate-in-ergosterol incorporation technique.

The rate of soil respiration increases with increase in temperature up to 40 �C or
more, while the growth rate of soil bacteria and fungi is average at temperature
below 30 �C and decreases at higher temperatures (Nottingham et al. 2015). Usually,
bacteria and fungi of temperate soil grow optimally at temperatures below 30 �C.
Additionally, fungi grow easily in dry soil as they are more acclimatize to soil with
less moisture than bacteria. However, very less is known about the temperature
dependency of fungus. Researchers studied a comparative account of variation in
temperature dependency of respiration between forest and agricultural soil, where
forest soil has lower minimum dependency for respiration. This difference is due to
shift in relative importance of fungi and bacteria as decomposers as fungus are more
active in low temperature and in forest soil than bacteria (Wood et al. 2012). Yet, no
reports are available with regard to direct comparison of temperature dependency of
soil fungal and bacterial communities. Furthermore, climate change favours
cyanobacterial blooms both directly and indirectly. High temperature enhances
thermal stratification of water bodies resulting in cyanobacteria to float upwards
and form dense surface blooms, giving them better access to light. Hence, bloom-
forming cyanobacteria grow at high temperature than other non-buoyant phyto-
plankton organisms.

19.4.2 pH

Neutral pH range of 6–7 favours the beneficial soil microbes and floras; thus, acidic
pH of soil can affect the community structure of microbes and their activities.
Change in soil pH directly or indirectly affects the structure and function of soil
microbial community (Cavicchioli et al. 2019). Interaction with H+ ions of acidic
soil hampers the microbial communities by limiting reproduction, alteration of
enzyme production and cell membrane disruption. The interaction of microbes and
acidic pH of soil parallelly hinders health and productivity of soil. Acidic pH also
shifts the community structure of soil by making it a fungal dominated place, where
fungal pathogens can easily invade into the roots (Pugnaire et al. 2019). Besides this,
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both bacteria and fungi play different roles in decomposition of organic residues in
soil, so change in soil pH can also modify the processes of organic residue decom-
position (Rajkumar et al. 2013). In acidic pH, soil carbon and plant nutrients become
immobilized resulting in slow turnover and nutrient release (Fig. 19.2).

19.4.3 Salinity

Maintenance of microbial activity in soil is highly important as they have a pivotal
role in mineralization of organic matter into plant available nutrients (Tan et al.
2019). Microbes having ability to tolerate soil salinity synthesize osmolytes for cell
metabolism and turgor caused by osmotic stress. Salt content in soil create osmotic
potential therefore affected by both salinity and soil water content. Soil salinity and
water content vary in time and space. Soil salinity refers to the concentration of salt
in soil that occurs naturally in soil and sometimes caused by mineral weathering or
slow extraction of an ocean. Studying the impact of soil salinity and water content is
extremely essential for crop yield, rehabilitation of saline soils and sustainable land
use. High salinity can hamper the microbial activity in soil by osmotic and specific
ion effect (Ma et al. 2019).

High salinity raises the osmotic potential of the soil water leading to extraction of
water out of cells that may kill microbes and roots through plasmolysis. Also, low
osmotic potential makes it tough for the roots and microbes to eradicate water from

Fig. 19.2 Effect of microbes in different pH of soil and its interaction with plant
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the soil. Though plants and microbes acclimatize to low osmotic potential by
gathering osmolytes, their synthesis requires huge energy leading to reduction in
growth and activity of microbes. High salinity not only increases the concentration
of Na+, Cl� and HCO3� ions that are toxic to plants but also decreases the microbial
activity and changes community structure of microorganisms due to cell lysis caused
by osmotic stress (Sangiorgio et al. 2020).

Nevertheless, microorganisms have the capacity to become accustomed to salin-
ity by osmolytes accumulation. Organic osmolytes such as proline and glycine
betaine and inorganic osmolytes like potassium cations are mostly accumulated by
salinity-tolerant microbes. Synthesis of organic osmolytes involves high- mounts of
energy, whereas use of inorganic salts as osmolytes has toxic effect; thus, it is
confined to halophytic microbes which have salt-tolerant enzymes to survive in
high salinity. As fungi are more sensitive to salt stress than bacteria, ratio of bacteria/
fungi is higher than saline soils. Hence, these differences in salinity tolerance can
change community structure of microbes as compared to non-saline soils.

19.4.4 Water

The status of soil water refers either to water content of soil or to soil water potential
that signifies energy level by which water is held in the soil. Water potential is
defined as the pressure required in transferring a solution of known molarity from a
referenced elevation to that of pure water, mainly including matric, osmotic and
gravitational potential. The processes involving water balance are related to water
content of soil, while processes linked to water movement are associated with soil
water potential (Classen et al. 2015).

Water is highly essential for transportation of substrates as well as in hydrolysis
processes. Besides this, soil water content also controls the mineralization rate and
activity of soil microbes. However, excessive soil water content limits O2 diffusion
as diffusion of O2 in water is much lower than in air. This reduced O2 diffusion
decreases the activity of aerobic microbes and favours the activities of anaerobes. On
the other side, lack of water reduces the rate of carbon and nitrogen mineralization
and alters the structure of microbial community by limiting the growth and activity
of microbes (Cheng et al. 2019). Microbes retain adequate amount of water for cell
turgor and metabolism by maintaining high osmotic potential in the cytoplasm than
adjacent environment. Soil microbes accumulate organic and inorganic compounds
at low water content to increase osmotic potential inside cytoplasm. Thus, osmolyte
accumulation is the only principle for tolerance of low water content and high
salinity (Aung et al. 2018). Furthermore, substrate supply in dry soil becomes
restricted due to drainage of pores and disconnected and thinner water films
(Tyagi et al. 2014). Soil microbes like archaea, fungi and Gram-positive bacteria
can endure high matric potential than Gram-negative bacteria due to stronger cell
walls.
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19.4.5 Soil Structure

Soil refers to a multitude of tiny particles known as aggregates, which are separated
by pores that allow the movement of vital chemicals, water and nutrients inside the
soil and make them available for animals, plants and microbes. Small changes in soil
structure not only affect the stability, density and porosity of soil but also strongly
affect the function and distribution of soil bacteria (Xue et al. 2018). These bacteria
demand some vital conditions for enhancement of crop yield in the plough land.
Agricultural machinery, such as tractors, hampers the soil structure by moving over,
leading to increasing soil density and demolishing soil porosity. This creates
obstruction in distribution of vital chemicals, gases and water in soil and resulting
in dismissive impact on plant. Additionally, the compressed soil destroys the soil
porosity and restricts the movement of bacteria and other nutrients.

However, microorganisms secrete extracellular polymeric substances (EPS) as a
padding approach to improve water retention capacity of soil. Soil microorganisms
use carbon as a cellular biomass and transformed to stable metabolites; thus carbon
can be sequestered in soil as dead microbial biomass (necromass) (Deltedesco et al.
2020). In addition, plant growth-promoting microbes like symbiotic and associative
N2-fixing bacteria enhance nutrient uptake via mycorrhizal fungi and produce plant
growth-promoting hormones, such as indole-3-acetic acid (IAA).

19.5 Conclusion

Soil harbours wide array of microbes regulating the biogeochemical cycling of
macro and micro nutrients those are vital for sustenance of life. This is the need of
the hour to understand and predict the influence of climate change on soil micro
flora. In this chapter we analyse an over view of recent trends on climate change and
its influence of soil microbiota in several climate-sensitive soil and its effect on
plants.
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Chapter 20
Climate Change and Plant Diversity:
Threats and Opportunities

Usha Mina, Amit Kumar, Ashish K. Chaturvedi, and Pramod Kumar

Abstract Climate change is one of the alarming environmental concerns in the
twenty-first century and so on affecting diverse ecosystems at various scales.
Diversified plant species provides food, energy, health and other ecosystem services
to human livelihood. Severely affected plant diversity due to climate change is a
matter of great concern among scientists, policy makers and rising population.
Hence, assessment of climate change-associated threats and opportunities to plant
diversity become utterly important. Climate change has notable impact on growth,
development as well as the reproductive success of plants, majorly due to change in
the micro- or macro climate conditions. It also depends on the plant life form or plant
groups as per-intrinsic tolerance and adaptation capacity of diverse group of plants.
Multiple stresses co-occurring together under climate change vary greatly within
plant group or plant types. In this chapter, we highlighted the threat posed by climate
change to the plant diversity as a whole categorised under group, namely, algae,
bryophyta and pteridophyte extended to gymnosperms and to the advanced or higher
groups of plants such as angiosperms. In the ms the adaptive response of plant
species distributed among the above group’s opportunities available to ensure
ecosystems structure, processes and services were also explored and documented.

Keywords Climate change · Plants · Algae · Bryophytes · Gymnosperms ·
Angiosperms
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20.1 Introduction

Biospheres plant diversity playing a key role in sustaining and supporting the life on
it as well as helping humanity to combat emerging environmental challenges.
However, human beings consciously or non-consciously through habitat destruction
and fragmentation, deforestation, land use changes, introducing species into their
non-native areas (i.e. triggering invasion) along with climate change are responsible
losses in plant diversity locally, regionally and/or globally (Mina et al. 2018). Main
drivers for biodiversity loss are land use change followed by exploitation and climate
change (Nic et al. 2020). Global warming has affected and posed stress on natural
ecosystems and caused substantial damage to or complete loss of some unique
vulnerable ecosystems along with extinction of some species. Loss of biodiversity
due to climate changes has been beyond the planetary boundary surpassing even
unequal species distribution on Earth (Newbold et al. 2016).

Global climate models have projected that with current GHG emission rates, the
likely increase of nearly 5 �C in average temperature has been noted. Even if
countries take measures to mitigate or reduce greenhouse gases emission as com-
mitted under the 2015 Paris agreement, global warming will exceed 3 �C in the
twenty-first century (IPCC 2014). It should also be emphasised that the rise in
temperature will not be uniform across the different ecosystems of the planet
(IPCC 2014). The Global Land-Ocean Temperature Index will be around 0.98 �C
estimated by Goddard Institute for Space Studies (GISS), NASA, and the current
atmospheric concentration of carbon dioxide (CO2) is around 407 ppm. Its level
today is maximally increased during the past 800,000 years (NOAA 2019). Besides
changes in temperature and rise in CO2, the world is also facing alteration in rainfall
patterns. Hence, for ¼ climate change impact assessment on ecosystems and its
components, the measure of speed of change in climate per unit distance
representing climate change velocity becomes very important to be addressed.

Estimated global mean velocities which represent the magnitude and range shifts
in species ¼ for ¼ temperature and rainfall for a period of 2000–2100 are in the
range of 0.42 and 0.22 km year�1 (Loarie et al. 2009; Brito et al. 2018). Conversely,
temperature change velocities in equatorial region has been reported as
>10 km year�1, while at steep slopes it may range in <10 m year�1. The mean
temperature change velocity during last glacial maximum and during 2011 was only
5.9 m year�1 (Sandel et al. 2011).

Climate fluctuations are not a new phenomenon. Paleo-ecological evidences
indicate that the Earth climate has been exhibiting temporal dynamicity since plants
originated and evolved. In the past, Earth climate (as extreme cool, warm, dry and
wet and high and low CO2 levels) role in shifting vegetation patterns, speciation and
extinction has been deciphered. Plants are immobile or sedentary in nature; each
geographic location has a tolerance limit or range to climatic attributes. Biome
concept (largest scale at which ecologist classify plant diversity) addresses the
broad-scale distribution of world vegetation and associated animals (Kumar and
Mina 2020). Climate change has been predicted as the major drivers in the future
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affecting plant diversity in terms of plant survival, growth and physiological success
and along with its effect on ecological interactions involving herbivory, competition
and pollination.

Plant response to climate change through acclimation, adaptation and other
processes such as migration and/or extinction has been evident at local, regional
and global level since origin (Corlett and Westcott 2013; Mina et al. 2018). Evolu-
tionary diversity of plants represents a particularly interesting pattern (Fig. 20.1).
Since 400 million years ago from the appearance, plant species number has contin-
uously increased, however, with a dramatic shift through the time in the dominating
plant groups. Extinction of the rootless and leafless psilopsids (the early vascular
plants) by the Devonian ends with replacement by pteridophytes (ferns) which are
flourishing in the Carboniferous period. Further the decreased abundance of pteri-
dophytes by the early Triassic, known for gymnosperm diversification (includes
cycad conifers, ginkgos), further declined abundance and diversified as angiosperms
(flowering plants) during the past 100 million years (Smith and Smith 2012).
Climate change has been acknowledged as a major threat causing loss to biodiversity
(Hooper et al. 2012; Nic et al. 2020).Though empirical evidence with respect to
climate change driven plant diversity extinctions is limited (Le Roux et al. 2019),
evolutionary evidences suggest that plant diversity responds to change in climate
spatially and temporally. Response at spatial scale includes shift in distribution
range, while temporal scale response includes changes in phenology, diurnal
rhythms, physiology and other life history traits/events. Due to increasing temper-
ature and altered precipitation, plant species variably shift their range to track
preferred climate, though species differ strongly in the strength and even direction
of range shifts (Parmesan and Yohe 2003; Bertrand et al. 2011). Alterations in plant
diversity geographical distribution pattern or range are controlled through climatic
and non-climatic variables combinations which is idiosyncratic (Bullock 2012).
Migration of some plant species to higher latitudes/altitudes under climate change
for suitable habitat is well recorded (Beaumont et al. 2007). However, population
reduction, loss of habitat and extinction risk for some species unable to endure the
climate change are also noted (Root et al. 2003). To persist, plant diversity attribute
responses produce adaptive plastic or genetic retorts under changing climate for
short- or long-term period, respectively. Plant species exhibited slowly and/or little
responses such as slow migration rate probably becoming extinct under this sce-
nario. Climate relict is a term used for those plants which exhibited direct linkage
with recent climate change and curtailed distribution (Crawford 2008).

Climate change effects on plant diversity are variable on all geographic region of
Earth, as some regions will be benefited and some will be adversely affected.
Northern Hemisphere areas—Russia, China and Canada—plant diversity will get
more growing days, whereas hot tropical regions plant diversity may reduce nearly
200 growing days per year (Verrall and Pickering 2020). Similarly, in regions under
snow cover, freezing days will reduce and support plant growth and may further
increase plant diversity on the summits of European mountains, extending growing
season of some plants. The actual climate change effect on plant diversity will be
modulated by other factors including extreme events of rainfall, rising temperatures,
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soil conditions and stress magnitude. Threat on the ability of plants to either adapt/
migrate becomes obvious (Mina et al. 2018). Currently the biggest challenge in plant
diversity conservation for sustainability of ecosystem functioning is dependent on
the information that how plant diversity attributes respond to climate change. Plant
diversity includes multi-cellular, photoautotrophic eukaryotes act as an integral
element in climate change impact and adaptations studies.

Present chapter is focused on the impact and adaptations response of plant
diversity distributed among the five subgroups of plant kingdom to climate change
attributes especially extreme climatic events, CO2, temperature and precipitation to
develop a broad understanding of respective adaptability and response of the plant
subgroup. Plant kingdom diversity categorised into five subgroups, namely, algae,
bryophyta, pteridophyta, gymnosperms and angiosperms, based on morphology,
vascular system and seed formation (Fig. 20.1). According to Brummitt et al.
(2015), bryophytes have 34,556 species, pteridophytes have 12,838 species, gym-
nosperms have 1032 species, and in angiosperms, monocotyledons have 71,445
species, and dicotyledons which are represented by surrogative legume family have
19,874 species. Google scholar repository database on climate change impact on
plant diversity for 1990–2020 includes 752,000 papers on the topic. Of this most of
literature reported climate change impact on species richness (considered as a
resilience indicator for ecosystems to environmental change). Out of the total
752,000 papers, only 23,200 studies have addressed the functional and phylogenetic
diversity and 18,100 studies on genetic diversity under climate change research.
Moreover, differential response to diversity at specific level with large variability
under climate change has been likely to be affected; hence, in a nutshell a broader
picture of biodiversity in response to climate change is warranted. We further
explored the general climate change impacts on each plant group from algae,
bryophyta, pteridophyta and gymnosperms and to the advanced plant groups Angio-
sperms (Table 20.1, Fig. 20.1) (Table 20.1).

20.2 Algae Diversity and Climate Change

Algae include chlorophyll bearing unicellular, autotrophic, non-vascular,
non-embryophytic thalloid organisms forming first trophic level of freshwater,
brackish water and marine ecosystems. They are categorised under three main
groups, namely, green, red and brown algae. Green algae predominantly occur in
freshwater ecosystem, although some species also reported from marine and terres-
trial ecosystem. Red and brown algae are predominantly found in marine ecosystems
and occasionally in freshwater ecosystems (Kumar and Mina 2019). These three
groups are further divided into two groups (macro-algae and micro-algae) based on
the morphological size. Macro-algae (seaweeds) are fast-growing multi-cellular
thalloid up to 60 m long plants (McHugh 2003), whereas micro-algae are micro-
scopic organisms (Fig. 20.2a and b). The important macro-algae are Alaria (arctic
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Table 20.1 Response of plant diversity categories to climate change attributes

Plant diversity category
and selected species

Elevated levels of
climate variables Response References

Algae
(Alaria; Sargassum;
Laminaria, Corallina;
chlorella, Spirulina,
Muriellopsis;
C. Vulgaris; Zygnema;
H. fusiforme)

CO2 • Altered growth rate
• Increased biomass

Watanabe et al. (1992),
Olaizola (2003), Singh
and Singh (2014),
McHugh (2003)

Temperature
(>35 �C
and < 16 �C)

• Algal growth affected Singh and Singh
(2014)

Bryophytes
(Bartramia patens,
Hennediella antarctica,
Polytrichas
trumalpinum and
Sanionia
georgicouncinata)

Temperature • Affected reproduction
pattern
• Altered moss popula-
tion genetics
• Dispersal patterns
affected

Casanova-katny et al.
(2016), Dorrepaal et al.
(2004), Dennis (2001)

CO2; temperature • Moss growth and sex-
ual reproduction

Casanova-Katny et al.
(2016), Amesbury
et al. (2017)

Pteridophytes
(Trichomanes
pinnatum; Cyathea
surinamensis; Lindsaea
lancea; Adiantum
obliquum; Schizaea
stricta; Salpichlaena
hookeriana)

CO2 and
temperature

• Limiting habitat due
to climatic fluctuations

Stein et al. (2012)

Other factors • Plant richness patterns
strongly related to
environmental
conditions

Kreft et al. (2010),
Zuquim et al. (2009)

Gymnosperms (Pinus
caribaea var. caribaea;
Pinus tropicalis; Pinus
sylvestris var.
mongolica; Pinus
pinaster; Pinus
densiflora; Pinus
roxburghii; Pinus
koraiensis; Pinus
sylvestris)

CO2 • P. caribaea var.
caribaea exhibited
more photosynthetic
efficiency than
P. tropicalis
• Physiological pro-
cesses such as
CO2assimilation, light
compensation point,
stomatal conductance
and transpiration
affected

Lexer and Hönninger
(2000)

Elevated CO2 and
temperature

• Decline in pine tree-
ring
• Pine utilising rela-
tively greater amounts
of isotopically depleted
permafrost meltwater
• Ecophysiology and
tree ring analysis

Jacoby and D’Arrigo
(1995)

CO2, and water
deficit

• Alter the needles
metabolism
• Elevated [CO2] pro-
tects plants from water
stress-mediated oxida-
tive damage

de Simón et al. (2020)

(continued)
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Table 20.1 (continued)

Plant diversity category
and selected species

Elevated levels of
climate variables Response References

• Leaves metabolic
profile affected

Elevated CO2,
temperature and
water deficit

• Did not affect litter
quantity
• Changed lignin/N did
not affect soil respira-
tion but affected micro-
bial biomass
• Litter quantity and
chemistry

de Simón et al. (2020)

Elevated
temperature

• Total seedling bio-
mass was lowest in the
5 �C soil temperature
treatment and highest in
the 13 �C treatment
– Belowground bio-
mass increased
• Shoot and root exten-
sion growth and bio-
mass and carbohydrate
allocation
• Effect on phenology
needle (leaf) formation
• Litter fall, cone
formation

Apple et al. (2000)

Drought and
warming

• Reduced the C/N ratio
• Rapid decomposition
of organic matter
• Carbon, nitrogen and
mass loss in the fine
roots

Sonesson and Eriksson
(2000)

Angiosperms
Monocot
(Rice, wheat, maize;
Sorghum; grasses)

Elevated CO2 • Vegetative growth
and metabolic pro-
cess: Increased Rubisco
activity and concentra-
tion in leaf; increased
photosynthesis;
increase leaf area and
biomass; profuse tiller-
ing; increased water use
efficiency; reduced
nutrient especially N
due to C fertilisation
effect; increased tissue
temperature
• Reproductive
growth: Reduced
flowering time;
decreased spikelet fer-
tility; reduced grain
protein and nutrients

Bhatia et al. (2013),
Bourgault et al.(2013),
Chaturvedi et al.
(2017a), Conleyet al.
(2001), Craufurd and
Wheeler (2009), Högy
et al. (2010), Jablonski
et al. (2002), Kadam
et al. (2014), Li et al.
(2004), Mina et al.
(2017) Thilakarathne
et al. (2013), Matsui
et al. (1997), Vu et al.
(1997)

(continued)
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Table 20.1 (continued)

Plant diversity category
and selected species

Elevated levels of
climate variables Response References

Elevated
temperature

• Vegetative growth
and metabolic pro-
cess: Negative impact
depending upon the
morphological parame-
ter; oxidative stress
causing injury to pho-
tosynthetic machinery;
membrane damage;
reduced vegetative
phase; decreased tiller-
ing; affect species rich-
ness in grassland
• Reproductive
growth: Insufficient
energy supply at repro-
ductive stage; reduced
spikelet production;
advanced flowering;
hypoplasia in stamen;
hyperplasia in pistil;
disturbed anther dehis-
cence; impairment in
pollination process;
reduced pollen germi-
nation and pollen via-
bility; kernel abortion

Barnabás et al. (2008),
De Boeck Hans et al.
(2007), Dolferuset al.
(2011), Jagadish et al.
(2010), Rang et al.
(2011), Kadam, et al.,
(2014), Lipiec et al.
(2013), Mina et al.
(2017), Sadras and
Monzon (2006),
Sinsawat et al. (2004),
Ugarte et al. (2007),
Wahid et al. (2007)

Elevated CO2 and
temperature

• Increase in yield up to
a certain threshold
value
• Poor germinated pol-
len grains
• Reduced spikelet fer-
tility
• Decreased seed-set
• Reduced pollen pro-
duction
• Reduced grain protein
and nutrients
• Sink limitation deter-
mines CO2response and
high temperature at
critical flowering/grain
filling stage can limit
the yield and quality

Aktar et al. (2006),
Chaturvedi et al.
(2017b), DaMatta et al.
(2010), Myers et al.
(2014), Prasad et al.
(2011), Taub et al.
(2008)

Nutrients
availability

• Higher application
rate of both N and P
fertiliser: Both (N & P)
lead to the increase in

Chaturvedi et al.
(2017b)

(continued)
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Table 20.1 (continued)

Plant diversity category
and selected species

Elevated levels of
climate variables Response References

total grain yield and
1000 gram weight

Water stress • Vegetative growth:
Reduced chlorophyll
content and relative
water content; decrease
in tillering; halted shoot
elongation
• Metabolic process:
Reduced photosynthe-
sis rate; increase in
canopy temperature;
repressed metabolism
of sucrose
• Reproductive
growth: Abortion of
pollen; anther dehis-
cence; panicle growth;
decrease in peduncle
length

Aslam et al. (2013),
Lipiec et al. (2013),
Liu et al. (2006),
Powell et al. (2012),
Praba et al. (2009),
Rang et al. (2011)

Dicot
(Eucalyptus citriodora;
Eucalyptus
tereticornis; Eucalyp-
tus hybrid; Melia com-
posite Dalbergia
sissoo; Populus
deltoides)

CO2

(800 μmolmol�1)
,

Temperature
(2 �C above than
ambient),
Humidity
(5 higher than
ambient)

• Increased root weight
ratio (RWR)
• C/N ratio and net
photosynthetic rate
• Enhanced biomass
allocation in to shoot
and root; stem height,
stem diameter, number
of compound leaves
and branches
• 2 �C rise of tempera-
ture under elevated CO2

(800 ppm) resulted in
decline in plant growth
responses thereby
resulting in decrease in
biomass production
• Growth, morphology
and biomass; height,
number of leaves
• Biomass accumula-
tion in terrestrial plants

Singh (2015), Lin et al.
(2010)
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climate), Sargassum (tropical climate), Laminaria, Corallina, etc., and micro-algae
are Chlorella, Spirulina,Muriellopsis, etc. Each macro- and micro-algae grow under
a specific range of nutrients, salinity, temperature, light, depth and currents. The
optimal temperature range for algae phytoplankton is 20–30 �C. Temperature> 35 �C
and < 16 �C will affect the algal growth.

Commercial potential of many macro- and micro-algae species has been realised
and used in industries. Products of nearly US$5.5–6 billion and US$5–6.5 billion per
year from macro-algae and micro-algae, respectively, have been estimated across the
world (Pulz and Gross 2004; McHugh 2003). However, few algae species (repre-
sents about 2% of total algae species) are causing harm by producing toxin, creating
anoxic conditions through large blooms and disrupting ecosystem structure
(GEOHAB 2001).

Algae diversity, positive or negative response to climate change, is responsible
for either harmful algal bloom (HAB) or coral reef loss, respectively (Fig. 20.3).
Variability in algal species in response to CO2 has been reported. Some of the algae
strains negatively affected under its elevated concentrations (Lee and Lee 2003),
while few strains optimally grow at 5–10% of its concentration. On the other hand, a
drastic decrease in growth rate of some strains above 20% has been well documented
(Watanabe et al. 1992). Few algae species grow well at 30–70% saturated CO2

(Sung et al. 1999). Examples are available with some algal species growing at 100%
CO2 through maintained culture pH and on demand releasing CO2 (Olaizola 2003).

Phytoplanktons, single-celled algae, freely float at upper layers of the oceans,
which served as producers for marine food chain. It has been observed that in some
South Pacific regions, 30% decline in phytoplankton biomass have occurred due to
climate change and induced drop in thermohaline circulation (Behrenfeld 2006).
Although climate change adversely affects most oceanic phytoplankton, however
some species respond positively, for example, Pyrodinium phytoplankton species
known for red tides (Petit and Prudent 2010).

Harmful algal blooms (HAB) is the term to represent proliferative growth of
certain photosynthetic organisms that includes phytoplanktons and phytobenthos,
macro-algae and cyanobacteria population causing harmful effects on human health,
fisheries, aquaculture and other human resources (Behrenfeld 2006; Kudela et al.
2017). Worldwide presence of HABs in aquatic ecosystems due to natural processes
and the associated problems has been reported. In recent past concerns have been
raised that magnitude of some HABs and their associated impacts may increase in

Fig. 20.2 (a) Macro-algae (b) Micro-algae
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the future due to direct and indirect changes in HAB locations physically (i.e. climate
change) and socio-ecological environment (Berdalet et al. 2016; Geohab 2001).

Marine heat waves have been the cause of deterioration of coral populations
globally which might be attributed to climate change (Buerger et al. 2020). van der
Zande et al. (2020) reported that major coral reefs could disappear in 30 years’ time
in some of the¼World Heritage sites under changing climate. Structural integrity of
coral reefs worldwide is maintained by crustose coralline algae (CCA). Climate
change adversely impacted CCA, as elevated temperature and CO2 levels would lead
to reduced CCA populations. Controlled experiments with coralline alga (CCA)
species—Porolithononkodes—exposure to elevated CO2 (400–1100 ppm) and tem-
perature (26--29 �C) reported that warming caused additive negative effects on algal
health. Mortality rate increased from <1% to 9% for CCA under high CO2 and
exacerbated up to 15% under warming conditions (Diaz-Pulido et al. 2012).

In commercial raceway ponds, the average algal biomass yields at 10–30 t ha�1

y�1, and the reproducible productivities stand ranges at 50--60 t ha�1 y�1 under
controlled conditions. The positive growth response characteristic of few algae
species is exploited as an opportunity for climate change mitigation option. The
enhanced biomass generated by the positively responding algae species will be
utilised for the production of bio-fuel (that can replace fossil fuel substantially)
and bio-fertilisers. For example, in micro-algae C. vulgaris ARC1 strain, an increase
of 6% in the biomass under elevated CO2 when temperature was 30 �C fixed,
exhibited fixing of 18.3 mg and 38.4 mg CO2L/day at ambient (0.036%) and
elevated CO2 (6%), respectively. Under CO2-enriched conditions, Zygnema species
commonly occurring in ponds, streams, ditches and similar type of water bodies
produce 1.9–38 times more biomass.. In Japan, brown seaweed (H. fusiforme) is
used as a food, and its relative growth rate under elevated CO2 was significantly
increased (Singh and Singh 2014).

Global investigation is focused towards conservation and replication of the algal-
based climate change mitigation solutions for depleting atmospheric CO2. In this line
corals can have the potential to gain heat tolerance by associating with specialised
symbiotic partners, and it can prove to be an excellent tool to adapt to climate
change. The identification of the promising algal strains which can achieve high
growth rate under changing environmental condition will be helpful in designing
climate change mitigation strategies.

Fig. 20.2 (continued)
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20.3 Bryophytes Diversity and Climate Change

Bryophytes are non-vascular, non-tracheophytes or primitive vascular plants which
are having central strand of conducting cell function as xylem and phloem. Bryo-
phytes’ have thalloid and leafy form morphology and amphibian’s characteristic,
requiring lots of moisture and humidity in their habitat. Bryophytes consist of
approximately 20,000 species distributed under three groups (hornworts, liverworts,
mosses). Maximum and minimum species richness belongs to mosses and hornworts
group, respectively. Most bryophyta species exhibited wide variability in physio-
logical tolerance to abiotic stresses such as drought, insolation and temperature
extremes due to a poikilohydric strategy (capacity to lose water quickly against the
temperature rises and relative humidity drops event) for water and nutrients content.
However, some species distributions are mainly to moist and shade-loving habitats
and are sensitive to desiccation, whereas some bryophytes can grow on bare rock
surfaces and can survive longer in the absence of water .

Moss can colonise on bare ground and rock form and stabilise soil crust through
biomass production, nutrient cycling and regulating water flow. Mosses also grow
on trees as epiphytes which generally grow on adaxial branch along. In Northern
Hemisphere, mosses are more abundant on the north side of the substratum surface
(tress and rocks), and opposite is true in Southern Hemisphere due to low moisture
loss due to solar radiation. However, in cool, humid, cloudy climates, mosses can
grow at any side due to equally moist surface available for them at all sides.
Casanova-katny et al. (2016) reported four moss species (Polytrichas trumalpinum,
Hennediella antarctica, Bartramia patens and Sanionia georgicouncinata) exposure
to elevated temperature affected reproduction pattern and suggested that in many
Antarctic mosses, elevated temperature exposure may alter moss population genetics
and dispersal patterns.

Mosses are utilised for different anthropogenic purposes such as fuel, horticul-
ture, medical and oil absorption activities. The common threats to these economic
important bryophytes are habitat fragmentation, selective harvesting, deforestation
and developmental activities such as road, building and hotel construction.

Mosses are considered as bioindicator of pollution and other environmental
changes including climate change. Paleo-ecological studies used fossilised bryo-
phytes or their parts, i.e. macrofossils or spores, to reconstruct past climate (Gignac
2001). It has been reported that dry state of bryophyte species exhibit extreme
temperature tolerance than wet physical state (Longton 1988). Bryophytes distrib-
uted in narrow range of moisture and temperature. This characteristic at some
locations identify them potential climate change bioindicators. However, some
studies suggest bryophytes as weak indicators, as response to microclimate which
may be extensively different from the macroclimatic conditions (Longton 1982). On
comparing response of bryophytes and vascular plants to climate change, bryophytes
are considered to be more responsive (Becker Scarpitta et al. 2017) and have been
identified as at risk due to reduction in distribution areas with few exceptions.
Research have established that species migrates with changing climatic conditions;
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thus bryophyte can be indicative for ecosystem shift due to changing environmental
condition and support to understand the climate change in specific geographic
location (Gignac 2001). The literature suggests that climate change impact on
bryophyte individual species or community can be quantified either through growth
attributes monitoring or through changes in the species distribution pattern, assem-
blages of community and functioning of the ecosystems. Bryophyte response to
climate change is not homogeneous, but species-specific. Majority of knowledge
produced on the topic of bryophytes and climate change is indirect or was obtained
in experiments performed under laboratory conditions or in short-term field studies.
Thus, more specific and realistic long-term studies are badly needed. Terrestrial
bryophytes from different environments and geographic areas have been studied
regarding the effects of climate change. Dorrepaal et al. (2004) reported that in the
Arctic tundra, summer warming will lead to a reduction in moss abundance.
Replacement of bryophytes species by adjacent shrubs and boreal species in alpine
snow beds has been reported (Björk and Molau 2007). In Antarctica, Bramley-Alves
et al. (2014) pointed out that the dominance of bryophytes may be threatened by
climate change, but increasing temperature improved both moss growth (Amesbury
et al. 2017) and sexual reproduction (Casanova-Katny et al. 2016).

The elevated temperature may limit duration of metabolic activities and enhance
the desiccation intensity in many bryophytes due to their low range of thermal
acclimatisation and susceptibility to loss the moisture under high temperature
condition.

Bryophyte species temperature requirement range for photosynthesis varies from
region to region (Glime 2014) and observed susceptible to elevated temperatures
(He et al. 2016). For example, tundra, temperate and tropical bryophytes can perform
photosynthesis in the range of 5–15 �C, 15–25 �C and 25 �C or 26 �C, respectively
(Wagner et al. 2013).The temperate species can tolerate elevated temperature up to
2–3 �C, and upper shoots are prone to desiccation above 30 �C, which limits the
photosynthesis process in many species of bryophytes.

He et al. (2016) reported that in the boreal forests and temperate and tropical
mountains, global warming will shorten the periods of bryophyte metabolic activity
(due to an increase in desiccation), which can negatively affect survival and bryo-
phyte diversity. Net CO2 uptake coincides with increase in temperature up to
optimum and then decline due to unbalancing of the photosynthesis and respiration
rate. At this point forward, net CO2 exchange becomes negative due to decline in
photosynthetic rate and increased respiration rate. Therefore, respiration affects
significantly on photosynthetic accumulation under elevated temperature and affects
bryophyte survival.

Currently, bryophyte diversity is under pressure due to global environmental
changes; consequently decline in bryophyte diversity is expected. Decline will be
more in boreal, alpine biomes (Buytaerta et al. 2010) and peaks of tropical moun-
tains, which leads to alterations in associated ecosystem structures and functioning,
for example, peatland ecosystems. Peatlands are the “land with peat” and also known
by many names such as mire, marsh, swamp, fen and bog (Rydin and Jeglum 2013).
Peatland ecosystems cover >3% of Earth’s surface which has been reported from
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180 countries (Parish et al. 2008) and stores carbon twice of world’s forests and
serves as largest terrestrial organic carbon storage. About 80% of all peatlands,
mostly in Northern Hemisphere, stores about 15--30% of the global soil carbon and
major carbon stocks in frozen mineral soils (Limpens et al. 2008). Bryophytes are
key structural and functional species of peatlands ecosystems. The biomass produc-
tion of the peatland is regulated by Sphagnum (drought-sensitive species) and
temperature and water variables dominantly regulated the Sphagnum productivity
(Hájek 2014). Sphagnum stores water in capillary to prevent drying and maintained
physiological functions and growth. It is highly impossible to resume the physio-
logical function after drought stress in Sphagnum (Hájek 2014). Thus, climate
change-induced stresses especially drought are having pronounced effects on
peatlands. Therefore, these peatlands are critical for terrestrial carbon sinks to
minimise the global warming. Therefore, improving understanding on bryophytes
response towards elevated temperature is predominantly essential. Overall, bryo-
phytes are ideal plants for climate change bio-indication, due to their sensitivity to
ecological changes (Blackstock 2018). Additionally, the responses of desiccation-
tolerant bryophytes and non-tolerant higher plants to climate change are not com-
parable because of their fundamental physiological differences, and thus bryophytes
should be separately studied in this context. More observational and manipulative
long-term field research at the community level involving the different factors of
climate change and their impact on bryophyte species are needed.

20.4 Pteridophytes Diversity and Climate Change

Pteridophytes (non-flowering, vascular and spore-bearing plants) are distributed in
different eco-climatic (tundra, tropical forest, humid forests, dry environments,
subtropical forest and equatorial) regions (Smith et al. 2006) and divided into two
phylogenetically distinct groups, i.e. lycophytes (group of ~1500 species) and ferns
(group of ~10,500 species) (PPG I 2016). The pteridophytes comprises over 300 gen-
era and about 13,000 species (Smith et al. 2006) and in India exists ~1000 species, of
which 47 are endemic to India (Fraser -Jenkins 2008).

In any ecosystem pteridophytes provide shelter and habitat for many small
animals and regulate soil erosion, stream bank stabilisation, pollutants
phytoremediation, etc. and serves as ecological indicators (Della and Falkenberg
2019; Paciencia and Prado 2005). Pteridophytes contribute in nutrient cycling,
ecological succession and ecosystem dynamics, for example, tree ferns provide
microhabitat to various epiphytic plants (de Gasper et al. 2021).The distribution of
pteridophytes is highly influence by the microhabitat abiotic characteristics,
i.e. temperature, rainfall, humidity, light intensity, water availability, landscape
heterogeneity, soil texture, intrinsic soil nutrient properties and fertility (Bergeron
and Pellerin 2014). Pteridophytes are resilient in characteristic and are doing better
than many flowering species due to their good dispersal abilities (García Criado et al.
2017).
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Terrestrial pteridophyte species are under threat due to anthropogenic land use
changes and aquatic pteridophytes species are adversely affected by water pollution.
About half of pteridophytes from Trinidad and Tobago were deemed possibly at risk
(Baksh-Comeau 1996). 1/3 of pteridophytes in the USA are at risk (Stein et al.
2018). Out of 22 rare pteridophytes of Gulf of Guinea, 8 species under critically
endangered, 3 under endangered and 11 under vulnerable categories were reported
(Figueiredo et al. 2019. In the Philippines, forest destruction and shifting cultivation
are serious threat to habitat and diversity of the natural pteridophytes (Amoroso
et al. 1996).

The low population size and restricted distribution are the important limitation
which imposed extinction pressure on these ferns and lycophytes in various habitats.
There are very limited studies conducted on the pteridophytes growth: distribution,
species richness and abundance under the changing environmental scenario,
i.e. climate change (Bergeron and Pellerin 2014). Thus the prediction of the pteri-
dophytes response against the climate change is highly difficult. The disturbance and
fragmentation of habitat and physiological stress along with change climatic condi-
tion may worsen the survival and can cause local/regional/global extinctions of these
plants.

The spores of pteridophytes are capable for long-distance dispersal; thus they can
escape from the stress regions easily compared to seed-bearing plants. This novel
characteristic can support these plants to adapt under the changing environmental
conditions. However, availability of the new suitable condition also impart to the
success of this habitat escape mechanism.

Ferns (Polystichum munitum) transfer moisture from fog to the forest floor in
California’s redwood forests, even when it’s not raining. The adaptative feature
of these species will support to mitigated the climate change induced drought and
population extinctions. However, summertime drought conditions reduce
P. munitum abundance and vegetative growth. These shows less adaptation to
water stress during summer in redwood forest ecosystem. P. munitum is not able
to response better against the intense effect of climate change and can affect the
redwood under story ecosystem functions.

20.5 Gymnosperms Diversity and Climate Change

Gymnosperms (naked seeds) are considered first true terrestrial vascular plants
appearing around 245–208 million years ago, i.e. Triassic Period. Living gymno-
sperms comprise 12 families, 83 genera and ~ 1000 species categorised in four
groups, namely, Coniferophyta, Cycadophyta, Ginkgophyta and Gnetophyta (Wang
and Ran 2014). The extant gymnosperm species includes cycads (297–331),
gnetophytes (80–100), conifers (614) and only one extant Ginkgoales. Of the 1000
species, 342 (33.7%) and 672 (66.3%) are dominantly found in Southern and
Northern Hemisphere, respectively. Gymnosperm diversity growth forms are pre-
dominantly woody trees and shrubs and rarely climbers. The conifers (pines,
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cypresses, etc.) represent largest gymnosperm species, while Ginkgo represent only
one species, i.e. G. biloba. Gymnosperms are recorded into each biogeographical
region except small and isolated oceanic islands and Antarctica (Fragniere et al.
2015). A total of 506 species (50%) are reported in tropical (i.e. between 23.5� N and
23.5� S) environment.

Gymnosperms are most sensitive to climate change among all spermatophytes
(Fragniere et al. 2015; Crisp and Cook 2011). The gymnosperms diversity decreases
at equatorial latitudes. About 50% of the extant species was dominantly in tropics
and > 43% of gymnosperms at �200 m a.s.l., and approximately 60% (mostly
cycads) are at the risk of extinction (Fragniere et al. 2015). In a study, about the 41%
of the studied gymnosperm (109 species) are at the risk of extinction due to climate
change in China (Wu 2020). IUCN has classified Abies nebrodensis (Sicilian/
Madonian fir) under critically endangered category because of its extremely small
population (30 adult trees) in narrow distributed <1.5 km2 and posed threats,
i.e. habitat degradation, hybridisation with non-native firs and increased climate
change-associated risk of extreme events (e.g. drought) and wildfire (Pasta and Troia
2017).

Different species of gymnosperms are having variable optimum range of envi-
ronmental conditions (temperature, humidity, precipitation, etc.) and climate change
affecting these conditions variable in different regions.

Gymnosperms are having very ancient in lineage with high cultural and ecolog-
ical importance at a global scale irrespective of their species diversity lower than the
other members of plant kingdoms. Gymnosperms have ability to conserve water,
thus allowing them to grow in drier climate. Leaves are just like needle and having a
heavy, waxy cuticle. The stomata are sunken in nature and minimise the water loss.
The stems have vascular system allowing them to have the ability to grow in the
harsh conditions. Gymnosperm seeds develop on scale/cones/stalk which consists
embryo within a protective coat. The vascular tissues in a gymnosperm are like a
series of pipes or running tubes. These pipes are responsible for transportation of
water and nutrients from the roots to the leaves. The main source of pollination and
dispersal is wind, ensuring survivability of gymnosperms.

Gymnosperm diversity category has reduced genetic diversity as compared to
other categories of plant diversity. Consequences of low genetic diversity will be
variable among species and populations, but low climate-related diversity poses a
challenge for population to survive under rapid climate change (Burdon and Thrall
2000).

Evolutionary evidence indicates that latitude and elevation gymnosperm diversity
shifted in past quaternary climate by migration and adaptations. Rapid climate
changes challenge this process exerting strong selection pressure and separating
populations from their adapted environments. Along with rapid climate change,
rapid land use changes and habitat fragmentation block gene flow, which conse-
quently disrupt adaptation and migration processes and affect growth and survival of
many species.

In literature poleward spatial shift has been reported for gymnosperms species
with similar drought tolerance, wood density and seed weight traits and evolutionary
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history and cause changes in forest ecosystem species composition, resilience and
sustainability (Fei et al. 2017).

20.6 Angiosperms Diversity and Climate Change

Angiosperm diversity uniqueness is flowering and associated traits. The category
comprises more than 220,000 living flowering plants (Seward 2011). Fossil evidence
indicates that angiosperms first appeared about 130 million years ago (Seward
2011). The evolution of angiosperm in diverse habitats and restricted gymnosperm
evolution to cold or dry habitats make them dominant group of plant diversity.
Angiosperms are able to survive in diverse habitats due to following traits—complex
and specialised woody tissue system; dense leaf venation; short life cycle; attractive
flower; diverse pollination strategies; production of more number of seeds; enclosed
seeds with easy dispersal mechanism by wind, water or animals; etc. Angiosperms
exist in both woody and herbaceous growth forms (Seward 2011). Angiosperms
phenological events occurrence are closely linked or synchronised with abiotic and
biotic components of their habitat, climate change attributes will disrupt of affect the
synchrony or dynamics of the phenological events of angiosperm diversity. Disrup-
tion, deviation or shift of phenological events has variable dramatic effect on the
survival, flowering and pollinator interaction, pollination, seed production and
fitness of angiosperm species. In this chapter the most dominant plant diversity
group, i.e., angiosperm and climate change,, threats and opportunities are discussed
with respect to its two main subgroups—monocotyledons and dicotyledons. Angio-
sperm species placed monocots and dicots group depending upon the single and
double cotyledons present in the seeds, respectively.

20.6.1 Monocotyledons

Monocotyledons or monocots seeds have only one cotyledon or embryonic leaf.
They contribute one fourth of angiosperm diversity, which is equivalent to approx-
imately 60,000 species of economic and cultural importance such as cereals, grasses,
weeds, palms, orchids, etc. Monocots distribution follow latitudinal diversity gradi-
ent, maximum at equator. Monocots growth form mostly herbaceous occasionally
forming true wood. Monocots consist of parallel venation in long and narrow leaves
and a fibrous root (i.e. without tap root) system. Flower parts are arranged in threes
or in multiples of three in monocot. Monocots constitutes some of the largest
families of angiosperms (e.g. orchids with ca. 20,000 species and grasses with
ca. 15,000 species) along with the most economically important plant species
which could be further sub-divided as annual and perennial on the basis of average
life period.
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All important staple food crops (wheat, rice, maize, oat and barley) are generally
occurring in the annuals monocot categories (Seppelt et al. 2020). Climate change
impacts on the annual monocots (rice and wheat) have been widely quantified with
respect to elevated temperature and CO2 concentration, declining water availability,
nutrient conditions, etc. Rice belongs to Poaceae, family that includes other cereals
such as wheat and corn. Rice cultivating methods include transplanting, direct
seeding, system of rice intensification (SRI) and sub-merged conditions. Rice plant
is an annual monocot and C3 plant, and research across the world have find out that
the climate change affected the rice plant in both positive and negative impact. Any
negative impact can lead to question of food security. Hence in this chapter, we are
focused on the rice as a model example for annual monocots.

Anticipated climate change attributes—elevated CO2 with temperature—will
have adverse effect on rice productivity and quality (Chaturvedi et al. 2017a). Rice
is differentially sensitive to high day (major effects on spikelet fertility, anther
dehiscence and pollen germination; Jagadish et al. 2010) or night temperature
(major effect on night respiration; Bahuguna et al. 2017). Elevated CO2 exposure
resulted in higher biomass and yield in rice due to enhanced leaf photosynthetic rate
(Chaturvedi et al. 2017a). Conversely, high temperature at sensitive growth stage
associated with elevated CO2 is documented to negate the beneficial effect of CO2

(Chaturvedi et al. 2017b). Climate change impact associated with variables including
water stress and temperature vary dynamically affecting growth and developmental
of crops under field environment (Mittler 2006; Rang et al. 2011). CO2 exposure to
rice and wheat reduces grain protein and overall nutrient content concentration
(Taub et al. 2008; DaMatta et al. 2010; Myers et al. 2014). Saseendran et al.
(2000) temperature in the range of 26–31 �C leads to positive impact (20–40%
increase) on the tiller number. High temperature exposure results in delaying the
crop growth duration by as long as 10 days.

Perennial monocotyledons such as banana, ginger, turmeric, cardamom, onion,
garlic, horticultural bulbs of lilies, daffodils, orchids, tulips and bluebells provide the
diverse essential minerals and vitamins for human health. Different organs of
perennial monocots are highly susceptible to various stress caused by the changing
environmental scenario such as root systems is more sensitive to droughts than leave.
Among them the orchids are having unique places due to their medicinal and
ornamental natures. Epiphytic orchids adapted to survive under drought stress by
conserving water (Helbsing et al. 2000). Orchid plants which have drought escape
mechanism show higher vulnerability in an epiphytic habitat under fluctuating
moisture availability attributed to climate change. Similarly, the pseudo-bulb sup-
ports many orchidsâ€™ species to conserve water in drought stress condition
(Ng and Hew 2000). Under elevated temperature condition, the photosynthesis
rate was observed to depress while respiration rate increases. This leads in imbalance
in carbon anabolism and catabolism. This imbalance affects vegetative growth
(reduced plant size) and reproductive growth (reduced energy supply) (Van Iersel
2003).

Detailed mechanistic physiological understanding of perennial monocots is
warranted for their conservation. However, owing to long life-history and slow
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growth rate, limited studies have been performed in the perennial monocots. Overall
it can be said that perennial monocots are sensitive to temperature, drought and other
climatic stresses. So, there is a need to conserve the known species of perennial
monocots which are economically beneficial.

20.6.2 Dicotyledons

Dicotyledons or dicots or eudicots are the plants possessing seeds have two cotyle-
dons, flowers arranged in whorls, and leaves with vein arrangement that forms
networks and stem vascular tissue arranged in ring shape. Dicot growth forms are
either herbaceous or woody. Most eudicots produce pollen with distinct morphol-
ogy. The category includes quarter million flowering plants under more than
300 families with approximately 200,000 species.

Dicot diversity responds to climate change-induced alteration in the native habitat
by doing shifting its distribution to new non-native areas as invasive/exotic or
non-native species that they can tolerate and compete with other plants of that region
and do changes in community structure. USDA also reported that climate change
and invasiveness are dominant cause of biodiversity loss.

Climate change-induced changing habitat environments affect dicot diversity
natural phenological events and creating asynchrony for species interaction such
as symbiotic associations, pest incidence, etc. and related ecosystem processes.
Asynchronous phenological events include shift in dicot plants flowering with
respect to their pollinators and environmental conditions suitable for pollination.
Changing environments have been expected to result in changes in life cycle events
for many plant species. Phenological changes in plants under climate change have to
be used as a criterion of climate change impact assessment has been advocated.
Phenological behaviours of 103 species categorised in ten growth forms in alpine
ecosystem of North-West Himalaya were explored. Growth initiation, flowering
period and fruiting time of individual species were worked out. Under climate
change the phenology of these plants may get altered (Vashistha et al. 2009).
Similarly, the biological spectrum of life forms and growth forms in Indian alpine
ecosystem due to grazing pressure has been worked (Vashistha et al. 2011)
suggesting that native vegetation remained unaffected by grazing. It also explains
that whether anthropogenic factors alone or in combination of climatic change can
cause changes in biological spectrum, life form and growth form pattern of alpine
regions (Vashistha et al. 2011). Impact assessments on some of these alpine plant
species/growth forms under elevated CO2 were performed under in situ CO2 enrich-
ment facility Chaturvedi et al. 2010). Results revealed growth form or plant species-
specific response and further suggested that all the alpine plant species may not
respond positively to CO2 owing to variable sinks (Chaturvedi et al. 2013).

Among dicots, in many agro ecosystems, pulses have been assessed for the
climate change attributes—elevated CO2, temperature and drought impacts and
adaptation strategies. Elevated CO2 exposure delayed leaf senescence and crop
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maturity of chickpea by 10–12 days (Kumar et al. 2012). Temperature sensitivity
and growth dynamics of chickpea was assessed with 14 chickpea genotypes through
naturally varying the temperature with different dates of sowing or staggered sowing
methodology (Mina and Dubey 2010). It is concluded that under staggered sowing,
chickpea which was sown late is vulnerable to both low and high temperature stress,
during vegetative and reproductive stages, respectively, under North Indian climatic
conditions (Pal et al. 2013). Elevated temperature stress effect could be mitigated by
elevated CO2 exposure on chickpea. The mitigatory role of high CO2 to adverse
impact of temperature was more in desi compared to kabuli variety (Rai et al. 2016).
Pal et al. (2014) reported that rising CO2 influenced the sunflower yield and seed oil
quality. Biomass accumulation and yield increased, but seed quality in terms of
mineral and protein content decreased.

20.7 Future Prospects

The experimental evidences suggest plant diversity ranging from algae to advanced
angiosperms responds variably to climate change. It is evident that changing climate
poses challenge for the plant diversity habitats integrity, distribution range, interac-
tion with other species as well as energy and nutrient demands. Those plant species
under different groups have shown higher vulnerability to adverse impact of climate
change as compared to others; for them it is prerequisite for conservation. To devise
the conservation strategies, the basic information is needed to protect the particular
species especially in respect to its distribution, growth and development process and
also the reproductive success under the normal as well as the changed climatic
conditions. As our knowledge of plant response to CO2 suggests that CO2 primarily
stimulates photosynthesis, temperature influences all the processes including photo-
synthesis, cell division, phenology and respiration. Rising temperature implies
changing water requirement; hence characterisation of different plant groups based
on different single factors or multifactor approach should be done. The required
information’s can be generated through collaborative network projects. The model-
ling and bioinformatics strategies for single species traversing species groups (func-
tional types) to communities, ecosystems or biomes for and further for
environmental niches, can be utilised to design for the conservation/protection
strategies. The blending of the two approaches are producing the effective results
than any individual approaches. Environmental variables doesn’t act in isolation;
other drivers like species invasion, land use changes, habitat degradation and loss,
along with pollution, may act synergistically under climate change affecting plant
diversity. Knowledge on plant diversity adaptation strategies to climate change may
also be of great importance, which is still relatively limited.
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Chapter 21
Impact of Climate Change on Functional
AM Fungi in Rhizosphere

Manoj Kumar Singh, Sumit Sahni, and Anita Narang

Abstract In the study of global changes and ecosystem impacts, it is very important
to consider mycorrhiza, because they hold a critical position at the plant-soil
interface. Human-induced environmental changes on earth depend on number of
factors such as increasing atmospheric CO2, nutrient enrichment by atmospheric
deposition (N2), altered precipitation and temperature. All these changes taking
place in present and will surely increase in the future can impact the association of
fungi with plant roots in a positive or negative direction. These factors are classi-
fied on the basis of their impact on colonization of mycorrhiza viz. factors affecting
arbuscular mycorrhiza (AM) fungi indirectly by altered allocation of carbon from the
host and factors that directly affect AM fungi i.e. altered precipitation, temperature
and nitrogen deposition. For the study of global climate change and its impact on
AM fungi, this distinction in responses to different factors is very important. These
global change factors always occur in association, since experimental examination
of a large number of scenarios would not be possible in-situ. Therefore for the study
of global changes on AM fungi, large spatial and temporal scale assessments have
been considered. The majority of experiments only permit to extract short-term
responses, though long-term responses are more appropriate. For example, CO2

springs, global distribution of plant communities and regional extinction because
of climate change. AM fungal community may also be impacted according to host
biodiversity at local scales. Further, changes in AM fungal community that are not
affected by the changes in plant community should be studied to find precise
response of mycorrhizas to global change.
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21.1 Introduction

Majority of terrestrial plant species form a symbiotic relationship with arbuscular
mycorrhizal fungi (AMF), where the fungi enhance water and nutrient uptake for the
host plant and in return obtain photosynthates from the plant (Diagne et al. 2020).
The term arbuscular is derived from Latin word ‘arbusculum’, which means a bush
or little tree. Arbuscules are formed within the cortical cells of the host plant roots
and function as a major exchange site for plant-assimilated carbon and soil nutrients
(Jiang et al. 2013). AMF comes under the phylum Glomeromycota, having distinct
morphological features such as aseptate hyphae, hyphal coils, vesicles, arbuscules,
prominent multinucleate spores, no fruiting body formation and surviving within the
roots of the plants (Brundrett 1991). AMF are considered as obligate biotrophs and
difficult to culture in the complete absence of host plant (Bago and Bécard 2002).

AMF greatly increase the phosphorus uptake of plant through its hyphal network,
which extends more than 20 cm away from the roots and occupy up to 100 m cm�3

soil volume, therefore directly increasing the surface area of the plant roots (Miller
et al. 1995). AMF extraradical mycelium consists of specialized phosphate trans-
porters which absorb phosphorus from insoluble soil organic compounds (Johri et al.
2015). AMF can also increase the uptake of nitrogen as well as many other
micronutrients such as Zn, Cu, Mn, Fe, etc. (Liu et al. 2000).

In addition to nutrient uptake, many other benefits of AMF for plants include
carbon cycling (Compant et al. 2010), maintaining plant-water relations
(Subramanian et al. 2006), soil stability by glomulin secretion (Wilson et al.
2009), plant biodiversity and increased disease resistance in many economically
important plants. Because of their wide range of functional services, AMF can be
considered as important microbial symbionts to the majority of terrestrial plant
species (Fig. 21.1).

The climate on earth has been changing rapidly since the mid-twentieth century,
and this can create a serious threat to all ecosystem components. It is predicted that
global temperature will increase in the range of 1–5�C by 2100. Temperature of high
latitudes are increasing and predicted to increase in the coming future with greater
magnitude, with rapid changes in boreal and arctic ecosystem (Stocker et al. 2013).
The effects of these rapid changes are most likely to be significant, and the mean
annual temperature isotherms shifted upwards by almost 200 m in temperate moun-
tain zones by 1�C increase in temperature. Number of cold days will decrease and
hot days will increase. Other environmental factors like pattern of snowfall and
rainfall will also be affected, and extreme disturbances like fire and hurricanes are
also expected to increase. In an ecosystem these changes will affect the species
adaptability, migration between ecosystems and tolerance within the ecosystem
(Bidartondo et al. 2018). In fact the impact of climate change is already visible on
AM fungal communities directly or indirectly by altered host physiology. Also the
human-induced atmospheric changes affect the AM fungi in a variety of ways
(Mohan et al. 2014). Studies have reported that elevated CO2 in atmosphere
enhances the activity and abundance of mycorrhizal fungi; mainly the fungi produce
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more spore-bearing structures. In warmer temperatures, fungal abundance will
increase, while, the nutrient transfer to plant from fungi will decrease. Under drought
conditions, AM fungal community provides resistance to plant and increases the
productivity; therefore the study in plant community dynamics and fungal shifts is
very important. Changes in AM fungal community are directly linked with tolerance
of host trees under changed climatic conditions (Bidartondo et al. 2018). Globally
the deposition of atmospheric nitrogen is increasing because of increased human
activities. AM fungal communities showed strong response to increased nitrogen
depositions for longer period of time, and some of the key taxa have disappeared.
Ultimately deposition of nitrogen increases N availability and usually acidifies the
ecosystems (Tian and Niu 2015; Stevens et al. 2018), both these changes can alter
the mycorrhizal fungi interaction with their host and abiotic environment. Consid-
ering these complex changes in the environment due to climate change, it is not yet
concluded how changes in mycorrhizal abundance, species and activity will affect
ecosystem. This chapter summarizes the findings of different studies that how AM
fungi are responding to climate change and their ecological interactions and function
may affect current and future responses on ecosystem.

Fig. 21.1 Diagrammatic representation showing the effect of different global changes on mycor-
rhizal symbiosis
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21.2 Effect of Elevated CO2 (eCO2) on AM Fungi

Since industrial revolution, the concentration of CO2 in the atmosphere is increasing.
Before that era, the average concentration of CO2 was 280 ppm which has now
reached more than 400 ppm, an almost 45% increase (Grover et al. 2015), and will
further increase to reach up to 800 ppm by 2100 (Knohl and Veldkamp 2011). AMF
is one of the major players in C cycling in ecosystem and symbiotically associated
with about 80% of the plants across all the continents. According to an estimate,
around 5 billion tonnes of carbon got recycled by AMF alone annually (Bago et al.
2000). Therefore, it has become imperative to study the effects of increasing C
concentration in the atmosphere on them as well as on their interaction with plants.
Cotton (2018) classified the mechanisms how environmental changes affect AMF
communities into direct and indirect. Direct mechanisms involve those changes
which directly impacts AM fungi, and indirect mechanism comprises those factors
which does not affect AMF community. Effects of eCO2 and ozone on AMF are
classified under indirect mechanisms by Cotton (2018). Plethora of studies has been
conducted to understand the effects of eCO2 on the physiology, nutrient metabolism,
growth, transpiration, stomatal conductance of plants and many other parameters
(Drake et al. 1997, Ainsworth and Rogers 2007; Augé et al. 2015). But the research
elucidating effects of eCO2 on the AMF and plant-AMF interaction are compara-
tively less. Moreover, the studies which have covered this concept are sporadic as
well as inconsistent in their views. Some are showing positive effects of eCO2 on
colonization of AMF (Sanders et al. 1998; Staddon et al. 2004; Becklin et al. 2016;
Jakobsen et al. 2016); contrastingly some are showing detrimental effects of
increased carbon dioxide (Goicoechea et al. 2014), while some other studies
suggested eCO2 does not have any effect at all (Gavito et al. 2000; Jifon et al.
2002; Tang et al. 2006; Cotton et al. 2015; Mueller and Bohannan 2015) on AMF.
Similar observations were recorded in plants associated with AMF (Dong et al.
2018). The inconsistency observed in effects of eCO2 on plant-AMF interactions
was attributed to difference in distribution patterns of plants, different adaptations
and different species of plants as well as AMF (Phillips et al. 2013; Dong et al.
2018). The explanation given for the negative effect of eCO2 on AMF is that
increased growth in plants due to eCO2 resulted in stress-free resource availability
for the plants which resulted in decreased dependency on AMF and hence their
limited development. Some researchers are of view that the concentration of CO2 in
the pores of soil is already 10–126 times higher than that of atmospheric CO2

concentration; hence eCO2 does not show any effect on AMF communities in soil
(Coakley et al. 1999; Grover et al. 2015).

Various parameters have been studied by different researchers in their studies on
the effects of eCO2 on the plant as well as on the AMF. AMF helps in sequestration
of CO2 fixed by the plants by consuming approximately 20% of the plant photo-
synthate and converting it into slow-degrading organic compounds such as chitin
and a recalcitrant glycoprotein-glomalin (Wilson et al. 2009; Giri and Saxena 2017).
There are many studies suggesting eCO2 resulted in increased hyphal growth
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(internal and external) and root colonization of mycorrhizal fungi, viz. Prunella
vulgaris showed increased hyphal growth under eCO2 (600 ppm) (Sanders et al.
1998). Similar results were obtained in various species ofGlomus in association with
Plantago lanceolata and Echinochloa crus-galli when subjected to 700 ppm of
carbon dioxide in microcosm-scale agro-ecosystem (Staddon et al. 2004; Tang
et al. 2009). On the contrary there was no significant difference of eCO2 on the
colonization of AMF with Pisum sativum, Citrus aurantium and Oryza sativa
(Gavito et al. 2000; Jifon et al. 2002; Monz et al. 1994). There are some reports
suggesting reason for such a varied response of AMF colonization depends on the
mechanism by which plant fixes carbon, viz. C3 plants do not show any effect,
whereas C4 plants show better colonization of AMF (Tang et al. 2009; Grover et al.
2015). Poorter and Navas (2003) explained this difference between C3 and C4 plant
is due to efficient C assimilation cycle in C4 plants which led to more allocation of C
towards mycorrhizal growth.

Different researchers studied different parameters in plants affected with eCO2

which ranges from plant biomass (shoot, leaves and root individually), rate of
photosynthesis, mineral nutrition accumulation, primary metabolites, nitrogen con-
tent in different organs, shoot to root ratio, phosphorus content in complete plant and
in different organs, etc. The photosynthetic rate got increased under eCO2 due to
higher activity of Rubisco. Further there is synergistic effect of AMF with eCO2

which further increase the photosynthetic rates (Al jaouni et al. 2018; Saleh et al.
2020).

In accumulation of mineral nutrition under elevated carbon dioxide, plants
associated with AMF have varied responses for different minerals. Some plants,
viz. peppermint and basil, showed improved accumulation of K, Ca, Zn, Mg and Cu,
whereas in others there is decreased mineral accumulation which is attributed to
dilution effect of increased biomass due to increased concentration of carbon dioxide
(Dong et al. 2018). Saleh et al. (2020) proved higher accumulation of magnesium,
phosphorus (P), copper (Cu) and manganese (Mn) in oregano plant in their study.
Their study also elucidated that there is synergistic effect of AMF + eCO2 in
accumulation of entire mineral spectrum in oregano but not in phosphorus (P),
calcium (Ca) and iron (Fe) accumulation.

Accumulation of primary metabolites such as sugars, starch, soluble sugars, oils,
amino acids, etc. also shows an upward trend under elevated CO2 (Ibrahim and
Jaafar 2012; Al Jaouni et al. 2018; Ghasemzadeh and Jaafar 2011). This can be
explained as increased photosynthetic rate will lead to increased C assimilation in
form of various sugars. Similar results were also shown by Saleh et al. (2020) in
oregano where they observed increased levels of organic acids, unsaturated fatty
acids and essential and non-essential amino acids. Along with the primary metabo-
lites, there was observation of increased phenolic compounds in oregano.

Due to inconsistent information available in different studies, various meta-
analysis were performed; one such meta-analysis was conducted by Dong et al.
(2018) with researches available and used 27 different parameters to study the effect
of eCO2 on AMF as well as on various plants where in most of the parameters it was
positive effect of eCO2.
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21.3 Effect of Altered Temperature on AM Fungi

A broad range of environmental perturbations affect the community and develop-
ment of AM fungi and mycorrhiza formation (Liu et al. 2004). There are numerous
reports available on diversity of AM fungi under variable environmental conditions
due to climate change (Lumini et al. 2011; Camenzind et al. 2014; Botnen et al.
2015). But number of studies are limited to the structure of AM fungal community
under variable temperature conditions. Heinemeyer et al. (2004) performed a study
on grassland community and reported no significant AM fungal community change
in response to the temperature increase by 3�C above ambient. Soil microbial
community structure and microbial biomass responses were quantified from 2001
to 2006 under simulated condition of global change at the Jasper Ridge Global
Change Experiment by Gutknecht et al. (2012). The authors concluded that only in
2006 AM fungi biomarker biomass was decreased under temperature increase by
1�C, and in rest 5 years no significant difference was reported. Many other studies on
the structure of AM fungal community due to climate change including altered
temperature were available (Dumbrell et al. 2011; Torrecillas et al. 2013; Bainard
et al. 2014), but there is no clear consensus in results that how AM fungal commu-
nity was altered due to temperature stress. Temperature stress causes many pheno-
logical changes in AM fungi like altered growth of mycelia, pattern of growth,
extraradical and intraradical AM fungal colonization (Gavito et al. 2005; Compant
et al. 2010). Gavito et al. (2005) reported the temperature between 18 and 30 �C as
the optimum temperature for the development of AM fungi. But temperature optima
are variable for different AM fungal species. In temperate conditions, warming of
soil stimulates the growth of extraradical hyphal network and of external hyphal
production (Staddon et al. 2004; Hawkes et al. 2008), but lower and higher temper-
atures reduce the growth of AM fungi. In a study, Glomus intraradices showed
reduced sporulation at 15 �C, but the metabolic activity of spore was not reduced till
10 �C of temperature (Liu et al. 2004). On the other hand, Schenck et al. (1975)
reported spore germination for Glomus heterogama and Glomus coralloidea was
reduced above 34 �C temperature. Haugen and Smith (1992) reported that coloni-
zation of Anacardium occidentale roots by Glomus intraradices was decreased at
38 �C as compared to 22 �C, while Martin and Stutz (2004) studied Capsicum
annuum root colonization by Glomus AZ112 and found increased colonization at
32.1–38 �C compared to 20.7–25.4 �C. Zhu et al. (2011) studied on Zea mays roots
colonization byGlomus etunicatum and found no significant change at 35 and 40 �C.
The difference in above findings could be due to species variation in AM fungi and
plants and different experimental conditions. In large number of plant species over
different vegetation zones, arbuscular mycorrhiza (AM) is the widely distributed
mycorrhizas. AM fungi and plants associated with poorer soil organic matter, lower
phosphorus, higher nitrogen and higher pH. Soil temperature and humidity have also
directly affected the association of AM fungi, which is regulated by climatic factors
of the region. In general AM fungi perform better under higher temperature condi-
tions and also provide drought resistant to plant. On the other hand, many studies
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have reported low AM colonization in cold climatic conditions. Gradient studies
showed almost missing colonization of AM fungi in arctic regions as opposite to
boreal (Olsson et al. 2004; Kytöviita 2005). Likewise, on the basis of composition of
vegetation type on the sites of higher elevated montane, plants harbour more
ectomycorrhiza (EM) as compared to arbuscular mycorrhiza (AM), and proration
of EM is more in the plants, hosting both EM and AM (Gehring et al. 2006).

The warm seasonal temperature and distribution of AM were positively corre-
lated in a global data analysis, while it is also positively correlated with the incidence
of frost; this frost correlation was connected with the AM plants pre-dominance in
grasslands of the continental regions in the world, showing considerable seasonal
temperature variations (Soudzilovskaia et al. 2015). More experimental setups are
required for studying the occurrence of AM in natural field conditions because
climate of the regions depends on more factors, such as on high altitude and high
latitude the climate is more humid (precipitation minus evapotranspiration). Many
research existing on AM by using direct effect of temperature, observed reduced AM
formation under lower temperature (Kilpeläinen et al. 2020). The study by Parke
et al. (1983) used the EM species Pinus ponderosa and Pseudotsuga menziesii and
an AM species Trifolium subterraneum as bait plants. The response of temperature
for the formation of mycorrhizal showed a bell-shaped pattern between 7.5 and
35 �C in the three species, through the optimum at 18–25 �C.

21.4 Precipitation Pattern Changes Caused by Climate
Change

21.4.1 AM Fungi Provide Tolerance to Plants Under Water
Stress

Precipitation is considered as an important factor that contributes in regulating the
soil carbon and soil moisture balance in the environment (Fu et al. 2017). Therefore,
it has a direct role in determining the soil physical and chemical properties of the
region (Ren et al. 2018). Under variable precipitation conditions, AM fungi play an
important role to enhance plant robustness by improving nutrients absorption (Smith
and Smith 2011), increasing pathogen resistance (Borowicz 2001) and providing
drought tolerance (Augé 2001). Water stress causes major physiological changes in
plants like reduced photosynthesis, accumulation of reactive oxygen species,
reduced aboveground biomass productivity, decreased root proliferation and
reduced nutrient and water uptake (Farooq et al. 2009). Under water stress condition,
AM fungi might control plant robustness by different mechanisms like altering host
physiology and increasing availability of soil water (Santander et al. 2017). The
extraradical mycelium of AM fungi extends away from the plant roots and absorbs
nutrients that are otherwise inaccessible to plants (Smith and Smith 2011). Addi-
tionally mineral nutrients like nitrogen, phosphorus, potassium and calcium in leaves
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regulates stomatal conductance that improves CO2 fixation under water stress
conditions (Bowles et al. 2016). The extraradical mycelium of AM fungi can change
soil structure, but the exact mechanism behind the process is still under investiga-
tion. It was hypothesized that the formation of fungal products (glomalin, a glyco-
protein) and extraradical mycelium contributes in the formation and stabilization of
soil aggregates (Rillig and Mummey 2006). These soil aggregates retain the soil
water and nutrients that can be efficiently utilized by the plants (Dıaz-Zorita et al.
2002). Thus even under water stress condition, plant growth is enhanced which is
important for their survival, reproduction and competition (Augé 2001). AM fungi
also show positive effect on water use efficiency (Kaya et al. 2003) and can maintain
root conductivity during water stress period (Sánchez-Blanco et al. 2004). AM fungi
regulate aquaporin expression in the roots, which helps the water transport in plant
tissue (Aroca et al. 2007). Finally, plant resistance to low water availability is
enhanced by AM fungi because they reduce oxidative damage due to decreased
rainfall by increasing production of antioxidant in plants (Wu et al. 2006). Response
of AM fungi to plants under water stress also depends on the phenotypic character-
istics of associated fungal species. Marulanda et al. (2003) reported the effects of
many fungal species on the plant Lactuca sativa. They reported Rhizophagus
intraradices, Funneliformis coronatum, Funneliformis mosseae and
Claroideoglomus claroideum were the most efficient species in terms of water
absorption because these species have developed more arbuscules, external myce-
lium and other root-associated hyphal structures. On the other hand Septoglomus
constrictum was less efficient because of less developed water-absorbing structures.
Therefore, phenotypic characteristics of AM fungi play important role in water
uptake by the plant.

21.4.2 Effects of Altered Rainfall Regimes on AM Fungal
Communities

Many studies are available on the effects of rainfall pattern changes on plants and
tolerance provided by AM fungi to plants under these circumstances. But there are
limited reports available on the effect of these changes on functional AM fungi in
plant roots. Many scientists tried to unlock this question by performing pot exper-
iments by using single fungal isolates on a particular plant species (Augé 2001). Few
scientists have also performed field experiments for longer duration to study the
response of AM fungal communities on altered rainfall, but their main focus is on
aggregate measures of fungal abundance.

In a field experiment performed by Martínez-García et al. (2012), rainfall pattern
was manipulated for 4 years, to study its effect on AM fungi associated with
Artemisia barrelieri. The study illustrated detrimental effect of reduced rainfall on
vesicles abundance and linked the changes with decrease in rate of photosynthesis in
host plant. Therefore, altered precipitation due to climate change influences the

404 M. K. Singh et al.



interaction between host plant and mycorrhizal fungi, also affecting plant survival
and productivity.

A long-term simulating climate change field experiment was performed by
Staddon et al. (2003) to observe the temporal changes in grassland AM fungal
communities, under changed pattern of rainfall and temperature. The findings
showed that soil moisture was an important factor regulating mycorrhizal abun-
dance. Under the applied conditions comparable to summer drought, extraradical
mycelium density was decreased, while root length colonization by AM fungi
increased. However, in roots and soil, AM fungal density was correlated with both
plant diversity and soil moisture. This temporal study approach showed the
responses of AM fungal community to climate change. In the study, it is not clear
that whether changes in rainfall patterns influenced the species ability for root
colonization, extraradical mycelium formation and vesicles production or it changes
the composition of species community with different traits.

AM fungal community structure was studied by Deepika and Kothamasi (2015)
in a greenhouse experiment. In the experiment Sorghum vulgarewas inoculated with
fungiform semiarid environment, followed by abundance and richness evaluation
under variable moisture conditions and changes in community structure which were
reported. The flooded treatment condition resulted in less diverse community,
dominated by two Acaulospora phylotypes. In flooded condition plants’ phosphorus
content was also reduced; it could be due to changed community structure of AM
fungi and the capacity of remaining species to take up phosphorus under those
conditions.

Another study on the composition of spores of AM fungi, under increased rainfall
conditions at three time points in a year, was conducted by Sun et al. (2013), on a
grassland ecosystem situated in Mongolia. They reported changes in spore diversity
and relative abundance of common species under increased rainfall condition. On
the same site, another study was conducted by Gao et al. (2016) using DNA
sequencing method showing altered community composition and reduced richness
of AM fungal species, under increased rainfall. The increased rainfall may alter the
soil chemical properties like altered soil nitrate, which in succession changes the
community structure of AM fungi. On the other hand, Li et al. (2015) reported that
increased rainfall changes the composition, but no change in richness of the AM
fungal community.

The mechanisms behind the changes in fungal communities by the influence of
altered rainfall has been studied to unravel that whether rainfall pattern directly affect
fungal community or it happened due to any indirect factor like responses of host
plant.
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21.4.3 Mechanisms Behind the Changes in Communities
of AM Fungi in Altered Rainfall Regimes

Altered rainfall results, changes in soil properties, different physiological responses
of host plant and transformed plant community structure, these variations may
change the AM fungal communities of the region. Soil moisture content influences
the oxygen concentration in the soil; therefore it can affect the AM fungal commu-
nity (Deepika and Kothamasi 2015). Moreover, under reduced rainfall, the avail-
ability of soil nutrients decreased (Farooq et al. 2009), and in response to limited soil
nutrients, AM fungal community structure may alter (Liu et al. 2015).

As altered rainfall affects carbon assimilation in plants and AM fungi depend on
their host for its carbon requirement, thus it can directly change the AM fungal
communities associated with the plant. There are reports available that plant can
select different AM fungi by interfering root colonization (Vierheilig 2004) and
providing benefit in terms of carbon to other AM fungal species (Bever et al. 2009;
Kiers et al. 2011). Therefore altered rainfall regimes could change the AM fungal
community composition either by reduced carbon allocation or differentially
selecting any other AM fungal species. Another reason of fungal community change
due to altered rainfall is differential root traits because of changes in released
exudates in the soil, which may affect the fungal interaction and drive the commu-
nity changes (Larson and Funk 2016; Padilla et al. 2013). A few reports also
concluded that morphology of roots influences colonization of AM fungi (Eissenstat
et al. 2015), though linking fungal colonization with root traits is very complex
because roots show different turnover rates and lifespan. There are different hypoth-
eses, explaining the AM fungal colonization. In driver hypothesis, plant community
was shaped by AM fungal community, while in passenger hypothesis, AM fungal
community was shaped by host plant (Hart et al. 2001). Alternatively, habitat
hypothesis explains that plant and AM fungal communities co-vary according to
environmental conditions and not because community is determining the other
community (Zobel and Öpik 2014). Few studies also reported that community
composition and richness of plant species regulate the AMF community abundance
and diversity (Johnson et al. 2004), but AM fungi were not found to be strictly
specific to host (van der Heijden et al. 2015). For instance, in a greenhouse
experiment performed by Hausmann and Hawkes (2010), order of plant establish-
ment determines the AM fungal community, showing the importance of plant
species in regulating the AM fungal community. Therefore due to altered rainfall,
changes in plant community may regulate the richness and community composition
of AM fungi.
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21.4.4 AM Fungal Community Responses Under Altered
Rainfall Regimes Through Fungal Traits Study

Traits of an organism are defined as the phenotypic characters, which define the
potential of an organism to survive under changing environmental conditions and/or
possibly influence the environment, if associated with ecosystem processes (Aguilar-
Trigueros et al. 2015). There are some traits which have dual role, where a response
trait selection due to any environmental change can lead to a change in community
trait composition that ultimately affect functioning of ecosystem (Aguilar-Trigueros
et al. 2014). Therefore study of physiological and morphological traits of AM fungi
is important to understand the AM fungal community structure in altered rainfall
regimes, and the success of a community is also determined by both inter- and
intraspecific variability in traits. An extensive group of traits was hypothesized in
Table 21.1 to be implicated in capacity of mycorrhizal fungi to survive under altered
rainfall. As a result, determinant traits involved in responses under water stress will
permit us to predict AM fungal community to changing precipitation regimes.

21.5 Effect of Increasing Nitrogen Deposition on AM Fungi

Nitrogen is the most abundant element in the atmosphere and constitutes approxi-
mately 78% of it. Nitrogen is an integral component of all living forms but is
unavailable to them in its diatomic form. It enters the ecosystem either in its oxidized
form (nitrates, nitrites, N2O5, HNO3, N2O), reduced form (ammonia, ammonium

Table 21.1 Fungal traits favouring mycorrhizal fungi to survive under altered rainfall

Fungal trait Function

Spore density Reproduction

Spore size Survival and reproduction

Hyphae Root colonization

Arbuscules Nutrient exchange between AM fungi and plant

Vesicles Storage structures

Hyphae spread Water and nutrient uptake

Hyphal size Ability to absorb nutrient in different soil conditions

Hyphal density Nutrient and water uptake

Anastomosis Maintain homeostasis and restoration of hyphae

Hydrophobin Host surface adhesion, spores and hyphal hydrophobicity

Aquaporin Control water lost and uptake

Melanin Host infection and environmental stress protection

Chitin Plant-microbe interaction and cell wall structure

Glomalin Soil structure modification

Starch, sugar alcohol, glycogen Provide defence with desiccation

Trehalose Infectivity and sporulation, control on glycolysis
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salts) or organic form (urea, amines, uric acid, proteins) also commonly termed as Nr
(reactive nitrogen) (Galloway et al. 2004). Diatomic nitrogen can be converted to Nr
via three known methods, viz. atmospheric, biological and industrial nitrogen
fixation. Atmospheric nitrogen fixation is the most primitive way of fixing nitrogen,
but its contribution to the total conversion to Nr is less than other methods.
Biologically, few species of Bacteria and Archaea can convert nitrogen to Nr. Post
industrial revolution, industrial conversion replaced the biological nitrogen fixation
(BNF) as the highest contributor of Nr through Haber-Bosch process. Agriculture
and energy production are the major anthropogenic activities which greatly
increased the Nr deposition (Fowler et al. 2013). According to Behera et al.
(2013), the global emission of NH3 was 48,400 Gg NH3-N annually and 50% of
which was contributed by Asia. Food production, animal farming, fertilizers and
agricultural residue comprise more than 80% of the total global ammonia emissions.
According to an estimate, global Nr deposition level will be doubled by the middle
of the twenty-first century from the levels at the end of the twentieth century
(Galloway and Cowling 2002).

Of all the global change drivers, impact of increased Nr deposition has received
the most attention because it is easier to manipulate. Moreover, availability of
historic data on effects of nitrogen fertilization on plants facilitates many long-
term studies on effect of nitrogen deposition on plant AMF interactions (Cotton
2018). One of such long-term study was conducted by Egerton-Warburton et al.
(2001) where they studied how increase in atmospheric NOx levels over a period of
62 years (1937–1999) impacted the diversity and richness of AMF in the soil.
Nitrogen enrichment led to replacement of 29 species AM community with the
one composed of only 7 species and average loss of more than one species every
year. Increased in atmospheric nitrogen deposition also resulted in decline in AMF
abundance with exception of Glomus aggregatum and G. leptotichum. Treseder
et al. (2018) recently reported an observation that with increase in nitrogen content in
soil, there is gradual shifting of AMF community from Gigasporaceae to
Glomeraceae.

Although there are many studies on the effects of increased Nr on AMF-plant
interactions, the lack of consistency in results is still there as observed in studies on
elevated carbon dioxide on such interactions. There are mixed responses recorded on
how nitrogen alters the richness and diversity of AM fungi. The parameters consid-
ered under these studies include richness, diversity, abundance, root colonization
rates and spore density of AM fungi. While many studies illustrated the decrease in
diversity, abundance and biomass of AMF with increased Nr (Sigüenza et al. 2006;
Blanke et al. 2012; Williams et al. 2017), some reported positive correlation of
species richness and abundance (Egerton-Warburton et al. 2007; Zheng et al. 2014;
Kim et al. 2015), and few studies found no significant correlation of enhanced
nitrogen deposition on AMF (van Diepen et al. 2013; Li et al. 2015). Mohan et al.
(2014) did an extensive meta-analysis with 1434 citations to find the effects of
various global change drivers including enhancing Nr deposition. They found
increase in mycorrhizal abundance and activity on nitrogen enrichment of the
environment in 31% and 67% of the studies, respectively, whereas 44% and 33%
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studies showed the opposite trends, respectively. Apart from the effects of various
global change drivers on AMF, Mohan et al. (2014) also analysed their effects on the
productivity of ecosystem where a clear consistency is observed as 94% of the
studies showed positive impact of increased Nr on plant growth. Recently, similar
experiments were conducted by Lin et al. (2020) to find the effects of nitrogen
deposition on 10-year-old Chinese fir forests. The study revealed negative correla-
tion of root colonization rate and spore density with nitrogen deposition.

Cotton (2018) documented the explanation for this disparity in the responses
shown by AMF on increased N deposition. According to him, the difference in
responses could be attributed to the methodologies adopted in examining the
diversity, viz. from microscope-based morphological analysis of spores (Jefwa
et al. 2006) to molecular identification (van Diepen et al. 2013). Earlier studies
were mostly confined to morphological identification of spores and fungal hyphae,
but with the advent of next-gen sequencing (NGS), molecular sequencing has been
adopted for identification in recent studies (Peay 2014). Molecular sequencing pro-
vides detailed and more precise patterns of AMF community in enhanced Nr
environment as it can unearth even those species which might escape morphological
identification. With greater details come another problem of classification of newly
identified and diverse AMF species (Peay 2014).

Weber et al. (2019) finely dissected the problem of shifting of AMF community
and variable responses to Nr deposition. They classify the AMF in to three ecolog-
ical guilds on the basis of biomass allocation taking cue from Maherali and
Klironomos (2007), viz. edaphophilic (showing love towards soil through high
allocation to extraradical hyphae), ‘rhizophilic’ (affinity towards plant rhizosphere
through high allocation to intraradical hyphae) and ‘ancestral’ (lack of allocation
preference with lower biomass). These guilds have variable preference for soil
nitrogen with edaphophilic AMF (Gigasporaceae) showing negative correlation
with soil nitrogen, whereas rhizophilic AMF (Glomeraceae) shows increased abun-
dance with nitrogen enrichment of soil. Weber et al. (2019) also emphasized on the
role of host plant in abundance of AMF as shrubs prefer the edaphophilic fungi as it
requires greater amount of nutrients, whereas grasses host rhizophilic AMF in
abundance to protect them from parasitic fungi.

Although there are many studies explaining the responses of AMF on increasing
Nr deposition such as its abundance, richness, etc., very limited information is
available on how it affects the ecosystem. There are few sporadic studies indeed
compiled by Mohan et al. (2014) but without any conclusive reports.

21.6 Conclusion

AM fungi are widely distributed and exist as important symbionts in terrestrial
ecosystem. This review compiles the effects of different changing climatic factors
on functioning, composition and diversity of AM fungi. The changing global factors
influence the AM fungi in two different ways: they affect either directly by altering

21 Impact of Climate Change on Functional AM Fungi in Rhizosphere 409



their phenology or indirectly via the physiological changes in host plants. Studies
available till date are limited in number and generally focused on short-term dura-
tion, limited geographical areas, considering only one or two global changes and
limited vegetation types. Long-term studies would significantly improve our under-
standing to AM fungal community responses to global environmental changes. In
addition to host-fungus interaction, changes in other soil organisms (which influ-
ences AM fungal communities) and soil properties can have potentially large impact
on functioning of AM fungi due to global climate changes. But this research
direction is not much explored till date. Thus it is clear that further studies are
required to explore the mechanism of changes in AM fungal communities by the
influence of global climate changes.
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Chapter 22
Phytoremediation of Polycyclic Aromatic
Hydrocarbons-Contaminated Soils

Nima Dolatabadi, Soheyla Mohammadi Alagoz, Behnam Asgari Lajayer,
and Eric D. van Hullebusch

Abstract Polycyclic aromatic hydrocarbons (PAHs), one of the main organic
pollutants, are produced mainly during the uncomplete organic material combustion
(e.g., wood, petrol, oil, and coal). Catalytic cracking towers, coke and aluminum
production, coal-tar pitch and asphalt production, carbon black, coal gasification and
liquefying plants, residential heating, and the activities associated with petroleum
refineries as well as the exhaust of motor vehicles are the main PAHs anthropogenic
sources. PAHs are worldwide concern for soils and water bodies that generate
serious threats to human and environmental health. The human exposure pathways
are being influenced by the environmental compartments contaminated. Many PAHs
possess carcinogenic, mutagenic, and toxic properties. PAHs are mostly hydropho-
bic compounds. Consequently, they are easily absorbed into the gastrointestinal
mammal tracts. To remove these pollutants, various remediation technologies have
been examined. One of these technologies is bioremediation, which is cost-effective
and safe. As a promising technology, phytoremediation can be applied to remediate
soils contaminated with PAHs. Phytoremediation is based on the combination of
microbe’s actions living in the rhizosphere and plants, which show promises to
remediate hydrocarbon-contaminated waterways and land. The appropriate plant
combinations and their related endophytes improve organic pollutants biodegrada-
tion in the endosphere and/or rhizosphere, contributing to the improved pollutant
removal rates and yields.

N. Dolatabadi
Department of Plant Breeding and Biotechnology, Faculty of Agriculture, University of Tabriz,
Tabriz, Iran

S. Mohammadi Alagoz
Department of Plant Production and Genetics, Faculty of Agriculture, Urmia University, Urmia,
Iran

B. Asgari Lajayer (*)
Health and Environment Research Center, Tabriz University of Medical Sciences, Tabriz, Iran
e-mail: h-asgari@tabrizu.ac.ir

E. D. van Hullebusch (*)
Université de Paris, Institut de Physique du Globe de Paris, CNRS, Paris, France
e-mail: vanhullebusch@ipgp.fr

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
D. K. Choudhary et al. (eds.), Climate Change and the Microbiome, Soil Biology 63,
https://doi.org/10.1007/978-3-030-76863-8_22

419

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76863-8_22&domain=pdf
mailto:h-asgari@tabrizu.ac.ir
mailto:vanhullebusch@ipgp.fr
https://doi.org/10.1007/978-3-030-76863-8_22#DOI
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22.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds being mainly
pale-yellow, white, or colorless solids (Abdel-Shafy and Mansour 2016). PAHs
display different environmental toxicity and chemical structures grouped in a family
of several chemical compounds that are widely spread in the environment (Veltman
et al. 2012). PAHs enter the environment via different routes and mostly exist as a
mixture that contains at least two aromatic rings or more (Thorsen et al. 2004). Some
PAHs are mostly produced by the industry (Wang et al. 2011). These compounds
through several different action modes generate toxic effects on living organisms.
The PAHs toxicity is explained by strong interaction with cellular membrane
functions as well as in membrane-associated enzyme systems (Arslan et al. 2017).
PAHs have been proved to generate mutagenic and carcinogenic effects. Moreover,
they are recognized as powerful and effective immune suppressants. It has been
documented that they affect humoral immunity, the development of immune system,
and resistance to a host (Armstrong et al. 2004). PAHs are also produced during
biological conversion of organic materials. In addition, they are a product of
unfinished combustion of natural sources (brush fires and forest) as well as that of
man-made sources (cigarette smokes and automobile emissions). PAHs are usually
encountered in water, soil, and atmospheric compartments (Baklanov et al. 2007).
PAHs are a unique class of organic pollutants that contain two or more fused
aromatic rings (Fig. 22.1). USEPA has listed 16 PAHs as priority compounds to
be analyzed in various environmental matrices.

The physical properties and molecular structure of 16 PAHs are shown in
Table 22.1 and in Fig. 22.1, respectively.

Menzie et al. (1992) have well summarized the ubiquitous nature of PAHs in the
environment. PAH compounds mainly consist of hydrogen and carbon atoms. PAHs
are chemically composed of at least two benzene rings bonded in angular, cluster, or
linear arrangements. High boiling and melting points (solid), very low aqueous
solubility, and low vapor pressure are the main features of PAHs. The latter two
features go down when molecular weight increases, whereas reduction and oxidation
resistance go up (Arey and Atinkson 2003). Aqueous PAHs solubility reduces for
every extra ring (Masih et al. 2010). Meanwhile, since PAHs are very lipophilic, they
are highly soluble in organic solvents. Furthermore, PAHs possess several different
functions, including physiological action, resistance to corrosion, ability to emit,
conductivity, resistance to heat, and sensitivity to light (Akyuz and Cabuk 2010).
PAHs display very characteristic UV absorbance spectra because every aromatic
structure of the ring possesses a unique UV spectrum. Consequently, every isomer
possesses a different spectrum of UV absorbance, which is particularly useful in
identifying PAHs (Mansouri et al. 2020). Furthermore, most PAHs are also
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fluorescent, emitting characteristic wavelengths of light when they are excited
(Rivera-Figueroa et al. 2004; Abdel-Shafy and Mansour 2016).

22.2 PAHs Sources and Uses

The main PAHs sources are due to the unfinished organic material combustion,
including wood, oil, and coal. Industries do not synthesize chemically PAHs for their
aims. However, many PAHs are used for a few commercial purposes. PAHs are
usually utilized as intermediaries in lubricating materials, thermosetting plastics,
photographic products, agricultural products, pharmaceuticals, etc. (Fig. 22.2)
(Kaminski et al. 2008). Nevertheless, the following uses are the general ones of
some PAHs:

Fig. 22.1 Molecular structures of PAHs (Smol and Włodarczyk-Makuła 2017)
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• Acenaphthene: Manufacturing pharmaceuticals, pesticides, plastics, dyes, and
pigments

• Anthracene: Manufacturing of pigments and dyes and a diluent of wood
preservatives

• Fluoranthene: manufacturing pharmaceuticals dyes and agrochemicals
• Fluorene: manufacturing thermoset plastic, pesticides, dyes, pigments, and

pharmaceuticals
• Pyrene: manufacturing pigment
• Phenanthrene: manufacturing pesticides and resins

Some of other PAHs contain asphalt, which, in addition to roofing tar, are used
for making the surface of roads. Moreover, the precise refined PAHs products are
also utilized in liquid crystals, functional plastics, and electronics.

During the pyrolysis process, pyrogenic PAHs are produced when organic
matters are under low oxygen or no oxygen and the temperature is high. The
pyrolytic processes that deliberately take place consist in the thermal petroleum
residual cracking into lighter hydrocarbons or the destructive coal distillation into

Fig. 22.2 PAHs Sources
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coal tar and coke. Meanwhile, other accidentally processes take place during the
unfinished fuel oil combustion in heating systems, the unfinished wood combustion
in forest fireplaces and fires, and the unfinished motor fuel combustion in trucks. The
pyrogenic processes take place at temperatures of 350 �C to more than 1200 �C. The
pyrogenic PAHs usually exist in particular places close to the main PAHs sources as
well as in higher concentrations in urban areas. Moreover, at lower temperatures,
PAHs may be created. Crude oils also contain PAHs that have been generated over
millions of years at 100–150 �C. In this regard, PAHs that are created over the
maturation of crude oil and similar processes are known as petrogenic ones. These
petrogenic PAHs are often found because of the wide use, storage, and transportation
of crude oil and its products. The accumulation of enormous numbers of small
releases of motor oil, gasoline, and substances related to transportation, aboveground
and underground storage tank leaks, and freshwater and oceanic oil spills are some
of the main petrogenic PAHs sources. It’s a well-known fact that PAHs may be
created over the unfinished organic substance combustion. In addition, there are
PAHs in the petroleum products. Moreover, PAHs can be formed biologically, e.g.,
these compounds may be synthesized by particular bacteria and plants or created
over the vegetative matter degradation. PAHs may be formed by either anthropo-
genic or natural processes (Tolosa et al. 1996).

PAHs sources in the environment are generally well-known and numerous. The
real environmental samples are mainly a basis for identifying the contents of PAHs.
Chemical fingerprinting has numerous techniques for distinguishing between the
groups of sources of PAHs. These groups include oil-based, wood-based, or coal-
based sources. Specific chemical indicators that there are in many samples are
utilized to distinguish between these groups. In other words, the techniques of the
identification of sources often include the studies related to establishing the main
“background” ranges of PAHs in the environment. Furthermore, chemical finger-
printing may be used for identifying and allocating the non-point PAH sources in the
environment in both residential and industrial areas (Wang et al. 2011). As already
mentioned, the formation temperature is a way to identify the sources of PAHs for
the reason that higher formation temperatures compared to lower temperature
processes can form the PAHs that possess fewer alkylated chains. For example,
PAHs rapidly created at very high temperatures and found in stack effluents at power
plants will possess different PAH patterns compared to the distribution of the PAHs
that exist at the site of crude oil spill. Recent cases usually occur at low temperatures
during millions of years (Parker et al. 2012). Investigating the number of five-
member hydrocarbon rings in PAHs is another method for distinguishing pyrogenic
PAHs from petrogenic PAHs. Petroleum hydrocarbons possess higher number of
five-member rings than pyrogenic substances because the extensive time of forming
petroleum hydrocarbons supports marshaling the rings. The material of the source
for the substances that are pyrolytically created is quickly converted into the rings
with six members that are more stable (Tolosa et al. 1996). Although the PAHs
sources in the environment are numerous, advances are continuing to identify their
sources and distinguish between pyrogenic PAHs and the non-pyrolytic sources
(Wang et al. 2014).
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22.3 Ecotoxicological Effects of PAHs

Photooxidation and metabolism affect the PAHs toxicity to aquatic organisms.
PAHs are reported to be more toxic in the presence of ultraviolet light, and they
have moderate to severe toxicity to aquatic organisms. Toxicity of PAHs on the early
development stages of fish, bone metabolism, liver metabolism, and reproduction
has been reported in fish such as medaka (Oryzias latipes) and zebrafish (Danio
rerio) (Honda and Suzuki 2020). PAHs are not likely to have toxic effects on the
terrestrial invertebrates in soils except for when soils are highly contaminated.
Immunity, development, reproduction, and tumors have negative influences on the
abovementioned organisms. PAHs may be absorbed by mammals through several
different routes, for example, ingestion, dermal contact, and inhalation (Veltman
et al. 2012). In addition, PAHs may be absorbed by the root of plant and moved to
other parts of plants. The uptake rate is usually controlled by the solubility, concen-
tration, and physicochemical state of water as well as the type of soil. The phytotoxic
impacts induced by PAHs are not very often reported. A database of detailed
information about this aspect is still limited. Certain types of plants contain the
materials that may keep them safe from the effects of PAHs. Some of other plants
may synthesize PAHs; consequently, they act as the hormones of growth (Beyer
et al. 2010). PAHs exist moderately in the environment and may be accumulated
biologically. It is expected that the PAHs concentrations in shellfish and fishes are
much higher than in the environment. It has been also shown that there is the
biological accumulation in the terrestrial invertebrates. However, PAHs degradative
metabolism is enough to prevent the biological magnifications (Tudoran and Putz
2012).

22.4 Effects of PAHs on Human’s Health

Seventeen PAHs have been recognized, which given the potential exposure and the
negative effects on the human’s health are considerable concern, and thus, they are in
the same group. Since PAHs are toxic and their diffusion is widespread,
biomonitoring studies of human exposure to these compounds are of most important
interest. Nevertheless, the effects of PAHs on human health are not precisely very
similar. Some PAHs as known carcinogenic to humans have been classified by the
International Agency for Research on Cancer (IARC 2010). The most important
impact on human health caused by inhalation exposure to PAHs is a serious risk of
lung cancer (Kim et al. 2013).
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22.5 PAHs Removal

There are various methods for removing PAHs from the environment, including
photochemical degradation and biodegradation (Abdel-Shafy et al. 2014). More-
over, PAHs removal from the atmosphere has been reported (Zhong and Zhu 2013).

22.5.1 Degradation of PAHs

PAHs degradation in the environment is mostly taking place via photolysis degra-
dation, chemical degradation, and biodegradation processes (Nadarajah et al. 2002).
Each of the abovementioned processes affects the individual fate of PAHs in
different way. This is mostly why the structure of every PAH is unique and has a
group of biological, chemical, and physical properties. Most studies have investi-
gated PAHs biodegradation either with aerobic or anaerobic microorganisms. Few
studies have examined other PAHs degradation processes, including chemical
oxidation or photolysis.

22.5.1.1 Photolysis Degradation

The destruction of organic compounds such as PAHs initiated through the light
absorption is described as photolysis (Manahan 1999). The abovementioned reac-
tions excite the electrons inside the PAH molecules, thereby creating an unstable
structural arrangement and allowing a number of chemical and physical processes to
act on the compound (Schwarzenbach et al. 1993). The photolysis reactions of PAHs
are similar to the reactions of biodegradation. In other words, PAHs are more
effectively degraded whenever they are in the aqueous or vapor phases (Finlayson-
Pitts and Pitts 1997). Little photodegradation takes place when PAHs are sorbed
onto particles in soil or in the atmospheric compartment. This reaction occurs more
effectively when the surface area of particles increases. Furthermore, photolysis
reactions on light-colored particles such as alumina or silica gel are greater than
darker particles such as carbon black (Abdel-Shafy and Mansour 2013). The
photodegradation reactions, like the one occurring via microbial degradation, are
directly affected by the PAHs structure. In most situations, the two-ring and linear
PAHs and some clustered are degraded under direct light. Degradation of angular
PAHs (e.g., dibenzo (a, h), anthracene, and phenanthrene) is slower due to the more
stable structure of molecules. Moreover, photolysis is more effective onto PAH
compounds with low molecular weight such as naphthalene, because the availability
of such compounds is high, thereby possessing longer exposure times to sunlight
(Korfmacher et al. 1980). Eventually, the molecules of PAHs can be deposited inside
of the pore structure of fly ash whenever they are sorbed to the particles of fly ash.
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Consequently, in the pore structure, sorbed PAHs are protected against the sunlight,
which stops photolytic reactions (Niu et al. 2007).

22.5.1.2 Chemical Degradation

It seems that chemical oxidation reactions are the main PAHs degradation mecha-
nism occurring under environmental conditions. The chemical oxidation occurs
either as part of treatment technologies or during natural attenuation (Abdel-Shafy
and Mansour 2013). The PAHs oxidation rate is directly affected by oxidizing agent,
temperature, the structure and molecular weight of the compound, and its physical
state. Physical treatment such as coagulation (Smol and Włodarczyk-Makuła 2017)
and chemical treatment have been reported to remove PAHs from surface water
effectively (Moursy and Abdel-Shafy 1983). Fluoranthene is the most stable PAH
that was examined for oxidation by ozone (Alebic-Juretic et al. 1990). This can be
the reason for the presence of fluoranthene in high concentrations in the studied soil.
Hassan et al. (2015) have also shown that the synergistic impact of UV and ZnO or
TiO2 catalysis is impressive in PAH degradation in contaminated soils. Oxalic acid
and iron oxides may establish a photo-Fenton-like system lacking extra H2O2 in the
solid phase to improve the photodegradation of pyrene under ultraviolet (Wang et al.
2009). The use of Fenton’s reagent process for remediation of environmental
matrices contaminated with PAHs has been also well investigated (Flotron et al.
2005). Nowadays, the Fenton’s reagent is used to the remediation of contaminated
solid matrices, such as soils, sediments, or sludges (Watts et al. 2002). PAHs
degradation with the use of a high ultrasound frequency has also been studied
(Manariotis et al. 2011).

22.5.1.3 PAHs Biodegradation

PAHs biodegradation is the most common process of degradation. The first studies
regarding PAHs biodegradation have paid special attention to the aerobic degrada-
tion. However, anaerobic degradation has been clearly demonstrated under
denitrifying conditions (Haritash and Kaushik 2009). For microbial degradation of
any particular PAH, this latter should be available for uptake (Fredslund et al. 2008).
PAHs begin to be bioavailable whenever they are in either the vapor phase or the
dissolved one. Bacteria cannot easily degrade PAHs adsorbed onto soil particles, for
the reason that PAHs are separated from the enzymes that bacteria use to break down
PAHs (Rappert et al. 2006). The bioavailability of any particular PAH is complex,
e.g., it has been shown that aged PAHs soil contamination affects how quickly such
compounds desorb from soil (Uyttebroek et al. 2007). Moreover, each PAH com-
pounds desorb at different rates over time. Also, Hatzinger and Alexander (1995)
showed that soils freshly spiked with C-14 labeled phenanthrene and chrysene
display a rapid desorption of these PAHs compounds. In contrast, chrysene and
phenanthrene released from aged soils are desorbed at a much slower rate. At first,
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PAHs are quickly desorbed immediately after a period of slower desorption
(Cornelissen et al. 1998). Thus, the change in the rate of desorption is mainly
induced by the reduction in the concentration gradient as PAHs are desorbed.
Since the individual PAHs concentrations reach the limits of aqueous PAHs solu-
bility and a gradient of concentration between the aqueous and sorbed phases
decreases, desorption rate is going down. The solubility character of PAHs is a
key factor in their bioavailability. The solubility of aqueous PAHs is directly
affected by the compounds’ molecular weight (Thorsen et al. 2004).

22.6 PAHs Phytoremediation

Phytoremediation means the use of plants for in situ treatments. It has been identified
as an alternative to the traditional remediation technologies for the reason that it is
socially acceptable and more cost-effective. In addition, it may create economic
opportunities, including the production of bioenergy (Fan et al. 2008). Certain
indirect attenuation mechanisms are involved in phytoremediation, such as the
metabolism of pollutants by plant-related microbes and plant-induced changes in
the contaminated environment (Singh and Jain 2003). The phytoremediation mech-
anisms involved in the removal of PAHs mostly consist in (1) promoted biodegra-
dation: stimulating cometabolic pathways and the microbial activities of soil by the
compounds that are released from plant roots, (2) the mobilization or adsorption of
PAHs in the rhizosphere because of the surfaces and lipophilic exudates of roots, and
(3) the direct metabolism and uptake of plants (Olson et al. 2008). The plant species
differ in the exudate compounds composition (as biosurfactant and carbon source)
and the characteristics of their roots, affecting the mobilization of sorbed PAHs, the
soil physicochemical properties, and the microbial degradation activities (Mueller
and Shann 2006). Moreover, plants’ ability to metabolize and uptake PAHs from soil
is affected by different enzymatic pathways, transpiration, and root adsorption
processes (Harvey et al. 2002). Therefore, plant selection must be regarded as an
important aspect for optimizing the phytoremediation of soils contaminated with
PAHs. Using a multi-process phytoremediation system composed of physical (vol-
atilization), photochemical (photooxidation) and microbial remediation, and
phytoremediation (plant-assisted remediation) increase the average efficiency of
removal of 16 priority PAHs by 50% more than bioremediation alone, and by
45% more than phytoremediation by itself (Huang et al. 2004). Furthermore,
multispecies mixture has been well investigated to improve the potentially toxic
metals phytoremediation efficiency compared to monocultures, for the reason that it
provides a more favorable condition in the rhizosphere to enhance the bioavailability
and biodegradation of contaminants (Wenzel 2009). Nevertheless, not many studies
have paid special attention to the effect of multi cropping on the removal of PAHs,
and the results of these studies are hard to generalize for the reason that the results
sometimes are different. Maila et al. (2005) showed that the combined cultivation of
African millet and velvet grass had no positive effect on the removal of pyrene in
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comparison to monocultures, while Xu et al. (2006) reported that pyrene was
significantly removed from the soil with ryegrass and maize. Therefore, more
information on the cropping pattern that affects the PAHs removal is required to
explain such results.

22.6.1 Phytoremediation by Plants

It is conceivable that plants could be used effectively to contribute to the removal of
organic contaminants such as PAHs from soil through two key mechanisms: (1) the
accumulation by plant tissues and the metabolization of the contaminants immedi-
ately after the root plants uptake and (2) the improved rhizosphere microbial
activities caused by the transduction of root enzymes to mineralize and/or transform
pollutants (Wild et al. 2005). Therefore, the soil PAHs bioavailability and the uptake
capacity of plants would significantly affect the PAHs phytoremediation efficiency.
Analysis of the level of nonionic pollutants in plants associated with the external
level in soil water (or water) has shown that the abovementioned pollutants go inside
plants mainly through the passive processes (Su and Zhu 2006). In the systems of
plant-water-soil, the high partition coefficients and low water solubility of PAHs
cause the minimal levels of PAHs in pore or external water, especially the soils that
have high sorption abilities, which limit the subsequent accessibility of PAHs for
plants uptake. Factors such as transpiration stream concentration, shoot concentra-
tion, and root concentration (Briggs et al. 1982) have often been utilized to model the
absorb and translocation of plants. Meanwhile, other studies have showed that the
extent of plants assisted with the removal of PAHs from soil goes down with the
contact time of soil (Reid et al. 2000). The aged PAHs contamination displays a
lower microbial bioavailability because of a stronger binding to the organic matter of
soil. Specifically, it has been shown that an increased association with the insoluble
soil humin fraction is a main reason for decrease biodegradation (Nam and Kim
2002). Due to limited mass transport with contamination age, the total concentration
of pollutants in soils is not considered as a good indicator of contaminant bioavail-
ability (Alexander 2000). Therefore, an evaluation of the efficiency of
phytoremediation without considering the effect of aging may be not completely
correct. Many studies into the phytoremediation of PAHs-contaminated soils were
carried out with the soils that were freshly contaminated (Xu et al. 2005), and the
removal of this contamination was easier due to high PAHs bioavailability. This
would be envisaged whenever soils and PAHs have contact for a long time. In other
words, the efficiency of phytoremediation observed in previous studies may have been
exaggerated. The data that provide many useful facts about the bioavailability and
uptake of PAHs by plants in the aged soils are required to accurately evaluate the
efficiency of phytoremediation, especially at field sites. Crops used as food are often
polluted by organic wastes and several different pesticides (Wennrich et al. 2002).
Rice is the food that is normally eaten in Asia. In China, PAHs exist by a large degree
as pollutants caused by the agricultural and industrial sources (Tao et al. 2004).
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Compared to plants that are grown in uplands such as maize, wheat, and ryegrass, the
paddy rhizosphere is a key environment for the removal of PAHs. Figure 22.3 refers to
various phytoremediation strategies.

22.6.2 Plant-Endophyte Partnerships

Phytoremediation technologies are based upon the combined action of microbes
living in the rhizosphere and plants, which show promise to remediate hydrocarbon-
contaminated waterways and land, but they have not yet been approved formally in

Fig. 22.3 Different plants phytoremediation strategies for remediation of pollutants from the
contaminated environment (Modified from Kumar et al. 2018)
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the strategies of large-scale remediation. Phytoremediation based upon the syner-
gistic plant actions and the microorganisms associated with them has been identified
as an in situ method for remediating soil. Appropriate plant combinations and
endophytes associated with them are able to make growth on plants better and
improve the organic pollutant biodegradation in the endosphere and/or rhizosphere,
making the pollutant removal from soils happen more quickly (Marchut-
Mikolajczyk et al. 2018) (Fig. 22.4). Numerous studies have recently been
performed to decipher the phytoremediation mechanisms of organic pollutants
from assisted by endophyte phytoremediation. Using plants and microorganisms
for phytoremediation in order to degrade/remove soil pollutants is a promising,
reliable, and cost-effective method (Arslan et al. 2017), especially when the
harvested plant biomass may be used for the production of bioenergy (Pandey
et al. 2009). Diverse microbial communities inhabiting on plants range from the
phyllosphere and rhizosphere to the endosphere (Compant et al. 2010). They play an
essential role in the fitness, growth, and development of plants as well as in the
removal of pollutants from soils. Endophytes are involved in these friendly interac-
tions with their host plants that are free of infections or other adverse influences,
leading to mutualistic associations. Endophytic microbes have a very large number
of the genes that degrade pollutants for the process of detoxification and have the
right qualities to remove plant from the toxic organic pollutants (Ijaz et al. 2016).
Moreover, endophytes (as microbes) may increase plant growth and their tolerance

Fig. 22.4 Plant-endophyte partnerships for phytoremediation (Modified from Feng et al. 2017)
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to the phytotoxicity of contaminants because of their activities in promoting the
growth of plants. Many investigations have shown that phytoremediation assisted
with endophyte phytoremediation has an important role in removing soil contami-
nants (Santoyo et al. 2016). Since many endophytes have the activities that degrade
contaminants and the effects that promote the plant growth, or both of them, a clear
understanding of the mechanisms that underlie these beneficial characteristics of
endophytes might enhance the application of phytoremediation of pollutants with
organic structures.

A group of microbes called “endophytes” lives in the plant’s internal tissues for at
least part of the life cycle. These microorganisms are present in almost each plant
species. A broad range of endophytes have set up a collection of negative, neutral, or
positive interactions with host plants, which affect the survival, health, and growth of
plants (Compant et al. 2016). Endophytes may keep their close relationships with the
host plants. These later provide endophytes with safe and nutrients rich habitats, and
thus, they are protected against the abiotic and biotic stress factors (Reinhold-Hurek
and Hurek 2011). Endophytes involved in the production of a wide range of natural
bio-active materials that facilitate the plant growth and development through several
different mechanisms (Santoyo et al. 2016). These characteristics that promote the
endophytic plants growth make adaptation to abiotic and biotic stress factors easier
and go up the biomass of the plants that are appropriate for phytoremediation. The
compatibility of endophytes and host plants and their integral actions are key
parameters for remediating the polluted soils (Ijaz et al. 2016). Endophytes may be
used effectively to enhance the effectiveness of organic pollutant phytoremediation,
since they may deliver the capacities of biodegradation inside/around host plants.
This contributes to high activities of metabolism in the endosphere and rhizosphere.
When an association between plants and endophytes are set up, endophyte-plant
partnerships may develop the new and different strategies of phytoremediation for
polluted soils (Afzal et al. 2014).

22.7 Plant-Endophyte Phytoremediation

22.7.1 Degradation and Detoxification of Organic Pollutants

Currently, researches on the phytoremediation of contaminated soils provide an
ecological and economic method for the removal of a large array of pollutants.
Though plants frequently metabolize or sequester the organic substances because
they are photo-autotrophs, they had not evolution for metabolizing the organic
pollutants as sources of carbon or energy. However, these organisms can only
transform the pollutants into more water-soluble substances and/or prevent their
mobilization. When the phytotoxic level of organic contaminants is severe, plant
species with phytoremediation activations are usually sensitive to the contaminants.
Despite tolerating the contaminants with organic structures by the plants, their
growth is damaged, and they cannot play a role in remediation of the polluted
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soils, probably because of the hydrophobicity and phytotoxicity of organic contam-
inants. Therefore, this inhibits to obtain the water and the nutrients by plants (Khan
et al. 2013). Burkholderiaceae, Pseudomonadaceae, Enterobacteriaceae, and
Bacillaceae are among the important families of cultivable species of endophytes
found at sites with contaminations. Pseudomonas putida PD1, as an endophyte,
enhance root and shoot growth and protects grass and two different clones of willow
against phenanthrene phytotoxicity (Khan et al. 2014). Endophytic bacteria have a
greater capacity to enhance phytoremediation of petroleum hydrocarbon than rhizo-
sphere or soil bacteria (Wu et al. 2018). Moreover, endophytes help plants to combat
the organic pollutants-induced oxidative stress by antioxidative systems in host
plants. These exceptional efficiencies of adaptations and remediation severely
show the being suitable of endophytes (as contaminant-degrading) for the degrada-
tion and detoxification of organic pollutants (Bacon and White 2016). During soil
phytoremediation, endophytes with action of pollutant-degrading have the catabolic
genes and appropriately detoxify or mineralize the organic contaminants. Pseudo-
monas sp. (BF1-), as a root endophyte, contain the organophosphorus hydrolase
gene ophB, suitable for chlorpyrifos hydrolysis (Barman et al. 2014). Burkholderia
phytofirmans PsJN has glutathione-S-transferase (GST) genes for detoxifying and
degrading the complex organic substances. Furthermore, external microbes in envi-
ronment can help plants to resist phytotoxic materials from within through coloni-
zation. Burkholderia fungorum DBT1 (from isolation of oil refinery discharge) can
transform PAHs in the hybrid plants of poplar (Mitter et al. 2013).

22.7.2 The Role of Biosurfactants of Endophytes
in Phytoremediation

Phytoremediation can partially provide a solution to decontaminate soils contami-
nated with organic pollutants. Uptake of organic compounds by plants is the first and
most important step for phytoremediation and is generally controlled by the hydro-
phobicity of these organic pollutants. These substances easily enter the xylem for
subsequent destruction or accumulation. Thus, it seems that after accumulating these
contaminations in plant tissues, endophytes are suitable for plant detoxification
(Arslan et al. 2017). Bioavailability is one of the most limited parameters for the
phytoremediation of persistent organic contaminants in soil. Microorganisms and
plants may release biosurfactants which can desorb and improve organic pollutants
degradation in soils by increasing their bioavailability, uptake by plants, or degra-
dation by microbes, and these promote the in situ phytoremediation performance.
Based on the researches, endophytes can contribute to the production of
biosurfactants, and this increases the bioavailability of organic pollutants and the
efficiency of bioremediation (Shekhar et al. 2015). Endophytic bacteria isolated from
Chelidonium majus L. exhibit potential for hydrocarbons degradation and
biosurfactant production. Furthermore, plant growth-promoting ability of the
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biosurfactant may be used to promote plant growth in hydrocarbon-contaminated
sites (Marchut-Mikolajczyk et al. 2018). Bacillus subtilis K1, as a root endophyte,
produces the heterogeneous mixture of 94 cyclic lipopeptide biosurfactants, and this
exhibits suitable activity of emulsification, extremely good surface-active character-
istics with stability (Pathak and Keharia 2014). This property makes it usable for
bioremediation of oil-polluted soils. Interestingly, a novel actinomycete with endo-
phyte traits, Nocardiopsis sp., from leaf tissues of the medicinal plant Hibiscus rosa-
sinensis, was found to have both biosurfactant production capacities and hydrocar-
bon biodegradation and showed great potential for bioremediation of diesel-
contaminated soils. Many other known endophytic microorganisms Bacillus,
Acinetobacter, Kocuria, Pseudomonas, Microbacterium, and Rhodococcus genera
have been reported to produce biosurfactants and bio emulsifiers and are used in
phytoremediation (Pathak and Keharia 2014). Endophytic microbes with remarkable
capacities of biosurfactant production have been isolated from plants. However,
most of researches about the production potential of biosurfactant were done in vitro.
Based on such studies, it is reasonable to assume that endophytes can produce
biosurfactants in vivo. This facilitates the degradation of organic pollutants in
plant tissues. Recent indirect evidence suggests that PAH-degrading endophytic
bacteria could dramatically reduce the accumulation of hydrophobic PAHs in plant
tissues (Sun et al. 2015a). That said, the efficiency of any phytoremediation system is
related to the bioavailability of the target contaminants and root-microbial changes
for being soluble and their chemical structure in the rhizosphere. Another possibility
is that endophyte-derived biosurfactants that colonize root tissues are released into
the rhizosphere soils and have a significant effect on rhizosphere processes (Sun
et al. 2012), leading to increased degradation of organic contaminants in the soils. It
is possible, endophytes that produce biosurfactants react to biophysical factors or
cues, which is derived from host, and this promotes the xenobiotic degradation
releasing them into soils (Juwarkar et al. 2010). Such processes in rhizosphere are a
key strategy to circumvent the limitations of xenobiotic hydrophobicity and may
mobilize hydrophobic contaminants from soil particle surfaces (Vergani et al. 2017),
allowing their degradation in the rhizosphere or tissues. The use of biosurfactant-
producing endophytic inoculants is a promising method to improve the efficiency of
the phytoremediation of organic-polluted soils (Mnif et al. 2015). In fact, the
application of microorganisms with simultaneous capacities to degrade hydrophobic
pollutants and production of biosurfactants can appropriately hasten the bioremedi-
ation of organic-polluted soils. In most items, microorganisms naturally co-exist in
consortia that make strong and wide capacities of metabolism, and these character-
istics are attractive for the bioremediation of organic-polluted soils (Hays et al.
2015).
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22.8 Plant Metabolism Effects on Organic Pollutants

The plant metabolism contributing to organic pollutants degradation may offer a
cost-effective, environmentally sound approach for the bioremediation of contami-
nated soils. Plants adapt to organic pollutant-induced stresses via establishment of
detoxifying systems of their cells, and organic contaminants are decreased, catabo-
lized, converted, or even removed and because plants have the ability to decrease the
detrimental impacts of contaminants known as the “green liver” model. The model
was supported in carrot (Daucus carota var. sativus), which stated the ability for
degrading the phthalate esters (PAEs) (Sun et al. 2015b). Higher plant enzymes may
detoxify the organic pollutants via processes of degradation and conjugation.
Enzymes such as cytochrome P450 monooxygenases, polyphenol peroxidase, per-
oxidase, catalase, nitro reductase, dehalogenase, hydrolase, laccase, and glutathione-
S-transferase play directly the roles in the stabilization, tolerance, detoxification, and
deposition of organic pollutants (Schwitzguébel 2017). Oxygenases, such as perox-
idases and monooxygenases of cytochrome P450, can play a role in the primary
organic pollutant metabolism in plants such as ring-breaking activities that are
essential for benzene derivatives such as toluene (Kvesitadze et al. 2009). Further-
more, plants have the reactions, including ester hydrolysis, hydroxylation of aryl and
alkyl, and N- or O-dealkylation. The processes change the organic substances
structure by the introduction of functional groups and result in more active and
polar substances with promoted solubilities (Sun et al. 2015b). The activated sub-
stances are conjugated to polar plant molecules such as sulfate, carbohydrates,
malonic acid, glutathione, or amino acids. Covalent changes consist in ester or
thioether linkages, peptide conjugation, and ether, catalyzed by transferases, includ-
ing glycosyltransferases and glutathione S-transferases. Soluble conjugates move to
vacuoles or apoplast through ATP or Glutathione S-Transferase (GST) binding or
can be entirely converted into H2O and CO2. Bound conjugates leave from the cell
through exocytosis to the apoplast and link to the wall of cells (Kvesitadze et al.
2009).

22.9 Plant-Endophyte Roles in the Removal of Organic
Pollutants

22.9.1 Colonization and Survival of Endophyte

Endophytes are useful to study the mechanisms involved in plant growth promotion
and are also considered as xenobiotic-degrading microbes for phytoremediation,
used by plants and their related endophytes to treat the organically contaminated
soils to increase acceptance as a possible technology of cleaning (Santoyo et al.
2016). Nevertheless, inoculants cannot cause the desired effects when re-inoculated
in the field. This can be because of undesirable colonization of the plant and/or
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rhizosphere and the endophyte survival, which has been known as an extremely
important stage (Lugtenberg et al. 2001). The “competition-driven” model can
determine the survival and colonization of endophytic beneficial inoculants in a
polluted rhizosphere or the plant tissues. Plants actively prefer a particular flora of
microbes to colonize their rhizosphere and/or internal tissues. This complicated
community of microorganisms is often referred to as the second plant genome,
increasing the potential of the functional host (Berendsen et al. 2012). Endophytes
that may colonize the plant internal tissues may have advantage over microbes in
limiting the rhizosphere, since they are in close contact with the plant cells and
supply carbon directly, and then affect the plant growth. Rhizosphere microbes may
have the potential to enter and colonize plant roots and then spread over the plant, as
one of the initial ways of endophytic colonization. After colonization of rhizosphere,
endophytes may attack specific tissues of plant and colonize different plant com-
partments (Compant et al. 2011). The colonization in plants by good endophytes
includes rhizoplane and rhizosphere colonization and plant tissue. Before they can
have any effect on the plant, endophytic inoculants must be suitable root colonizers,
known by strong competition of microbes. Microbe-microbe and host-
microorganism interactions differentiate root microbiota through processes that
physiologically occur at the root-soil interface. Chemical taxis, both by root secre-
tion and mucilage which plays a key role in successful colorizations in rhizosphere
and rhizoplane, increasingly depends on plant phenotype, stress, and farming prac-
tices. Additionally, some root secretions are repulsive substances that have nega-
tively effects on inoculant colonization (Kristin and Miranda 2013). In the first stage,
endophytes use microorganism-plant interaction by appropriate colonization in the
rhizoplane and rhizosphere (Lareen et al. 2016). The changes of ethylene levels in
plant 1-Aminocyclopropane-1-carboxylic acid (ACC) deaminase, which is derived
from microbes, is an important parameter affecting plant physiology, and the
inoculant ability to change the concentrations of plant ethylene is imperative for
their competence as endophytes. Appropriate colonization in root makes the dense
populations of various heterotrophic microbes preventing the rhizoplane, rhizo-
sphere, and inner tissues of plant. These competent associations of microorganisms
enhance the stepwise transformation of organic pollutants through consortia in the
rhizosphere and/or within plants, and this provides the opportunities for gene
rearrangements due to genetic exchange (Jha et al. 2015). Plant development
stage, host plant origin, degree of the inoculum, frequency and timing of inoculation,
and the concentrations of pollutants in different substrates of soil have important
effects on colonization of endophytic inoculant and survival and following effi-
ciency of phytoremediation (Khan et al. 2013).
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22.9.2 Mutualistic Symbiotic Relations Between Endophytes
and Host Plants

The application of plant assemblages and related endophytes with synergistic or
complementary characteristics instead of the “individual plant” method will likely
cause more consistent phytoremediation (Afzal et al. 2014). So-called concerted
plant–endophyte synergisms means to gain more and more momentum. The stem
biomass and height of S. triqueter and the increased rates of removal of diesel oil
were promoted by the symbiotic system of Pseudomonas sp. J4AJ (as oil-degrading
endophyte) and Scirpus triqueter compared to individual plants promoted. The
inoculation of Axonopus affinis with a combination of microbes, two microbes,
including Pantoea sp. BTRH79, Pseudomonas sp. ITRH25 (as hydrocarbon-
degrading), and one endophyte that enhances the growth of the plant, Burkholderia
sp. PsJN, caused the promoted growth of the plant and improvement of
phytoremediation. The endophytes that reside mutualistically in the inner host
plant tissues can maintain the bi- and tri-partite synergistic relations with host plants
and related microorganisms (Tara et al. 2014). It must be clarified the molecular
mechanisms of interaction with compatible relations between the partners to obtain
the synergistic relations. Interestingly, such data are not complete yet. In fact,
endophytes have co-evolution with host plants to identify each other by cell-to-cell
communication that is similar to quorum sensing (Kusari et al. 2015).

22.9.3 Co-metabolism of Organic Pollutants

Some organic pollutants, particularly recalcitrant substances, including PAHs and
polychlorinated biphenyls (PCBs) because of their toxicity and low bioavailability,
cannot be as sources of energy and carbon for communities of endophytes during
phytoremediation. It can be stated that lacking catabolic enzyme induction and small
amounts of the substrates that support growth can decrease the increasing of
endophyte populations. In actual fact, the contaminant co-metabolism and inter-
species metabolism are the usual situation (Musilova et al. 2016). Biodegradation of
recalcitrant substances may proceed via the co-metabolism that have a role in the
organic pollutant oxidation with substrates for growth, the important mechanism
used by plants and endophytes to degrade of recalcitrant contaminants. The
metabolome is a complementary biodegradation linked to a mixed-species commu-
nity within the plant tissues (Soleimani et al. 2010). For phytoremediation of organic
pollutants, plants can beneficially use from endophytes that have suitable pathways
of degradation and metabolic capacities and vice versa, both of which can result in
the promoted phytoremediation of organic pollutants via co-metabolism. Coopera-
tion to obtain novel catabolism reactions should be considered inside of host plants
(Thijs et al. 2016). During phytoremediation, good cooperation occurs when there is
a connection between endophytes and their host plants, and this leads to
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cometabolic. By plant endophytes, an inoculated plant may appropriately enhance its
activity in metabolism by supplying the photosynthesis-derived growth substances
such as sugars, amino acids, and organic acids. These compounds provide energy
and carbon sources for degradation by microbes and/or cause the synthesis of
degrading enzymes, and nicotinamide adenine dinucleotide phosphate (NADPH),
and nicotinamide adenine dinucleotide (NADH) (as coenzymes), finally leads to the
promoted degradation of organic contaminants. Endophytes share a various range of
catabolic enzymes with their host plants through preventing plant to obtain genes
with contaminant degrading actions. These catabolic enzymes are completely suit-
able to metabolize and detoxify the xenobiotic substances in plant tissues (Dhir
2013).

22.10 Enzymes Effective on Organic Pollutants
Degradation

All plants can host microbes with an extreme variations of endophyte species
(Tadych and white 2019). Plants colonized by specific endophytes may stimulate
certain levels of transcription for the genes that degrade pollutants and consequently
make a remarkable positive effect on the degrading enzyme activities (Compant
et al. 2016). The endophytes represent an enormous natural reservoir of degrading
enzymes to identify the contaminants and the complete bioremediation of organic-
polluted soils (Afzal et al. 2014). Some endophytes whenever they are exposed to
organic pollutants possess the possibility to set off and control both inducible and
basal enzymes in endophytes or plants (Bacon and White 2016), hastening the
changing of organic contaminants in plant or promoting the release of enzymes,
which are contaminant-degrading, from roots into the rhizosphere, and this leads to
hasten ex planta organic contaminant degradation (Sun et al. 2015a). Most enzymes
that degrade contaminants, including nitrilases, nitro reductases, laccases,
dehalogenases, dioxygenases, P450 monooxygenases, and peroxidases, are recog-
nized in both plants and endophytes. The abovementioned enzymes directly have
role in the bio-transformation of many xenobiotic substances (Bacon and White
2016).

22.11 Conclusion

PAHs are substances that are recognized as polycyclic organic compounds. These
substances are mostly originating from the unfinished burning of organic compounds
or the organic substance pyrolysis. They are also the result of thermal conversion of
gas, coal, wood, and oil to produce energy. PAH substances are categorized as
probable carcinogens for human. PAHs belong to the main carcinogen class in the
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environment. Many of PAHs and their epoxides are very mutagenic, toxic, and/or
carcinogenic to microbes as well as higher systems such as human beings. PAHs
need to activate the electrophilic metabolites for exerting their carcinogenic or
mutagenic impacts. The microbes that degrade PAHs consist in microalgae,
cyanobacteria, fungi, and bacteria. They play a role in the breakdown of organic
substances via bio-transformation into less complex metabolites and by mineralizing
them into inorganic compounds such as CO2, H2O, or CH4. PAHs may be affected
by chemical degradation, volatilization, photolysis, and adsorption. Nevertheless,
degradation with microbes is the main process of degradation. Bioremediation is a
method for transforming these substances to less hazardous/non-hazardous forms
with high efficiency. The degradation of PAHs is directly affected by a number of
parameters such as the environment conditions (presence of oxygen, pH, etc.),
microbes (abundance and type), of the chemical structure of the considered PAH
substances.

However, it is widely reported that phenols, anilines, or PAHs are taken up by
plants, via the transpiration pathway or through penetrating leaves. However, there
are not numerous evidences that they are mineralized by plants. The more hydro-
phobic substances are hydroxylated and translocated along with the more hydro-
philic contaminants to other tissues of plant and either volatilized or excreted into the
extracellular cell wall or into the vacuole as conjugates of glucosyl or glutathione.

Even if the plants have especially the capacity to uptake contaminants from
surrounding areas through the transpiration path into the rhizosphere, in the rhizo-
sphere, microbes start to degrade the PAH compounds, and this is affected by either
physical or chemical properties of the pollutant. Plants may draw pollutants includ-
ing PAHs into the plant rhizosphere to varying extents via the transpiration stream
(Harvey et al. 2002). Therefore, the beneficial effects of ectomycorrhizal fungi and
arbuscular to extend the rhizospheric network within soils are valuable. Though
most microbes have the limited degradative capacity for high molecular weight
contaminants, this is not the situation for white-rot fungi, which have an extracellular
system of oxidative enzymes that can degrade polymeric substances with high
molecular weight and facilitate their final mineralization. Basic researches of this
nature need to make phytoremediation an effective and economic competitive
remediation technology.
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Chapter 23
The Impact of Climate Change on Forest
Tree Species Dieback and Changes in Their
Distribution

Marcin Pietrzykowski and Bartłomiej Woś

Abstract The paper presents the impact of climate change on the process of range
change and tree species dieback in European conditions. In southern Europe, the tree
species range is expected to shrink, in particular in the case of Scots pine and
Norway spruce. As a result of global warming, the processes of tree stand distur-
bance and dieback, especially due to drought, occur more and more frequently in
European forests. At the same time, due to rising air temperature, carbon dioxide
concentration and nitrogen deposition, tree species display a faster growth rate and
higher productivity. A faster growth rate translates into earlier culmination of growth
and more dynamic tree ageing processes, and furthermore, stress associated with
drought weakens stands. For these reasons, in Central Europe of the future, in
protected forests of national parks and reserves, a greater rotation of stands should
be expected, which will result in a lower felling age in managed forests.

Keywords Climate change · Tree species · Scots pine · Dieback

23.1 Introduction

It is believed that progressive climate change is currently one of the greatest
environmental threats in the world. It has been estimated due to human impact,
global temperature has increased by an average of 1 � C (probably from 0.8 to 1.2 � C)
compared to the pre-industrial era (Allen et al. 2018). An increase in global air
temperature is often associated with a spatial and temporal change in the distribution
of annual precipitation and higher frequency of extreme weather events such as
hurricanes or droughts (Räisänen et al. 2004; Stagge et al. 2017).

Rising average air temperature and higher frequency of unfavourable weather
conditions may have a significant impact on changes in forest ecosystems and the
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distribution of tree species (Cheaib et al. 2012; Li et al. 2020). In the northern
hemisphere, these changes may be most pronounced in high mountain locations and
at the southern and northern limits of the woody plant range (Brooker et al. 2007;
Gatti et al. 2019). Climate change may also have a significant impact on the growth
and productivity of forest ecosystems (Ciceu et al. 2020). It has been predicted that,
especially in northern and eastern Europe, in the short and medium term, an increase
in the concentration of carbon dioxide in the atmosphere and higher temperatures
will have a positive impact on the growth and productivity of stands. On the other
hand, an increased risk of drought and stand dieback, e.g. due to hurricane winds,
will have the opposite effect (Lindner et al. 2010) Fig. 23.1.

However, the intensity and risk of extreme weather events, especially droughts,
displays significant regional variation. The frequency of droughts will be greater in
southern Europe, while rising air temperature and evapotranspiration will increase
rainfall in northern Europe and reduce the frequency of droughts there (Stagge et al.
2017).

Fig. 23.1 Example of large-scale disturbance of forest ecosystems after hurricane wind—the
hurricane that passed over Poland on the night of August 11–12, 2017, destroyed over
100,532 ha of forest in the Lipusz Forest District, Northern Poland. (Photo by M. Pietrzykowski)
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23.2 The Impact of Climate Change on Tree Species
Distribution

The consequences of the climate change and warming phenomenon have significant
influence on the world biome ecosystems. One of the large-scale effects is the
melting of permafrost (Figs. 23.2 and 23.3).

As a result of the progressive climate change in the northern hemisphere, it has
been predicted that many tree species will extend their ranges north and at the same
time lose a significant part of their southern range limit (Hamann and Wang 2006).
Widely distributed species with large populations are likely to survive and adapt to
climate change. Species with small populations and low fertility or in decline due to
introduced pathogenic insects (Fig. 23.4) or fungi (Aitken et al. 2008) will be
threatened with extinction. Models predicting the effects of climate change on
changes in forest tree ranges in Europe in the period 2061–2080 have divided species
into “winners” (mostly late-successional species, Abies alba, Fagus sylvatica,
Fraxinus excelsior, Quercus robur, Quercus petraea), which will increase their
current range as the climate warms; “losers” (mostly pioneer and coniferous species,
Betula pendula, Larix decidua, Picea abies, Pinus sylvestris), which will reduce
their range; and alien species (Pseudotsuga menziesii, Quercus rubra, Robinia
pseudoacacia), which, similarly to the winners, will increase their range. At the
same time, assuming limited migration, most species will limit their current range.
Tree range shrinking will most affect the species with the northernmost ranges

Fig. 23.2 Melting Siberia—due to the global warming, the period of snow and ice cover in far
Northern Hemisphere (Yakutsk, Russia) is significantly shortened (photo by M. Pietrzykowski)
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(Dyderski et al. 2018). Studies on range changes of 80 tree species in the eastern
United States indicate that about 30 species may extend their range by at least 10% as
a result of climate change and 30 other species may reduce their range by at least
10%. Almost half of the assessed species showed the potential to shift their ecolog-
ical optimum by at least 100 km, including seven that could shift by >250 km
(Iverson and Prasad 1998). In the temperate climate zone of British Columbia
(Canada), it was predicted that species with the northern range limit could acquire
potential habitats at a rate of 100 km north per decade. Common hardwoods do not
seem to be significantly affected by climate change. In turn, most conifers will lose a
significant part of their habitat. In British Columbia, the sub-boreal and montane
climate region is disappearing (Hamann and Wang 2006). In the Iberian Peninsula
(Spain and Portugal), a drastic range reduction has been projected for mountain
conifers such as Pinus sylvestris, P. uncinata and Abies alba by 2080 and a range
reduction for temperate broadleaf species such as Fagus sylvatica and Quercus
robur and sub-Mediterranean species, especially Q. pyrenaica (Garzón et al.
2008). It has been indicated that as a result of progressive climate change in Italy,
the local population of Pinus sylvestris, Picea abies and Tilia cordata may become
extinct, while Mediterranean species such as Quercus suber will increase their range
by 2080 (Attorre et al. 2011). The coniferous species Pinus sylvestris and Picea
abies that dominate the northern hardwood zone stands will gradually recede from
the south and west of Europe and will be gradually replaced by Fagus sylvatica and

Fig. 23.3 The consequence of the melting of permafrost and limiting its range are large-scale
depressions of the terrain and strong transformations of the surface in the northern forest border
zone—(Yakutsk, Russia) (Photo by M. Pietrzykowski, 2015 year)
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other temperate zone deciduous species that are spreading northwards (Sykes and
Prentice 1996). However, more recent studies indicate that beech stands may be
damaged by severe droughts in the growing season (Geßler et al. 2007). Research
conducted in France indicated that the beech is more sensitive to climatic conditions
and high temperatures than Quercus petraea and Pinus sylvestris (Michelot et al.
2012). The potential for trees to move naturally beyond the current range is also
limited. It depends on the ecological properties of tree species, climatic factors,
ecological barriers and fragmentation of ecosystems (Malcolm et al. 2002; Iverson
et al. 2004). Modelling on five North American tree species found that over
100 years, the probability of colonizing new sites is high at 10–20 km and low at
more than 20 km from the range limit. Long-distance colonization does not play a
major role in the survival of the species (Iverson et al. 2004). Models developed for
the north-eastern United States also do not predict a drastic change in tree ranges by

Fig. 23.4 Yellowstone National Park—natural processes of bark beetle outbreak causing rhythmic
and large-scale dieback of natural forests (Photo by M. Pietrzykowski, 2018 year)
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2100. It is predicted that by 2300, some northern tree species will have become less
abundant, while some southern tree species will have become more abundant (Wang
et al. 2017). Some models also assume a gradual migration of lowland species to
higher altitudes above sea level. However, this process will not be equally intense
everywhere. In studies conducted in two national parks in the Carpathian Mountains
(eastern Poland), it was found that in one national park Abies alba and Fagus
sylvatica expanded significantly into higher mountainous locations. In the second
national park, located only 45 km from the first, the above-mentioned phenomenon
was not observed (Gazda et al. 2019).

23.3 The Impact of Climate Changes on Tree Growth
and Stand Productivity

According to some predictions, forests in northern Europe may be more productive
and grow faster as a result of climate change. On the other hand, southern and
western Europe is facing a major challenge due to the projected decline in forest
productivity and possible large-scale dieback of forest ecosystems (Schelhaas et al.
2015). According to some researchers, climate change may cause a decline in forest
productivity as a result of the replacement of high-productive stands of coniferous
species (Picea abies and Pinus sylvestris) with stands of less productive species,
e.g. oaks (Quercus spp.) by 2100 (Hanewinkel et al. 2013). So far, however, as a
result of an increase in the average air temperature and an increase in CO2 concen-
tration, tree species stands in the region of Central Europe have usually increased
their growth and productivity in recent years (Boisvenue and Running 2006;
Pretzsch et al. 2014; Socha et al. 2020). In addition to an increase in temperature
and the amount of CO2, a growth in the deposition of nutrients in recent decades (the
so-called fertilization effect), especially nitrogen (Pretzsch et al. 2014; Cienciala
et al. 2018; Hess et al. 2018), has also been significant in this process. For example,
in Catalonia (Spain), an increase in temperature (an average of 0.19 � C per decade in
the twentieth century) had a negative effect on the Scots pine growth rate, especially
in arid habitats, but it was big enough to counteract the fertilization effect, and it did
not lead to a permanent reduction in water availability in the summer. However, it
has been indicated that this situation may change in the future, when the temperature
continues to rise or rainfall becomes less frequent (Martínez-Vilalta et al. 2008). It
has also been reported that in the Mediterranean, climate warming, including
particularly warmer winters, tends to have a positive effect on Scots pine growth
rate, and the effect is more pronounced at lower mountain elevations. On the other
hand, droughts in the summer significantly reduce the growth rate of trees and stands
(Marqués et al. 2017). In case of drought, the Scots pine reacts with reduced annual
increments due to the shortening of the growth period compared to the potential
period, i.e. the phenological period of the year (Eilmann et al. 2011). The projected
most extreme scenarios of carbon dioxide emissions, corresponding to an average air
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temperature of 1.4–4.8 � C, indicate that the Scots pine growth rate may decrease by
16.4% after 2050 at the southern limit of the species range. This prediction also
assumes a dieback and shrinkage of pine ranges as a result of local extinction of the
most vulnerable stands in xerothermic habitats (Sánchez-Salguero et al. 2016). As in
the case of the Scots pine, the spruce stands in Central Europe have shown signif-
icantly higher growth rate and productivity in recent decades (Pretzsch et al. 2014).
In the longer term, however, some researchers suggest a decline in the productivity
of this species, especially at lower altitudes above sea level (Altman et al. 2017).

23.4 Pinus sylvestris Dieback: A Case Study

One example of forest dieback and a change in natural distribution is the deteriora-
tion of the Scots pine (Pinus sylvestris L.) stands in Europe. Until recently, Scots
pine was considered an undemanding species, with a broad spectrum of ecological
requirements (Bigler et al. 2006). However, since the late 1980s, there have been
reports in southern Europe of pine dieback, and the aetiology has not been fully
investigated (Vertui and Tagliaferro 1998). The reasons for this dieback, which has
already been reported in Central Europe, are not fully understood. In the Italian Alps,
lack of primary biotic factors and the low incidence of secondary pathogens in dying
pines suggest that this process is due to abiotic factors. An analysis of the time series
indicated that two consecutive years with a low summer dryness index preceded the
dieback phenomenon, while the annual ring width and summer dryness index were
strongly correlated with each other (Gonthier et al. 2010). In the Swiss Alps, it has
been observed that the highest stand dieback occurs after hot and dry years, and tree
defoliation rates show a strong correlation with the amount of precipitation from the
previous year (Rebetez and Dobbertin 2004). Not only droughts in the summer
(vegetative) period cause a significant weakening of trees and dieback but also
winter-droughts (Voltas et al. 2013: Camarero et al. 2016). Research in the Medi-
terranean Basin (Spain) shows that winter-drought dieback impairs xylem anatomy
and phenology, aboveground productivity, xylogenesis and growth in the Mediter-
ranean Scots pine populations (Camarero et al. 2016). Freeze-thaw episodes can
unveil such physiological differences by triggering dieback in the trees which are
more vulnerable to hydraulic failure (Voltas et al. 2013). It has been indicated that
droughts intensify tree susceptibility to insects and parasites, particularly mistletoe
(Viscum album), which has not been considered a parasite causing significant
damage to forest stands so far (Dobbertin and Rigling 2006; Rigling et al. 2010).
Mistletoe infection may be a factor in tree dieback by increasing the loss of needles
following drought and a factor increasing water stress in trees during droughts
(Dobbertin and Rigling 2006). The reduction in needle length due to mistletoe
infection is an indication of lower water and nutrient availability in the infested
branches. Thus, mistletoe infection might lead to a decrease in the availability of
water and carbohydrates, the two most important growth factors, which are already
limited due to a chronic drought in the area. Therefore, pine mistletoe increases the
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risk of drought-induced mortality of the Scots pine when growing in a xeric
environment (Rigling et al. 2010). Higher air temperature facilitates the colonization
of the Scots pine by nematodes and bark beetles, and increasingly frequent droughts
weaken the resistance of the trees to pathogens (Rebetez and Dobbertin 2004; Jaime
et al. 2019). In the Alps, it has been indicated that due to more frequent episodes of
drought, trees that are even slightly or temporarily weakened will be more vulnerable
to attacks by harmful forest insects such as Ips acuminatus and Phaenops cyanea
(Wermelinger et al. 2008). In Central Europe (Slovakia), fungal pathogens such as
Ophiostoma ips and Ophiostoma minus and bark beetles are among the biotic and
abiotic factors causing the dieback of pine stands at present (Pastirčáková et al.
2018). However the phenomenon of large-scale outbreaks of bark beetles causing
the forest dieback is known in the world and is a part of the natural disturbance of
ecosystems, the exacerbation of this phenomenon is clearly related to climatic
factors.

The sapwood fungus pathogens may also play a secondary role in the Scots pine
dieback (Giordano et al. 2009). It was also observed in dying pine stands that severe
drought disturbed the quantitative ratios of nutrients in the Scots pine wood, mainly
Mn and Ca imbalances (along with K starvation and imbalance in the Scots pine). It
was pointed out that the content of Mn and related ratios (Ca:Mn, Mn:Al or P:Mn)
are early-warning signals of forest dieback (Hevia et al. 2019).

In Switzerland, more than half of the Scots pine population in the Alps has died
since 1995 (Rebetez and Dobbertin 2004). As a result of a progressive dieback of
pine stands, species composition of stands may significantly change, especially on
the southern border of the range. In the Pyrenees, it has been observed that in pine
stands dying from drought, there is an abundant regeneration of oak species (mainly
Quercus ilex and Quercus humilis). These results indicate that in the Pyrenees, there
is a high mountain migration of oaks, mediated by the dieback of the species present
there, especially the Scots pine (Galiano et al. 2010). A similar phenomenon was
observed in the Swiss Rhone Valley (Valais), one of the driest alpine regions. Pine
stands found in lower mountainous locations are gradually being replaced by stands
composed of Quercus pubescens (Rigling et al. 2012).

Scots pine stands which have been growing rapidly and densely in recent years
are particularly exposed to stress related to long-term drought. One of the reasons
that may inhibit the observed faster growth trend of stands may also be the depletion
of nutrients in the soil as a result of increased tree growth, which may affect the
susceptibility of trees to unfavourable abiotic factors. Forest monitoring data from
Germany from 1964 to 2019 show that in the twenty-first century, there has been a
decrease in sulphur and phosphorus resources in soils, as well as in the concentration
of these elements in the Scots pine needles. At the same time, the growth rate of pine
stands remained high (Prietzel et al. 2020). Data from Southern Europe show that
stands growing in infertile and dry sandy soils are most exposed to the negative
impact of climate change and to drought damage (Sánchez-Salguero et al. 2016). In
Central Europe, symptoms of species dieback are already visible, and the Scots pine
is often the only species that grows well in such habitats, and in the case of mass
dieback, it will be difficult to replace it with other native species. The negative
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consequences will also be associated with the long-term regeneration process of the
forest ecosystem after the mass dieback scenario. It has been indicated that counter-
measures may include reducing the density of stands in order to increase their
resistance to drought (Giuggiola et al. 2013; Bottero et al. 2016) and a gradual
introduction of southern species, e.g. the Lebanese cedar (Cedrus libani), into
managed forests (Messinger et al. 2015). The latter solution is the most controver-
sial. The introduction of alien species brings about adverse changes in ecosystems. It
is unknown how these species will acclimatize and adapt in the long term. Moreover,
despite global warming, episodes of severe winters are still possible in which case
the thermophilic southern European species will not survive.

23.5 Picea abies Dieback: A Case Study

Another European species that is currently subject to stand decline and is expected to
change its range is the Norway spruce (Picea abies). However, in the case of the
Norway spruce, the matter is more complicated. The dieback of spruce stands is
caused by the combined impact of three main factors: climate change, air pollution
and the introduction of spruce monocultures in habitats that are too fertile for the
species (Fleischer et al. 2005; Jamroz et al. 2014; Krejza et al. 2020). According to
Fleischer et al. (2005), the dieback of the spruce is the synergistic outcome of air
pollution and climate change. Research conducted in the Czech Republic shows that
in periods of increased acid rain, this factor had a greater impact on the growth and
dieback of spruce stands than climate variables (Altman et al. 2017). It was estimated
that in the Tatra Mountains, acid rain is responsible for 10–30% of stand dieback
(Fleischer et al. 2005). An additional factor causing the dieback of spruce stands in
Europe is the introduction of spruce in the form of monocultures into forest habitats
which are too fertile for the species. In many of its areas, the spruce was introduced
by man in the lower mountain ranges in the early nineteenth century in place of
natural mixed forests cut down for industrial purposes. Such unnatural spruce
monocultures typically display low resistance to abiotic and biotic stress (Spiecker
2000). Among the climatic factors causing the dieback of the spruce, the most
important are extremely high spring and summer temperatures, little rainfall and
low air humidity (Fleischer et al. 2005). The results of research carried out in
southern Finland indicate that dieback of spruce stands is directly related to drought
(Mäkinen et al. 2001). Studies conducted in the Czech Republic from 38 to 995 m a.
s.l. indicate that as a result of severe drought, the annual stem radial increment may
decrease by up to 78% compared to a wet year (Krejza et al. 2020). The spruce,
however, suffers from drought primarily at low and medium altitudes above sea
level. At high altitudes, there is a positive impact of higher temperature on the spruce
growth rate (Altman et al. 2017; Krejza et al. 2020). Higher summer temperatures at
high altitudes favour cell production and xylem hydraulic efficiency. On the other
hand, a limited amount of water at lower elevations may adversely affect tracheid
enlargement and thus the ability to conduct water (Castagneri et al. 2015). Warm and
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dry growing seasons weaken the trees and facilitate the development of the bark
beetle (Ips typographus) outbreaks. It has been predicted that as a result of temper-
ature rise, the stress caused by the spruce bark beetle will increase in the entire range
of the Norway spruce due to a positive impact on beetle brood development
(Temperli et al. 2013). In the case of the second major biotic factor causing the
spruce stand dieback, i.e. fungi of the Armillaria sp. genus, climate change may
increase its activity and modify the growth of rhizomorphs (Kubiak et al. 2017).

In mountainous conditions, however, two models of disturbance-driven dynamics
in the spruce forests are most common: severe stand-replacing disturbances in a large
area and gap-phase dynamics composed of distinct age cohorts of trees that origi-
nated over extensive areas (Holeksa et al. 2017). The dieback of spruce trees in
temperate climate zones may be cyclical and occur approximately every
60–120 years. It has been estimated that in the Polish Tatra Mountains, the frequency
of windthrows has not changed significantly for 200 years and disturbances in forest
ecosystems were more severe in the nineteenth century than in the twentieth century.
The intervals between the disturbances were so long that they allowed for the
development of a new generation of stands (Holeksa et al. 2016). In their place,
solid spruce stands often appear in spruce stands which are dying due to bark beetle
outbreak, it is often found that the decaying spruce stands are replaced again by the
Norway spruce with a slight admixture of other species, mainly the rowan (Jonášová
and Prach 2004; Kupferschmid et al. 2006) .

23.6 Conclusions

As a result of global warming, the processes of disturbance and dieback of stands,
especially from drought, occur more and more frequently in European forests. At the
same time, due to rising air temperature, carbon dioxide concentration and nitrogen
deposition, tree stands show faster growth rate and higher productivity. Faster
growth rate leads to an earlier culmination of growth and more dynamic tree ageing
processes, and moreover, the stress associated with droughts weakens stands. For
these reasons, in the future in Central Europe, in protected forests in national parks
and reserves, a greater rotation of stands should be expected, which will result in a
lower felling age in managed forests. In southern Europe, tree ranges are expected to
shrink, in particular of the Scots pine and the Norway spruce.
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Chapter 24
Climate Change Impacts on Soil
Microorganisms that Regulate Nutrient
Transformations

Bulbul Gupta, Gurpreet Saggu, Smita Sundaram, Ruby Mishra, and
Indu Shekhar Thakur

Abstract Climate change has severe effects on soil microorganisms that regulate
the biochemical cycle of nutrients and other components necessary for plants
growth. Understanding the nutritional viability and microbial interaction under
climate change is vital for future research. Several environmental factors like
elevated CO2, temperature, drought and salinity affect the soil microbial ecosystem,
impacting plants nutritional availability. The present known information on the
effects of climate change on soil microorganisms that regulate nutrient transforma-
tion is analysed in this chapter along with the mitigation mechanisms adopted by the
microorganisms to counter the adverse effects of climate change.

Keywords Climate change · Elevated CO2 · Microbial interaction · Nutrients · Soil ·
Temperature

24.1 Introduction

The effects of key indicators of climate change on soil microbiomes differ tremen-
dously due to the varied biotic and abiotic properties of the soil. The variations in
the biogeochemistry (including pH and salinity) of a particular soil class regulate the
types of microorganisms that are present. Furthermore, different compositions of the
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soil influence the development of microbial ecosystems with cascading effects on
transformations of nutrients. Therefore, to have a better understanding about the
impacts of climate change on species interactions, metabolism and nutrient transfor-
mation, it is essential to apprehend the connectivity of soil microbial communities.
Although microorganism interactions within soil niches is well-known, the thermo-
dynamics and energy of nutrient transformations that power microbial activity are
not well characterized, particularly in the aspect of changing climatic conditions
(Dixon and Tilston 2010). Communities and the physiological responses of soil
microorganisms are influenced by complex environmental factors across various
geographical regions. The diverse climatic conditions make it difficult to generalize
mechanisms adopted by the soil microorganisms to cope with the changes in the
environment. However, it is possible to provide information about the factors
impacting the changes, thus discussing the effect of elevated carbon dioxide
(eCO2), increased temperature, drought and soil moisture on the soil microbial
community.

24.1.1 Elevated CO2

Carbon dioxide is a greenhouse gas (GHG) that acts as the prime indicator of climate
change, with methane and nitrous oxide as the secondary ones. Because of the long
lifespan of GHGs, they remain in the atmosphere for many decades, playing an
essential role in altering the atmospheric temperatures. Even in the absence of any
new emissions, there are enough GHGs in the atmosphere to cause temperature rise
and destruction of the protective ozone layer. An increased CO2 level in the
atmosphere causes global warming that alters the earth’s climate systems in count-
less ways. With every passing year, an increase in the levels of the three main
greenhouse gases was recorded. In 2018, the globally averaged mole fractions of
CO2 were found to be at the highest, i.e. 407.8 � 0.1 ppm. The concentrations of
CO2 in the atmosphere reveal the difference between its release and uptake by the
oceanic systems. Microbial populations play a vital role in terrestrial ecosystems by
responding to climate change through the regulation of soil biogeochemical pro-
cesses. However, little information is available on the effects of eCO2 and increasing
temperatures on soil microorganisms. Recent studies reported the changes in the
arrangements of functional genes of the microorganisms under eCO2 (Haugwitz
et al. 2014). These changes stimulate alterations in the key functional genes involved
in various activities of soil microorganisms, viz. carbon and nitrogen fixation,
nitrification/denitrification, etc.

To evaluate the impact of climate change on forest ecosystems, it becomes
essential to have deeper understanding on the responses of soil microbiota to
eCO2. In Australian grasslands, a shift in fungi populations and specific groups of
bacteria has been observed with altered levels of CO2 (Hayden et al. 2012). The
microbial genes involved in functional activities of nitrogen and carbon fixation,
metabolism and nitrogen mineralization also increase in arid grasslands when
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exposed to eCO2 levels. Understanding of changes in functional genes involved in
the cycling of organic matter gives knowledge of how eCO2 affects microorganism
metabolisms. Microorganism directly associated with plants also gets affected by
varied CO2 levels. Due to elevated CO2 levels, the availability of carbon to roots of
the plants, plant biomass and soil microbial activities also increases (Yu et al. 2018).
However, the differences in the plant species response to eCO2 resulted in the
changed microbial community composition and nutrient consumption patterns. As
seen in the nutrient-deficient ecosystems (such as boreal coniferous forest and
temperate heathlands), the simultaneous growth of plants and microbial biomass
due to eCO2 might be because of limitation of both nitrogen and phosphorous in
the soil.

For long-term impacts of climate change on soil ecosystems, the elevated levels
of CO2are also related with plant litter quality, including the carbon to nitrogen ratio
of the plant litter. Increased plant growth in the presence of eCO2 may increase plant
demand for nitrogen and plant nitrogen uptake. However, progressive nitrogen
constraints eventually restrict plant responses to eCO2 and affect the microbial
community conformation, structure and functional potential when present beneath
the ground. Apart from the effects of plant-microbial associations, elevated levels of
CO2 due to global warming also alter the soil microorganism’s composition (IPCC
2018). For example, due to the eCO2 levels, microbial decomposition of soil organic
matter increases, but enhanced temperature makes the soil dry. As recorded for the
Australian grasslands, under eCO2, the total microbial abundance increases; how-
ever, a decrease was observed with eCO2 combined with warm weather. Under-
standing how microbial communities gets affected by other climate change
indicators, including extreme weathers, floods and drought, thus, become important
for predicting microorganism’s responses among different soil ecosystems.

24.1.2 Increased Temperature

Warmer temperatures particularly enhance levels of microbial activity, which in turn
boost the metabolic decomposition of organic contaminants (Gouin et al. 2013). For
example, warming has been reported to enhance gene mutations responsible for the
degradation of soil organic carbon. Reports have shown that, due to a decrease in
carbon sinks and biomass production with sustained warming, the elevated levels of
soil organic carbon decay decrease (Bardgett et al. 2013). Similarly, soil transpira-
tion, biomass production and organic carbon decay have typically been observed to
increase with temperature, but this warming effect is often short termed in the fields.
Soil nutrients are presumed to be exhausted by enhanced microbial growth and
trade-offs arise as microorganisms (1) acclimatize, (2) change the composition or
(3) restrict their adaptation to environmental changes and to the accessibility of
substrates (Bradford 2013). With respect to the impact of temperature on microbial
populations, the findings of in situ as well as ex situ experiments are mostly
inconsistent. These findings suggest that the influences of varied temperatures are
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extremely complex but can be regulated by phenomena’s such as acclimatization,
adaptation, mutation, etc. Despite all this, climate change-induced changes in soil
temperature should not have a crucial effect on the efficiency of soil bioremediation
on a global scale, as we are dealing with a rise of approx. 1 �C–3 �C (Raftery et al.
2017).

The soil microbiome population and their responses to elevated temperature also
get affected by the type of habitat under research. For example, boreal forest has
shown a differing effect of warming on soil fungi, leading to the enhancement or
repression in fungal biomass and their metabolism; these variations are probably
attributed to difference in soil humidity and/or biodiversity at different sites. Inter-
estingly, 5 years of comparatively benign 0.3 �C soil warming was found to be
adequate to enhance microbial abundance and their productivity in the soil of the
boreal heath land. These findings indicate the indirect effect of warming occurring
due to the prolonged planting season (Sistla and Schimel 2013). In spite of a slight
change in the global temperature (⁓ 1.5–2 �C), its direct warming impact is still
plausible especially in spring season (March to May), which otherwise is considered
as a period with soil temperature near to 0 �C.

24.1.3 Drought

Drought is anticipated as the main outcome of potential climate change in habitats of
mesonic grasslands. Moreover, in the coming decades, increment in desertification is
expected for majority of semi-arid or arid areas. Rising drought is expected to lead to
reductions in microbial functions which act as prime key for ecosystem stability.
There is not as much water in soil pores as the soil becomes drier, resulting in
isolated islands of resources; consequently, less soil organic matter is decayed and
exhaled into CO2 (Kannojia et al. 2019). Together, these variables communicate to
yield responses ranging from reduced productivity under drier conditions to turn
down the loss of carbon by repressed breathing. Since arid soil habitats are broadly
spread, extended from warm to cold deserts with minimal annual rainfall to dry
summer and rainy winter Mediterranean grasslands, it is not easy to generalize
microbial responses to rising drought as a result of climate change (Clair and
Lynch 2010). For example, because of carbon and moisture constraints, life in desert
soils is often restricted and is therefore dominated by surface-dwelling photoauto-
trophs. As a result, biological soil crusts (biocrusts) are formed. For example, more
than 40% of drylands have biocrusts. Biocrust species (e.g. cyanobacteria and
lichens) undergo carbon and nitrogen fixation and are also the main primary pro-
ducers where these components are created. Since biocrusts bind and stabilize the
surface soil, there are also important consequences for soil depletion (Dhanya and
Ramachandran 2016). Drought could cause long-term impact of changes on the soil
microbiome in grassland habitats due to changes in vegetation to more drought-
tolerant plant species and their subsequent selection for various root-associated
microorganisms (Blagodatskaya and Kuzyakov 2013). In mesocosms and multi-
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year field studies, network observations showed that bacteria in grasslands are more
vulnerable to drought than fungi. Therefore, fungi possibly contribute to the preser-
vation of the balance of carbon and nitrogen when water is scarce. Fungal hyphae
can also continue to cross spatially distinct resources as soils get drier and microbial
dispersion becomes more confined within physically covered soil pores, which can
also assist the bulk microbiome. It is therefore necessary to better understand how
inter-kingdom experiences produce responses from the population to drought stress.
Soil microorganisms developed different physiological pathways for coping with
drought stress, such as osmoregulation, dormancy or reactivation and extracellular
enzyme synthesis (Berard et al. 2015). For survival at lower water matric potential,
solutes (osmolytes) are accumulated by microorganisms to retain cell turgor. Under
extreme drying conditions, however, osmolyte aggregation could be too energeti-
cally costly. Microorganisms in soil may survive in dehydrated condition and
regenerate and regrow when moisture is accessible. The processing of extracellular
polymeric compounds for the preservation of water at low matric potential is another
physiological technique. Members of certain bacterial, such as actinobacteria and
bacilli, may also survive because of their capacity to preserve development and
become inactive under dry conditions in drought-impacted soils. How to cope when
the soil is re-wet is another biochemical challenge for arid soil microorganisms. The
wetting of extracellular enzymes as microbial activity declines implies that a large
portion of the wet-up response may be driven by the destruction of dead microbial
cells and suggesting a role in this response for viral predation of bacteria. For a
higher microbial soil diversity in dry environments, perhaps as there were more
disconnected soil niches in dry soil, the modelling simulations and empirical data
were contrasted by one analysis. Improved connectivity, further dispersal, further
anaerobic niches and a sudden rise of nutrients were found after wetting, resulting in
an increase in anaerobic taxa and a decline in diversity. The society was, however,
durable and, following re-drying, restored to its former state. In comparison, the
microbial biomass rose during the dry season in the California grasslands and then
decreased during the rainy season. A comparison of various arid environments,
including deserts, showed that aridity increases could lead to a decrease in the
stability and genetic capacity of the microbiome of the soil (Cook et al. 2015). The
concern, therefore, is how adaptable the soil microbiome can be in the future to
growing drought cycles and less stable weather trends.

Drought is among the most major environmental stress factors faced by soil
microorganisms, and it is expected that longer drought cycles and exceptionally
dry spells would become more widespread in Europe during this century, mostly
during the spring end and summer seasons. Drought is commonly predicted to
decline both soil microbial activity and soil enzymatic activity, resulting in
decreased organic matter turnover and hence the supply of soil nutrients (Schimel
2018). Soil respiration and microbial development have demonstrated the ability to
regenerate after soil re-wetting, despite strong signs of drought effects. In addition,
various classes of microbial communities react differently to drought, such as
drought-favoured acid bacteria compared to proteobacteria. Overall, fungi are
expected to cope better with drought than bacteria because of their ability to move
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water across the hyphal network (Naylor et al. 2017). Therefore, under drier condi-
tions, microbial populations are likely to become more fungal driven, which could
affect the decomposition of organic matter, as fungi are able to digest more complex
organic molecules. Due to increased evaporation of water from the soil, as longer
drought cycles are combined with warming, this can exacerbate drought effects and
thereby further decrease microbial activity. In comparison, global warming is antic-
ipated to encourage microbial activity and the decomposition of soil organic matter
where water supply is not a limiting factor. This has showed higher levels of
mineralization of nitrogen (N) and phosphorus (P), which may theoretically increase
microbial biomass and plant growth by releasing more inorganic nutrients into the
soil (Upton et al. 2018).

24.1.4 Increased Rainfall and Flooding

Owing to floods and/or extreme and erratic precipitation events, some regions are
seeing increases in soil moisture. Increased high rainfall events in wet tropical areas,
for example, are expected to occur. Climate change is also expected to move
precipitation at the loss of snow to more rain in northern areas, leading to decreasing
snowpack and rising freeze-thaw periods (Steven et al. 2015). When soil moisture
increases, soil pores are filled with water and anaerobic, providing reliable condi-
tions for methanogenesis and denitrification, with the potential to release CH4 and
N2O. With respect to microbial community reactions, variations in moisture and
vegetation due to shifting rainfall patterns can lead to contrasting effects. For more
precise simulations under future climate conditions, predictive metabolic models are
also required. Wetlands reflect the intersection between terrestrial and marine eco-
systems and are climate-sensitive hotspots. Soil temperature, water-table depth and
soil organic carbon composition are the main determinants of CH4 concentrations in
wetlands. Wetland areas, such as peatlands, could shift from carbon sinks to carbon
emitters in the coming years, thus exasperating current temperature trends (Belnap
et al. 2016). However, oxidative decomposition of organic carbon in soil in peat can
be prevented when peatlands are flooded, resulting in net carbon uptake. The
development of saltwater soil in association with the increase in sea level is a special
case. Due to the rapidly increasing sea level, many coastal regions are witnessing
saltwater intrusion, at a rate of 3.2� 0.4 mm per annum. Salt and sulphate are added
by the introduction of saltwater into fragile coastal soil ecosystems: the latter
functions as a terminal electron acceptor and shifts the system’s redox cycling
mechanisms, resulting in improvements in microbial quantity of soil and improve-
ments in soil organic carbon mineralization, resulting in increased CO2 output levels.
Consequently, the effects of a potential net increase in greenhouse gas production by
increasing CO2 emissions as seawater levels grow. Various coastal soils, however,
react to elevated salinity differently (Blazewicz et al. 2014). Microbial activity has
been seen to decline with prolonged cycles of floods due to water scarcity, reflecting
a “boom and bust” condition. The ultimate climate effect of rising seawater levels
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would therefore depend on the soil microbial population dynamics and the supply of
soil organic carbon and electron acceptors that regulate the equilibrium between
carbon and nutrient storage and emission of greenhouse gases.

24.2 Microbial Responses to Climate Change

Climate is described as the conditions of normal or moderate weather conditions of
definite areas, including temperature, precipitation and wind system of atmosphere.
It is a dynamic, interconnected structure that consists of the atmosphere, the soil,
oceans, land, snow and ice. The atmosphere of the planet is most impacted by
the latitude, the inclination of the axis of the earth, the motion of the wind belts,
the disparity in temperatures of the sea and topography.

Dramatic shifts in the global ecological, chemical and physical climate have been
triggered by rising global industrial development, including changes in the structure
and distribution of plant species, increased atmospheric CO2 concentrations, rise in
annual average temperature and rainfall patterns. Extreme climate events, including
droughts, heat waves and flooding, cause drastic changes in the development and
operation of ecosystems (Reichstein et al. 2013; Smith 2011). Microbial population
dynamics are changed as the temperature rises, and mechanisms such as respiration,
fermentation and methanogenesis are also boosted. Impact of bacteria, fungi, algae
and archaea on climate change is driving the global warming by decomposition of
organic matter and eventually growing the atmospheric carbon dioxide (CO2) flux.
The microorganisms affect the climate change by increasing global warming through
decomposition of organic matter which enhances the carbon dioxide levels in the
atmosphere.

24.2.1 Causes of Climate Change

Anthropogenic sources have increased the concentration of greenhouse gases into
the earth’s atmosphere manifold in the recent years. After the Industrial era, the
concentration of greenhouse gases started increasing into the atmosphere. The main
greenhouse gases are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O)
and the halocarbons. Emissions from manmade sources like industries and vehicles
and natural sources like volcanoes and forest fires have outweighed the sinks of these
gases, which leads to accumulation of these gases in the air (Castro et al. 2010).

1.1 Carbon dioxide (CO2) is produced from complete combustion and from fossil
fuel sectors like transport, production of cements and other products.

1.2 Methane is also produced from anthropogenic activities like landfills and waste,
biomass burning.

24 Climate Change Impacts on Soil Microorganisms that Regulate Nutrient. . . 467



1.3 Nitrous oxide gets released naturally from soil and oceans. Human activities
which release nitrous oxide include fossil fuel burning and fertilizer use.

1.4 Halocarbons including chlorofluorocarbons (CFC-11 and CFC-12) are used in
refrigerants and aerosol and, in industrial processes, were found to cause
decrement in the stratospheric ozone hole.

1.5 In the troposphere, the ozone concentration keeps on increasing due to anthro-
pogenic emissions of carbon monoxide, hydrocarbons and nitrogen oxides,
which reacts in the presence of sunlight to form ozone.

1.6 Water vapour is the most copious greenhouse gas present in the ambiance.
Direct impact is low on water vapours by human activities, but potential for
indirect effect by human activities is large by causing warming in the
atmosphere.

1.7 Aerosols and particles present in the atmosphere are emitted from both anthro-
pogenic and natural sources. Anthropogenic activities such as fossil fuel and
biomass burning have increased concentration of soot (black carbon) in the
atmosphere, which leads to warming of the atmosphere.

24.3 Effect of Climate Change on Microorganisms

Earlier research of the impact of climate change on enzyme function, decomposition
and heterotrophic respiration have generally focused on the impact of warming. The
bacteria, fungi and other microorganisms have huge impact on climate change. They
are accelerating warming by organic matter decomposition. Temperature directly
affects the microbial activity and physiology. Therefore, determining the role of
microorganisms in ever-changing flux of nutrient cycle is important.

24.3.1 Microbial Community and Methane Cycle

Carbon cycling between CO2 and organic compounds is thought to be ecologically
important. Both eukaryotes (such as plants and algae) and autotrophic bacteria (such
as cyanobacteria) play a significant role in the fixation of carbon dioxide in organic
compounds. Chemical compounds are still used by consumers and carbon dioxide is
emitted. Methane (CH4) is a greenhouse gas that gets emitted into air due to
microbial activities much of the time. Microorganisms eating methane are crucial
to sustaining a stable atmosphere on earth. It is used by bacteria basically as source
of energy for its metabolism (Bousquet et al. 2006; Semrau et al. 2010).
Methanotrophic bacteria use methane as their only energy supply and, through
their digestion phase, convert it to carbon dioxide. These bacteria can consume
huge amounts of methane, which helps to reduce methane emissions from factories
and landfills that produce methane. High concentrations of CH4 compounds that are
present everywhere are used by microorganisms. Carbon dioxide is quickly
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converted into methane in anaerobic environments much as dense compacted mud
and is done by methanogenic bacteria. Hydrogen, water and energy for the
methanogens are required for the conversion process. To perform the recycling
trend, methane-oxidizing bacteria or methanotrophs are another type of bacteria
which converts CH4 to CO2. This process also produces water and power, which
is an aerobic operation. CH4 is oxidized into CO2 by methanotrophic bacteria in the
presence of oxygen. The oxidation of CH4 into CO2 ends the cycle of carbon.
Methanotrophs prefer to live on the threshold of aerobic and anaerobic environ-
ments. They have exposure to the methane produced by methanogenic anaerobic
bacteria, in addition to the oxygen required for the methane conversion (Rajput et al.
2013).

24.3.2 Microbial Community and Carbon Cycle

The annual carbon influx of ~120 Gt into and out of terrestrial environments
significantly exceeds the volume of carbon emitted by fossil fuel combus-
tion (Change 2014). Therefore, a lot of scientific research has centred on how to
produce more accurate carbon flux estimates in order to determine how much carbon
can be captured in terrestrial environments. Soils hold almost 2.5 times more carbon
than the atmosphere in conjunction with plant biomass (Singh et al. 2010). Soils
have the potential to hold vast volumes of carbon and have helped reduce increasing
ambient (CO2) through their potential to sequester carbon. Several variables govern
the amount of carbon soils that can be sequestered, including temperature, organic
matter content, soil age and texture, topography, type of vegetation and diversity of
the soil population (Jenny 1941). The global carbon cycle relies primarily on
microorganisms that fix carbon dioxide from the atmosphere, stimulate plant growth
and environmentally degrade or convert organic matter. However, the rate-limiting
steps in the decomposition process are essentially governed by microbial decom-
posers and hence the effect of abiotic factors on decomposition (Gougoulias et al.
2014). Large volume of organic carbon is at present locked in high latitude ice caps,
grassland soils, tropical forests and other ecosystems. Microorganisms, on the other
hand, play an important role in deciding the durability and persistence of the carbon
and whether it is emitted as greenhouse gas into the environment. Photosynthesis
and respiration are two processes which regulate the terrestrial carbon (Schulze
2006). Carbon is fixed into the soil by microorganisms as they require it for their
metabolic substrate. Figure 24.1 represents the major carbon cycle.

24.3.3 Microbial Community and Nitrogen Cycle

Various nitrogen gaseous molecules, including NH3, NO and N2O, also occur in the
atmosphere. Nitrogen gas constitutes the highest proportion of around 78% in the
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atmosphere (Bange 2008). Nitrogen is present in the shape of a very stable molecule
(N2) and is available to plants and animals with fixation. The method of converting
nitrogen into chemical forms that can be used by living organisms is nitrogen
fixation. Through biological fixation, N2 reaches the biosphere. The bacterium
attaches to the plant’s root hair and responds in response to a hollow thread leading
into the root forms the plant. Growing bacteria via this thread of infection ultimately
initiate the development on a root nodule. As much as 30 per cent of a nodule’s
weight can be bacteria. Bacteria get its power and nutrition from plants. Nitrogen
from the air is provided by bacteria and fungi in a manner that the plant can utilize by
fixation. This signifies the symbiotic type of nitrogen fixation. Particular bacteria
possess (Rhizobium trifolium) nitrogenase enzymes which can fix a form of nitrogen
present in atmosphere into ammonium ion which is utilized in the chemical form by
higher species. The plants in a symbiotic relationship change the “fixed” ammonium
ion into oxides of nitrogen and amino acids to make proteins and other molecules
such as alkaloids. Nitrogen cycle is basically a transformation of nitrogen from one
form to another. For majority of the time period, microorganisms work for
converting nitrogen into form which they can utilize for their own growth and
development. Figure 24.2 represents the nitrogen cycle and the various processes
involved at each stage.

Fig. 24.1 Carbon cycle in the environment
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24.4 Structure and Role of Microbial Community
in Climate Change

Altering environment due to change in climate affects structure and functions of soil
microbiome by changing the chemical and physical environment of the soil. Soil
desertification, changing of temperature, soil pH, mineralization, transformation and
nutrient availability alter the essential function of microbes. These changes signif-
icantly affect various remaining functions that the microbial community carries out
in agroecosystems, including carbon cycle, decomposition, aggregation and fertility
of soil, efficiency of plants, quality of soil water, mineral pools, CO2 present in air,
plant roots and emissions of greenhouse gases. Some changes in the microbial
community occurred even after a short duration of changes in the climate. Large
amounts of global warming causing gases (GHGs) such as CO2, N2O and CH4 are
transformed from one form into another, and they are interlinked by potential
positive and negative feedback loops acting in concert in terrestrial ecosystem
(Drigo et al. 2008).

For better survival, soil microbes alter some internal mechanism and functional
changes like extracellular enzyme development which catalyses organic matter
mineralization and alter microbial function, soil quality and ecosystem productivity
(Deltedesco et al. 2020). Major enzymes like carbonic anhydrase, Ribulose-1,5-
bisphosphate carboxylase/oxygenase, nitrate reductase, nitrite reductase, methane
oxygenase and other enzymes involved in storage and transformation processes.
Anthropogenic nitrogen (N) enriches the biosphere by fertilizer application and
pesticides, and incorporation of manures or compost alters biogeochemical cycling
of ecosystems due to presence of recalcitrant organic compounds like lignin and

Fig. 24.2 Nitrogen cycle in the environment
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chlorinated compounds in a process that leads to change in flux of biogenic green-
house gases (GHGs) or inhibiting biosequestration processes. High rise in temper-
ature indirectly affects the process of evapotranspiration, plant physiology and root
exudation (Lange et al. 2014).

24.5 Climate Modulators and Native Regimes
of the Microbial Community

Microbes are involved in many processes, including the nutrient cycles, food
processing, inhabiting gut in many organisms to help digest food, cleaning up
pollution in many ways, etc. Performing these versatile processes, microbes either
use or produce gases like carbon, nitrogen and sulphur. Carbon and nitrogen are
component of the three main gases responsible for global warming, CO2, CH4 and
N2O. Thus, by participating large number of indispensable processes, microbes
directly or indirectly function as climate modulator. Being a “closed system” earth
has to produces everything it needs for the survival and growth of its inhabitants.
Various cycles such as the carbon cycle, nitrogen cycle, etc. (a complex series of
processes through which the gaseous elements rotate) control and balance the gases
that surround the earth (Nauer et al. 2018). Microbes play a key role in cycling and
transforming these elements by either generating or consuming these gases in the
environment. For example, methanogens are involved in carbon cycle by converting
carbon dioxide into methane. Nitrogen-fixing bacteria convert atmospheric nitrogen
into biological nitrogen and participate in nitrogen cycle. Photosynthetic algae and
cyanobacteria perform photosynthesis and by this means participate in carbon cycle.
Fungi and soil bacteria that decompose organic components play a major role in the
carbon cycle by breaking down organic matter to release carbon dioxide into the
environment. Plants-mycorrhizal fungi also take part in cycling nutrients by plants
providing a considerable carbon to the mycorrhizal fungal symbionts, whereas
mycorrhizal fungi provide nitrogen and phosphorus to plants (Abatenh et al. 2018).

Various natural and anthropogenic sources are involved in increase in greenhouse
gases concentration though the years. In line with these microbes are invisible
though chief participants in producing greenhouse gases. Microbe-driven enteric
fermentation and manure storage are two important sources of greenhouse gases.
Farm animals have hundreds of microbes in their gut of which some help in digesting
cellulose. In the process these animals produce considerable quantity of methane
gas. Under anaerobic conditions, the organic matter present in manure is partially
decomposed by bacteria producing methane and carbon dioxide (Grossi et al. 2019).
Along with this the microbial biota present inside wetland termites may participate in
1–3% of global methane gas production (Figs. 24.3 and 24.4) (Nauer et al. 2018;
Abatenh et al. 2018).

Impacts of bacteria, fungi and algae on climate change include accelerating global
warming by decomposition of organic matter and eventually rising atmospheric CO2
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flow. The adverse effects of climate change on primary productivity of cyanobacteria
and phytoplankton are very complex and determined by various factors like vertical
mixing of nutrients in seawater. Global warming contributes to increased ocean
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Fig. 24.3 Microbes function as climate modulators

Fig. 24.4 Climate change and microorganisms in aquatic and terrestrial biomes
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stratification, which decreases vertical nutrient mixing, leading to a decline in
primary productivity, while increasing CO2 levels increase the production of phy-
toplankton, unless nutrients are the limiting factor. Microbial population alters as the
temperature rises and processes such as respiration, fermentation and
methanogenesis also stimulates (Grossi et al. 2019).
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Chapter 25
Deployment of Benign Bacterial Strains
to Improve Soil Productivity Under
Drought Stress

Amrita Kasotia, Ajit Varma, and D. K. Choudhary

Abstract Abiotic stresses especially drought affect agriculture lands; thereby they
impinge on plant growth and cause in reduction in crop productivity and quality. As
reported, drought stress contributes a chief proportion in demolition of cultivated
land area and further crop productivity. Plant growth-promoting rhizobacteria
(PGPR), a biological agent in agriculture that helps to lessen drought stress, has
been considered the most promising approach to enhance production and yield in
drought-affected regions. Hence, to mitigate drought stress, adopting an eco-friendly
approach to meet future needs is the best way to go in. The present chapter deals with
role of important benign microbes and their elicitors in alleviation of drought stress
and promotes plant growth promotion.

Keywords Drought stress · Plant growth-promoting bacteria · Drought stress
alleviation · Eco-friendly approach · Abiotic stress · Biofertilizer

25.1 Introduction

Drought is the most critical factor restricting crop production in the changing climate
scenario, and its severity is expected to rise in the future. Several factors form water
deficit condition in soil, viz. low rainfall, salinity and amplified strength of light are
among some of them. Contrarily sometimes water is available, but plants are unable
to take them up which mediate pseudo-drought or physiological drought (Salehi-
Lisar and Bakhshayeshan-Agdam 2016). Drought can persist for even a short
interval or several years. Significant losses in soil and crop productivity mediated
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through an aggravate action of environmental conditions lead to lessen economy and
agriculture sustainability. The sustainability of agricultural industries is on the great
risk because of severe environmental damage caused by vegetation loss and soil
erosion, the after-effects of drought stress (Zingaretti et al. 2013).

Based on IPCC special report, 2012, several countries experienced severe
droughts due to some climatic factors wherein global warming has increased the
overall temperature of the earth. Because of adverse climatic conditions, the results
will be more severe in arid regions like the Middle East and the Sahel in Africa
wherein freshwater will persist in some areas after a temperature increase of 1.5 �C
but is predicted to dry out if the increase exceeds 2 �C (Masson-Delmotte et al.
2018). Around the world, drought exposure reported higher for US east, Europe
south area, India, East China and Nigeria (Kogan et al. 2020; Carrão et al. 2016).
Among them, India has been considered most drought-prone country facing at least
drought in specific region which accounts for more than 22 major droughts in the
past few decades. To mitigate drought risk, water resource management needs an
efficient policy structure that includes prospect forecasts of the spatiotemporal
distribution of droughts or application of drought managing strategies for crop
cultivation using eco-friendly approaches (Gupta et al. 2020).

25.2 Drought Severity and Types

India is a developing nation which is mostly reliant on the agricultural sector
especially for economic progress. Based on previous researches, agriculture solely
depends on rainfall water wherein 60% of the whole agricultural land area has
covered by rainfed land that highly depends on climatic situation in the region, for
the most part on precipitation (Sharma et al. 2010; Sharma and Goyal 2020). Bisht
et al. (2019) analysed along with other many studies wherein they reported the
occurrence of drought in the upcoming years. Likewise, one study reveals an
elevation in the incidence of intense droughts in the warmer and humid climate
under the climatic change in India (Aadhar and Mishra 2018).

A newly defined event termed flash drought affect the soil and crop sustainability
which indirectly pose challenges for about 10–15% Oryza sativa and Zea mays)
grown area in is affected by flash droughts (Mahto and Mishra 2020). Unusually
high temperatures, winds and strong incoming solar radiation cause rapid onset and
intensification of high rates of evapotranspiration (ET) which forms flash drought
(Chen et al. 2019). Low soil moisture, intense heat and elevated evapotranspiration
are the indicators of flash drought (Otkin et al. 2018).

In India, 44% of the food production is contributed by 56% of the net cropped
land. Due to declined mean summer monsoon rainfall, the droughts were frequent
and got increased from 1951 to 2015. Monsoon rainfall is therefore critical for all
country’s agricultural production and edible safety measures those also providing
spin-off effects on other sectors of the economy. The central part of India is most
affected, including the parts of Indo-Gangetic Plains, whereas the augmented local
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weighty rainfall on the sub-daily and daily timescales have increased the risk of flood
over India (Mujumdar et al. 2020). South-west monsoon affects drought frequencies
of the parts of Indo-Gangetic area, south India coastal land and mid of Maharashtra
(Mallya et al. 2016), while north-east monsoon affects central India, viz. Kerala,
south peninsula, and north-eastern parts of India (Mujumdar et al. 2020). Anderson
et al. (2011) subdivided drought into four key classes: (1) meteorological drought,
(2) hydrological drought, (3) agricultural drought and (4) socio-economic drought.

25.3 How Drought Damages Plants?

The most significant abiotic factor restricting plant development is drought; it
adversely affects crop productivity and gets increased. Stress leads unwanted
physico-biochemical processes which influence cellular phenomenon in the plant.
Irregular metabolism, reduced plant growth and plant death are some of the after-
effects (Fathi and Tari 2016). Drought stress impacts on the status of water in plants
at the level of cells, tissues and organs are causing precise and unspecific reactions
and potentially harming tissues and triggering adaptive responses (Cvikrová et al.
2013). The adaptive responses include stomatal closure, the reduced amount of
transpiration and photosynthesis, production of new proteins and the growth of
osmolytes.

Crops’ susceptibility to retain high water potential in tissues under drought is
known as lack of moisture evading, and forbearance that determines plant predispo-
sition to survive in water deficiency is called drought resistance (Vadez et al. 2011).
The activities of three elements are involved in managing water stress: the soil, the
root system and shoot (Lipiec et al. 2013). When the drought stress comes in action,
the first effect is shown by modulation of cell membrane permeability and
aquaporins (water channels). The second mechanism is demonstrated by an
enhanced suberization of root endodermis/exodermis. The third step is xylem embo-
lism, a process by which air is sucked into xylem vessels, hindering the sap flow.
Drought resistance shows more excellent resistance to embolism (Li et al. 2009).
Recently, plants have also been reported to produce exudates, mucilage and solute
accumulation which increase the adaptability to stress. The exchange potential and
nutrient uptake of root cations are being substantially reduced in dry environments,
and the relative uptake of polyvalent cations (aluminium or heavy metals) can add up
more toxicity (Lukowska and Jozefaciuk 2013). During longer time scales, water
deficit shows reduced root length. In drought, nodulation activity, duration and
formation also get affected (Lipiec et al. 2013). A decreased biomass production is
also seen in mild drought stress as compared to photosynthesis. Drought stress is also
known to suppress photochemical efficiency of photosystem PS II, inactivation of
Rubisco, loss of cell membrane integrity and reduced assimilation of ammonium
into organic compounds.
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The biochemical and metabolic responses also change significantly during
drought stress. The production of reactive oxygen species (ROS) induces oxidative
stress. ROS refers to any oxygen derivative that is more reactive than an oxygen
molecule (O2) itself (Mittler 2017). These are known to cause cell membrane
damage, protein degradation and enzyme inactivation. The primary hydraulic sig-
nalling mechanism during drought stress includes a decreased root dampen absorp-
tion and water potential, resulting in reduced turgor pressure in leaves which then
leads to stomatal closure, thereby reducing leaf elongation. Several plant hormones
have been involved in the directive of physiological processes under different
stresses, namely, abscisic acid (ABA), auxin, cytokinin (CK), ethylene, gibberellins,
etc. ABA plays a major role in stomatal movement with the help of transcription
factors and their target genes. Moreover, ABA, along with cytokinins, implicated in
controlling plant senescence and enhanced carbon remobilization.

25.4 Choosing the Crops

The ability of crops to withstand drought differs. Some crops tolerate water deficit
while some don’t. The genotype of a plant is mainly responsible for drought
tolerance. Crops that mature earlier, i.e. early flowering and fruiting, are better suited
to drought-prone areas. Moreover, crops with good canopy structure, root structure
and root hair number and smaller xylem vessels are more resistant to drought stress.
Some of the drought-tolerant crops include millets, sorghum, chickpea and ground-
nut. Various conventional and modern molecular breeding procedures and trans-
genic approaches or genetic engineering and application of biofertilizers can
increase plant resistance to abiotic stresses. Genetic improvement is the new tech-
nique; recently practices since last four decades involve changing the genetic
makeup of plant for stress tolerance (Lipiec et al. 2013). In an organism, each
gene can influence several different traits. Even a single gene alteration may affect
the whole target genome, ensuing in inadvertent effects, all of which may not be
decipherable at the very same time. This type of uncertainty is hard to predict
(Prakash et al. 2011). For this reason, the use of microbes that maintains balance
in agroecosystem without changing the plant’s genome can be the best approach to
alleviate the stress.

25.5 Plant Growth-Promoting Bacteria

Based on published reports, plant growth-promoting bacteria (PGPB) have been
considered as benign agents for plants that improve plant nutrition in plant under
abiotic stress such as drought and heavy metal contamination of salinity. PGPB
survived as free-living soil, rhizosphere, rhizoplane and phyllosphere bacteria that
may contribute to the health, production and growth of plants. Some of the bacteria
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species which have been found to enhance plant growth include Pseudomonas spp.,
Enterobacter, Bacillus spp., Erwinia, Azotobacter, Burkholderia, Azospirillum,
Arthrobacter, etc. A variety of mechanisms are mediated by the positive impact of
many soil bacteria on plants, including improving mineral nutrition, boosting plant
tolerance to biotic and abiotic stress, altering root growth as well as suppressing
soilborne diseases (Jacoby et al. 2017) (Fig. 25.1).

Meena et al. (2017) reported that many rhizospheric, viz. Rhizobium, Bacillus,
Pseudomonas, Pantoea, Bradyrhizobium, Methylobacterium, Paeni-bacillus,
Burkholderia, Achromobacter, Azotobacter, Azospirillum, Microbacterium,
Methylobacterium, Variovorax, Enterobacter, Trichoderma and Cyanobacteria,
played important role in plant growth promotion and abiotic stress tolerance to
host plant. The development of the plant depends upon abiotic environmental factors
such as temperature, humidity, light intensity, the supply of water and minerals and
CO2. An enticing alternative to traditional farming practices is the inoculation of
sustainable soil microorganisms with the advancement in plant growth and devel-
opment (Jacoby et al. 2017). Several microbial inoculants have been successfully
formulated, developed, marketed and applied by a rising group of growers nowadays
(Ahemad and Kibret 2014; Santos et al. 2019).

Fig. 25.1 Mitigation of drought stress by PGPB
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25.5.1 Properties of PGPB

25.5.1.1 Phosphate Solubilization

Phosphorus (P) is one of the main macronutrients essential for plant growth and
growth. It accounts for 0.2% of the plant’s dry weight (Azziz et al. 2012). In soil, the
concentration of P is around 0.05% (w/w) soil (Alori et al. 2017). In rhizosphere
phosphate-solubilizing bacteria (PSB) hydrolyse organic and inorganic phosphorus
from insoluble compounds. Inorganic phosphate solubilization and mineralization
are exceptionally dependent on soil pH and form. Various scientists have proposed
different mechanisms for phosphate solubilization wherein the most accepted
method is the production of organic acids, siderophores, protons, hydroxyl ions
and CO2 (Sharma et al. 2013; Alori et al. 2017). Substitution of H+ for calcium
occurs when PGPB secrete organic acid and drop the pH around the microbial cells
around microbial cells causing the release of P ions. Several organic acids are
released by PGPB, namely, tartaric acid, fumaric acid, glyoxalic acid, malic
acid, citric acid, oxalic acid, acetic acid, isovaleric acid, itaconic acid, glycolic
acid, maleic acid, gluconic acid, lactic acid, succinic acid, propionic acid,
2-ketogluconic acid, α-ketobutyric acid, etc. (Alori et al. 2017).

The primary source of organic phosphorus is organic matter in the soil. Organic
matter contains phosphates in the form of inositol phosphate (soil phytate),
phosphomonoesters, phosphodiesters, phospholipids, nucleic acids and
phosphotriesters. Organic phosphorous is mineralized mainly by phosphatases
enzymes. These enzymes dephosphorylate the phosphor-ester or phosphoanhydride
bond of organic compounds and are also known as non-specific acid phosphatases
(NSAPs). Phosphatases work best in acidic to neutral pH which defines their
presence in acidic soils. Phytase is another enzyme that is responsible for organic
phosphate mineralization. Plant seed and pollen contains stores form of phosphorous
known as phytates. Plants cannot take up phosphorus from phytates. The presence of
PGPB in the soil can mineralize phytate by secretion of phytase (Richardson and
Simpson 2011). The inoculation of over phosphate-solubilizing PGPB mutants
alleviated drought stress (Kasotia and Choudhary 2016).

25.5.1.2 Iron Chelation and Siderophores

Iron (Fe) is the second most abundant existed metal in the earth’s crust. In cellular
biological systems, Fe is a structural component of a large number of proteins that
include cytochrome P450, cytochrome oxidases, electron transporters, Fe-sulphur
(S) enzymes, dioxygenases, hydroxylases and carboxylases. Moreover, it acts as a
catalyst in chlorophyll synthesis and various metabolic processes (Ferreira et al.
2019). Additionally, it is involved in nucleic acid synthesis and repair (Puig et al.
2017).
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In aqueous solutions Fe is present in interconvertible form Fe2+ and Fe3+. The
balance between two forms in soil is dependent on pH, aeration, organic matter
content and salinity (Ferreira et al. 2019). The availability of Fe is meagre in well-
aerated, neutral pH soils as Fe3+ is mostly precipitated as insoluble hydroxides,
oxyhydroxides and oxides which makes Fe3+ unavailable for plant uptake, whereas
in good aeration, acid soil Fe3+ transform into more soluble Fe. Both microbes and
plants have a relatively high iron requirement. In bacteria, cellular iron deficiency
induces the formation of low molecular weight siderophores, molecules with a
powerful affinity for Fe+3 and membrane receptors capable of binding the complex
Fe-siderophore. Bacterial siderophores chelates Fe3+ fulfil the iron requirement of
both microorganism and plant (Ahmed and Holmström 2014). Recently various
bacterial species have been reported to produce siderophore; some of them are
Escherichia coli, Salmonella, Klebsiella pneumoniae, Vibrio cholerae, Vibrio
anguillarum, Aeromonas, Aerobacter aerogenes, Enterobacter, Yersinia and Myco-
bacterium species (Albelda-Berenguer et al. 2019).

The production of siderophores is also associated with the biocontrol activity
induced by PGPB. Plant beneficial bacteria compete with the pathogenic microor-
ganisms for nutrients and space in the plant’s vicinity and make the pathogen
deficient in nutrients. Bacillus and Pseudomonas are the most studied genera
showing biocontrol activity (Albelda-Berenguer et al. 2019). Burkholderia,
Rahnella, Curtobacterium and Kosakonia are recently studied biocontrol activity
showing bacterial species (Cornelis et al. 2011; Kandel et al. 2017; Lambrese et al.
2018).

25.5.1.3 Modulation of Phytohormone

PGPB promotes the plant growth by production of plant hormone auxin. IAA plays
an essential role in increasing the number of root hairs and lateral roots of the plant.
Hence, inoculation of PGPB to the plant rhizosphere accelerates nutrient absorption
by changing root architecture of the plant. Around 80% of bacteria from the
rhizosphere can synthesis IAA, suggesting a possible role in association with the
plant (Spaepen and Vanderleyden 2011; Glick 2012). Tryptophan from root exu-
dates or rotting cells improves IAA microbial biosynthesis in the soil. PGPB-
synthesizing IAA has been proposed to limit the adverse effects of environmental
stresses (Barnawal et al. 2017; Egamberdieva et al. 2017). Cytokinin is another plant
hormone which can be synthesized by PGPB (Kapoor and Kaur 2016). Under
irrigate deficit CK signalling has evolved as an intercellular communiqué network
which is essential to crosstalk (Pavlů et al. 2018) with other types of phytohormones
and their regulating pathways in mediating plant stress response (Verma et al. 2016;
Huang et al. 2018; Artner and Benkova 2019; Hai et al. 2020). Moreover, CK
crosstalk with auxin, SA and brassinosteroids (BR) (Pavlović et al. 2018) and with
ABA in mediating drought stress response (Huang et al. 2018). In addition to CK,
PGPB exhibited important role in production of gibberellins (GAs) which are
reported as prevalent plant hormones which evoke various metabolic functions
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that include seed germination, stem elongation, sex expression, flowering, fruit
formation and senescence, necessary during plant development (Cohen et al. 2009;
Kang, et al. 2014).

ABA hormone plays an essential role in plant health, development and responses
related to stress (Chen et al. 2020). It is a phytohormone that mediates stomatal
closure in stress and, in the absence of stress, regulates aspects of plant growth and
development. Drought responses are regulated by ABA-dependent and
ABA-independent pathways. ABA can affect the plant either by increasing ABA
biosynthesis and (or) by decreasing ABA breakdown. Inoculation of ABA produc-
ing Paenibacillus yonginensis DCY84T developed changes in Arabidopsis thaliana
gene expression against aluminium, drought and salt stress (Sukweenadhi et al.
2015). Drought tolerance is mainly achieved via enhancement of ABA levels
(Cohen et al. 2015). Another very important stress hormone is ethylene
(ET) which is gaseous in nature that enables plant-to-plant communication and
regulates varied functions in plant systems, viz. regulation of leaf development,
senescence, fruit ripening, stimulation of germination, etc. (Dubois et al. 2018). ET
also has been reported to show presence in habitat-imposed stresses. Transgenic
alteration of ET biosynthesis has been reported, whereby grain yield took place in
maize under field drought-stress conditions (Habben et al. 2014). The ACC-
deaminase-producing PGPB converts ACC into ammonia and α-ketobutyrate
instead of ethylene (Danish and Zafar-ul-Hye 2019). Regulation of ethylene level
in plants mitigates the effects of drought stress wherein application of ACC
deaminase-producing PGPB, Bacillus subtilis Rhizo SF 48, induced drought toler-
ance in tomato (Gowtham et al. 2020) which further showed significant growth and
yield of wheat under drought stress (Duca et al. 2018; Danish and Zafar-ul-Hye
2019).

PGPB secrete odourless volatile organic compounds (VOCs) with a low molec-
ular weight that, in return, affects the plant growth. These VOCs have also been
reported to initiate compatible solute production in plants that maintains cellular
osmotic pressure (Li et al. 2019; Bhattacharyya and Jha 2012).

25.5.1.4 Nitrogen Fixation

Nitrogen (N2) is unavailable to the growing plants despite the abundance in atmo-
sphere which is round 78%. This N2 is converted to easily reached form to plant by
deploying approach biological nitrogen fixation (BNF) that converts N2 to ammonia
by diazotrophs (nitrogen-fixing microbes) using a complex enzyme system known as
nitrogenase. Diazotrophs are by and large categorized as symbiotic bacteria that
forms a symbiosis with leguminous plants (e.g. rhizobia) and non-leguminous trees
(e.g. Frankia) and non-symbiotic (free living, associative and endophytes) forms
such as cyanobacteria (Anabaena, Nostoc), Azospirillum, Azotobacter, etc.
(Bhattacharyya and Jha 2012). Nitrogen-fixing bacteria are now used to improve
agricultural productivity (Souza et al. 2014), and usually fixation takes place through
nifH gene expression (Masood et al. 2020). Liu et al. (2011) reported that Klebsiella
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pneumoniae strain NG14 colonized root surface of rice helped in N2 fixation and
exhibited biofilm formation to reduce the detrimental impact of drought.

25.6 Conclusion

It has been envisaged that PGPB exhibited direct effects on root and shoots growth
(Saharan and Nehra 2011) and have been characterized as bioinoculant (Vejan et al.
2016) wherein many PGPB strains result in a significant increase in plant height, root
length and dry matter production of shoot and root of plants (Glick et al. 2007;
Backer et al. 2018). Under habitat-imposed stress especially drought, the ET endog-
enously regulates plant homeostasis and marks in reduced root and shoot growth.
However, this effect is rescued by bacterial ACC deaminase which promotes average
plant growth by the degradation of the ACC, the ethylene precursor. ABA hormone
level in plants is also increased in water deficit condition in plant leaves which is then
regulated by increased bacterial cytokinin. Both cytokinin and ABA share common
biosynthetic origin; hence cytokinin-ABA antagonism occurs as a result of meta-
bolic interactions. PGPB helps in scavenging of ROS generated during stress
(Kasotia et al. 2015) and rescues the normal plant growth. Phosphate, iron, nitrogen,
etc. nutrient acquisition by PGPB adds benefit to the drought-stressed plants for
growth promotion.
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Chapter 26
Biogeochemical Cycles in Soil Microbiomes
in Response to Climate Change

Bita Mohanty, Dipransu Pradhan, Rajashree Das, and Mihir Tanay Das

Abstract Soil microbiomes comprise highly diverse and heterogeneous soil
microbes including bacteria, fungi, archaea, viruses, and protozoa which play a
major role in biogeochemical cycling of elements. The cycling of elements mediated
by soil microbes not only maintains soil health and supports plant growth but also
regulates the climate. In the course of elemental cycling, soil microbes can act as a
source or sink of major greenhouse gases including CO2, CH4 and N2O due to their
functional metabolic diversity. Of late, the contribution and susceptibility of soil
microbes to a changing climate is getting recognized, yet our understandings about
the microbial ecology, their multitrophic interaction and their interaction with abiotic
factors are still limited. In this review, the current state of knowledge about the
impacts of climate change on the biogeochemical cycling of major elements such as
carbon, nitrogen, and sulfur is highlighted through the survey of existing literature.
Further, the challenges, uncertainty factors, and knowledge gaps faced in the soil
microbiome research with respect to climate change have been identified to design
future research in this direction.
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26.1 Introduction

Throughout the biogeological evolution of earth, microorganisms and climate have
been intricately associated with each other. From the Great Oxidation Event around
2.4 billion years ago caused by the marine cyanobacteria (Demoulin et al. 2019) to
the evolution of methane during the Carboniferous period by the methanogens
(Bartdorff et al. 2008), microbial processes have been the key drivers of, and
responders to, climate change (Singh et al. 2010). Pertaining to their unseen majority
on our planet in terms of both abundance and diversity, microorganisms play a huge
role in maintaining a healthy global ecosystem (Cavicchioli et al. 2019). The
backbone of every ecological process is a microbial system which controls the
cycling of elements (e.g., carbon, nitrogen, sulfur, etc.) essential for life. The crucial
role of microorganisms in maintaining the health and wealth of higher organisms
(e.g., humans) via nutrient cycling has been long recognized (Pace 2018); for
instance, half of the global production of the oxygen and carbon dioxide fixation
is done by the oceanic phytoplanktons (Behrenfeld 2014). The relationship between
the biogeochemical cycles and microorganism is very dynamic as they influence
each other’s characteristics and the net effect of the relation has varied over the
evolutionary time scale of our planet. However, in the context of recent ongoing and
projected climate change process, the significance and implications of microorgan-
isms have poorly been studied and documented.

In recent times the anthropogenic activities have induced climate change, which
in turn is impacting most other life forms of earth. For example, the composition and
characteristics of nutrients in biogeochemical cycle like carbon are frequently
disturbed by human activities (Griggs et al. 2013), and the resultant environmental
and climatic effects cause extinctions of other organisms and ultimately lead to
biodiversity loss (Barnosky et al. 2011; Crist et al. 2017; Johnson et al. 2017; Pecl
et al. 2017). Over the past century, due to the human activity, the concentration of
greenhouse gases including carbon dioxide, methane, and nitrous oxide increased
dramatically and global average temperature has risen accordingly (Jansson and
Hofmockel 2020). The average temperature of the globe has risen by 1.5 �F during
the last century, and it is predicted that additional 0.5–8.6 �F will be added to the
average global temperature by 2100 (Dutta and Dutta 2016) leading to the most rapid
climatic variations in earth’s history (Birch 2014). In this changing scenario, the
status of microorganisms needs to be focused in climate change studies as these
organisms are responsible for both emitting and sequestering greenhouse gases, thus
playing a crucial role in regulating climate change process (Cavicchioli et al. 2019;
Dutta and Dutta 2016; Jansson and Hofmockel 2020; Pecl et al. 2017).

Soil ecosystems are highly complex being the interface of all the four environ-
mental components including hydrosphere, atmosphere, lithosphere, and biosphere.
The soil microbiome consisting of interacting community of bacteria, archaea,
viruses, fungi, and protozoa (Jansson and Hofmockel 2020) contributes to ecosystem
health in a variety of ways, including biogeochemical cycling, bioremediation, plant
growth, and primary productivity (Amundson et al. 2015; Cavicchioli et al. 2019).
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However, being highly exposed to different anthropogenic activities, soil ecosys-
tems are subject to different short- and long-term physicochemical perturbations
which affect the diversity and function of the soil microbiome (Wieder et al. 2013).
The combination of all these physicochemical and biological fluctuations governs
how the nutrients will be exchanged between different environmental components
and whether soil will act as a source or sink of greenhouse gases. Although
importance of soil microbiome in regulating future climate of earth has been
recognized (Amundson et al. 2015; Cavicchioli et al. 2019; Jansson and Hofmockel
2020; Wieder et al. 2013), it still remains a challenge to integrate microbial contri-
bution data in climate models and predict the future scenario.

In the present chapter, the current state of knowledge about how the soil
microbiome and climate impact each other with specific reference to the biogeo-
chemical cycling is discussed in detail. Further, the emerging issues in soil
microbiome research in the context of climate change have been discussed to
highlight data gaps and identify areas of future research.

26.2 Soil Ecosystems and Their Climate Sensitivity

Soil represents one of the most diverse ecosystems on our planet with highly
heterogeneous biotic and abiotic components (Kuzyakov and Blagodatskaya
2015). The soil environment is also highly dynamic with the seasonal and diurnal
variation in soil moisture, temperature, nutrient composition, pH, and redox states as
well as influence of plants and soil fauna (e.g., insects and earthworms). In addition
to this, the ongoing and projected climate change is supposed to introduce more
uncertainty with unknown consequences on the stability and resilience of the soil
microbiome (Jansson and Hofmockel 2020; Norby et al. 2016). The most projected
effect of climate change on soil abiotic components is the increased soil temperature
(+0.3 �C), extended periods of pre-summer droughts, and raised CO2 concentration
(Haugwitz et al., 2013). However, with the existing soil ecology data, it is difficult to
infer how the biotic components will behave under these climatic perturbations. In
order to understand better how changing climate may affect soil ecosystem, we need
to understand the sensitivity, resistance, and resilience potential of these ecosystems.

26.2.1 Soil Microbiome and the Factors Regulating Its
Structure and Function

Soil microbiome comprises millions of microbes including bacteria, fungi, archaea,
viruses, and protozoa and their abiotic environment in the soil which altogether form
one of the most complex ecological system (Islam et al. 2020; Jansson and
Hofmockel 2020). The species richness and diversity of soil microbiome is very
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high. Microbial species richness in a gram of soil can reach up to the order of 104,
and the same soil may harbor up to 1010 bacterial cells (Roesch et al. 2007). As per
an estimate, the total biomass on earth across all taxa is nearly 550 Gt of carbon in
which the share of soil microorganisms is nearly 100 Gt of carbon which is next to
plants but higher than the animals (Bar-On et al. 2018). This makes soil microbiome
as an essential and significant driver of global biogeochemical processes.

Soils environments are complex consisting of a rich mixture of minerals, gases,
liquids, organic matter, and living organisms. Though considered as a biome,
environmental conditions may differ significantly between the habitats of different
microbial colonies in soils (Islam et al. 2020). For instance, an individual soil
aggregate of a few millimeters size can have variable oxygen concentrations ranging
from 20 to <1% (Koch 1998). As the abiotic environment varies, the structure of
microbial communities also varies considerably within a small region. For example,
the microbial community structure in the plant rhizosphere may vary considerably
from those found in “bulk” soil environments that are a few centimeters away
(Lareen et al. 2016). Furthermore, higher organisms like plants or animals also
influence on the composition of the soil microbiome due to their specific association
with microorganisms. Several trophic level interactions connect the soil microbes to
the species across kingdoms by involving them in a cooperative, inhibitory or
syntrophic relationship. The anthropogenic practices like agriculture and animal
husbandry also directly affect the soil microbiome characteristics. Thus, the structure
and function of soil microbiomes are regulated combined by the biotic and abiotic
environmental both spatially and temporally as shown in Fig. 26.1. Apart from the
factors discussed above, changes in climate can greatly influence the composition
and function of soil microorganisms. Changing climate can affect the soil abiotic
environment in many ways including changes in soil temperature, moisture, pH,
gaseous and nutrient composition, etc. which in turn will directly affect the microbial
processes and ultimately influence the soil-atmosphere nutrient feedback processes.
Further, changing climate can cause a number of shifts in aboveground and below-
ground communities of higher trophic level which will indirectly influence the
microbial processes of the soil (Classen et al. 2015).

26.2.2 The Uncertainty Factors in the Soil Microbiome
with Respect to Climate Change

Soil ecosystems are highly complex and diverse, so is the microbiota colonizing
them. So it is difficult to infer a generalized conclusion at a global scale with regard
to the impacts of climate change on soil microbiome with current level of scientific
understanding. Some of the uncertainty factors that limit this global prediction are
discussed in this section.

Though the importance of soil microorganisms with respect to global nutrient
cycling and climate change is thought to be well established, the fact is that a vast
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majority of the soil microbiome is yet to be studied (Goel et al. 2018). Only a mere
fraction of soil microorganisms have been catalogued till date, and with the existing
knowledge, the remaining microbiota is uncultivable under laboratory conditions
(Naylor et al. 2020) for which their cryptic ecosystem functions are yet to be
revealed. This lack of knowledge results in uncertainty for construction of accurate
predictive models for global carbon flux under climate change conditions
(Friedlingstein et al. 2006; Naylor et al. 2020). Furthermore, depending on their
genetic makeup and physiological states, different group of soil microorganisms
respond to environmental stress in different ways (Schimel et al. 2007) as it can be
seen during drought. Drought is a very common environmental stress factor
(Schimel 2004) which believed to reduce both soil microbial diversity (Jensen
et al. 2003) and enzyme activity (Sardans et al. 2008) resulting in reduced soil
nutrient availability (Allison and Treseder 2008). Different microorganisms react
differently, for example, proto-bacteria are less suitable for drought condition than
acidobacteria (Castro et al., 2009). Fungi are more resistant to drought condition than
bacteria due to presence of their hyphal network through which water can transport
(Khalvati et al. 2005). Hence, they are capable to degrade more complex organic
material and show quick response after rewetting of the soil (Boer et al. 2005). Most
of the soil microorganisms are highly adaptable, and they have evolved strategies to

Fig. 26.1 Ecological position of soil microbiome. Bidirectional arrows indicate the ecological
interrelationship between the entities. Soil microbiome is directly or indirectly affected by all
including aboveground and belowground biotic factors, soil abiotic factors, climatic factors, and
anthropogenic practices
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cope with changing environmental conditions either by developing novel metabolic
mechanisms or by becoming dormant or changing community interaction. Very
often these adoptions are induced at genetic level by regulating gene transcription
and translation and/or accumulating mutations or new genes through horizontal gene
transfer. However, at present, quantifying these genetic and physiological responses
of different groups of microorganisms remains a major gap in modeling soil
microbiome’s response to climate change (Evans and Wallenstein 2014; Jansson
and Hofmockel 2020).

Soil microorganisms carry out the decomposition of organic matter and liberate
the inorganic constituents, and at the same time, they are also involved in the
stabilization of inorganic nutrients into organic forms (Fig. 26.2). The balance
between these two processes governs the net flux of CO2, CH4 and other greenhouse
gases into the atmosphere (Singh et al. 2010). Furthermore, the association of soil
microbes with organisms of higher trophic level and effects of climate change on the
later too makes the holistic prediction more complex (Bardgett et al. 2013; Pugnaire
et al. 2019). For example, increased levels of atmospheric CO2 result in higher
carbon sequestration by plants and subsequent higher litter fall. This increased
organic matter input into soil supports increase in copiotrophic-heterotrophic soil
microbial activity; however, in the long term, limitation of mineral nutrients such as
nitrogen may reverse this, promoting the dominance of oligotrophic-autotrophic and
microorganisms (Singh et al. 2010). Moreover, under changing climatic scenario,
that plant or animal species that has more competitive advantage will be added to the
above soil community which in turn will alter the soil microbiome composition
depending on the changed plant-animal-microbe association pattern (Pugnaire et al.
2019). Thus, soil microbial CO2 and other greenhouse flux into the atmosphere in a
given ecosystem are regulated by number of feedback mechanism involving

Fig. 26.2 Regulation of climate and productivity by soil microbiome. Soil microbiome delicately
regulates the balance between the soil organic and inorganic matter which in turn controls the
productivity and affects the climate
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different trophic levels. Therefore, while developing a mathematical predictive
model of the microbial ecology with reference to climate change, it is required to
consider all possible feedback mechanisms involved.

Another knowledge gap associated with the soil microbiome-climate feedback
system is modeling the compounding effects of global climate change on soil
microbiome. For example, independent field experiments simulating elevated level
of atmospheric CO2 have been conducted to understand responses of soil microbe
(Dunbar et al. 2012; Hayden et al. 2012; Yu et al. 2018). Similarly, responses of soil
microbes under experimental warming conditions have also been studied by differ-
ent research groups (Melillo et al. 2017; Romero-Olivares et al. 2017; Schindlbacher
et al. 2011). However, under practical environmental conditions the microbes may
behave differently due to the compounding effects of global warming and elevated
levels ofatmospheric CO2. Increasing greenhouse gases or increasing global tem-
perature can lead to cascading environmental changes, and the magnitude of the
changes may vary in different geo-climatic regions. Understanding how changes in
temperature or atmospheric greenhouse gas concentration interact with other impor-
tant environmental variables such as precipitation, soil moisture, pH, and nutrients
(such as phosphorus, nitrogen, carbon) is therefore essential for predicting the
climate change responses of soil microbiome (Jansson and Hofmockel 2020).
With lack of these baseline data, it is very difficult to incorporate this variation
aspect into the climate change models.

26.2.3 Soil Ecosystems that are Vulnerable to Climate
Change

Though all soil ecosystems in general are climate sensitive, some of them, as
discussed in this section, are much more vulnerable due to their special ecological
characteristics. The Arctic regions of our planet are the most vulnerable terrestrial
ecosystems with respect to the climate change (IPCC 2007). The permafrost of the
Arctic regions are enormous reservoir of stored carbon which will become suscep-
tible to microbial decomposition due to global warming, and this process will result
in substantial emission of CO2 in the coming years (Schuur et al. 2015). Similarly the
soil of forests (Lladó et al. 2017) which cover nearly 30% of the total land surface
and the soil of grasslands (Jones et al. 2009) which account for nearly 26% of the
total land surface are important carbon sinks and store enormous amount of carbon.
With increasing temperature, it is predicted that microbial decomposition of soil
organic carbon will be increased leading to CO2 emission which to some extent will
be countered by the increased plant growth. However, with climate change, drought,
fire, and flood frequency and severity will also have detrimental effects on these
ecosystems (Jansson and Hofmockel 2020). Among other terrestrial ecosystems, the
wetlands which are the interface of terrestrial and aquatic ecosystems are vulnerable
to climate change given the fact that they are the largest natural source of CH4

emission and simultaneously act as a carbon sink too (Zhang et al. 2017).
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26.3 Ecosystem Functions and Services of Soil Microbiome

Soil microbes are highly diverse and abundant group of living organisms having
varied metabolic capabilities that offer vast diversity of ecosystem services and
functions (Islam et al. 2020; Saccá et al. 2017). Soil microbial communities, being
involved in nutrient cycling process, maintain the soil fertility and affect the primary
productivity (Islam et al. 2020; Trivedi et al. 2016), bioremediation of environmental
contaminants, and sequester of greenhouse gases (Jacoby et al. 2017). Apart from
this, by virtue of their ecosystem functions, they indirectly affect the structure and
function of higher trophic level organisms (Bender et al. 2016) and physicochemical
nature of their immediate environment (Nielsen and Winding 2002).

The ecosystem functions and services of the soil microbial community are shown
in detail in Fig. 26.3.

Soil microbiome diversity is always acknowledged for their role in nutrient
management (Six et al. 2006; Jacoby et al. 2017). The soil microorganisms mainly
fungi and bacteria serve as chemical engineers by not only carrying out the decom-
position of organic matter but also fixing atmospheric nitrogen and thus making the
nutrients readily available for the species of higher trophic level especially plants
(Saccá et al. 2017). Soil microbiome diversity therefore plays a major role in
determining the primary productivity and expression of trait in higher organisms
including plants and animals (Islam et al. 2020; Trivedi et al. 2016). The nutrient
cycling process mediated by the soil microbes not only helps in maintaining the soil
health and fertility, but also by this process they affect the climate by regulating
greenhouse gas emission or sequestration (Cavicchioli et al. 2019; Jacoby et al.
2017; Jansson and Hofmockel 2020; Naylor et al. 2020) (Fig. 26.2). They are also
responsible for modifying soil physical structure by the formation of pore networks
and particle aggregation and affect water infiltration and distribution in soil (Nielsen
and Winding 2002). They indirectly regulate the soil biodiversity by regulating
resources availability or by producing secondary metabolites like antibiotics. Soil
microbes also interact with higher organism like soil invertebrates, plants, etc. and
regulate the latter’s ecosystem functioning (Thakur and Geisen 2019). Microorgan-
isms possess remarkable potential to originate novel metabolic mechanisms to
degrade and decontaminate xenobiotic compounds in the terrestrial ecosystem

Fig. 26.3 Ecosystem functions and services provided by the soil microbial community
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(Arshad et al. 2008) by utilizing these compounds as energy (carbon) and nutrient
resources like nitrogen, phosphorus, sulfur, etc. (Hussain et al. 2007a; Hussain et al.
2007b). Furthermore, microbiome-multitrophic interactions like rhizobacteria also
facilitate successful phytoremediation strategies.

The current trend of functional aspects of soil microbiome diversity research is
limited to microcosm experimentation, explaining the relationship of species diver-
sity with ecosystem properties such as cycling of nutrients, utilization of xenobiotic
substrate, and productivity. Thus the soil microbiome has been acknowledged with
number of scientific literatures for providing variety of ecosystem functions and
services, but the linkage between the structure and function of soil microorganisms
under long-term climate change projections is still limited.

26.4 Microorganisms and Biogeochemical Cycling
with Reference to Impact on Climate

Microorganisms play a vital role in functioning and transformation of biogeochem-
ical cycles in the ecosystem because of their abundance, adaptation potential, and
metabolic capabilities (Madsen 2011). They perform key role as producers, con-
sumers, and decomposers in the ecosystem and are involved in almost all stages of
the nutrient cycle. For example, the processes such as nitrogen fixation, denitrifica-
tion, sulfate reduction, methane production, consumption, etc. are associated with
the microbial activity. The continuation of life on earth (plants, animals, and
humans) is totally dependent on the microorganisms and their activity, in absence
of which, the essential elements of life would trapped in organic matter and wastes.
The organic matter content in soil is important not only for biological activities, but it
is often used as an indicator of soil health too (De Bona et al. 2008). The soil organic
matter and microorganism diversity, abundance, and their biological activity are
interdependent with each other which combined together have major influence on
the physical and chemical properties of the soil like aerobic conditions, water
retention capacity, aggregation, structure stability, etc. These characteristics also
affect the bioavailability of nutrients or toxic elements (van Herwijnen et al. 2007;
Farenhorst 2006) and most importantly contribute to climate homeostasis processes
(Cavicchioli et al. 2019; Jansson and Hofmockel 2020; Wieder et al. 2013).

The microbial activity within the soil varies spatiotemporally depending upon the
availability of oxygen, carbon, and other favorable conditions. Intense microbial
activity can be seen at locations known as “hot spots” where there is increased
availability of organic compounds and other favorable conditions (Ruiz-Rueda et al.
2009). The type of dominant metabolic pathway in soil microbiome is also subjected
to variation under different oxygen gradients (oxic, less-oxic to anoxic conditions)
due to soil macroporosity level induced by precipitation, flood events, rise in
groundwater level, etc. Under aerobic respiration, oxygen is the electron acceptor,
whereas under oxygen-limiting conditions, alternate respiratory pathways are
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possible using electron acceptors like nitrate (by denitrifiers from nitrification or
fertilization) or sulfate to recover energy. Under anoxic and nitrate-deficient condi-
tions, the decomposition switches to fermentative pathways where the methanogens
or sulfate reducers use the fermentation products like acetate, organic acids, hydro-
gen to produce sulfides or methane by transferring electrons to sulfate or carbon
dioxide. Thus, soil microorganisms play a crucial role in the cycling of carbon,
nitrogen, and sulfur, and the cycling of these elements under anthropogenic inter-
ference is going to decide the fate of future climate on earth. In the next section, these
cycles are discussed in further detail with specific reference to how they are going to
respond towards the global climate change.

26.4.1 Carbon Cycle and Climate Change

26.4.1.1 Carbon Cycle and the Role of Soil Microbes

Carbon cycle can be defined as the oxidation-reduction process in which carbon
undergoes a series of transformations on earth, starting from its neutral state (zero
oxidation state; in the form of graphite or diamond) to the most oxidized (CO2) and
most reduced form (CH4). Carbon is present in all living organisms; however its
concentration is very less in the earth’s crust (about 0.27%). The main carbon source
required by autotrophic organisms to proliferate and grow is CO2, formed by
association with oxygen. It forms hydrocarbons when combined with hydrogen;
with oxygen and hydrogen, it gives rise to lipids and carbohydrates; with sulfur and
nitrogen, it forms amino acids (proteins); with phosphorus, it forms nucleotides that
stores the genetic information of life. The photosynthetic CO2 fixation, organic
matter transfer in food web, detritus storage, and fossil formation are some of the
important aspects of carbon cycle which also enables resource matter cycling in the
ecosystem.

A simplified version of carbon cycle highlighting the microbial involvement is
shown in Fig. 26.4. Fresh organic matter is transformed by soil microbial activity by
any of the three different pathways including (a) decomposition and release of the
associated carbon into the atmosphere as CO2 and CH4, (b) assimilation and
conversion into microbial biomass, and (c) conversion into humic substances. In
the microbial decomposition process, major fraction of carbon is released as CO2 or
CH4, and some fraction of the soil organic matter is assimilated and utilized by
microorganisms to build their own biomass. The remaining fraction of organic
matter is converted to humus which is a complex heterogeneous material produced
as a result of the microbial transformation of organic matter influenced by other
abiotic processes. However, humus is chemically not so well defined, and it acts as a
rich secondary source of carbon, nitrogen, and energy for further microbial
mineralization.

Methane as a greenhouse gas is more potent than CO2 in bringing about global
warming (Shindell et al. 2009), and the soil microbes play the major role in
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producing and consuming methane. There are generally two groups of microbes
responsible for balancing the methane concentration on earth, i.e., methanogenic
(methane producing) and methanotrophic microbes. Many members of the domain
Archaea are responsible for the production of methane, but still most are unidentified
which have roles in the methane cycle (Vanwonterghem et al. 2016; Nobu et al.,
2016). The methanogens occur in anoxic environments, and they produce methane
by degrading organic matter in a fermentative pathway. In contrast, methane is
consumed by a unique group of Proteobacteria called methanotrophs which are
mostly aerobic organisms (Nazaries et al. 2013). They are often found at the anoxic/
oxic interface of various habitats such as soils, landfills, peat bogs, wetlands, etc.,
where they consume the CH4 produced by the methanogens and thus they are
responsible for lowering the overall CH4 emission from an ecosystem. Methane
can also be consumed by anaerobic oxidation process which is carried out by a tight/
physical association of anaerobic methanotrophic Archaea and sulfate-reducing
bacteria (SRB) where sulfate is used as an electron acceptor to oxidize CH4

(Nazaries et al. 2013).

26.4.1.2 Possible Impacts of Climate Change on Carbon Cycle

Soil plays a significant role in global carbon cycle as it acts as a sink for long-term
storage of carbon in form of soil organic matter. Organic matter inputs into soil are
mainly dominated by plant macromolecules like cellulose, hemicelluloses, lignin,
and other secondary metabolites in form of root exudates (Lynd et al. 2002). Large

Fig. 26.4 Microbial involvement in terrestrial carbon cycle
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amounts of such organic matter are currently locked in high latitude permafrosts,
forest, and grassland soils as discussed under Sect. 26.2.3. Under changing climatic
conditions, the fate of this stored carbon, whether it is released into the atmosphere as
greenhouse gas or not, is dependent on the soil microorganisms as they play vital
role in controlling the key steps of carbon cycle (Weiman 2015). The decomposition
of organic matter and release of CO2 or CH4 back into the atmosphere are mainly
carried out by the soil microbes including heterotrophic bacteria and fungi. As
environmental conditions like humidity and temperature play significant role in the
decomposition of organic matter, climate change would have direct impact on the
rate of the process (Carol Adair et al. 2011). Several studies show that soil respiration
could be increased by increase in the atmospheric carbon dioxide level (Carol Adair
et al. 2011; Wan et al. 2007) or increase in atmospheric temperature (Liu et al. 2016;
Wan et al. 2007). Apart from these direct impacts, indirect effects resulting from
climate-driven changes such as shifting in community structure, changes in plant
productivity, alteration in soil physicochemical conditions, etc. may affect the
activity of microbes involved in decomposition processes and carbon release from
soil (Bardgett et al. 2008).

Like most of the microbial groups, climate change will also impact the activities
of methanogens and methanotrophs, which in turn will affect the net CH4 flux in to
the atmosphere. At high latitudes, warming can also increase methane emission from
the peatlands were one-third of the world’s soil carbon is stored (Hopple et al. 2020).
In addition to this, with increase in carbon dioxide concentration, abundance of
methanotrophs may reduce up to 70% (Kolb et al. 2005). Similarly, some other
studies have shown that in response to high precipitation and temperature, the
population of some methanotrophs may gradually decline (Horz et al. 2005;
Mohanty et al. 2007). However, it is difficult to predict the global effect of elevated
temperature on methanotrophy, because different ecosystems will respond differ-
ently to climate change (Singh et al., 2010). Soil moisture is one of the most
important factors that regulate methane flux into the atmosphere as increased
moisture content in soil stimulates methanogenesis by creating anaerobic conditions
and inhibits oxygen-dependent methanotrophy. But in context of climate change,
moisture content of soil will vary depending on the precipitation pattern and
geographic location. As a consequence, areas which will become wetter under future
climate conditions will experience an increase in CH4 production, whereas the drier
areas may experience a reverse phenomenon (Nazaries et al. 2013).

26.4.2 Nitrogen Cycle and Climate Change

26.4.2.1 Nitrogen Cycle and the Role of Soil Microbes

Nitrogen is a fifth most abundant element on earth which serves as major mineral
nutrient for both plants and animals. Complex biomolecules like DNA, RNA, and
protein are formed with nitrogen bonded to carbon, and thus nitrogen serves as a
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major building block for living and nonliving biomass. All living organisms acquire
nitrogen from the surrounding environment either in the form of dissolved inorganic
chemicals or in the form of organic nitrogen, and they return back the nitrogen to the
surrounding environment as organic matter through excretion or through decompo-
sition after death. In food chain, the amount of nitrogen availability to a particular
trophic level depends on the efficiency of nitrogen cycle which consists of multiple
complex redox reactions for transforming nitrogen compounds mostly mediated by
the microbial community.

Molecular nitrogen (N2) in the gaseous phase is the largest reservoir of nitrogen,
and it comprises around 78% of earth’s atmosphere. It enters into the biological
system through nitrogen fixation, a process where some free living or symbiotic
prokaryotes reduce nitrogen gas to ammonium with the help of the enzyme nitroge-
nase under anaerobic conditions. Nitrogen fixed as ammonium (NH4

+) is taken up by
plants or other microorganisms and is assimilated to form amino acids which are
transferred in the food chain among different trophic levels in this organic form. The
nitrogen from the organic compounds is returned back to the environment when
organisms excrete (animals) or die. Ammonium fixed in the nitrogen fixation process
may also get sequentially oxidized to nitrite (NO2

�) and nitrate (NO3
�) by a

multistep process known as nitrification involving different chemoautotrophic
microorganisms under aerobic conditions. Nitrous oxide (N2O) is generated as a
by-product in this process which is an important source of atmospheric N2O that acts
as a greenhouse gas (Canfield et al. 2010; Dore et al. 1998). The “oxidized” nitrogen
compounds particularly nitrate (NO3

�) are taken up by plants where they undergo
assimilatory nitrate reduction to form ammonium (NH4

+) and subsequently into
other organic compounds. Nitrate (NO3

�) can act as a respiratory electron acceptor
by many heterotrophic microbes in the absence of oxygen to produce nitrite (NO2

�),
nitric oxide (NO), nitrous oxide (N2O) and ultimately molecular nitrogen (N2) gas,
and this multistep process is known as denitrification. Diverse soil microbes includ-
ing bacteria and Archaea as well as some eukaryotes (e.g., fungi, protozoa, and
benthic Foraminifera and Gromiida) can act as denitrifiers (Demanèche et al. 2009;
Piña-Ochoa et al. 2010). N2O is again produced as an intermediate in this denitri-
fication process from both marine and terrestrial environments (Canfield et al. 2010;
Codispoti 2010; Schlesinger 2009). In recent times an alternate pathway has been
reported in some heterotrophic microbes in which nitrate (and some nitrite) is
reduced back to ammonium via a process known as dissimilatory nitrate reduction
to ammonium (DNRA) (Lam et al. 2009; Zerkle and Mikhail 2017). Further in
another alternative route, NO2

� is used to oxidize NH4
+ to produce N2 gas in a

process called anaerobic ammonium oxidation (anammox) found among a group of
chemoautotrophic bacteria known as a planctomycetes (Strous et al. 2006). This
anammox process does not lead to the generation of N2O unlike classical denitrifi-
cation process (Strous et al. 2006). Together, the denitrification and anammox
processes close the nitrogen cycle by returning N2 gas back to the atmosphere. A
schematic representation of the total process as discussed in the paragraph is shown
in Fig. 26.5.
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26.4.2.2 Possible Impacts of Climate Change on Nitrogen Cycle

Anthropogenic practices in recent times have caused enormous alterations in the
global nitrogen cycle by developing industrial Haber-Bosch processes to produce
NH4

+ from N2 which account for more than 40% of the total annual terrestrial
nitrogen fixation on earth (Canfield et al. 2010). Apart from this, the agricultural
practices and burning of fossil fuel have serious impacts on the global nitrogen
balance. To these already existing perturbations in global nitrogen cycle, climate
change concerns have added more uncertainties with respect to the soil microbiome
functioning in nitrogen cycle. Climate change can alter the plant community struc-
ture, soil microbial community structure, plant microbe, and microbe-microbe
interaction which combined together can affect the functioning of the nitrogen
cycle (Classen et al. 2015). For example, rising temperatures can shift the mycor-
rhizal association from symbiotic to parasitic mode due to the increased biomass
addition to mycorrhizal hyphae under changing environmental conditions (Hawkes
et al. 2008). In the context of climate change, it is pertinent to mention that microbial
processes that regulate specified ecosystem functions such as nitrogen fixation and
nitrification will be more severely affected in comparison to the other processes that
occur at a coarser scale, such as denitrification, organic nitrogen mineralization, etc.
(Classen et al. 2015). Nitrogen fixation and nitrification are carried out by specific
group of microorganisms, and a change in the relative abundance of such organisms
under changing climatic scenario can have a direct impact on the rate of that process.
However, diversity of microorganisms drives the nitrogen mineralization process,
and therefore, the ecosystem function in absence of one group may be taken up by

Fig. 26.5 Steps involved in nitrogen cycle
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another group of microorganisms; but, such functions are affected by the abiotic
factors such as temperature and moisture (Hooper et al. 2005).

Apart from the indirect impacts as discussed, few studies have shown that
increasing CO2 or temperature can directly affect the rate of key steps in the nitrogen
cycle. A 14-year-long experimental setup with elevated CO2 condition has revealed
that nitrogen (N) fixation and the ammonium-oxidation can be significantly
decreased in a semi-arid grassland ecosystem (Yang et al. 2019). Some other studies
have also reported similar results that nitrification rates may get decreased in
response to elevated CO2 conditions due to decreased ammonium availability for
nitrifiers (Niklaus et al. 2001; Lagomarsino et al. 2008). However, few other reports
suggest that the nitrification rate may remain unchanged under similar conditions
(Zak et al. 2000; Pinay et al. 2007). On the other hand, elevated CO2 may stimulate
N2O efflux from soil, either due to enhanced anaerobic denitrification, in response to
the increases in soil moisture (Arnone III and Bohlen 1998), or due to stimulated
heterotrophic denitrification in presence of high organic carbon inputs to soil (Regan
et al. 2011). However, this effect may show spatiotemporal variation in response
(Brown et al. 2012; Niboyet et al. 2011).

26.4.3 Sulfur Cycle and Climate Change

26.4.3.1 Sulfur Cycle and the Role of Microbes

Sulfur is an abundant element in nature and is present in various physical states and
chemical forms with different oxidation states ranging from �2 to +6. In the
atmosphere, sulfur is present both in oxidized (SO2) and reduced (H2S, dimethyl
sulfide) states, and the oxidized forms like sulfur dioxide are one among the
greenhouse gases, and it can give rise to acid rain by formation of sulfuric acid
(H2SO4). In the lithosphere, the sulfur is found as sulfate (SO4

2�) salts, as a
constituent of organic compounds and as metal sulfides like FeS, whereas in the
marine environment, it is found mainly as sulfate. In living beings, sulfur like
nitrogen and carbon is an essential part and constitutes about 1% of the dry matter
of cell. In nature, complex physical, chemical, and biological processes occur under
oxic or anoxic conditions to flow sulfur between its different reservoirs. Role of
prokaryotes (Bacteria, Archaea) are predominant in the redox reactions constituting
the biogeochemical cycling of sulfur. This cycle includes the assimilation of sulfate
to form organic compounds, decomposition of organic compounds to release H2S,
oxidation of H2S to elemental sulfur, and again oxidation of elemental and other
reduced forms of sulfur to form sulfate. A schematic representation of sulfur cycle is
shown in Fig. 26.6.

By assimilatory reduction process, microorganisms and plants convert the sulfate
taken up by them from their environment in to sulphydryl compounds (R-SH) which
becomes a part of their biomass. Once sulfur from sulfate gets incorporated into a
reduced organic S-compound, it moves in the food chain and returns back to the
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environment only with the death of an organism. Organic sulfur is mineralized into
inorganic sulfur by the action of aerobic or anaerobic microorganisms (decom-
posers), and sulfur is released to the environment as sulfide mainly as H2S and the
process is known as desulfuration. Volatile organic compounds having low molec-
ular weight like dimethyl sulfide (DMS), dimethyl disulfide, methanethiol, and
mercaptopropionate can also be produced by biodegradation of various organo-
sulfur compounds. One such compound DMS is mainly produced in the marine
environment due to biodegradation of the marine biogenic product dimethyl
sulfoniopropionate (DMSP) (Stefels et al. 2007). DMS in the atmosphere is oxidized
to sulfur dioxide (SO2) and then sulfate (SO4

2�), which contributes to the formation
of non-sea-salt sulfate aerosol, and thus it plays a significant role in regulating cloud
albedo and climate (Stefels et al. 2007; Wang et al. 2018). In an alternate pathway,
sulfate can be reduced to sulfides under anaerobic conditions by sulfate-reducing
bacteria (SRB) and few Archaea by a process known as dissimilatory sulfate
reduction (DSR), commonly called sulfate respiration (Hao 2003). Large quantities
of sulfides are produced by sulfate-reducers which may reoxidized via chemical or
biological processes or react with the metals and precipitate as metallic sulfide
precipitates. Apart from the beneficial effects like mineralization of organic matter
and precipitation of toxic metallo-sulfides, sulfate reducers can have also adverse
effects on the environment like pungent smell, metallo-protein formation leading to
intoxication and respiratory obstruction, corrosion phenomena, sulfide accumula-
tion, production of neurotoxins like methylmercury, etc. (Hao 2003).

Hydrogen sulfide undergoes oxidation to produce elemental sulfur by the action
of certain anoxygenic photosynthetic sulfur bacteria including purple sulfur bacteria
and green sulfur bacteria (Overmann and Garcia-Pichel 2006). Elemental form of
sulfur and other forms of reduced sulfur compounds like thiosulfate, sulfide, and

Fig. 26.6 Microbial steps involved in sulfur cycle
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sulfite are oxidized to produce sulfate by highly diverse microorganisms known as
chemolithotrophic sulfur-oxidizing prokaryotes (CSOP). Robertson and Kuenen
(2006) distinguished four groups of CSOP depending upon their energy and carbon
sources. The first group known as obligatory chemolithotrophs comprises bacteria
such as Thiobacillus, Acidithiobacillus, Thiomicrospira, and archaea like
Sulfolobus, etc. which can utilize exogenous carbon sources and ferment their
cytoplasmic glycogen under unfavorable environmental conditions. The second
group of organisms shows the same characteristics as that of first group but can
also grow as mixotrophs or heterotrophs and is called as facultative
chemolithotrophs. The third group is known as chemolithoheterotrophs
(Thiobacillus, Beggiatoa) who cannot fix mineral carbon and require an organic
carbon source for growth but can use reduced sulfur compounds as electron donors.
The fourth group is called as chemoorganoheterotrophs (Beggiatoa sp.,
Macromonas, Thiobacterium, and Thiothrix) which can oxidize sulfur compounds.
CSOP mainly use dioxygen as primary electron acceptor and lives at the interface
between oxic (containing dioxygen) and anoxic (containing sulfides) environments.
Further, several microorganisms can also grow by the disproportionation of elemen-
tal sulfur, a process in which a sulfur is both oxidized and reduced (Thamdrup et al.
1993). Thus cycling of sulfur in the environment involves diverse metabolic path-
ways found in diversity of microorganisms.

26.4.3.2 Possible Impacts of Climate Change on Sulfur Cycle

Cycling of sulfur has a key role in future climate homeostasis as sulfate aerosols have
the potential to counter the effects of global warming (Levasseur 2011). In this
context, patterns of DMS emission from marine ecosystem, which is the largest
natural source of atmospheric sulfur, have been studied by several research groups
under projected climate change conditions (Grandey and Wang 2015; Six et al.
2013). Six et al. (2013) reported that in the future DMS emissions may decrease as a
result of the combined effects of ocean acidification and climate change. In contrast,
several other studies have suggested that DMS emissions may enhance with increas-
ing atmospheric greenhouse gas concentrations (Gabric et al. 2001; Grandey and
Wang 2015; Levasseur 2011). Though research on sulfur cycling in marine ecosys-
tem with respect to climate change has gained momentum, similar studies on
terrestrial sulfur cycle have not yet received due attention by the scientific commu-
nity. However, the terrestrial microbial community structure and their ecosystem
function with respect to sulfur cycle will have to face the impacts of global climate
change as dynamics of carbon, nitrogen, and sulfur cycling in terrestrial ecosystems
is intimately linked with each other. For example, in wetland ecosystems under
anoxic conditions, sulfate-reducing microorganisms (SRM) compete for substrates
with methanogenic microorganisms in which the former is thermodynamically
favored (Pester et al. 2012). This competition effectively decreases the flux of
methane to the atmosphere, thereby naturally countering the greenhouse effect.
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Therefore, there is a need to systematically evaluate the role of microbes involved in
the terrestrial sulfur cycle in the context of future climate change conditions.

26.5 Emerging Issues and Future Prospects in Soil
Microbiome Research in the Context of Nutrient
Cycling and Climate Change

26.5.1 Agricultural Practices, Soil Microbes, and Climate
Change

Agricultural practices directly and indirectly perturb soil microbial community
composition and function, leading to substantial changes in the natural cycle of
carbon, nitrogen, sulfur, and other micronutrients. For example, cultivation of rice
(van Groenigen et al. 2013) and farming of ruminant animals (Ripple et al. 2014)
contribute huge fluxes of CH4 into the atmosphere. Similarly, nitrogen cycle is also
affected due to huge input of nitrogenous fertilizers and monoculture of crops which
alter the soil microbial community structure due to their specific plant microbe
association (Greaver et al. 2016). Huge amount of nitrous oxides are produced due
to the additional input of nitrogen into the agricultural fields by the action of
microbial process, i.e., nitrification and denitrification (Itakura et al. 2013). Further,
excess nitrogen and phosphorous added to the agricultural fields promote harmful
algal bloom in the inland water bodies which disrupts many ecological processes.

To these already existing perturbations with respect to the biogeochemical
cycling of elements in the agricultural fields, looming climate change has added
more uncertainties (Cavicchioli et al. 2019). Increasing temperature and consequent
fluctuation in the weather events such as drought, flood, cyclone, etc. will strongly
affect the current agricultural practices by altering the soil microbial structure and
function which support plant growth. Therefore, there is an increasing need to
understand the plant-microbe and animal-microbe association to mitigate the effects
of climate change on food production and increase agricultural sustainability
(Godfray et al. 2010). Studies have shown that the fungal dominated soil ecosystems
commonly found in grasslands and poorly managed croplands are better able to
adapt to drought than the bacterial dominated soil ecosystems which are commonly
found in intensive systems (Bahram et al. 2018; de Vries et al. 2012, 2018). While
developing agricultural strategies for future under climate change conditions, it is not
only important to protect food security, but also mitigating greenhouse gas emissions
from agricultural practices should also be emphasized (Lipper et al., 2014). Analyz-
ing the microbiome loop, above- and belowground multitrophic interactions among
microbes, plants, and animals may potentially help in addressing the issues like
nutrient management, greenhouse gas emissions, and productivity of natural and
agro-ecosystem. More research is required to understand how climate, agriculture,
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and soil microbiome interact with each other so that climate-resilient agricultural
practices can be developed to meet the future needs.

26.5.2 Climate Change and Polar Microorganisms

Climate models have predicted that the high latitude regions of the planet are going
to be worst affected due to global temperature rise. It has been predicted that
Northern Hemisphere is likely to experience an increase in temperature up to
4.8 �C before the end of the twenty-first century (IPCC 2014). Similarly, the
Antarctic region has already experienced an average increase of temperature as
much as 2.4 �C in the last 50 years (Bromwich et al. 2013). This alteration in
polar temperature may lead to a significant change in the microbial community
structure and their ecological function (Jansson and Taș 2014; Van Horn et al. 2014).
Huge amount of plant, animal, and microbial biomass carbon of the CO2-rich warm
periods in the history of the earth have been preserved in the permafrost since the last
glaciation events (Jansson and Taș 2014; Weiman 2015). Studies have shown that
the permafrost of both the Arctic and Antarctic region host diverse microbial phyla
from different functional guilds including methanogens, sulfate reducers, Fe(iii)
reducers, denitrifiers, etc. (Niederberger et al. 2012; Mondav et al. 2014; Rivkina
et al. 1998; Steven et al. 2008; Trotsenko and Khmelenina 2005; Yergeau et al.
2010). The methane cycle which plays a key role in climatic processes has been
studied extensively in Arctic (Hultman et al. 2015; Tveit et al. 2015) and Antarctic
(Yergeau et al. 2007) soils. Increasing temperature and subsequent permafrost thaw
have raised the concern of increase in the microbial activity resulting in releasing of
considerable amounts of carbon in the form of greenhouse gases (Gilichinsky et al.
2005; Jansson and Taș 2014; McCalley et al. 2014).

Though this aspect has drawn the attention of scientists working in the direction
of climate change, comparatively, very little is known about the functional capacity
of the microbes of the poles particularly that of the permafrost. As an extreme
habitat, microbial communities of permafrost not only have unique climatic adapta-
tions and metabolic capacities, but also they bear the signature of past climatic
records. In order to understand the impact of global climate change on the polar
edaphic systems, there is a primary need to better understand the polar microbial
processes through employing high-throughput modern “omics” approaches.

26.5.3 Species Coexistence and Multitrophic Interactions
in Soil Microbiome in the Context of Climate Change

Soil microbiome by virtue of its role in biogeochemical cycling of nutrients plays a
significant role in structuring its own community with specific species coexistence
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and mediating multitrophic interactions which eventually determines the structure
and functions of an ecosystem. Understanding the mechanisms of microbiome
species coexistence and multitrophic interactions are major challenges confront by
ecologists today (Saleem et al. 2015). Though the ecological concepts of food chain,
food web, energy, and nutrient flow in the ecosystem, species interaction are not
new, establishing a mathematical link between all these functions in the context of
climate change is a challenging task. Current pattern of research on “climate change
and microbiome” mostly lack multidimensional experimental design, and therefore,
it is difficult to link the observed microbiome functional trait under one experimental
condition to the ecosystem functioning on local, regional, and global scales. For
example, different research groups with their independent set of experiments have
reported that soil microbial diversity in response to elevated CO2 may increase
(Lesaulnier et al. 2008), decrease (He et al. 2012), or remain unchanged (Austin
et al. 2009). This inconsistency in results could be attributed to high complexity of
soil microbial communities (Gans et al. 2005), differences among the techniques
used to study microbial communities, differences in the studied ecosystems, and the
time scale of the experimental design (Yang et al. 2019). There are a number of
unanswered questions in the context of microbiome species coexistence,
multitrophic interaction, and their parallel evolution with respect to the changing
environmental conditions. Microbiome diversity acts as a foundation of global
trophic networks, and by microbial loop concept, the energy transfer to higher
trophic levels is acknowledged. Microbiome-induced multitrophic interactions not
only regulate diversity but also explain species interactions at different trophic
levels. For example, Bonkowski (2004) studied that with increase in bacterial
diversity, the micropredator diversity is stabilized resulting in increased primary
productivity by increasing bioavailability of limiting nutrients and suppressing plant
pathogens (Rosenberg et al. 2009). The higher trophic level organisms such as
plants, herbivores, and predators also utilize microbiome diversity to interact with
other organisms.

Therefore, it is important to understand the underlying mechanism of microbial
species coexistence and multitrophic interaction in an ecosystem while
experimenting to study the effects of climate change. An integrated research
approach is required to analyze the evolutionary and ecological potential of micro-
organisms which can help to sustain ecosystem functioning, conservation, and
services.

26.5.4 Microbial Evolution with Respect to Climate Change:
Past and Future

Microorganisms have the capability of evolving within short duration, which is
possible due to their genetic plasticity in the form of their susceptibility to undergo
rapid mutations and horizontal gene transfer (Reinold et al., 2019). Therefore, with
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the ever-changing environment, microbial life has been able to survive
uninterruptedly on the planet for nearly 3.85 billion years which suggests that they
are one of the most resistant and resilient group of living organisms with respect to
climate change and other environmental stress (Cavalier-Smith et al. 2006). They get
adapted to extreme environmental changes not only by their genomic changes but
also by altered physiology (Collins et al. 2014). For example, during drought
conditions for maintaining the volume and fluid balance, some microbes synthesize
osmolytes, using carbon, nitrogen, hydrogen, and oxygen (Schimel et al. 2007).
Similarly, formation of spores by the microbes in response to limited nutrient supply,
development of antibiotic resistance in response to antimicrobial agents, and activa-
tion of motility to facilitate movement to more beneficial environments are some
other physiological adaptations employed by the microbes to combat environmental
stress (Gardiner et al. 2004). However, such physiological adaptations of the
microbes during the stress conditions may cause large shifts in fate of C and N
cycling in the ecosystem (Schimel et al. 2007). Current research trends mostly focus
on the structural or functional dynamics of the community in the soil microbiome in
response to climate change; however, the possibility of evolving new microbe under
the change is mostly neglected. Most of the climate change studies rely on manip-
ulative experiments under controlled conditions, which lack the multitude of com-
plex environmental factors of a natural setting, limiting the capacity to properly
study the resistance, resilience, or evolution pattern of microbial communities.
Therefore, future research should focus on this aspect, as the microbial evolution
will not affect their own community structure and function, but also, they will be
able to give information about the response of more slowly evolving organisms with
climate (McCalley et al. 2014).

26.5.5 Mitigating Climate Change by Understanding
Microbial Processes

Microbial processes have a central role in the exchange of carbon, nitrogen, and
sulfur between the lithosphere, hydrosphere, biosphere, and atmosphere, and thus,
they are the prime regulators of the global greenhouse gas flux into the atmosphere.
Microbes are likely to respond rapidly to climate change, but whether the changes in
microbial processes lead to a net positive or negative feedback for greenhouse gas
emissions is unclear (Singh et al. 2010). However, some studies have revealed the
potential of microbes to mitigate anthropogenic climate change by manipulating the
terrestrial ecosystems (Singh et al. 2010). As soil stores twice the amount of carbon
present in the atmosphere and thrice the quantity found in the vegetation (IPCC
2007; Smith 2004), scientific land use management can sequester huge amount of
carbon into the soil (Houghton 2007; Smith 2004). However, in order to achieve this,
it is important to understand the ecosystem functions and services of diverse
microbial groups. Studies have shown that promoting fungal abundance in soil
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relative to bacteria favors effective carbon sequestration, and this is the reason for
which forest soil can store huge amount of carbon for a long term (Bailey et al. 2002;
Busse et al. 2009; Castro et al. 2010; De Deyn et al. 2008). In agricultural fields,
reduced or no tillage practice can promote soil microbial communities dominated by
fungi (Castro et al. 2010). Similarly methane emissions from terrestrial ecosystems
can be managed by promoting the activity of methanotrophs or reducing the activity
of methanogens which can be done by improving soil aeration (Smith et al. 2000;
Tate et al. 2007). Paddy cultivations account for substantial release of methane into
the atmosphere, which can be regulated by increasing oxygen availability in soils by
improved management of flooding frequency and duration (Yagi et al. 1996).
Furthermore, as the sulfate reducers and methanogens compete with each other,
for resources under similar environmental conditions, growth of sulfate reducers can
be promoted at the expense of methanogens by using ammonium sulfate fertilizers
(Neue 1997). Similarly, emission of another anthropogenic greenhouse gas N2O can
be reduced by reducing the availability of nitrogen to microorganisms, which can be
achieved by targeted fertilizer applications by understanding the crop requirements
(Singh et al. 2010).

In order to realize the real potential of soils microbes to mitigate climate change at
a global scale, we need to improve our understanding further about how the soil
microbial community respond to as well as interact with other biotic components
such as plants and with abiotic components such as climatic variables and soil
physiochemical properties in multifactorial experimental conditions which is cur-
rently limited.

26.6 Conclusion

The signs of current climatic perturbation and future long-term change are undeni-
able. Although efforts to develop predictive global climate change models are
already in process, these models generally underestimate the role microbial pro-
cesses in climate change due to which the power of these predictive models are
weakened. With increasing number of scientific evidences, it can be safely con-
cluded that microbes act like both the sides of a coin in the context of climate change.
They may either help in the mitigation of climate change or may exacerbate effect to
the climate change through positive feedback mechanisms. Therefore, the future of
climate change and their effect on the ecosystem function is yet uncertain. To
overcome this uncertainty, there is an urgent need to gain a holistic understanding
about the biogeochemical cycling of elements in the ecosystem mediated by soil
microorganisms and to integrate this information into climatic models to make better
predictions of climate impacts. Finally, it is ultimately necessary to develop micro-
bial strategies to mitigate further climate change and ecosystem degradation.
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Chapter 27
Climate Change and Nutrients Dynamics
of Soil

Ranjana Singh, Kajal Patel, and Meenakshi Chaurasia

Abstract Recent climate change scenario across the globe has evident impact on
ecosystem structure and functioning. Pervasive alteration in climatic factors like rise
in temperature and change in precipitation regime affects the potential of terrestrial
system to act as a source or sink. In this context, soil processes controlled by
complex interaction between plant system, soil microbial community, and abiotic
factors play a decisive role. Microbial communities are the mainspring for key
terrestrial processes such as decomposition, mineralization, and nutrient allocation
between different ecosystems and play a critical role in regulating nutrient dynamics.
Simultaneously, soil microbiome may contribute immensely to climate change
through their feedback responses. Climate change drivers such as increased temper-
atures, changed precipitation pattern, atmospheric CO2 deposition, and soil erosion
affect soil microbial community composition, physiological and metabolic activities,
which can govern the soil nutrients storage, its properties (viz, pH, cation exchange
capacity, texture, etc.), and other ecosystem processes. Although the direction and
magnitude of the responses of microbes to climate change is uncertain, i.e., it could
be both positive and negative as well. These processes and transformations involved
in the macronutrient cycling between the atmosphere and terrestrial system are
poorly understood and hence require attention to adapt and mitigate the adverse
impact of climate changes. This chapter discusses the impact of different climate
scenarios on the microbial communities and the process mediated by them; most
importantly, the dynamics and transformation of various nutrients like carbon (C),
nitrogen (N), and phosphorus (P) at soil interface and their significance in regulation
of ecosystem balance and ultimately the future prospects of microbes for mitigating
climate changes.
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27.1 Introduction

Climate change and global warming are the two main environmental issues exten-
sively discussed in the present environmental scenario. The continuous rise in
greenhouse gases (GHGs) through both anthropogenic activities such as industrial-
ization, urbanization, intensive agricultural activities and several natural processes
like volcanic eruptions, forest fires, changes in vegetation cover, snow cover, and so
on leads to the changes in global environment at unprecedented rates. Various
environmental changes include the changes in gas composition of the atmosphere,
spatial and temporal changes in global temperatures, and changes in the precipitation
pattern (Várallyay 2010). The Earth’s average temperature raised by 1.5 �F in the last
century and it has been expected to surge further by 0.5–8.6 �F within 100 years.
According to Intergovernmental Panel on Climate Change (IPCC 2001), a slight
fluctuation in average global temperature can be a basis of environmental issue as it
can cause severe shifts in climate and weather pattern.

The soil system including aboveground plants and belowground microbial com-
munities is considered to be a massive pool of C dynamic and hence decisively shape
the trend of climate change. Soil contains around 3.1� 105 kg of C that is more than
two-third of total C present in the terrestrial ecosystem (Davidson and Janssens
2006). The exchange of carbon dioxide (CO2) between soil and atmosphere is a
major part of global carbon cycle (Raich and Potter 1995), where the terrestrial
ecosystem plays an important role. In this context, microbial communities hold great
importance for maintaining nutrient dynamics and ecosystem functioning. Microbes,
being the mainstay of ecological processes, are crucial for C, N, and other biogeo-
chemical cycles and also in structuring plant communities in a particular ecosystem.
Soil microbes are found to regulate the emission and removal of GHGs such as CO2,
methane (CH4), and nitrous oxide (N2O). Photosynthetic microorganisms remove
atmospheric CO2 while the heterotrophic microbes emit greenhouse gases into the
atmosphere by decomposing the organic matter. However, the balance between
these two processes is crucial as it is the key determinant of feedback mechanism
of microbes in response to climate changes that may vary with the various ecosys-
tems (Singh et al. 2010; Weiman 2015). Nevertheless, it is worth mentioning here
that about 1.2 � 1014 kg of C is fixed annually by autotrophic soil microbes while
around 1.19 � 1014 kg of C is emitted per year into the atmosphere by heterotrophic
soil microbes through the decomposition of organic matters (Singh et al. 2010).

Soil microbial communities’ structure and functioning are affected either directly
or indirectly through various physiological processes of plant and their community
composition (Castro et al. 2010; Bardgett et al. 2013) in response to climate changes.
In fact, climate change modifies a number of factors simultaneously, which lead to
complex change in soil microbial communities in terrestrial ecosystems and
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determine the future form and functioning of the ecosystem (Castro et al. 2010). The
response of microbial community to individual and interactive climate change
factors is very complex and our knowledge about the mechanism through which
climate change affects soil microbial communities and its functioning is still very
poor. It has been reported that the indirect effect of climate change mediated through
plants may be stronger than the direct effect of climate change on soil microbial
structure and function. In the recent years, ongoing researches have highlighted the
impacts of global climate change and drivers of these changes on microbial com-
munity although their results are mostly contradictory (Luo et al. 2009). Plants are
important biotic factors that play an important role in shaping structure and function
of soil microbial community. As soils are secured from the direct effect of climate
conditions, the structure of associated soil microbial communities is indirectly
affected by climatic changes through the plants (Kardol et al. 2010) and depends
mostly on the effect of climatic conditions on aboveground vegetation (Fierer and
Jackson 2006). Plant secretes carbon-rich exudates and induces polyphenols which
in turn affects the structure and activity of decomposers in soil. Plant–microbial
interaction is also affected by climate change which in turn alters the assemblages of
rhizospheric microbial community (Classen et al. 2015).

The C, N, and other biogeochemical cycles are regulated and mediated by
microbial communities present in soil. These processes are intricate and very
sensitive. A slight fluctuation in climatic conditions, including rise in temperature
and CO2 level, alteration in moisture regime, addition of exogenous organic matter,
change in pool of labile and recalcitrant organic matter in soil, may affect greatly the
nutrient dynamics of soil by impacting directly or indirectly the structural composi-
tion and functional activities of both the soil microbial communities as well as
aboveground vegetation (Walker et al. 2006; Hoeppner and Dukes 2012). For
example, C and N cycling is affected by elevated CO2 and high temperature
(Dutta and Dutta 2016). Higher temperatures and CO2 level in soil increase net
plant productivity that consequently releases more organic compounds from plant
roots to decomposers (Trumbore 1997). Indirect effect of climate change on the
microbial community mediated through the plants alters the dominance, diversity,
growth, and activities of soil microorganisms that also depend on the availability of
nutrients like N and CO2 level in soil (Bardgett et al. 2009). High temperature
(global warming) is expected to increase nutrient content in soil by ameliorating
mineralization of N and organic matter by soil microbial communities which in turn
increase plant productivity and affects microbial activities again (Hobbie 1996;
Ruess et al. 1999).

Hence, the roles and responses of microorganisms with respect to climate change
need to be highlighted (Balser et al. 2006; Walsh 2015). However, due to lack of
adequate understanding concerning the significance of microbial flora and associated
activities, microbes have not gained proper attention in climate change management
and models (Walsh 2015). Considering all facts in mind, through this chapter we
have tried to unveil the potential roles and responses of soil microbial communities
to climate conditions and feedback mechanisms, and overall impact of climate
change on nutrient dynamics of soil (Fig. 27.1). Eventually, we highlighted the
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potential application of soil microbial communities and their activities in mitigation
of climate changes.

27.2 Impact of Climate Changes

Climate change causes potential direct and indirect impacts on both aboveground
and belowground terrestrial ecosystems. The belowground microbial communities
comprise the most important component of the terrestrial ecosystem. The signifi-
cance of soil microbial flora is advocated by their role to sustain ecosystem func-
tioning through biogeochemical cycles, plant growth, and bioremediation which
helps in regulating the concentration of various nutrients and gases in the ecosystem
(Naylor et al. 2020). Soil microbial flora is the most crucial component and prereq-
uisite for management of C and N fluxes in the ecosystem and plays an important
role in balancing the process of emission and storage of GHGs like CO2, methane

Fig. 27.1 Diagram illustrates the relationship between climate change (rise in temperature, CO2,
and shift in precipitation regime) and terrestrial ecosystem functioning. Global changes induce
direct impact on soil microbial flora by influencing the soil properties, geochemistry, and soil
microbiome (a). Changes in soil microbial activity and microbiome structure affects the soil
processes like decomposition, mineralization, and immobilization (b) thus, ultimately influencing
the net nutrient pool and flux in the ecosystem. Altered nutrient cycling affects the microbial and
plant community and the interaction between them by regulating the nutrient availability and also
contributes to the soil fertility status (c). The indirect impacts of climate change are mainly mediated
by changes in diversity and composition of plant community and their physiology and phenology
(d), which further influences the microbial flora by determining the quantity and quality of substrate
input (e). Consecutively, shift in microbial flora and associated process may directly cause negative
feedback on climatic changes through increased respiration (f). While, positive feedback is exerted
by vegetation by increased C sequestration (g). (Asterisk (*) depicts soil component)
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(CH4), and nitrous oxide (N2O). For example, about 120 billion tons of atmospheric
C is fixed by some specific autotrophic photosynthetic microbes annually while
about 119 billion tons of C is emitted to the atmosphere by heterotrophic microbes
annually through the degradation of the organic matter (Singh et al. 2010). Their
function is regulated by various natural and anthropogenic factors such as temper-
ature, precipitation, litter input, land use management, and others. Prodigious
changes in these factors, in the recent time, have imposed serious impact on the
microbial community of soil. Numerous studies have showed the negative impact of
climatic perturbations on the microbial diversity, activity, and processing
(Table 27.1) (Castro et al. 2010). Impact of climate change factors on microbial
biomass, enzymatic activity, community profiling has been extensively studied
(Janus et al. 2005; Kandeler et al. 1998). Of these changes, shift in the structure
and composition of microbial communities is most recognizable, they also depend
on various microbial processes such as respiration which in turn rely upon various
components of the environment (Balser et al. 2010). Soil microflora play a crucial
role with respect to climate change processes; however, their significant roles and
responses to climate changes and ecosystem functioning remain neglected.

27.2.1 Impact of Climate Changes on Microbial Structure
and Composition

There are diverse studies which focused on ecosystem responses to elevated CO2,
temperature, and precipitation which are major components of climate change.
These researches reported a significant contribution of belowground plant root
biomass and soil microbial flora associated with them for the complete responses.
However, Crowther et al. (2015) observed an interrelationship between climate
changes trends and soil microbial flora.

27.2.1.1 Elevated Temperature

It has been reported in various studies that rise in temperature causes alteration in soil
microbial abundance, composition, and functioning by affecting microbial enzy-
matic activities, net primary production, availability of substrate pool, and water flux
(Zogg et al. 1997; Pendall et al. 2004; von Lützow and Kögel-Knabner 2009). In a
case study, Zogg et al. (1997) observed that gram-positive bacteria respond posi-
tively to temperature rise while the negative response was recorded from gram-
negative bacteria. It was also observed that at higher temperature, microbes use
labile pool for production of energy rather than readily available biomass which
gradually results in decline of soil microbial biomass. Besides, elevated temperature
is found to induce direct positive effects on arbuscular mycorrhizal
(AM) colonization and development and the indirect effects include alteration in

27 Climate Change and Nutrients Dynamics of Soil 525



Table 27.1 Studies for diverse impacts of climate change on soil microflora, microbial processes
and nutrient dynamics in soil

S. no.
Soil
component

Climatic
factor Impacts References

1 Soil
microflora

Elevated
temperature

Decline of soil microbial biomass Zogg et al. (1997)

Positive effects on arbuscular
mycorrhizal (AM) colonization and
development

Fitter et al. (2000),
Gavito et al. (2003)

Decrease in fungal and bacterial
biomarkers

Waldrop and Fire-
stone (2004)

Increases fungal abundance but rel-
egates bacterial abundance

Castro et al. (2010)

Replacement of psychrophiles by
non-psychrophilic microbes

Monteux et al.
(2018), Ricketts
et al. (2020)

Precipitation In drought, abundance of Gram-
positive while the Gram-negative
bacterial population declines

Sylvia et al. (2005),
Balser et al. (2010)

In drought, increases fungal and
bacterial diversity

Drenovsky et al.
(2004), Jensen
et al. (2003)

In wet season, increase in soil
microbial population

Waldrop and Fire-
stone (2004)

Changes in moistures cause consid-
erable changes in dominance of
species in fungal and bacterial
communities

Classen et al.
(2015)

Elevated
CO2

Promotes growth of mycorrhiza and
nitrogen-fixing microbes

Balser et al. (2010)

Decline in diversity and population
of microflora, resulting in higher
fungal diversity and population than
that of bacterial

He et al. (2012),
Deng et al. (2012)

Increase in both decomposer and
AM fungal hyphae abundance

Klironomos et al.
(1996), de Vries
and Griffiths
(2018)

Proportion of gram-negative bacte-
ria and other bacterial population
increased

Montealegre et al.
(2002)

2 Microbial
processes

Short-term
climate
changes

Upgraded nutrients mineralization
and altered soil enzyme activities

Zi et al. (2018)

Low
temperature

Favorable factor for soil enzymatic
activities

Galloway et al.
(2004)

Elevated
temperature

Supports enhanced soil enzyme
activities

Baldrian et al.
(2013)

Elevated soil microbial activities
and soil respiration

Balser et al. (2006)

(continued)
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Table 27.1 (continued)

S. no.
Soil
component

Climatic
factor Impacts References

Soil respiration shows positive
correlation

Luo and Zhou
(2006), Aanderud
et al. (2013)

Altered physiology of decomposers
and enhance the fungal
decomposition

Schindlbacher et al.
(2011)

Growth of belowground fungal
hyphae decreases and decline in
fungal respiration

Kratz (2014)

Raise in rates to nitrogen cycling
processes

Zhou et al. (2012)

Accelerated carbon cycling and
improved carbon sequestration

Li et al. (2019)

Moisture
content

Affects the soil respiratory activities
and soil decomposition dynamics

Luo and Zhou
(2006)

Soil respiration shows negative
correlation

Aanderud et al.
(2013)

Declined soil
moisture

Induces carbon cycling thus, ele-
vating the CO2 flux

Singh et al. (2010)

Alter microbial metabolic activities,
decrease hydrolytic and peroxidase
enzymes activities

Balser et al. (2010)

Elevated
CO2

Variations in balance between
decomposition and primary
productivity

Paterson et al.
(1997)

Decomposition rates were enhanced Melillo et al.
(1982)

Decline in net gross mineralization
rate, greater ammonium
immobilization

Hungate et al.
(1999)

Increase in microbial activities Rice et al. (1994),
Dhillion et al.
(1995)

Rise in microbial respiration De Graaff et al.
(2006)

3 Nutrient
dynamics

Elevated
temperature

Negative impacts on C allocation to
soil

Gorissen et al.
(2004)

Increased N mineralization leading
to increase in soil N content

Reich et al. (2006),
Li et al. (2011)

Induced a threefold increase in the
leaching of inorganic N in soil

Kaste et al. (2006)

Increased
soil moisture

Increase in biological reactions of
soil microflora, increased atmo-
spheric N2O levels

Brevik (2013)

(continued)
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photosynthetic rates, nutrients content, and moisture content (Fitter et al. 2000;
Gavito et al. 2003; Pendall et al. 2004). It has been proposed that the fungal and
bacterial biomarkers may decrease with projected increase in temperature (Waldrop
and Firestone 2004). Contrary to this, Castro et al. (2010) showed that elevated
temperature helps to increase fungal abundance but relegates bacterial abundance
due to deficiency of labile substrate. In the Arctic tundra region of southern hemi-
sphere which is cold, treeless area with low precipitation, changes in microbial
communities in permafrost have been observed due to increasing temperature.
Generally, this region is dominated by psychrophiles (adapted to survive in cold)
but warming of environment causes their replacement by non-psychrophilic
microbes. It is due to thawing of permafrost which results in unavailability of C
sources and reduction in microbial growth and efficiency (Monteux et al. 2018;
Ricketts et al. 2020).

Researchers across globe are trying to study the impact of climate changes
specifically for temperature parameter on the soil microbial communities. Many of
them reported that the sources of substrate or C pool utilized by microbes show
variations with changes in temperature and thus effect their functions, biomass, and
abundance (Ellert and Bettany 1992; Zogg et al. 1997; Andrews et al. 2000; Balser
et al. 2010).

27.2.1.2 Precipitation

Another important element of climate change is precipitation, which may result in
either flooding or drought condition and thus alter the moisture content in both
atmosphere as well as in soil. In various studies, it has been found that the changes in
rainfall can significantly affect the composition and functioning of soil microbial
flora, like in drought-like conditions (lack of moisture) there is abundance of
Firmicutes and Actinobacteria (Gram positive) while the Gram-negative bacterial
population declines (Schimel et al. 1994; Sylvia et al. 2005; Drenovsky et al. 2004;
Balser et al. 2010). According to Waldrop and Firestone (2004), in the wet season,
soil restores its moisture level and causes increase in soil microbial population by
improving their functioning. On the other hand, the decline in precipitation causes
drying of soil subsequently increasing the fungal diversity, thus resulting in an
increased fungi/bacterial community. Also, the soil C:N ratio available for microbial

Table 27.1 (continued)

S. no.
Soil
component

Climatic
factor Impacts References

High tem-
perature, less
moisture

Soil C got significantly reduced Brevik (2013)

Elevated
CO2 levels

Soil organic C decline Carney et al. (2007)

Limit others nutrients availability
such as of N and P

Niklaus and Körner
(2004)
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flora is found to be enhanced (Jansen et al. 2003; Drenovsky et al. 2004) which
ultimately leads to a shift in soil microbial composition. Modifications in precipita-
tion regime are quite significant as the moisture content is crucial for terrestrial soil
microbial community structure. In fact, minute changes in soil moisture content can
cause considerable changes in dominance of species in fungal and bacterial com-
munities by improving C pool (Classen et al. 2015).

27.2.1.3 Elevated CO2

The elevated CO2 concentration is the third most significant factor of climate
change. Some studies purported the positive correlation between CO2 enrichment
and plant N requirement which increases the amount of C allocation to belowground
where microbial flora are found (Cardon et al. 2001; Niinistö et al. 2004). Balser
et al. (2010) listed some of the common C cycle driver mechanisms for belowground
allocation of C and N based on various studies including higher allotment to roots,
escalated root turnover, rhizode position, promoting growth of mycorrhiza and
nitrogen fixation by microbes. Studies based on PhyloChip hybridization technology
suggested that the elevated CO2 levels significantly affect the soil microbial struc-
ture, biomass and population, and diversity. It is reported that the elevated CO2

causes decline in diversity and population of microflora, resulting in higher fungal
diversity and population than that of bacterial (Deng et al. 2012; He et al. 2012).
Elevated C level coupled with low concentration of N causes an increase in both
decomposer and AM fungal hyphae abundance (Klironomos et al. 1996; de Vries
and Griffiths 2018). In a study, Montealegre et al. (2002) investigated the impact of
elevated CO2 levels on soil microflora under different vegetations in a pasture land.
The study showed that the proportion of gram-negative bacteria and other bacterial
population increased in bulk soil under CO2 enrichment in comparison to
rhizospheric soil. While the proportion of eukaryotes and protozoans was found to
increase in rhizospheric soil (when soil is under vegetation) under elevated CO2.

From the above discussion and studies, it can be concluded that the alterations in
temperature, precipitation, and CO2 level results in changes in growth dynamics and
demographical data of various soil microbial species which may lead to changes in
primary productivity and ecosystem functioning and balancing.

27.2.2 Impact of Climate Changes on Microbial Processes

According to Schloter et al. (2003), there are several specific processes which help to
improve soil fertility and its health to provide ecosystem services, and also play a
crucial role in biogeochemical cycles to maintain ecosystem integrity. All these
processes are found to be dependent directly or indirectly on various microbial
processes which are significantly influenced by several specific factors such as
temperature, moisture, and nutrients availability. Soil microbes form an integrated
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functional part of soil and possessability to perceive and immediately react to
environmental changes and subsequently undergoing combination of dynamic sea-
sonal shifts on a shorter time scale compared to the flora and fauna (Schmidt et al.
2007). Soil microbial processes are mediated by microbial enzymatic activities
which play a vital role in regulation of nutrient cycles, soil respiration, and miner-
alization (Burns et al. 2013). Amundson et al. (2015) reported that climatic factors
such as temperature, precipitation, soil moisture, and others may stimulate many
beneficial functions of soil microbiome.

In case studies of arctic and alpine tundra ecosystems, it has been found that
seasonal and spatial changes in typical microbial processes are vastly associated with
microbial community composition (Nemergut et al. 2005; Zinger et al. 2009; Luo
et al. 2020). In addition, a study in alpine meadow ecosystems concluded that
upgraded nutrients mineralization and altered soil enzyme activities can be achieved
by short-term climate changes (Zi et al. 2018). There are other contradictory studies
about the impact of temperature changes on soil enzymes activities like Galloway
et al. (2004) that asserted low temperature as favorable factor for soil enzymatic
activities while Baldrian et al. (2013) found that higher temperature supports
enhanced soil enzyme activities. Hence, it can be concluded that the relationships
between climatic factors and soil enzymatic activities may show variations along
with climatic zones and vegetation patterns.

The rising temperature shows a positive impact on soil microbial activities which
elevate the soil respiration, which is also influenced by changes in soil microbial
community structure, substrate availability, and plant litter quality and quantity
(Balser et al. 2006). Soil respiration shows positive correlation with temperature
and negative correlation with moisture content and the soil temperature, also mois-
ture shows fluctuations due to changes in precipitation (Luo and Zhou 2006;
Aanderud et al. 2013). The impact of changes in temperature and moisture on the
rate of enzyme production is due to altered enzyme efficiency, substrate availability,
and microbial efficiency (Dutta and Dutta 2016). Schindlbacher et al. (2011)
reported that elevated temperature could alter the physiology of decomposers and
enhance the fungal decomposition. On instance, results from experiments performed
by Kratz (2014) demonstrated that the growth of belowground fungal hyphae
decreases in case of elevated temperature for a long period of time due to decline
in fungal respiration. Elevated temperature causes raise in rates to N cycling
processes such as denitrification, nitrification, and N mineralization (Zhou et al.
2012). It is also reported to accelerate the carbon cycling by improving carbon
sequestration mechanisms (Li et al. 2019).

Soil moisture content which depends on the amount and frequency of precipita-
tion affects the soil respiratory activities and soil decomposition dynamics
(Aanderud et al. 2011). It has been observed that in peatland and wetland, declined
soil moisture causes drying up of soils which enhance oxygen availability and also
induce C cycling and thus, elevate the CO2 flux (Singh et al. 2010). In saturated soils
holding high level of moisture content, the moisture creates an effective barrier to
aerobic respiration as well as for heterotrophic respiration (Sylvia et al. 2005).
According to Balser et al. (2010), increasing soil moisture can alter microbial
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metabolic activities, and decrease hydrolytic and peroxidase enzymes activities
which are interlinked to C sequestration processes (Waldrop and Firestone 2004).
Soil with higher moisture content is found to constitute large C sinks.

Paterson et al. (1997) explained that elevated CO2 concentration seems to affect
the terrestrial ecosystem indirectly by variations in balance between decomposition
and primary productivity. According to Melillo et al. (1982), decomposition rates
were enhanced in litter derived under elevated CO2 conditions. Hungate et al. (1999)
observed a decline in gross mineralization rate and increase in ammonium immobi-
lization in soils under elevated CO2. Many researchers claimed an increase in
microbial activities due to elevated CO2 levels (Rice et al. 1994; Dhillion et al.
1995). In addition, De Graaff et al. (2006) reported rise in microbial respiration
because of accelerated plant productivity under elevated CO2 which in turn provide
more C substrate to soil microorganisms. There has been observation that the C pool
in the soil is far more than that of aboveground levels because of higher microbial
respiration hence, elevated CO2 affects the soil microbial diversity and composition.
The CO2 levels in soil are also found to be affected indirectly via changes in quantity
and quality of plant-derived inputs into the soil (Hodge 1996; Paterson et al. 1997;
Hodge et al. 1998). Plants growing under CO2 enrichment produce higher amount of
available C pool due to enhanced amount of rhizodeposition which are directly
utilized by rhizospheric microflora (Van Veen et al. 1991; Rogers et al. 1994). Plant
responses vary in various ways such as altered plant growth, nutrients usage and
allotment, and altered above and belowground patterns of biomass (Poorter 1993;
Hungate et al. 1997; Cotrufo et al. 1998; Balser et al. 2010). A number of studies
suggest that elevated CO2 causes enhanced root exudation and translocation of
assimilated C into the soil (Cotrufo and Gorissen 1997; Montealegre et al. 2002).

27.2.3 Impact of Climate Changes on Nutrient Dynamics

Production, accumulation, and decomposition of organic matter are three key func-
tions of most of the ecosystems and various nutrient cycles contribute significantly in
the maintenance and organization of ecosystems including both inputs and outputs
(Han et al. 2012). Among various nutrients, C and N cycle are the most fundamental
and are the integral component of the global climate system, and soils are most
critical part of these cycles and their regulation (Brevik 2013). In nature, soils
sequester C through the soil–plant systems as plant uptake CO2 during the process
of photosynthesis and return back by adding dead tissues in the form of litter to the
soil. Carney et al. (2007) reported that even under increased CO2 levels, soil organic
carbon (SOC) declines due to increased microbial activity. The soil microbial
respiration is also a way to add C to soil by emitting CO2 and CH4 influenced by
the oxygen status of the soil system. The water drainage changes the soil environ-
ment from anaerobic (lacking oxygen) to aerobic which accelerates the degradation
processes and emit GHGs into the atmosphere. Overall C content in soil depends on
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addition and emission like C increases in soil which is taken from the atmosphere
thus, decreased atmospheric CO2 and vice-versa takes place (Schlesinger 1995;
Brevik 2013). In a long-term study, Niklaus and Körner (2004) observed that
elevated CO2 limits other nutrients availability such as of N and P in grassland
causing reduced plant growth. It can be concluded that elevated CO2 levels cause
increased C sequestration and C turnover. The rise in atmospheric temperature which
is root cause of global warming and climate change was found to have negative
impacts on C allocation to soil. This leads to reduced SOC and causes increased CO2

release from soils to atmosphere which further increase temperature thus, creating a
positive-feedback in global C cycle (Gorissen et al. 2004). In a long time period, it
can be observed that soil C got significantly reduced due to soil warming and drying
(Brevik 2013).

The elevated CO2 enhances C:N ratio and reduces the N mineralization process
and helps to decompose organisms. The N mineralization is a critical process that
controls soil N availability to plants and hence, reduced N content in soil negatively
impacts the plant productivity and growth. In some studies, it has been found that the
rise in temperature increased N mineralization leading to increase in soil N content
(Reich et al. 2006; Li et al. 2011). Increased soil moisture causes increase in
biological reactions of soil microflora which convert nitrate (NO3

¯) to NO, N2O, or
N2 ultimately leading to increased atmospheric N2O levels (Brevik 2013). Another
indirect effect of climate change is change in vegetation cover that remarkably
affects the nutrients content and turnover in soils thus, affecting the complete
nutrient cycle (Melillo et al. 2001). Raise in atmospheric temperature increases
soil microbial activities that speed up the decomposition of soil organic matter
(SOM) thus, inducing three-fold increase in the leaching of inorganic N in soil
(Kaste et al. 2006).

Meehl et al. (2007) and Jobbágy and Jackson (2000) reported that C input to soil
by vegetation varies across different biomes because of moisture gradients. It has
been also proposed that the balance of nutrients is based on decomposition and
productivity. The decomposition of SOM and soil respiration is greatly influenced
by temperature and moisture. Rise in temperature increases the fungal decomposi-
tion process that in turn increases CO2 flux from the soil. Moreover, higher temper-
ature also increases soil N content that reduces the rate of fungal decomposition
which adversely affects the microbial activity and diversity (American Society for
Microbiology 2008). SOC and soil organic nitrogen (SON) stocks are found to have
high dependency on temperature and precipitation gradients that may vary in various
ecosystem biomes. All these mechanisms together maintain and drive global and
regional patterns of SOC in a coordinated way and SOC and SON can be used as an
integrative measure of productivity and decomposition (Dutta and Dutta 2016).

Elevated CO2 enhances the microbial enzymatic activities involved in various
nutrients cycling, especially N and P cycle (Xiong et al. 2015; Yang et al. 2019).
Various processes have a significant role in depletion of soil mineral N such as plant
primary productivity, microbial immobilization, and denitrification rates (Delgado-
Baquerizo et al. 2014; Naylor et al. 2020).
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In spite of undergoing researches, still there are many uncertainties in the field of
influence of climate change factors. There is scope that elevated temperature, altered
precipitation, and elevated CO2 cause warming and thus favor the liberation of CO2

from soil to atmosphere due to microbial breakdown of SOM. In the final analysis, it
can be concluded that nutrients budgets, especially C and N, depend on the balance
between photosynthesis and respiration (both autotrophic root respiration and het-
erotrophic soil microbial respiration).

García-Fayos and Bochet (2009) reported a strong correlation between climate
change and soil erosion which is resultant of negative impacts on aggregate stability,
bulk density, water holding capacity, pH, organic matter content, total N, and soluble
P in the soil of semi-arid Mediterranean ecosystem in Spain. Thus, the conclusion
can be withdrawn that climate change negatively affects the soil properties and thus
badly influences the soil health and its fertility. Healthy soils are basic requirement
for the nutrients supply to plants for their growth, quality, sustainability, and
productivity. Unhealthy soils tend to have lesser nutrients availability in soil for
plants not only causing reduction in food availability but also the food quality and
ultimately raising concern for food and nutrition security for humankind.

27.3 Microbial Feedback to Climate Changes

Microbial flora is the main controlling agent for all the macro- and micro nutrient
cycling and therefore main controlling factor for the ecosystem-climate feedbacks,
including GHG fluxes in the ecosystem. Small change in microbial community may
have profound impact on soil processes like organic matter decomposition and
mineralization, inorganic nutrient cycling and respiration leading to efflux of GHGs.

Climate change affects the complex and highly diverse soil microbial communi-
ties and the associated biotic interactions, which in turn facilitate their feedback
responses like CO2 and other GHGs concentration in atmosphere having radiating
force, which further contributes to climate change, forming a feedback loop
(Bardgett et al. 2008). These feedbacks are major determinants of terrestrial ecosys-
tem’s capacity to store C (Pendall et al. 2004; Luo 2007; Nie et al. 2013). The
microbial feedback responses in terms of GHG emission may amplify or lessen the
climate change and hence, play a huge role in determining future climate state (Singh
et al. 2010). Alteration in microbial decomposition dynamics can shift the soil C
pool to atmosphere, thereby eliciting positive feedback on climate. In contrast,
increase in plant productivity driven by plant nutrient status, exceeding the C loss
through decomposition processes, contributes to negative feedback to the rate of
climate change (Finzi et al. 2011).

Several simulation experiments have showed that these feedback responses could
have substantial stimulating or depreciating effect on the rate of climate change (Cox
et al. 2000; Friedlingstein et al. 2006; Singh et al. 2010; Ciais et al. 2014). Whether
positive or negative or perhaps neutral, feedback responses are decided by several
factors like shift in microbial composition and diversity, alteration in microbial
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efficiency, variation in microbial accessible substrate, and decline in microbial
biomass (Melillo et al. 2017). With the projected global climate change and its effect
on soil health and fertility, it has become imperative to understand the belowground
responses to global climate change.

Microbial community, structure, composition, and metabolic activity that mediate
soil nutrient dynamics and GHG emission are basically regulated by direct and
indirect feedback mechanisms. Direct microbial feedback to climate change is due
to microbial response to temperature, precipitations and other extreme climatic
conditions (drought, fires and freezing). Indirect feedbacks are associated with the
impact of climatic variation on plant community (diversity and productivity) and
coupled biotic interactions (Bardgett et al. 2008; Dutta and Dutta 2016).

27.3.1 Direct Feedback

Climate warming directly accelerates the rate of microbial processes such as decom-
position dynamics of SOM and nutrient mineralization and their utilization, thereby
affecting the flux between soil and atmosphere. Numerous studies have predicted
that enhanced microbial growth efficiency could create positive feedback on climate
(Zhou et al. 2012; Classen et al. 2015). It has been anticipated that future climate
change is likely to stimulate SOM decay, which may lead to loss of 5% of the
currently C stored in soil (approx. 3100 Pg) (Davidson and Janssens 2006). Micro-
bial activity is generalized to be stimulated by warm conditions, thus it is expected
that the microbial decomposition and decomposition-derived heterotrophic respira-
tory C would increase with global warming (Metcalfe 2017). Rest is contributed by
autotrophic respiration.

Even though it is extensively known how decomposition rate is regulated by
temperature, the correlation between respiration and temperature is poorly under-
stood (Bardgett et al. 2008). Impact of temperature sensitivity on organic matter
decomposition is predicted to be mediated through change in the overall quality and
inherent decomposability of substrate available for microbes. Greater temperature
sensitivity of labile C pools compared with biochemically diverse and complex C
source is thought to be the possible reason behind the waning of CO2 efflux in
response to warming after an initial transitory increase in soil warming experiments
(Melillo et al. 2002; Davidson and Janssens 2006). However, there is huge uncer-
tainty regarding the dependence of microbial decomposition on temperature, as other
studies have showed the recalcitrant C substrate are more (Knorr et al. 2005) or
similar (Fang et al. 2005; Conen et al. 2006) in temperature sensitivity than the labile
pool. Furthermore, change in temperature can be very imperative in permafrost soils,
where permafrost thawing due to rise in temperature could result in decomposition of
considerable amount of stored carbon reservoir. According to recent estimation,
5–15% of total C (~1300–1580 Pg of carbon) stored in permafrost is susceptible to
be lost as CO2 incoming decade (Jansson and Hofmockel 2019).
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Another decisive factor for microbial feedback responses to climate change is soil
moisture which is essential for physiological activity of soil microorganism and also
regulates the oxygen availability and gas diffusion (Singh et al. 2010). In consider-
ation of the foregoing, prolonged drier soil condition may exert negative feedback on
C flux, through slowing down the microbial activity in some ecosystems. In peatland
and wetland systems, drought condition accelerates C cycling by improving oxygen
availability for microbial activity, thus posing negative feedback impact on climate
(Freeman et al. 2004; Meier and Leuschner 2008). This view has been supported by
the increase in extracellular enzyme phenol oxidase, an enzyme responsible for
breakdown of complex substrates, leading to depletion of large C stock stored in
these systems (Freeman et al. 2004) while drying soil could have opposite effects on
methanogenesis. Decreasing water table in such area can greatly lower CH4 emission
by increasing oxygen availability (causing CH4 oxidation) and so induces negative
feedback response to climate (Fetzer et al. 1993). Further, soil drying scenario may
prompt positive feedback on climate change by increasing the N2O efflux from soil
(Houghton 1996).

Microbial feedback responses to variation in these climatic factors vary across
different ecosystems. For instance, in the ecosystem with water limitation (savanna,
deserts, and semiarid grassland), soil moisture can have greater effect on breakdown
than temperature. While, in temperate regions where temperature is the limiting
factor for microbial growth and activity, change in temperature would have more
pronounced effect compared with soil moisture (Singh et al. 2010). Moreover, this
picture is further complicated by the effects of climate forcing on composition,
diversity, and efficiency of microbial community. Still, there is huge uncertainty
regarding the response of different microbial community to the changing environ-
ment, differing in their range of action. It has been proposed that the change in
organic matter decomposition and subsequent mineralization and respiration are
especially susceptible to shift in microbial flora (Hartley et al. 2007; Allison and
Treseder 2008). Therefore, it is very difficult to make any presumption about the
microbial feedback to climate on the basis of knowledge obtained from warming
experiments done so far.

27.3.2 Indirect Feedback

Indirect feedbacks are facilitated by influence of climate change on vegetation
composition and plant growth and its consequent effect on microbial community.
Plants and microbes are inextricably linked and these plant–microbial interactions
play a key role in determining the C and N dynamics and hence, the feedback
responses of terrestrial ecosystems to climate warming. The chief element of global
warming that regulates these indirect microbial feedback to climate is elevated
atmospheric CO2 level. Rise in CO2 concentration can enhance plant productivity
through fertilization effect and further transfer to associated symbionts and other
heterotrophic microorganisms, ultimately contributing to soil C stock (Bardgett et al.
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2005; Johnson et al. 2005). Every year, around 120 billion tons of C is fixed by
primary production from the terrestrial ecosystem, which may beget negative feed-
back on changing climate through C sequestration (Singh et al. 2010). However, the
fate of this C stored may vary depending upon the plant type, soil fertility status,
existing biotic–abiotic interactions, and other factors (Wardle 2013; Bardgett et al.
2008).

Major fraction of this stored C is likely to be lost as respiration fueled by
increased microbial diversity and activity. It has been predicted that increased
microbial growth efficiency and reduced N immobilization would create N limitation
for plant growth, leading to potential negative feedback on climate change (Diaz
et al. 1993). Climate-driven shift in plant and microbe community is expected to
affect the biotic interaction between them. Warming-induced elevation in the inter-
actions between plant and soil microbial flora coupled with reduced N availability
suppress the microbial decomposition process, eventually enhancing the soil func-
tion as C sink (Hu et al. 2001).

In addition to the effect of CO2 enrichment, other climatic factors like temperature
and precipitation are also expected to indirectly influence the feedback responses by
affecting the plants’ growth and phenology. Climate changes affect the growing
season and pattern, root and shoot phenology, and subsequent symbiotic interac-
tions. Alteration in root–shoot phenology affects the interaction with rhizosphere
microbes, which may further disturb the synchronization between plant, soil, and
climate. This commotion can result in shift in composition and productivity of plant
community (Classen et al. 2015). The concept of alteration in plant composition and
diversity in long course of time, effectuated by change in climatic factors is well
evident. The shift in plant community structure and function is of great significance
to indirect feedback responses of microbes. Unprecedented changes in temperature
and precipitation pattern in recent times have distinctly modified the vegetation of
arctic and Canadian tundra, and African savannah (Epstein et al. 2004; Sankaran
et al. 2005; Danby and Hik 2007). Such changes in vegetation could have drastic
impact on the nutrient balance of terrestrial ecosystem and its feedback to climate.
Encroachment of evergreen shrub in arctic tundra is predicted to reduce the respira-
tory CO2 emission thus, setting negative feedback on climate change (Cornelissen
et al. 2007).

The chief mechanism, through which change in vegetation affects the microbial
feedback to climate, is through change in quantity and quality of plant litter, the most
important component of SOM, which varies with the plant functional group (Dutta
and Dutta 2016). Plant litter as mentioned in the previous section plays a significant
role in influencing the rate of decomposition process and microbial respiration
(Bardgett et al. 2008). Plant litter alteration might also include change in soil C:N
ratio and nutrient availability, crucial for microbial function (Kandeler et al. 1998).
For example, evergreen shrubs, which are a slow-growing plant, provide recalcitrant
substrate for decomposition, with complex composition and low nutrient content.
Plant functional groups like legumes and graminoids produce nutrient-rich and
easily decomposable litter under increased microbial activity scenario (Wardle
2013). Dominance of nitrogen fixing legumes in grasslands could increase the
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atmospheric CO2 carbon dioxide by accelerating the rate of decomposition and C
mineralization (Hanley et al. 2004; Bardgett et al. 2008). These indirect feedbacks
are central to biological processes like mineralization, vegetation composition, and
other ecological interactions, but remain largely unknown and are more variable than
counterpart abiotic factors.

Although, these feedbacks between microbes-mediated nutrient dynamics and
climate change have wide implication on climate change mitigation, the underlying
mechanism regulating them needs to be further understood. For example, potential
role of temperature sensitivity of SOM decomposition on the function of terrestrial
system as C sink or storage and how this shift would shape future climate, climate
warming driven complex interaction between C and N cycling are poorly recognized
(Davidson and Janssens 2006; Melillo et al. 2002). Due to lack of mechanistic
insight in this subject, there is a huge gap between the existing knowledge and
their practical implementation in climate change mitigation. To better understand
these responses and reduce the uncertainty associated with the magnitude and
direction of these climate feedbacks, we need to include long-term new biochemical
and molecular tools.

27.4 Role of Microbes in Climate Change Mitigation

Climate change is a complex issue with wide and pervasive impacts on ecosystem,
socioeconomics, and food security. Despite the growing concern regarding relentless
climate warming, atmospheric GHGs concentration is rising at unprecedented rate,
urging the global community to take decisive steps to mitigate its negative impacts.
Climate mitigation strategies primarily implemented in alleviating the GHGs emis-
sion through C sequestration, conservation of C sinks, and adapting the management
practices. The recent advancement in the insight in microbial response to climate
change in terms of changes in soil processes and related biotic interactions has
invoked the idea of potential usage of soil microbes in mitigating the climate change
(Singh et al. 2010). These mitigation strategies could be based on direct manipula-
tion of microbes or indirectly through modifications of the microbial processes by
adopting changes in land management practices (Fig. 27.2) (Jansson and Hofmockel
2019).

Manipulating soil microbes using biotechnological tool can provide practical and
sustainable measures to achieve sustainable development goals including reducing
the emission of air pollutants (Cavicchioli et al. 2019). Extensive variability and
heterogeneity in the phenotype of microbes helps in adopting to the extremities in
surrounding environment (Justice et al. 2008). Incorporating these advantageous
mutations in soil microbiome through in situ methods can enhance their C uptake
activities, which could be used for management of changing climate (Dastagir 2019).
Itakura et al. (2013) proposed deployment of bacterial strain showing higher N2O
reductase activity can help in mitigating N2O emission from the agriculture system.
Similarly, targeting the microbial community of rumens can alter their response and
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hence, may help in reducing CH4 emission from cattle without affecting the host
(Henderson et al. 2015; Roehe et al. 2016). Moreover, dead biomass and other
recalcitrant polymers in the soil can be off-loaded by modifying microorganism.
However, the present research investigations need to incorporate new developing
technologies to better understand the alteration in functional efficiency of microbial
flora and their consecutive role in the changing environment.

Controlling CO2 and other GHGs emission is the most fundamental step toward
mitigating climate warming. Atmospheric C is naturally fixed and sequestered into
much stable forms in vegetation stock through photosynthesis and in soil through
autotrophic microbial community (Jansson and Hofmockel 2019). Enhancing plant
and the soil microbiome performance by minimizing the prevailing disturbance,
promoting biodiversity, can greatly enhance the naturally occurring C assimilation in
the terrestrial ecosystem (Lal 2004). Potential of soil microbes to fix the bioavailable
forms of C, prone to be lost into more complex and recalcitrant form through their
biochemical activity, can be harnessed to restore the soil C pool (Hicks et al. 2017).

Fig. 27.2 Role of soil microbial flora for mitigating climate change: Microbial community can be
used as plant growth promoter for enhancing carbon sequestration by plants. Symbiont microbes
like arbuscular mycorrhiza, rhizobium spp. can improve plant performance nutrient availability and
their productivity in addition to their traditional use as biofertilizer and biopesticide. Microbial
metabolites (extracellular polymeric compound) provide resistance to plant against water stress and
drought condition. Soil microorganism can directly increase the soil carbon pool by accumulating
carbon in the form of living and/or dead microbial biomass. Microbial flora can be used to mitigate
drought condition by retaining moisture content in soil. Greenhouse gas emission reduction by
manipulating microbes. For example, integrating microbes as biological inhibitor for processes like
denitrification can limit N2O flux, or inoculating nitrous oxide consuming microbes
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In connection to this, manipulation of plant–microbial rhizospheric interactions
can contribute in slowing the change in climate change by altering the C sequestra-
tion by vegetation (Wallenstein 2017). For instance, inducing input from plant to
rhizosphere can protect the C loss to atmosphere by storing in the microbial biomass
or by converting into complex metabolites (Jansson et al. 2018). Also, using fungal
and bacterial community inhabiting in rhizosphere, as plant growth promoter, can
enhance the C sequestration. Using these beneficial microbial communities in
nutrient-limited conditions can release the nutrition requirement of plants growing
in nutrient-limiting condition and consequently may help in countering the negative
consequences of climate forcing (Compant et al. 2010). Not only that, they are
capable of imparting tolerance in plants to the extreme climate conditions like
drought. Extracellular polymeric compounds and other metabolites secreted by the
plant growth-promoting bacteria render resistance against the water stress (Pereyra
et al. 2012; Naylor and Coleman-Derr 2018). Using AM can reduce the N2O
emission by consuming available ammonium (Jansson and Hofmockel 2019).

Another important contributor of GHGs in atmosphere that needs to be addressed
is the agriculture ecosystem. Around 30% of GHGs emission is contributed by
agricultural soil. In addition to this, the extensive use of agrochemicals like pesticide
and insecticide to obtain better yield affects the associated symbiont microbial
activity and related soil processes ultimately disturbing the C sink-source balance
in the ecosystem (Bever 2015). Compounding the relation between agricultural
practices and soil C pool suggest the refinement in current agricultural practices
for mitigation and adaptation to the climate change. Implementing the agricultural
practices involving plant and soil management such as no tillage, intercropping, crop
rotation, mulching, and manure application not only improves soil fertility but also
enhances soil C storage through slowing down the microbial decomposition process
(UNEP 2019). Such agricultural practices preclude C loss into the atmosphere by
minimizing the soil disturbance and augmenting organic matter content in soil,
preventing soil erosion (Woodward et al. 2009). Application of fertilizer in
nutrient-poor soil can greatly improve the aboveground productivity and C return
to soil (Neff et al. 2002). However, extensive fertilizer application is a major
contributor of N2O emission, thus the amount of fertilizers and frequency of
application should be target-specific to keep the nitrification rate low (Singh et al.
2010). Another recognized strategy to reduce the N2O efflux from soil to limit the
rate of denitrification process is to use biological inhibitor to block the ammonium
oxidation pathway (Subbarao et al. 2009) or inoculating N2O-consuming microor-
ganism (Itakura et al. 2013). Conversion of arable land into grassland increases input
from plant and builds up organic matter content in the soil (McLauchlan et al. 2006).
Better drainage and other management practices would inhibit the anaerobic condi-
tion, thus preventing CH4 and N2O emission from soil. These abovementioned
strategies for climate change mitigation and adaptation suggest the great potential
of microbe to control the rate of climate change and their negative impact.
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27.5 Conclusion and Future Perspectives

There is a general agreement among scientists that various anthropogenic activities
lead to global climate change. Microbial aspect of climate change is a pertinent issue
of the present times that should be properly addressed and need to be given due
importance. However, there is uncertainty about the prediction of GHGs emission in
future and their response to further changes in atmospheric composition and climate.
Global warming is pushing the terrestrial microorganisms into destructive climate
feedback loops. Scientists across the globe are raising serious concerns about the
impacts of climate changes on soil microorganisms and suggest much more attention
is needed.

Although the soil microbial flora is crucial in regulating the climate change, there
is a huge gap in our understanding of their response and feedback mechanism to
climate change. Hence, it is the need of time to understand the mechanism of
microbial feedback responses and their potential to mitigate climate change. This
understanding would help to solve uncertainties about the prediction of feedback
responses of soil microbes to climate change and will assist to integrate this
knowledge in future models of climate change and terrestrial feedbacks. In the
present scenario, much attention should be paid to understand how microbial
processes that are associated with climate change are altered whether changes in
microbial processes result from the effect of climate change on soil microbial
communities and on soil physicochemical properties by altering various abiotic
factors, or by interactions between these two. Moreover, most of the studies have
paid attention inclusively on one GHG that is CO2, whereas evidences confirm that
microbes-mediated emission of different GHGs countered differently to climate
change.

It is clear from the available literatures that the nutrients cycling mediated by soil
microbes play a crucial role in cycling of C globally under changing climatic
conditions by determining the CO2 efflux from the soil. A better understanding
about the microbial communities and associated processes, and impact of climate
change on these as well as on soil abiotic factors and its ecological functioning may
advance our management for maintaining soil functionality. Therefore, it is manda-
tory to conduct some experiments to understand the impacts of interaction between
multiple factors on soil microbial communities and their functions, on inorganic-N
availability and SOC dynamics under changing environmental conditions. It would
assist us to comprehend the close relationship between microbial processes and soil
nutrient dynamics under changing climatic conditions. Further, this chapter would
offer a new set of goals for researchers to identify new drivers, indicators, and
theories for soil ecosystem functioning and also to develop some new approaches for
mitigation of climate change using soil microorganisms.

Keeping all above facts in mind, here we are proposing some areas that need to be
prioritized.

1. There is an urgent need to develop better understanding about the whole mech-
anism of microbial control of GHGs fluxes and microbial responses to changed
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climate conditions like warming, changed precipitation, and elevated CO2 levels
in different ecosystems.

2. Microbes should be properly screened, identified, and classified on the basis of
their functional and physiological roles in the field of GHG production and
emission.

3. Some research must be conducted in order to observe impacts of climate changes
on aboveground and belowground interactions and nutrient cycling as it directly
and/or indirectly affects the structure and functions of microorganisms.

4. As soil microbes–plant interaction plays an important role in soil N and C
dynamics, research must be undertaken to understand the role of these interac-
tions in modulating the ecosystems response to global climate changes.

5. We need to improve our knowledge to potentially utilize the natural microbial
systems in managing climate changes through negative feedback by enhancing C
sequestration and/or reducing GHG efflux to atmosphere.

6. Microbes could be proven a very imperative natural resource for managing
climate change if we harness their potential properly. Thus, it is high time to
study this aspect, understand the acting mechanisms more accurately, and hence,
properly utilize it as an emerging solution for climate change mitigation.
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Chapter 28
Impact of Climate Change on Soil Fertility

Sudeshna Mondal

Abstract The worldwide mean temperature has increased by nearly about 1.1 �C
since the preindustrial era and this increase may reach up to 4 �C by the tip of the
twenty-first century due to the rising concentration of greenhouse gases. Since soils
are related to climate system in a very complex way through nutrient and hydrologic
cycles, global climate change is predicted to have a possible impact on soil fertility
through the physical, chemical, and biological properties of soil due to rise in
temperature, alternation in precipitation pattern, increase in greenhouse gas concen-
tration in the atmosphere, etc. These detrimental effects of global climate change can
be minimized by following both adaptation and mitigation measures. This paper
reviews the influence of global change in the climate such as rise in temperature,
alteration in precipitation pattern, and increase in atmospheric carbon dioxide on soil
properties and processes affecting soil fertility.

Keywords Climate change · Global warming · Greenhouse gas · Carbon
sequestration · Soil properties · Soil processes

28.1 Introduction

Climate change addresses any considerable changes in climatic phenomenon
persisting over a protracted period, usually decades or longer (IPCC 2007), includ-
ing changes in average climatic conditions, erratic rainfall events, frequency and
magnitude of extreme weather and sea levels, whether due to natural fluctuations or
because of human activity. It is a process of global warming, which is generally
attributed to the greenhouse gases generated from the burning of fossil fuels like
coal, oil, natural gas, etc., caused by human activity (Brett 2009).
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Climate change affects the environment, including soil (Brevik 2012). It has the
potential to threaten global food security through its effects on soil properties and
processes (Brevik 2013), since global demands for food and fiber for an increasing
population are met by the soil. The Fifth Assessment Report of the Intergovernmen-
tal Panel on Climate Change (IPCC) revealed that global warming has increased
approximately 1.0 �C above preindustrial levels, with a probable range of 0.8 �C to
1.2 �C, and is likely to be caused by human activities. Global warming may reach
1.5 �C between 2030 and 2052 if it continues to increase at the same rate (IPCC
2018) and is expected to change other regional and global climate-related parameters
such as rainfall, soil moisture, and sea level. The predicted global climate change
involving increase in temperature and atmospheric carbon dioxide (CO2) levels,
changes in rainfall pattern, and atmospheric nitrogen deposition influences various
soil physical, chemical, and biological properties and properties important for
restoring soil fertility and productivity. Climate change has potential impacts on
soil health including supply of organic matter from biomass, soil temperature
regime, soil hydrology, and salinity. Considering all these affairs, the consequences
of climate change on soils have been reviewed.

28.2 Environmental Consequences of Climate Change

The rapid rate of climate change and its magnitude is a great concern globally
nowadays. Human activities involving higher energy consumption, industrialization,
intensive agriculture, and urban and rural development has increased greenhouse
gases emission in the atmosphere since the Industrial Revolution, leading to more
heat retention and a rise in global temperature and high spatial and temporal
variability. This change in temperature regime pattern further leads to appreciable
changes in precipitation characteristics like quantity and intensity of rain and snow,
their spatial and temporal distribution pattern, etc. Emissions of anthropogenic
greenhouse gas (GHG) preceding the preindustrial era largely increased the atmo-
spheric concentrations of carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O) and it was recorded that about half of the anthropogenic CO2 emissions since
the preindustrial era to 2011 have occurred in the past 40 years. The long-lived
greenhouse gases (LLGHGs) increased the total radiative forcing by 43% from 1990
to 2018 (Butler and Montzka 2019) and about 81% of this increase was due to CO2

concentration. Total annual anthropogenic GHG emissions have increased by about
10 GtCO2 eq. from 2000 to 2010 and it amounts to 52 GtCO2 eq. year

�1 globally
during 2007–2016. The global mean annual temperature at the end of the nineteenth
century has increased by 0.4–0.7 �C at the end of the twentieth century, due to the
accumulation of GHG (Pathak 2012) and the temperature is predicted to increase by
1.1–6.4 �C by the end of the twenty-first century (IPCC 2007). Increase in the
concentration of GHGs (CO2, CH4, N2O) results in the rise in the global mean
temperature by 1.1� 0.1 �C since the preindustrial era (WMO 2019), increasing at a
rate of 0.2 �C per decade (IPCC 2018) and estimated to increase by 4 � 2 �C at the
end of the twenty-first century (IPCC 2013).

552 S. Mondal



The increase in the concentration of CO2 during 2017–2018 was higher than the
average growth rate over the last decade. The average rate of increase of CO2 for
three consecutive decades from 1985 to 1995, 1995 to 2005, and 2005 to 2015
increased from 1.42 to 1.86 ppm/year and 2.06 ppm/year, respectively (WMO
2019). The WMO Greenhouse Gas Bulletin (2019) reported that the global atmo-
spheric concentration of GHGs namely CO2, CH4, and N2O has reached a new high
in 2018, with 407.8 ppm, 1869 ppb, and 331.1 ppb, respectively, representing about
147%, 259%, and 123%, respectively, of preindustrial era (i.e., before 1750)
(Fig. 28.1).

Also, the air temperature at land surface raises nearly twice as much as the global
average temperature since the preindustrial period (1750–1850) to 2006–2015.
Besides, changing the precipitation characteristics, the rise in temperature also
causes a large part of the mountain glaciers, the permafrost soil zone, and the
polar ice caps to melt which changes the flow dynamics of water, including flood
waves and surface runoff, resulting rise in the eustatic sea level, threatening the
low-lying lands, settlements, and agricultural areas. The rise of the sea level
increases the chance of sea water intrusion in the major coastal lands resulting in
the further extension of salt-affected territories and turning them unsuitable for
cultivation (Várallyay 2010).

The climate change results in considerable changes in the natural vegetation and
in land-use practices which in turn has a feedback effect on climate by modifying
albedo, the heat and energy balance of the near-surface atmosphere, the temperature,
and precipitation characteristics. Moreover, the changes in vegetation substantially
influence the field water cycle and soil formation processes (Lal et al. 1994).
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Fig. 28.1 Increase in the global atmospheric concentration of CO2, CH4, and N2O since the
preindustrial era to 2018

28 Impact of Climate Change on Soil Fertility 553



28.3 Influence of Climate Change on Soil Properties

Global climate change has a major impact on soils as well as the functions performed
by the soils. The consequences of climate change are anticipated primarily through
rise in soil temperature, alteration in soil moisture content, and increase in CO2

levels. Soil processes and properties that are responsible for restoring fertility and
productivity of soil, expected to be affected by climate mostly through increase in
temperature and CO2 level. The adverse effects of climate change on soil properties
are illustrated in Table 28.1.

Table 28.1 Climate change effects on soil

Climatic factors Effects

Rise in temperature • Salinization of soil
• Soil organic matter decomposition increases
• Loss of soil organic matter
• Decreases soil porosity
• Increases soil compactness
• Reduction of soil CEC
• Reduction of soil fertility
• Deterioration of soil structure
• Increases risk of soil erosion
• Reduction of water retention capacity
• Increases CO2 release from soil
• Reduction of soil organic C
• Increases ammonia volatilization
• Increases rhizospheric temperature
• Stimulation of nutrient acquisition
• Enhances soil microbial activity
• Increases bioavailability of N and P from organic matter

Heavy and intensive rainfall • Destruction of soil aggregate
• Increases risk of soil erosion
• Increases leaching of basic cations
• Soil acidification
• Reduces soil CEC
• Loss of soil nutrients, especially N
• Development of hypoxic condition in poorly drained soil
• Toxicities of Fe, Mn, Al, and B
• Loss of N through denitrification

Decreased rainfall • Increases salt content
• Soil moisture deficit
• Decreases diffusion and mass flow of water-soluble nutrients
• Possibility of occurring drought
• Loss of nutrient from rooting zone through erosion
• Reduces nutrient acquisition capacity of root system
• Reduces N-fixation in legumes

Increase in atmospheric CO2 • Increases soil C availability
• Increases soil microbial activity
• Increase soil fungal population
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28.3.1 Soil Physical Properties

Soil physical properties determine the hydrological properties of soils (e.g., water
retention, hydraulic conductivity), of which soil texture, structure, bulk density,
porosity, and pore-size distribution are the most essential, which ultimately manages
the water, air, and temperature of the soil profile (Hillel 1973). The physical
properties of the soil have a great impact on soil fertility through the chemical and
biological processes of soil, such as adsorption, water, heat and mass transport,
nutrient supply, biological activity, etc. (Horel et al. 2015). The physical properties
of soils are strongly interrelated to their sensitivity to climate change. Soil hydro-
physical properties are highly influenced by the variations in climatic factors such as
seasonal temperatures or precipitation intensities, which affect the soil water regime
(Horel et al. 2014). The increase in temperature and CO2 concentration, changes in
rainfall pattern and their interactions due to climate change are expected to influence
several soil physical processes which will make the soils susceptible to a substantial
risk of salinization, reduced water and nutrient availability, altered C and N dynam-
ics, and decrease in soil biodiversity (Benbi and Kaur 2009). Soil moisture stress is
reported (Mills et al. 2014) to reduce the soil functions which consequently affect
plant productivity. Important soil physical properties that affect soil fertility due to
the influence of climate change are as follows.

28.3.1.1 Soil Texture

Although soil texture is a rather constant soil parameter, it can greatly influence the
soil characteristics and regulates the sensitivity of soil to change with the climatic
factors. The shrinking swelling clay soils are sensitive to climate change if the
number of wetting and drying cycles rises, since crack formation is greatly promoted
through repeated wetting and drying of the soil. As these cracks deepen rapidly,
water moves directly from the surface soil to permeable substrata or drains through
bypass flow, which decreases the filtering function of the soil and as a result
increases loss of nutrients from soil and pollutes the water bodies (Rounsevell
et al. 1999; IPCC 2007). This phenomenon could become intense if longer and
more frequent droughts are followed by more intensive precipitation.

The seasonal soil moisture regime is strongly influenced by the regional climate
changes and climate-induced changes in capillary water movement from groundwa-
ter to root zone. Silt soils are reported (Bormann 2012) to be the most sensitive,
while clay soils are least sensitive to climate change, independent of plant cover,
impact of groundwater, and regional climate change. Soil texture is the dominant
influencing factor determining the response of soil to regional climate change.
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28.3.1.2 Soil Structure

Considerable changes in precipitation pattern and increase in temperature due to
climate change influences the soil structure (type, spatial distribution, and aggregate
stability of soil) in a very complicated process (Várallyay 2010), by involving the
processes of slaking, dispersion, mechanical disturbance, and compaction (Reubens
et al. 2007). Intensive rainfall, surface runoff and filtrating water during heavy rains,
thunderstorms have a direct impact on soil structure (Várallyay 2010) through their
aggregate destructing role (Singh et al. 2011). Since, the presence of organic matter
in soil, their amount and quality influence the nature and quality of the structure, a
decline in its levels in soil results in a decrease in soil aggregate stability, infiltration
rates and increase in susceptibility to compaction, run-off as well as to erosion
(Karmakar et al. 2016). Climate change may indirectly affect the vegetation pattern
and land-use practices (Singh et al. 2011) and also soil biological function (due to the
sensitivity of soil macrofauna and microorganisms to climate change), which in turn
affect the soil structure (Várallyay 2010).

28.3.1.3 Bulk Density and Porosity

Bulk density is highly influenced by textural properties and organic matter content of
soil and is also climate dependent. The loss of soil organic matter due to an increased
rate of decomposition owing to elevated temperature (Davidson and Janssens 2006)
or soil erosion may increase bulk density, which may further make soil more prone
to compaction (Birkás et al. 2009; Singh et al. 2011), resulting in a decrease in
porosity and formation of compact layer inhibiting root growth. Variation in soil
moisture and temperature regimes due to changes in climate as well as soil hydro-
physical properties like bulk density or the development of preferential flow paths
alters the root development, as well as microbial activity (Rosenzweig and Hillel
1995). Soil structure along with porosity and pore size distribution primarily influ-
ences the moisture and aeration status of the soil. Thus, any changes in porosity
causes direct effect on the soil water holding capacity (infiltration, water retention)
and emission of CO2 (in aerobic conditions) and CH4 (in anaerobic conditions) from
soil (Singh et al. 2011; Tóth et al. 2018). Future climate change scenarios like
increase in temperature and CO2 level and variable and extreme rainfall events
may affect soil porosity and pore-size distribution and consequently soil functions
in unexpected directions which may further alter root development and soil biolog-
ical activities.

28.3.1.4 Soil Water Retention and Availability

The availability of water for plant growth and important soil processes is determined
by some soil properties including porosity, field capacity, lower limit of plant-
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available water, plant-available water capacity, macropore flow, and texture
(Reynolds et al. 2002; Jarvis 2007). Climate change, especially variable and high
intensity of rain or drought, greatly influences the soil water availability and its
distribution. Soil water availability and water retention are interdependent on the
infiltration rate and strongly determine the functioning of the ecosystem. Singh et al.
(2011) reported that infiltration is one of the most important soil properties which
help to increase soil water retention, soil erosion mitigation, and decrease the risk of
flash floods and droughts.

Holsten et al. (2009) evaluated an expected decrease of 4–15% in the average soil
water availability in a climate scenario model by the middle of the twenty-first
century. The predicted changes in the spatial and temporal distribution of annual
rainfall would increase both the duration and severity of water stress in soils.
According to Farkas et al. (2014), both an excessive amount of rainfall (e.g.,
waterlogging) and its scarcity (drought) could cause unfavorable soil conditions
for both natural and agroecosystems.

28.3.2 Soil Chemical Properties

Although various chemical reactions occurring in soil accelerated with global
warming, chemical composition and/or fertility of soil deteriorated with the increas-
ing soil temperature (Verma and Jayakumar 2012). Rise in sea level and variation in
precipitation pattern and flood flows due to climate change may influence acid
sulphate soils production. Variation in temperature elevates the freeze and thaw
cycle causing an increase in exchangeable ammonium nitrogen and a decrease in
exchangeable potassium in soil, inducing water to move along with nutrient and
temperature gradient which in turn affects nutrient availability, cation exchange
capacity, soil weathering, and also biological activities (Marion 1995). The direct
impacts of climate change on some soil chemical properties are discussed below.

28.3.2.1 Soil pH

The pH value of most soil is not expected to vary rapidly due to the direct effects of
climate change like elevated temperature, variable precipitation, CO2 fertilization,
and atmospheric N deposition (Brinkman and Sombroek 1999; McCarthy et al.
2001). However, these carriers of climate change influence soil organic matter
content, carbon and nutrient cycle, plant-available water, and hence plant produc-
tivity, which in turn may affect the soil pH (Reth et al. 2005). Increased precipitation
can intensify the leaching of basic cations causing soil acidification. Lowering of soil
pH affects soil chemistry by promoting the mobilization of potentially toxic ele-
ments (heavy metals), and may result in depletion of basic cations through leaching
(Brinkman 1990) in well-drained and structurally stable soil and also heavy and
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intense rainfall receiving soil. Hence, soil acidification could increase in a wetter
climate if buffering pools become exhausted.

Moreover, alterations of rainfall patterns due to diurnal fluctuations as well as
seasonal variations as a consequence of climate change may cause an effect on soil
pH. During seasons with low to moderate rainfall (evapotranspiration exceeds
precipitation), the salt content is increased which forces more exchangeable H+

ions into the soil solution and tends to reduce pH. Conversely, during wet seasons,
salts are diluted or removed from the topsoil by deep percolation and increases the
soil pH (Rengel 2002). This seasonal alteration in the total salt content is different
from long-term effects occurring over decades and centuries, where basic cations
leach out due to increased rainfall, resulting in soil acidification (Tang and Rengel
2003).

28.3.2.2 Cation Exchange Capacity

Cation exchange capacity (CEC) is a key determinant of soil fertility, especially the
retention of major cationic nutrients Ca, Mg, and K, and immobilization of poten-
tially toxic cations Al and Mn. Since CEC is associated with the organic matter
content in soil (Weil and Magdoff 2004), a higher decomposition rate and decline in
SOM due to rise in temperatures (Davidson and Janssens 2006) results in a reduction
of CEC of coarse-textured soils and low-activity clay soils. Low CEC of soil may
result from increased leaching of basic cations due to high and intense rainfall.

The percentage of CEC occupied by basic cations (Ca2+, Mg2+, K+, and Na+) is
termed as the percent base saturation, which generally increases with an increase in
soil pH. In very acidic soils, H+ and Al3+ are the dominant ions while in neutral and
moderately alkaline soils, Ca2+ and Mg2+ ions predominate (Robertson et al. 1999).
Ca2+ is effective in maintaining and protecting soil aggregate structure, while a high
amount of Na+ in the case of salt-affected soils (especially in Solonetz) causes poor
aggregate structure. Thus, the quality and ratio of adsorbed cations in soil have a
significant role on development of the soil aggregate structure, and consequently in
soil water management (Amezketa 1999).

28.3.2.3 Soil Salinization

In the last 150–200 years, rapid changes have occurred in the gas content of the
atmosphere due to human activities like industrialization, excessive energy con-
sumption, intensive agriculture, urban and rural development, as well as natural
events. Evapotranspiration increases with the rise in temperature and salt leaching
potential of the rainfall decreases with the decrease in rainfall (Schofield and Kirkby
2003; De Paz et al. 2012). The resultant rapid warming of the atmosphere may also
cause glacial melting, a rapid rise in sea levels, excessive rains following floods,
ensuing submergence of agricultural areas. As a consequence of the thermal expan-
sion, sea levels may rise by 3 mm year�1 due to glacial melting on earth (Vengosh
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2005), which may lead to rapid salinization of agricultural lands and groundwater
and cannot be controlled. This may completely change the soil formation processes,
soil degradation, and water holding capacities, the effect being more rapid in arid and
semiarid regions. Salinization and alkalization may naturally make the soil weaker
and more susceptible to wind and water erosion. Among the various indicators of
climate change, salt dynamics are most sensitive to change, thus aggravating as well
as creating soil salinization by climate change (IPCC 1996; Schofield and Kirkby
2003). Climate change is expected to influence salt accumulation and wind deposi-
tion, which are the primary causes of salinization (IPCC 1996). This increase in
salinization owing to global climate changes has been even faster especially in the
last 20 to 30 years (Okur and Örçen 2020).

28.3.2.4 Nutrient Cycle in Soil

The nutrient cycle, especially nitrogen, which is closely associated with the carbon
and water cycles, is an important aspect of soil fertility. Thus, factors affecting the
carbon cycle and water will ultimately affect the nutrient availability in soil.

Elevated temperatures, variable precipitation, and atmospheric N deposition due
to climate change have a major impact on N cycle, which is intimately associated
with soil organic carbon cycle (Weil and Magdoff 2004) and possibly on other plant-
available nutrient cycles such as phosphorus and sulphur.

Higher temperatures may cause higher decomposition of soil organic matter.
Spatial variation in microbial respiration (i.e., soil CO2 emission) is found to be
positively correlated with the soil pH and fine root mass (Reth et al. 2005). Climate
change resulting in a hotter and drier climate in many parts of the world may alter C
and N cycle in soils and results in soil acidification and consequently alters the
community structures of plant, animal, and microbes. However, Smith et al. (2002)
analyzed the influence of climate on soil microbial activity and soil properties and
concluded that a predicted rise in temperature and reduction in precipitation over the
next centennial would subsequently cause an increase in soil pH and decrease in soil
electrical conductivity. This results in decreased nitrification potential and an
increased ammonium concentration.

Ammonia volatilization, which occurs with the rise in soil pH, leads to reduction
in content of manure slurries and may result in soil acidification and eutrophication
problems. Rise in temperature due to climate change may lead to an increase in
ammonia volatilization (Van der Stelt et al. 2007), which may intensify N pollution.

Soil is considered as an integral part of the C and N cycles of the global climate
system. The rise in temperature and increasing levels of ozone owing to climate
changes may cause reduction in plant growth under elevated atmospheric CO2

levels. According to Kirkham (2011), emission of higher levels of CO2 occur during
the decomposition of plant tissues under elevated atmospheric CO2, and soil organic
C levels are found to decline under increased atmospheric CO2 levels due to
increased microbial activity (Carney et al. 2007). Therefore, elevated CO2 levels
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instead of increasing soil C sequestration may lead to more C turnover (Eglin et al.
2011).

Rise in global temperature may adversely affect C allocation to the soil, leading to
increased release of CO2 from soils to the atmosphere resulting in reduction in soil
organic C and thus creates a positive-feedback in the global C cycle (Gorissen et al.
2004; Wan et al. 2011). Soil warming and drying was found to decrease soil C by
32% over 5 year, the reduction which is much more rapid than due to increased
tillage (Link et al. 2003).

28.3.2.5 Soil Fertility and Nutrient Acquisition

The carriers of climate change such as variation in precipitation pattern, elevated
temperature, and CO2 level are expected to influence variably on various soil
processes and properties, relevant to soil fertility. Increases in air temperature and
variation in precipitation significantly influences root zone temperature and moisture
regime, which primarily determines the nutrient availability to plants, root growth
and development, carbon allocation to roots, and govern nutrient acquisition. Soil
moisture deficit directly influences the availability of soil nutrients and their trans-
port. Moreover, the supply of water to plants, air and temperature regimes, biological
activity, and plant nutrient availability in the soil are determined by soil moisture
regime.

Drought may increase the susceptibility to nutrient losses from the rooting zone
through erosion (Gupta 1993). Nutrient diffusion (for short distances) and mass flow
(for longer distances) of water-soluble nutrients such as nitrate, sulphate, calcium,
magnesium, and silicon decreased due to soil moisture deficit (Mackay and Barber
1985; Barber 1995). Thus, roots tend to increase their length and surface area and
modify their architecture to capture the less mobile nutrients like phosphorus (Lynch
and Brown 2001). Under drought conditions, the root growth is reduced and root
function is impaired, which causes reduction of the nutrient acquisition capacity of
root systems (Marschner 1995). Drought condition also inhibits nitrogen fixation in
legumes by reducing both carbon and oxygen fluxes and nitrogen accumulation in
root nodules (González et al. 2001; Ladrera et al. 2007; Athar and Ashraf 2009).
Furthermore, drought modifies the composition of soil microbial communities and
their activity which determines the C and N transformations that regulates soil
fertility and nutrient cycling (Schimel et al. 2007).

On the other hand, excessive precipitation causes surface erosion which leads to
significant soil nutrient loss (Zougmoré et al. 2009), especially nitrate leaching due
to its high mobility in soil resulting in substantial loss of N in agriculture. A poorly
drained agricultural soil or that receives frequent and/or intense rainfall becomes
waterlogged that develops into hypoxic. The depletion of oxygen leads to change in
soil redox status which may cause elemental toxicities of Fe, Al, Mn, and B,
reducing the crop yields (Setter et al. 2009) and produces phytotoxic organic solutes
by impairing growth and function of the root (Marschner 1995). Hypoxia may also
lead to nutrient deficiency since the active transport of ions into root cells is carried
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out by ATP synthesized in mitochondria through oxidative phosphorylation by
electron transport chain (Drew 1988; Atwell and Steer 1990). Under this condition,
significant loss of nitrogen through denitrification may also occur as nitrate is used as
an alternative electron acceptor by the microorganisms in the absence of oxygen
(Marschner 1995).

The rise in temperature increases the transpiration rates, which increases the
tendency of plants to acquire water-soluble nutrients more readily. Moreover, the
increase in the rhizospheric temperature stimulates nutrient acquisition by increasing
nutrient uptake through faster ion diffusion rates and increased root metabolism
(Bassirirad 2000). However, nutrient uptake is dependent on adequate soil moisture.
Under the dry conditions, higher temperatures decrease nutrient acquisition driven
by mass flow (Cramer et al. 2009) since extreme vapor pressure deficits may trigger
stomatal closure (Abbate et al. 2004).

28.3.3 Soil Biological Properties

Soil biological properties are also interlinked with other soil physical and chemical
properties such as aeration, soil organic matter, or pH, influencing the soil microbial
activity which in turn performs relevant activities in carbon and nutrients cycling.

28.3.3.1 Soil Organic Matter

The soil organic matter (SOM), a strong determinant of soil fertility, regulates the
majority of soil functions such as cation exchange and water holding capacity and
has major control on soil pH. Moreover, it improves soil aggregation and increases
water retention for use by plants. Thus, a decrease in SOM may reduce soil fertility
and biodiversity and also deteriorates the soil structure, which reduces the water
retention capacity, making the soil prone to erosion and also increases bulk density
leading to the compactness of soil (Weil and Magdoff 2004).

Generally, the decomposition of organic matter in soil accelerates with the rise in
temperature. Thus, an enhancement in soil organic matter resulting from higher plant
productivity and its contribution to soil due to an increase in temperature along with
precipitation which may increase CO2 fertilization and deposition of atmospheric N.

In many ecosystems, changes in soil moisture content due to climate change may
greatly influence SOM decomposition as compared with rise in temperature. An oxic
condition prevails in the unsaturated zone, which may be dominated by efficient
aerobic processes, accelerates the rate of decomposition of organic matter
(Golovchenko et al. 2007). Maximum microbial activity and SOM decomposition
rates are found when the soil moisture content is about 50–60%. In arid or semiarid
ecosystems, decomposition process is inhibited by low soil moisture availability and
thus increased soil moisture results in enhanced SOM decomposition. In other
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ecosystems, excess soil moisture may constrain the decomposition process (Plante
and Conant 2014).

On the other hand, the content of SOM represents the balance between inputs
through surface litter or root exudates and turnover and outputs or removals through
decomposition and mineralization to CO2, leaching of dissolved organic C, or
erosion. Thus, the magnitude of potential feedback on soil carbon content and finally
on global warming is determined by net gain or loss of SOM by elevated temper-
atures and altered precipitation patterns (Field et al. 2007). The organic carbon
turnover may be increased by drier and warmer soil conditions, as reported by
Buytaert et al. (2011).

Global warming has also a profound effect on soil organic carbon (SOC) storage,
which was found to decrease with the rise in mean annual temperature (MAT)
(r ¼ �0.735, p < 0.001) (Tan et al. 2020) (Fig. 28.2). The soil organic carbon
storage is regulated by two different biological processes. SOC storage is depleted
by the decomposition of microbes due to their accelerated activity owing to
increased temperature. But, on the contrary, plant production is promoted by
increased temperature which results in increased SOC storage. Thus, microbial
decomposition to temperature has a greater response relative to plant C input,
explaining the decreased SOC storage with MAT.

Fig. 28.2 Relationship between SOC storage and mean annual temperature (MAT) (Adapted from
Tan et al. 2020)
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28.3.3.2 Nutrient Transformation in Soil

Changes in moisture and rise in temperature due to global climate change may
strongly influence biological transformation between organic and inorganic pools in
soil. Increased temperature results in enhanced soil microbial activity which may
increase the release of N and P from organic matter in bioavailable forms (Brown
and Braaten 1998; Weintraub and Schimel 2005). Various studies also reported that
soil warming may increase the inorganic pools of N and P in soil (Schimel et al.
2004; Natali et al. 2011) through increasing the rate of ammonification, nitrification,
and P mineralization (Rustad et al. 2001). Increased temperature may accelerate the
rates of adsorption and desorption reactions. Reduction in water table occurring from
variation in precipitation pattern causes a rise in the depth of unsaturated zone
(Macrae et al. 2013), and the supply of associated additional oxygen in drier soil
resulting in an increase in the availability of plant nutrients due to oxidation of
organic matter.

28.3.3.3 Soil Microbial Biomass

Soil microbial biomass (SMB), the living part of organic matter and the most labile C
pool in soils, reflects microbial size and soil fertility status. The soil microbial
biomass carbon (C) and nitrogen (N) consequently tend to reflect the organic matter
contents of soils. Soil microbial biomass is responsive to short-term changes of
environment (Haynes 2008) and significantly declines with long-term simulated
climatic warming experiments (Rinnan et al. 2007). Warming or elevated tempera-
ture may stimulate metabolic activity of microorganism, their abundance, and
nutrient cycling, particularly in temperate ecosystems (Vinolas et al. 2001), if
water and nutrient availability are not limiting the growth (Pilegaard et al. 2006;
Castro et al. 2010). Increased temperature may also increase soil respiration (Lin
et al. 1999; Niinisto et al. 2004). Elevated carbon dioxide levels over a longer period
may have a little direct effect on MBC and community structure (Niklaus et al.
2003). Soil C availability may increase with increasing CO2 level which stimulates
soil microbial activity and the increase of fungal biomass will be more compared
with bacterial biomass. An increase in fungal communities may have a strong impact
on various soil functions such as degradation of organic matter, nutrient cycling,
plant nutrition, and aggregate formation. As fungi are characterized with a higher
C/N ratio and lower demand for nitrogen than bacteria, lower availability of N in soil
at elevated CO2 level may increase the fungal population (Hu et al. 2001). The C
allocation increases with elevated CO2 levels which may lead to an increase in
bacterial growth leading to higher turnover of the microbial biomass due to grazing
by predators, resulting in faster recycling of nutrient from the microbial biomass,
increasing the nutrient flux to plant.
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28.4 Adaptation and Mitigation of Climate Change

The adverse effects of climate change such as increase or decrease in rainfall and
temperatures or other extreme weather conditions can be minimized by following
both adaptation and mitigation measures. Adaptation measures attributed to the
ability to adjust and increase resilience to a variable and adverse change in the
climate. This can be achieved by adopting conservation agriculture practices to
maintain sufficient moisture, organic matter, and nutrients in the soil through zero
tillage, mulching, crop rotation, avoiding mono-cropping, adjusting the timing of
farming operations, application of appropriate quantities of inputs, i.e., irrigation,
fertilizers, pesticide, etc., in proper time.

On the other hand, mitigation measures involve attenuation of climate change
effects by reducing the greenhouse gas concentration in the atmosphere. Climate
change can be mitigated by reducing emissions of GHGs through proper manage-
ment of C and N in an agricultural system or by absorbing the GHGs by creating C
sinks through sequestration and conservation of soil C. Emission of GHGs through
soil organic carbon volatilization can be reduced by improving agricultural manage-
ment practices through minimal soil disturbance and improving grazing manage-
ment. Emissions can be reduced by following integrated nutrient management
through maintaining the appropriate rate and timing of fertilizer application which
reduces both leaching and volatilization losses by improving fertilizer-use effi-
ciency. Since the major sources of methane emission in agriculture are from enteric
fermentation in ruminants, paddy cultivation, and storing livestock manure, thus,
improving the management of livestock waste, covering manure heaps and irrigation
in paddy cultivation can reduce its emission. Nitrous oxide emission can be reduced
through maintaining appropriate rate, method, and type of N fertilizer application
and soil management, using nitrification inhibitors viz., nitrapyrin, dicyandiamide,
neem cake, neem oil, karanj cake, etc. GHG emission can also be reduced by
maintaining a shallow water table and avoiding deep ploughing unless it may lead
to the draining of organic soil. Checking deforestation and maintaining existing
forest cover can also help in the reduction of emissions. Emission of carbon dioxide
can be mitigated by sequestering carbon in soil through improving the management
practices for soil moisture and temperature, reducing biomass burning, and restoring
C in soils of degraded land.

Sequestration of soil C, as well as soil functional stability, may be encouraged
through following various conservation agricultural practices such as reducing soil
disturbance, including cover crops and incorporating green manure or legume crops
in crop rotation, practicing contour farming, and mulching, maintaining soil cover to
restore soil organic matter and following integrated nutrient management system.
Soil C sequestration may be increased by following the management practices that
increased the input of C to the soil with a simultaneous reduction in loss of C. The C
input in soil may be achieved by selecting high biomass-producing crops, practicing
reduced tillage to retain crop residue, regular organic matter application, following
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crop rotation, etc. Loss of soil C could be reduced by following conservation
agriculture and controlling soil erosion by reducing disturbance to soil.

28.5 Conclusion

The influences of global climate change are expected to modify soil physical
parameters like texture, structure, bulk density, porosity, nutrient retention, etc.,
affecting the soil fertility through which it may cause soil salinization, reduce
nutrient and water availability, alters C and N dynamics, and decreases soil biodi-
versity. The adverse effect of climate change mostly affects the chemical properties
of soil such as soil pH, salinity, cation exchange capacity, nutrient cycle, and
acquisition. Soil physical and chemical properties are highly correlated with soil
biological properties which in turn balance the carbon and nutrient cycle of the soil
and ultimately the soil fertility. The soil fertility is governed by the soil organic
matter content of the soil, since most of the soil functions such as pH, cation
exchange capacity, water and nutrient retention, as well as soil structure are depen-
dent on soil organic matter, the variation in decomposition rate of which due to
global warming adversely affects the soil fertility. Thus, the detrimental effects of
climate change on soil fertility can be minimized by following some of the adapta-
tion and mitigation measures such as conservation agriculture, residue management,
integrated nutrient management practices, etc.
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Chapter 29
Use of Bacterial Strains to Improve Soil
Productivity Under Salt Stress

Amrita Kasotia, Ajit Varma, and D. K. Choudhary

Abstract Abiotic stresses such as drought, salinity, metal stress, etc. negatively
affects the growth and yield of crops. Therefore, this requires an improved and
imperative strategy, i.e., mitigating the adverse environmental conditions, improving
per unit productivity, and reducing cost of production of crops. The salinity in the
soil may be because of the high concentration of Na+, K+, Ca2+, Mg2+, and Cl� salts,
may be coming from weathering minerals, through irrigation water/fertilizers, and
sometimes may migrate upward in the soil from shallow groundwater through
evaporation. The use of biological products based on plant growth-promoting
bacterial inoculants in agriculture offers an environmentally sustainable approach
for maintaining the healthy yield of crops in saline habitat. Various traits of benign
bacterial pool have been reported on amelioration of salinity stress, e.g.,
ACC-deaminase, exopolysaccharide, volatile production, Pi solubilization, and
IAA production. In the present chapter, we are dealing with deployment of benign
microbes in alleviation of salinity to ameliorate soil and plant productivity.

Keywords Abiotic stress · Salinity · Plant growth-promoting bacteria ·
Environmentally sustainable · Soil amelioration · Rhizosphere

29.1 Introduction

By 2050, the world’s human population is estimated to hit 9.7 billion people. Now, it
becomes a big challenge for the society to provide a healthy life, food, and shelter to
the growing human population. This worldwide increase in human population
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demands twice the amount of food production as produced in 2012. The demand for
meat, dairy, and speciality crops such as fruits, nuts, and vegetables has already
raised (FAO 2017). Preserving the environment and natural resources while ensuring
healthy, safe, and nutritious food for future generations is also considerably signif-
icant (Garcia et al. 2020). Agriculture is purely dependent on freshwater availability.
Not only getting desalinized water is enough, but proper drainage of the irrigated
water is also critical for keeping it fresh. The climatic change has caused drought and
rise in seawater level through which soil salinization has increased. Irrigation and
salty groundwater also cause salinization. Irrigation provides most of the world’s
crops, but about a tenth of the irrigated land available worldwide is affected by salt.
Globally, about 1128 m ha area is affected by salinity (Table 29.1) and sodicity
stresses (Sharma and Singh 2015). With the rise in population, rapid industrializa-
tion, and loss of agriculture productivity, land used in cultivation has become highly
salt-affected or can increase with time due to human act or natural process
(Table 29.1).

29.2 Salinity

Salinity refers to the presence of dissolved inorganic ions such as Na+, Cl�, SO4
2�,

HCO3
�, K+, Mg2+, NO3

�, Mg2+, Ca2+, and K+ in the aqueous solution or soil
matrix. Increased salinity of soil has gradual and sometimes abstruse effects on
soil composition, water movement, and plant and microbial diversity (Artiola et al.
2019). There are three types of salinities, categorized by their causes: primary
salinity (also known as natural salinity), secondary salinity (also known as dryland
salinity), and tertiary salinity (also called irrigation salinity).

Table 29.1 The amount of
salt-affected soils in most pre-
ponderance region (Wicke
et al. 2011)

Region Area (Mha)

Middle East 189

Oceania (Australia and nearby islands) 169

North Africa 144

Former USSR 126

East Asia 98

South America 84

West Africa 83

USA 77

East Africa 56

South Asia, including India 52

South Africa 22
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29.2.1 Types of Salinities

1. Primary Salinity or Natural Salinity: Natural processes such as salt deposition
from rainfall over thousands of years or from rock erosion generate natural
salinity. In hot arid and semiarid climates where annual rainfall is <27 cm,
flushing of salts by rainfall is not possible, and also, evaporation and transpiration
from plants lead to accumulation of salts.

2. Secondary Salinity or Dryland Salinity: When groundwater levels increase, it
carries the accumulated salt to the surface by ‘natural’ salinity processes, leading
to the secondary salinity. It is the result of nonirrigated landscapes or clearing
vegetation and changes in land use.

3. Tertiary or Irrigation Salinity: It happens when reirrigation is done to crops or
horticulture in several cycles, either directly or by letting it to filter into the
groundwater before being filtered out for rewatering. In every irrigation step,
some of it gets evaporated and the salts in the remaining water become more
concentrated. Several cycles of watering result in tertiary salinity.

29.2.2 Understanding Salinity

Salt concentrations in the soil solution and the amount of exchangeable Na+ in the
soil characterize the type of salt-affected soil. The concentration of salts in the
solution is measured by electroconductometry or by evaporation or spectrometric
techniques. Exchangeable Na+ is calculated by exchanging Na+ from the soil with
another ion such as Ca2+ and then measuring Na+ in solution by flame photometry or
spectrometry (e.g., atomic absorption or inductively coupled plasma emission spec-
trometries) (Sparks 2003).

Electrical conductivity (EC) is the measure of salt concentration in water-
saturated soil paste extract. By measuring the soil salinity, the extent of salinity
can be ranked (Table 29.2).

An redundant concentration of Na+ ions in soils produces an unevenness in the
ratio of monovalent cations to divalent cations. Exchangeable sodium percent (ESP)
measures this ratio. Salt-affected grounds are thus also categorized by their ESP, as
shown in Table 29.3. Sodium adsorption ratio (SAR) is also used in the management

Table 29.2 Soil Salinity Ranking (USDA 1954)

Parameter (dS m�1) Nonsaline Slightly saline Moderately saline Saline

Electrical conductivity <4 4–8 8–16 >16

Table 29.3 Soil exchangeable sodium percentage rankings (USDA 1954)

Parameter Adequate Borderline Inadequate Comments

ESP <10 10–15 >15 Sandy soils may tolerate ESP values up to 15
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of salinity. It is a ratio of the amount of sodium (Na+) relative to calcium (Ca+) and
magnesium (Mg+) in the water extract from saturated soil paste.

29.2.3 Classification of Different Soil Types

29.2.3.1 Saline Soil

The calcium and magnesium ions dominate in exchange complex in saline soil.
Sodium is rarely available for exchange complex (Table 29.4). The soluble salts help
prevent dispersion of soil colloids, which make plant growth uninhibited by low
penetration, aggregate stability, or aeration.. Many crops, mainly fruits and orna-
mentals, are affected by salinity (Sparks 2003).

29.2.3.2 Sodic Soil

These are the most inconvenient of the salt-affected soils. The high amount of
sodium is the primary problem. Its low physical characteristics cause dispersion,
poor aeration, and reduced water supply, which results in decreased crop
productivity. Severe soil erosion also occurs in these soils due to low infiltra-
tion rates. Historically, sodic soils were often called black alkali soils. The
black color results from the dispersion and dissolution of humic substances
(Sparks 2003).

29.2.3.3 Saline-Sodic Soil

These are the intermediate soils between saline and sodic soils. A soil concentrated
with neutral salts moderates the dispersing influence of sodium. Cations present in
salts move adjacent to the negatively charged colloidal particles, thus reducing their
tendency to disperse. Unfavorable levels of both neutral soluble salts and a high
proportion of sodium affect plant growth.

Table 29.4 Classification
of soil

Type ECe (dS m�1) ESP (%) SAR pH

Saline soil >4 <15 <13 <8.5

Sodic soil <4 >15 >13 >8.5

Saline-sodic soil >4 >15 >13 <8.5
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29.2.4 Crop Tolerance to Salt-Affected Soils

Some crops are salt-tolerant, while others do not nurture at all. It relies on variables
such as the type and variety of produce, the type of salt in the soil, and its
concentration. (Table 29.5).

29.2.5 Effect of Salinity Stress

Soil with ECe (electrical conductivity of saturated paste extract) greater than 4 dS/m
or 40 mM NaCl is considered saline (USDA Salinity Laboratory). Hence, rise in
these limits leads to mainly three significant stresses for the plant under high salinity,
osmotic stress, ionic stress, and secondary stress (Yang and Guo 2018a). The
osmotic stress is the first and foremost effect that a plant faces after the increase in
salt levels outside the roots, which leads to low water uptake, cell expansion, and
lateral bud development (Horie et al. 2012). When the toxic level of Na+ accumu-
lates in plants especially in leaves above the threshold level, salinity stress develops.
This results in leaf mortality with chlorosis and necrosis and a reduced vital cellular
metabolic activity together with photosynthesis and reduced enzyme activities
(Acosta-Motos et al. 2017). Both osmotic stress and salinity stress cumulatively
induce secondary stress, resulting an imbalance in plant nutrients and accumulation
of toxic compounds. The after-effects lead to the formation of poisonous reactive
oxygen species (ROS) such as hydroxyl radicals, hydrogen peroxide, and superoxide
anions. Accumulation of ROS in plant cell damages cell structures and macromol-
ecules like enzymes, DNA, and lipids (Yang and Guo 2018a). Salt-induced changes
affect the growth of the plants. At the cellular level, early signaling includes the
important role of both calcium and reactive oxygen species (ROS). They are thereby
altering gene expression, mRNA stability, and translational regulation. Sodium/
potassium homeostasis in the plant is also affected by different ion channels and
transporters. Salinity stress affects many aspects of the physiology of a plant, making
it difficult to thoroughly study (Negrão et al. 2017). To combat salt stress, plant
develops complex mechanisms to tolerate salt in diverse ways, including by ion

Table 29.5 Tolerance of different field crops: (http://www.fao.org/docrep/r4082e/r4082e08.htm)

Highly tolerant Moderately tolerant Sensitive

Date palm Barley Wheat Onion Red clover Peas

Sugar beet Sesbania Tomato Cucumber Almond Peach

Cotton Fenugreek Oats Pomegranate Soybean Pear

Asparagus Alfalfa Fig Sugarcane Apple

Spinach Rice Olive Orange Prune

Rice Maize Grape Palm Apricot

Sinai Flax Carrot Pulses Gram

Berseem Potatoes Castor Linseed Sesames
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accumulation, tissue-specific growth rates, biomass production, survival, and seed
production (van Zelm et al. 2020). To reduce salt phytotoxicity, it is critical to limit
Na+ uptake and shoot Na+ accumulation (Acosta-Motos et al. 2017).

29.2.6 Plant Signaling During Stress

As soon as the plant faces salinity, various secondary messengers, viz., calcium,
ROS, and inositol phosphates (IP), perceive the stress signals and activate the
cascade. Simultaneously, calcium-interacting proteins such as Ca2+-dependent pro-
tein kinases (CDPKs), calmodulin, and calcineurin B-like proteins (CBLs), the
proteins with structural ‘EF-hand’ calcium-binding motif, get activated (Kim et al.
2011). It leads to activation of transcription factors and stress-responsive elements
(Fig. 29.1). In eukaryotes, CDPKs together with Mitogen-Activated Protein Kinases
(MAPKs) are two signaling cascades widely stimulated in response to varying
environmental abiotic and biotic stress, which are then induced by MPK kinases.
They control numerous cellular activities, such as gene expression, mitosis, differ-
entiation, proliferation, and cell survival/cell death (Isayenkov and Maathuis 2019).

As discussed earlier, salinity stress leads to both osmotic stress and ionic stress.
The osmotic phase is the result of the accumulation of salt in the shoot. Due to rise in
salt concentration in soil water, potential of soil reduces and thereby hinders
the uptake of water. It results in water-deficit condition inside plant tissues and the
secretion of ABA and activation of ABA-dependent pathway. Within minutes, the
signals are transmitted to reduce intracellular turgor pressure and decrease cell
expansion (Haswell and Verslues 2015). The lowered stomatal conductance leads
to closure of stomata, lower carbon assimilation, biomass production, and decreased
yield. ABA-dependent signaling then activates transcriptional activators: AERB/
ABF (ABA-responsive element-binding protein/ABA-binding factor), bZIP (basic
leucine zipper), and MYC/MYB (myelocytomatosis oncogene/myeloblastosis onco-
gene. ABA-independent signaling also gets elicited in response to closed stomata
and activates the expression of DREB2 (Dehydration Responsive Element-binding
factor); NAC consists of the three described TFs containing NAC domain, namely,
NAM (no apical meristem), ATAF (Arabidopsis transcription activator factor), CUC
(cup-shaped cotyledons), and ZF-HD (zinc-finger homeodomain) regulon
(Ciarmiello et al. 2014). Transcription factors play a crucial role in the regulation
of stress-responsive genes in abiotic stress tolerance.

Salt Overly Sensitive (SOS) regulates ionic stress. It is the essential mechanism
for cellular-level regulation of Na+ exclusion and ion homeostasis. Increase in
cytosolic Ca2+ signals is decoded by the EF-hand Ca2+ binding proteins, SOS3,
and ScaBP8/CBL10 and translates it to SOS2, a serine/threonine protein kinase (Zhu
et al. 2013). Roots express SOS3, and shoots express SCaBP8. SOS3 then activates
SOS2 kinase (the sucrose nonfermenting 1-related protein) activity in the plasma
membrane and finally to SOS1 (Yang and Guo 2018b). The plasma membrane Na+/
H+ antiporter, SOS1, is the main component in Na+ transport from cytoplasm to the
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apoplast. SOS1 is regulated by SOS2 protein kinase by phosphorylation of its
autoinhibitory C-terminal region (Quintero et al. 2011). However, the interaction
of the Ca2+-sensing protein SOS3 regulates SOS2 (Seifikalhor et al. 2019).

Under salt stress, the SOS3-SOS2 complex activates a vacuolar Na+/H+

exchanger, NHX, and H+-adenosine triphosphatase (ATPase) activity. These are
concerned in the transport of Na+ from the cytoplasm to the vacuole. The driving
force for Na+ movement is provided by the H+ gradient formed by vacuolar H+-
pyrophosphatases (PPases) and H+-ATPases. In addition, HKTs (High-Affinity
Potassium Transporters) are concerned in the absorption and exclusion of Na+

from xylem sap into root cells, reducing the accumulation of Na+ in the shoot
(Almeida et al. 2017). In transgenic glycophytes, recirculation of Na+ ions by the
activation of HKT gene is the central mechanism employed.

In brief, Na+ influx is regulated by Cyclic Nucleotide gated Channels (CNGCs),
Glutamate Receptor (GLR), and Nonselective Cation Channel (NSCC) in addition to
High-Affinity K+ Transporter (HKT). The cytoplasmic Na+ is extruded by SOS1
(plasma membrane Na+/H+ antiporter), and vacuolar osmotic potential is mediated
by AtNHX1 through K+/H+ exchanges and cytosolic Na+-K+ ratio through com-
partmentalization of K+ (Park et al. 2016). Production of osmolytes is also the
primary strategy employed by the plant to overcome osmotic imbalance caused by
water deficit condition due to continuous exposure to salt. Proline, sugars, and sugar
alcohols rise in quantity to maintain the osmotic potential of the cell. The rise in ROS
level is limited by activation of ROS scavengers (Fig. 29.1).

29.3 Plant Growth-Promoting Bacteria (PGPB)

A handful of soil contains numerous microorganisms like bacteria, fungi, actinomy-
cetes, protozoa, and algae. Of these, bacteria are the most abundant type of soil
organism (~95%). Millions of soil organism exist, but only a fraction of them are
identified and are culturable. Bacteria are not uniformly distributed. The types and
number of bacteria are also dependent on the soil characteristics, temperature, pH,
humidity, etc. The density of bacteria in stressed soil and healthy soil is almost 1: 104

(Glick 2012). The number of bacteria found near plant roots is also high due to the
incidence of root exudates consisting of sugars, amino acids, plant hormones,
organic acids, etc. Increased availability of the nutrient in the zone around roots
helps bacteria flourish. Being unicellular organisms, during evolution, it has learnt to
adopt to various climatic conditions and survive on different carbon and nitrogen
sources.

Bacteria living near the rhizosphere of plants are attached to the soil particle’s
surface and are found in soil aggregates. A lot of these soil bacteria associate with the
plant roots directly and enable the plant to grow well. These are Plant Growth-
Promoting Bacteria (PGPB). In addition to the rhizospheric inhabitant, PGPB also
includes several strains of rhizobia that are root nodules forming, e.g., Leguminous
plants, and that can live within the tissues of a plant called endophytes (Santoyo et al.
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2016). It can be beneficial, harmful, or plant neutral to communicate between
bacteria and plant roots. Bacteria that promote the growth of plants represent a
massive opportunity for sustainable agriculture production. These are now called as
biofertilizers as they improve plant growth and yield by activation of plant growth-
promoting substances. PGPB are safe, ecofriendly, and cheaper than chemical
fertilizers. Biofertilizers are the better replacement as compared to the conventional
use of pesticides, fungicides, and herbicides (Ji et al. 2019). Based on habitat, PGPB
are of three categories, the first of which forms a symbiotic association with the
plant, eg., Rhizobia spp. and Frankia spp., the other that resides in plant tissue, and
the last that is free-living in rhizosphere and on the roots of plants and cyanobacteria.

There are mainly two mechanisms of PGPB’s action that promotes plant growth
and enables their survival in stress: (1) Direct Mechanism and (2) Indirect
Mechanism.

29.3.1 Direct Mechanism

It involves the mechanism in which bacterium enables the acquisition of essential
nutrients or controls the level of hormone within a plant. It consists of the nutrient
acquisition by nitrogen fixation, phosphate solubilization, and phytohormone pro-
duction: Auxin, gibberellin, cytokinin, nitic oxide, abscisic acid, and enzyme secre-
tion: ACC deaminase.

29.3.1.1 Nutrient Acquisition

PGPB can directly trigger plant growth in several different ways. They can fulfill
plants’ need for nutrients by fixing “atmospheric nitrogen”, solubilizing inorganic
phosphates and uptake iron.

29.3.1.1.1 Nitrogen Fixation

Nitrogen (N) is one of the critical nutrients for every life forms. It is the vital
constituent of basic building blocks of an organism, e.g., nucleotides for DNA and
RNA and amino acids for proteins. But most living species, including eukaryotes, do
not have access to the principal source of N in nature, the atmospheric gaseous
nitrogen (N2). Gaseous N2 is a stable triple bond in the structure, which makes it
unsuitable for plant assimilation (Baas et al. 2014). Diazotrophic microorganisms,
specifically archaea and bacteria, are known to perform biological nitrogen fixation
(BNF) by fixing N2 to ammonia (NH3) (de Souza et al. 2015) (Fig. 29.2).

Diazotrophic microorganisms achieve BNF via nitrogenase, an evolutionarily
conserved enzyme consisting of two metalloproteins, FeMo protein and Fe protein
(Puri et al. 2017). The nitrogenase enzyme is coded by nif genes that have structural
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genes, genes engaged in Fe protein activation, biosynthesis of the iron-molybdenum
cofactor, donation of electrons, and regulatory genes needed for enzyme synthesis
and work. Nif genes are usually found in diazotrophic (nitrogen-fixing) bacteria in a
cluster of approximately 20–24 kb with seven operons coding 20 distinct proteins
(Glick 2012). Nitrogen-fixing bacteria are mostly symbiotically associated with
specific plants (primarily legumes). Examples of symbiotic nitrogen fixers are
Rhizobium, Allorhizobium, Sinorhizobium, Azorhizobium, Mesorhizobium, Frankia,
Bradyrhizobium, Azoarcus, Achromobacter, Burkholderia, and Herbaspirillum
(Olanrewaju et al. 2017).

29.3.1.1.2 Phosphate Solubilization

Phosphorus (P) is also a basic component of nucleic acid, phospholipids, and
adenosine triphosphate (ATP). In soil, phosphorous occurs in two forms, organic
and inorganic phosphates. Despite being verily abundance in several soils, it is
mostly inaccessible for the plant uptake, and only 5% or less of the total phosphorus
is available for plants. Under acidic and alkaline conditions with cations, phospho-
rous forms nonsoluble complexes. As a result, the input of chemical fertilizer
increases to meet agricultural demands (Ali et al. 2019). However, the application
of chemical fertilizers increases the phosphate content in the soil, but it is not
available to plants. Additionally, chemical fertilizers cause eutrophication of surface
water and contamination of groundwater by leaching of ions. Hence, there is need to
solubilize phosphorus in the soil to consumable forms.

In nature, soil type and pH of soil determine the extent of solubilization and
mineralization of phosphorous. Free oxides and hydroxides of aluminum and iron fix
phosphorous in acidic soils, whereas calcium is fixing in alkaline soils. The basic
mechanisms for phosphorus solubilization are organic acid production, decrease in
medium pH, and/or chelation of cationic partner of phosphate ion (PO4

3�) (Walpola
and Yoon 2012).

Phosphate solubilizing bacteria are a collection of bacteria that mobilize poorly
available phosphorous (Alori et al. 2017). The organic acid produced by these
bacteria helps chelation of metal ion and release of phosphate ion from inorganic
phosphates. They synthesize organic acids such as gluconic acid, 2-ketogluconic
acid, succinic acid, acetic acid, citric acid, tartaric acid, lactic acid, glycolic acid,
oxalic acid, malonic acid, fumaric acid, propionic acid, etc. (Walpola and Yoon
2012). Application of these microorganisms as ecofriendly biofertilizer aids in
reducing the use of exclusive phosphatic fertilizers (Mishra and Dash 2014).

Phosphate-solubilizing bacteria solubilize organic phosphates by the production
of enzymes. Organic matter in soil consists of mainly inositol phosphate (soil

Fig. 29.2 The overall stoichiometry of the biological nitrogen fixation reaction
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phytate). Other compounds include mono, di, and triesters of phosphates, phospho-
lipids, and nucleic acids. Enzymes involved in mineralization comprise nonspecific
acid phosphatases (NSAPs) and phytase (Alori et al. 2017). Examples of phospho-
rous solubilization and mineralization soil bacteria are Pseudomonas spp., Azoto-
bacter spp., Burkholderia spp., Agrobacterium spp., Enterobacter spp., Erwinia
spp., Bacillus circulans, Kushneria spp., etc.

29.3.1.1.3 Phytohormone Production

Phytohormones regulate biological processes such as growth, differentiation, devel-
opment, and stomatal movement (Davies 2013). There is a cross talk between
hormones. Two or more hormone work together or individually. Plant hormone
has a significant effect on the secondary metabolism of plants and plays a critical role
in stimulation mechanisms for plant defense against stress. Plant beneficial micro-
organism can modulate this effect and provide stress tolerance by secretion of
phytohormone (Kumar et al. 2019). They alter root hormone concentrations and
affect root-to-shoot long-distance signaling to mediate shoot hormone status (Dodd
et al. 2010). Inoculation of B. subtilis (PGPB) increases the number of constituents in
the root exudates, namely, sugars, amino acids, and organic acids (Liu et al. 2013).
These components work as a substrate for hormonal synthesis by PGPB. Plant
growth-promoting bacteria produce phytohormones: auxin, gibberellin, cytokinin,
nitric oxide, and abscisic acid.

29.3.1.1.4 Auxin

Auxin plays a crucial role in inducing cell division; differentiating vascular tissues;
elongating stem and root; stimulating lateral and adventitious root; apical domi-
nance; gravitropism and phototropism; and influencing photosynthesis, development
of pigments, biosynthesis of numerous metabolites, and tolerance to stress (Spaepen
and Vanderleyden 2011). The key synthesis of auxin indole-3-acetic acid (IAA)
occurs from tryptophan (Trp) in higher plants via a two-step process that is strongly
retained among higher plants. The first step includes the deletion of the amino group
from tryptophan, which is catalyzed by tryptophan aminotransferases forming
indole-3-pyruvate (IPA). In the second step, YUCCA (YUC) flavin mono-
oxygenase enzyme decarboxylates IPA and forms IAA. Indole-3-acetonitrile and
Indole-3-acetamide are also intermediates in auxin biosynthesis with IPA (Zhao
2014).

The precursor of IAA synthesis is tryptophan, whereas anthranilate acts as a
precursor for tryptophan synthesis. IAA synthesis is negatively regulated by a
negative feedback regulation on the anthranilate synthase as tryptophan inhibits
the formation of anthranilate (Spaepen and Vanderleyden 2011). Beneficial micro-
organism synthesizes IAA and provides it to plant. This IAA now alters the root
architecture by accelerating root growth and number. Several reports of IAA
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synthesis by bacteria that promote plant growth are recently reviewed by Olanrewaju
et al. (2017) and Premachandra et al. (2016). Burkholderia phytofirmans strain PsJN
when inoculated in two potato (Solanum tuberosum L.) cultivars with alike root
growth, but unlike shoot growth patterns (faster-growing Kennebec and slower-
growing Yukon gold), showed an identical and massive increase in root growth after
inoculation. Besides, it showed a twofold to threefold rise in IAA and cytokinin
(trans-zeatin or tZ) levels, expressed on a per plant basis (Kurepin et al. 2015).
Similarly, Burkholderia phytofirmans strain PsJN has improved plant growth in
maize with a substrate (L-TRP)-derived IAA biosynthesis (Naveed et al. 2015).
Foliar application of the leaf-colonizing PGPB improved the growth and nutritional
status of maize (Abadi et al. 2020).

29.3.1.1.5 Gibberellin

Gibberellin (GA) was first recognized in the pathogenic fungus Gibberella fujikuroi,
which causes a disease in rice called ‘foolish-seedling’. Due to the production of
large quantities of GA, the plants become long and slender, are incompetent of
supporting their weight, and are chlorotic and partially infertile (Yabuta 1938).
Gibberellins perform different metabolic functions in plants that are important for
plant growth and development, including seed germination, stem elongation,
flowering dormancy, and fruit formation and senescence (Khan et al. 2015). In
addition to enabling stamen elongation, they play an important role in fertility and
are required for the growth, release, and germination of pollen and pollen tubes.
(Hedden and Thomas 2012). There are 136 GAs identified from higher plants
(128 species), 28 GA from fungi (7 species), and only 4 GA (GA1, GA3, GA4,
and GA20) from bacteria (7 species), but only a small number of them are bioactive
(Hedden 2019; Hedden and Thomas 2012). Bacterial biosynthesis pathway is
proposed, based on the previously described GA biosynthesis pathway in plants
and fungi. In bacteria, GA is usually biosynthesized from geranylgeranyl-PP, which
forms ent-kaurene via ent-copalyl diphosphate, and ent-kaurene is converted into
GA12 aldehyde via ent-kaurene oxidase and ent-kaurenoic acid oxidase (Kang et al.
2014). GA12-aldehyde is then oxidized into GA12 and metabolized into other
GA. The involvement of operan has also been reported (Morrone et al. 2009).

Several plant growth-promoting bacteria are known to produce gibberellin. These
comprise Acetobacter diazotrophicus, Azospirillum lipoferum, Azospirillum
brasilense, Bacillus licheniformis, Herbaspirillum seropedicae, Rhizobium
phaseoli, Bacillus pumilus, Bacillus pumilus CJ-69, Bacillus cereus MJ-1, Bacillus
macroides CJ-29, Acinetobacter, Calcoaceticus, Burkholderia cepacia,
Promicromonospora sp., etc. (Kang et al. 2014). Bacillus methylotrophicus KE2, a
gibberellin producer, supports plant growth and boosts nutritional metabolites and
food values of lettuce (Radhakrishnan and Lee 2016). Enhanced Scenedesmus
sp. growth responses to gibberellin secretion by symbiotic bacteria (Dao et al. 2020).
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29.3.1.1.6 Cytokinin

Cytokinins (CKs) are another member of phytohormones. They play a noteworthy
role in the regulation of the plant cell cycle and many developmental processes.
Cytokinins were discovered during the 1950s by Skoog, Miller, and coworkers as
factors that facilitate cell division (cytokinesis). Structurally cytokinin has an ade-
nine base and a five-carbon isopentenyl side chain. The first known widespread
natural cytokinin was isolated and named ‘zeatin’ from immature maize kernels.
Among these, the most abundant zeatin is trans-zeatin. These are present in every
cell of plant tissue but predominant in dividing cells, viz., root tip, shoot apex, and
juvenile seeds (Schmülling 2013).

Cytokinin biosynthesis occurs when the isopentenyl moiety is transferred from
dimethylallyl pyrophosphate (DMAPP) to adenosine monophosphate (AMP), aden-
osine diphosphate (ADP), or adenosine triphosphate (ATP) by the isopentenyl
transferase enzyme (IPT). ADP and ATP are the chosen substrate for plant IPT
enzymes, while bacterial enzymes prefer AMP. The reaction then forms cytokinin
precursors, isopentenyl-AMP, isopentenyl-ADP, and isopentenyl-ATP. These are
now hydroxylated to form cytokinins of the zeatin kind. CKs are degraded by
metabolizing through CK oxidases (CKXs) or inactivated through conjugation to
sugars (Akhtar et al. 2020). An indirect pathway for CK synthesis includes the
turnover of tRNA containing cis-zeatin (Amara et al. 2015).

CKs are produced by plants and some associated microorganism, microalgae, and
insects. They can modulate the signaling mechanism in the plant. Cytokinin-
producing, plant growth-promoting rhizobacteria that confer resistance to drought
stress in Platycladus orientalis and interfere with shoot growth suppression have
shown a real potential to work as an inhibitor of drought stress in arid environments
(Liu et al. 2013). Nodulating rhizobia are prominent producers of CKs (Gamas et al.
2017). In the rhizobial bacteria Sinorhizobium meliloti andMesorhizobium loti, CKs
were reported as the critical differentiation signal for nodule organogenesis and
genes homologous to the A. tumefaciens ipt gene (Giron et al. 2013). The develop-
ment of Pseudomonas fluorescens AK1 and Pseudomonas aeruginosa AK2 with
IPA, dihydroxy zeatin riboside (DHZR) and zeatin riboside (ZR), showed growth
promotion in rice seedlings (Karnwal and Kaushik 2011). CKs do cross talk with
other phytohormones and enhance plant immunity by underlying mechanism con-
trary to pathogen infections and can show practical claims in crop production
(Akhtar et al. 2020).

29.3.1.1.7 Nitric Oxide

Nitric oxide (NO), a small gaseous, redox-active small molecule, is increasingly
becoming a key regulator of plant development, immunity, and environmental
interactions (Yu et al. 2014). In plants, there are two possible routes for NO
biosynthesis: oxidative and reductive. The oxidative mechanism includes the for-
mation of NO from L-arginine (L-Arg), polyamines, or hydroxylamine. In
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distinction, the reductive mechanism relies on nitrite as the primary substrate and
comprises reduction via nitrate reductase and a plasma membrane-bound nitrate-NO
reductase (NiNOR) and mitochondrial nitrite reduction (Gupta et al. 2011; Mur et al.
2013). The era of nitric oxide in plant biology has been recently reviewed by Del
Castello et al. (2019).

N0 primary function is to provide immunity to the plant. It involves cell death
reaction to hypersensitivity and stimulates the expression of genes and genes
involved in salicylic acid signaling of Phenylalanine ammonia-lyase (PAL) and
Pathogenesis-related protein 1 (PR1). In the adaptation of plants to abiotic stresses,
NO has now become an important endogenous signaling molecule. In involves
activation of mitogen-activated protein kinase (MAPK) signaling cascades, which
drives closure of stomata during water stress. Role of NO in plant development is
also considerable; it is involved in the germination of seed, flower development,
flowering time, apical dominance, and root growth and development (Yu et al.
2014). Furthermore, the interaction of roots with microorganisms in the rhizosphere
is also modulated (Boscari et al. 2013).

Inoculation of PGPB Azospirillum brasilense modifies the configuration of root.
Nitric oxide facilitates IAA signaling pathways leading to both adventitious and
lateral root creation (Molina-Favero et al. 2008). Denitrification-derived NO modu-
lates biofilm formation in Azospirillum brasilense Sp245 (Arruebarrena Di Palma
et al. 2013). Occurrence of nitric oxide (NO) metabolism genes, nitrous oxide
reductase regulator (nosR), nitrous oxide reductase (nosZ), and nitric oxide reductase
(norB) and IAA signaling genes was recognized in the plant-associated bacterium
(PAB) Azospirillum brasilense SM. Such a robust association suggested the pres-
ence of cross talk or common signaling instruments in these two development
controllers (Koul et al. 2015).

29.3.1.1.8 Abscisic Acid

Abscisic acid (ABA) is a key phytohormone that controls the development and stress
tolerance adaptations of plants. It plays a vital role in various plant developmental
processes, including accumulation of cuticular wax, stomatal closure, leaf senes-
cence, germination of seeds, dormancy of buds, osmotic control, and regulation of
growth, among many others. Abscisic acid has also been active in downstream
reactions by both transcriptional and post-transcriptional pathways to abiotic and
biotic fluctuations in the environment (Chen et al. 2020).

Containing 15 atoms of C, Abscisic acid is a sesquiterpenoid. ABA is produced
using an indirect mechanism—the carotenoid mechanism. The path is introduced by
parting of a C40 ancestor like β-carotene (Arc et al. 2013). The clear pathway has
been described by Chen et al. (2020). Several PGPB synthesize ABA. Some of the
strains include Azospirillum brasilense Sp245, A. lipoferum USA 59b,
Achromobacter xylosoxidans, Bacillus licheniformis, Bacillus pumilus,
Brevibacterium halotolerans and Lysinibacillus fusiformis, etc. (Cohen et al.
2015). It has also been mentioned that a few bacterial strains catabolize ABA and
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promote plant growth via ABA-dependent mechanism (Belimov et al. 2014). As an
innovative measure to build phytoremediation performance in heavy metal polluted
soil, ABA metabolism by Aba-catabolizing bacteria could be beneficial (Lu et al.
2020).

29.3.1.2 Enzyme Secretion

29.3.1.2.1 ACC Deaminase

Ethylene, a gaseous hormone, enacts a critical part in plant’s development, including
control in ripening, abscission, and senescence. Moreover, it restricts vegetative
growth by limiting cell elongation, primarily through cross talk with auxins, by
being a controller of stress responses (Vaseva et al. 2018). Ethylene-associated
changes in plants confer tolerance to stress. It is the first known gaseous biological
signaling molecule, and Bakshi et al. (2015) described its various roles.

The amino acid L-methionine helps in the synthesis of ethylene.
S-adenosylmethionine (SAM) synthetase that changes methionine to SAM,
1-aminocyclopropane-1-carboxylic acid (ACC) synthase that changes SAM to
ACC, and ACC oxidase that changes ACC to ethylene are three enzymes. For
ethylene biosynthesis, the reaction catalyzed by ACC synthase has been the rate-
limiting response.

When a plant encounters stress, there is a rise in the level of ethylene, and this
phenomenon is called stress ethylene. The increased level of ethylene affects the
development of roots in the plant. PGPB come in action and decrease the inhibitory
level of stress ethylene. PGPB have genes for synthesizing ACC deaminase enzyme.
ACC deaminase helps in the hydrolysis of ACC, which is the closest predecessor of
ethylene for ammonia and α-ketoglutarate. Bacteria can further metabolize the
product of the reaction for their various metabolic processes to produce nitrogen
and carbon (Cohen et al. 2015; Singh et al. 2015). PGPB along with ACC deaminase
activity improve crop production (Dodd et al. 2010).

Owing to anoxia and increased ethylene generation because of waterlogging in
prevailing circumstances under wet weather, Ocimum sanctum plants experience
severe damage. The application of ACC deaminase-containing PGPB in O. sanctum
protected the plant from damages due to waterlogging (Barnawal et al. 2012). The
studies using A. thaliana lines, Columbia (Col) wild-type (WT), ethylene-insensitive
mutants etr1-1 and ein2-1, and ethylene overproducing mutant eto1-1 showed that
V. paradoxus 5C-2 soil inoculation stimulated the development of WT plants and
eto1-1 and also improved the floral initiation. However, despite bacterial coloniza-
tion, such reactions were not present in the case of ethylene-insensitive mutants
(etr1-1 and ein2-1). The study revealed that for V. paradoxus 5C-2 to promote leaf
development and flowering of A Thaliana, a fully functioning ethylene signal
transduction mechanism is needed (Chen et al. 2013). Likewise, the endophyte
Pseudomonas spp. is expressed by producing ACC deaminase, which improves
NaCl stress tolerance via decreasing stress-related ethylene, which results in
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improved growth, photosynthetic efficiency, and ionic equilibrium in the plants of
tomato (Win et al. 2018).

29.3.2 Indirect Mechanism

It includes the mechanisms by which plants decrease the damage to plants, caused by
various phytopathogens (Ma del Orozco-Mosqueda et al. 2020). Antibiotics, cell
wall-degrading enzymes, siderophores, and volatile organic compounds are some
of them.

29.3.2.1 Antibiotics

PGPB produces many antibiotics for preventing fungal and bacterial phytopatho-
gens. At low concentrations, antibiotics do have property of slowing the develop-
ment and metabolism of many other microorganisms (Raaijmakers and Mazzola
2011). Bacillus yields antibiotic lipopeptides such as bacilysin, fengycin, surfactin,
and zwittermicin (Khabbaz et al. 2015; Khabbaz et al. 2019), and PGPB have also
been proved as biopesticides (Ruiu 2020).

29.3.2.2 Cell Wall-Degrading Enzymes

The second most crucial mechanism involved in biocontrol activity performed by the
PGPB is the activation of fungal cell wall corrupting enzymes, viz., glucanases,
protease, chitinases, and lipase. The chitinase degrades chitin, a residue of β-(1, 4)-
N-acetyl glucosamine polymer (Husson et al. 2017); β-1,3-glucanase, glucan (cell
wall carbohydrate)-degrading enzyme (Vaddepalli et al. 2017); protease, cell wall
proteins metabolizing enzyme; and lipase, cell wall-associated lipid degrading
enzyme. These enzymes cumulatively act upon the cell wall of the fungal pathogen,
thereby disrupting the osmotic strength of the cellular membrane. PGPB that syn-
thesize one or more of these enzymes demonstrate biocontrol action alongside a
range of pathogenic fungi comprising Botrytis cinerea, Sclerotium rolfsii, Fusarium
oxysporum, Phytophthora spp., Rhizoctonia solani, and Pythium ultimum (Sharma
et al. 2017).

29.3.2.3 Siderophores

In nature, although iron is richly found in Earth’s crust, and its bioavailability is
normally low (Boyd and Ellwood 2010). It is due to the occurrence of mostly
insoluble Fe3+ ion in most of the natural habitats. At neutral or basic pH levels,
iron exists as Fe3+ with the formation of low solubility ferric hydroxides
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(Albelda-Berenguer et al. 2019). Hence, to overcome iron deficiency, PGPB secrete
siderophores. Siderophores are low molecular weight, peptide molecules that have a
higher affinity for Fe3+ than Fe2+ (Hider and Kong 2010). They are commonly
referred to as microbial Fe chelators. They chelate Fe3+ from the surrounding and
transfer iron in the microbial cell via specific receptors (Kramer et al. 2020). Every
process right from the synthesis of siderophore to the uptake of iron is tightly
regulated. There are around 500 distinct siderophores, out of them 270 are structur-
ally described (Hider and Kong 2010).

Siderophores are also regarded as a critical factor in the biocontrol-induced
property by PGPB (Albelda-Berenguer et al. 2019). Siderophores take up the
available iron from the plant rhizosphere by chelating and making it unavailable to
the pathogen. Iron uptake by PGPB makes the pathogen deprived of essential
nutrients, leading to its death. This mechanism is referred to as the siderophore-
mediated destruction of pathogens (Zhang et al. 2015). Bacillus and Pseudomonas
have been studied extensively for biocontrol activities.

29.3.2.4 Volatile Organic Compounds (VOCs)

VOCs are of low boiling point, low molecular weight (<300 Da), excessive vapor
pressure, odoriferous combinations (<C15), and lipophilic moiety (Li et al. 2019).
These are famous to play an essential role in transport of data among creatures.
Bacteria converse with host through making VOCs and affect the growth character-
istics of the plant positively. VOCs emitted by PGPB, B. subtilisGB03, may activate
numerous dissimilar hormonal indications in Arabidopsis thaliana, which contains
auxin, brassinosteroids, cytokinins, gibberellins, and salicylic acid. Biologically
active VOCs from Bacillus sp. are 2,3-butanediol, acetoin, and tridecane (Ryu
et al. 2003). VOCs cause plant tolerance for these abiotic stresses, including salt
stress, drought stress, disease resistance, and/or nutrient deficiency, other physio-
logical processes, and insect resistance (Li et al. 2019). Modulation of AtHKT1 has
also been reported in A. thaliana after the exposure of VOCs in salt stress. VOCs
downregulated the manifestation of K+ transporter (HKT1) in roots and upregulated
in shoots, which affects lesser collection of Na+ in the plant (Zhang et al. 2008).
Thereby, promoting induces Systemic Resistance and Tolerance (Bitas et al. 2013;
Farag et al. 2013).

29.4 Alleviation of Salinity Stress by Microbes

Salinity stress is an inevitable change in agriculture as it may cause due to several
reasons like the poor practice of irrigation or overuse of fertilizers. Ions dissolved in
the soil reach every part of the plant and hinder growth of the plant comprising
germination, vegetative production, and reproductive growth. Salt stress produces
ion toxicity, osmotic stress, lack of nutrients (N, Ca, K, P, Fe, and Zn), and oxidative
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stress in plants, thereby reducing water absorption (Bano and Fatima 2009). So,
adopting ecofriendly methods to minimize the harmful consequences of salinity are
the best practice to revive the agroecosystem. The use of PGPB may come as a
revolutionary approach to alleviate salinity stress (Fig. 29.3).

The beneficial plant microbes colonize in the locality of roots (rhizosphere) to
promote plant development by a direct and indirect mechanism. The nutrient dep-
rivation is beaten by fixing nitrogen, solubilizing phosphate, chelating iron, and
uptaking potassium. The higher level of stress ethylene caused due to salinity stress
is diminished by ACC deaminase secreted by PGPB and metabolizing it to
α-ketoglutarate and ammonia. Moreover, ACC deaminase cross talk with IAA.
Plant exudates contain tryptophan, the immediate precursor of IAA. As the PBPB
colonizes in root rhizosphere, it takes up the tryptophan and synthesizes IAA. This
IAA is now assimilated by plant, initiates cell proliferation and cell elongation, and
loosens up the root cell wall. The loosened root tissue directly secretes more
tryptophan and more ACC. ACC is then catalyzed through ACC deaminase of
bacteria and reducing overall concentration of stress ethylene. ABA is another
phytohormone that is involved in providing resistance against salinity by
ABA-independent pathway to plants. Bacillus amyloliquefaciens RWL-1 (Bacterial
endophyte) produces ABA and significantly upregulates the synthesis of precursors
or intermediates of stress resistance metabolites in Oryza sativa. It includes vital
amino acids (like aspartic acid, glutamic acid, proline, and phenylalanine). The
stress-sensitive quantities of endogenous ABA have also been greatly diminished.
The concentrations of endogenous salicylic acid in RWl-1 inoculated plants, on the
other hand, were considerably higher than in control plants subjected to the same
amount of salinity tension (Shahzad et al. 2017). Biofilm formation or
exopolysaccharide secretion is another beneficial property by PGPB. Inside a self-
produced matrix of extracellular polymeric substances (EPS) and biofilms, cultures
of microbial cells accumulate. Biofilms are immune to harsh conditions and there-
fore serve as protective gear, safeguard microorganisms against ultraviolet
(UV) radiation, extreme weather conditions, extreme pH, high salinity, high heat,
insufficient nutrition, antibiotics, etc. (Yin et al. 2019). EPS retain water layer around
the cells and help microbes to survive in salinity stress. EPS may also adsorb
nutrients and provide it to plant (Kasim et al. 2016). Primarily, the osmotic balance
of cell is changed under stressful condition, and to maintain stabilization of proteins
and membranes, cell synthesizes and accumulates osmoprotectants to survive salt-
induced osmotic stress (Marwein et al. 2019). Many other research studies (like Li
and Jiang 2017; Upadhyay et al. 2012) indicate that proline upregulation and total
soluble sugar (TSS) synthesis improve the ability to adapt for the plant in stress. In
the salt-tolerant plant, ROS scavenging enzymes play an essential role. Two path-
ways are used by plants for ROS degeneration: enzymatic and nonenzymatic
pathways. An enzymatic pathway is the secretion of antioxidant enzymes, which
include catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD). A
nonenzymatic pathway for absorbing ROSS is diminished glutathione (GSH)
(Mittler and Blumwald 2015). Maize plant showed increased antioxidant enzymes
status with PGPB inoculation (Li and Jiang 2017). Moreover, application of
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halo-tolerant PGPB, Curtobacterium albidum SRV4 on paddy under dissimilar
salinity settings, enhanced the modulation of osmolyte, photosynthetic efficacy,
and antioxidant enzymes status in planta (Vimal et al. 2019). Similar effects were
shown in Bacillus sp. FAB10 isolates treatment plants. It created fit biofilm, higher
amount of exopolysaccharides, and IAA and ACC-deaminase activity and solubi-
lized phosphate in vitro (Ansari et al. 2019). Also, PGPB, Pseudomonas sp., lower
the levels of Na+/K+ ratio by activation of HKT gene in plant, upregulate its
expression in shoot, and downregulate in root (Kasotia et al. 2016).

29.5 Conclusion

Through a long irrigation, gradual deposition of salts is the leading cause of salinity
stress for plants. Moreover, managing salinity is the primary task for the farmer
while meeting the world’s food demand. Various mechanisms are present in the
different plant to cope with physiological stresses. Halophytes that grow in saline
soils with salt concentration up to 5 g/l�1 have evolved to have various strategies for
living in saline settings. These approaches involve accumulation of osmolytes to
intensify the osmotic potential of cytoplasm, to expel out Na+, and accumulate
sodium in the vacuole. Moreover, they modulate various plant hormones like
jasmonic acid, IAA, gibberellin, abscisic acid, and ethylene control absorption of
K+ ions, produce NO, activate and produce antioxidant enzymes, alter photosyn-
thetic pathways and compartmentalization of various ions, and regulate different
stress-related genes. Glycophytes, on the other side, are the plants that grow well in
soil containing low sodium and possess no mechanism to survive in higher salinity
stress. Hence, when the soil salinity rises, crop productivity is reduced. Therefore,
there is an immediate need to search at alternate solutions to minimize losses owing
to excessive salt concentrations in the soil. In this respect, as an environmentally
friendly solution to enable the plant growth in salinity tension, PGPB have shown
tremendous results. They provide almost all the responses as given by halophytes to
adapt to saline soil. Moreover, PGPB treated plant show good plant growth charac-
teristics (Kasotia et al. 2015) and reduced sodium in plants (Kasotia et al. 2016).
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Chapter 30
Impact of Climate Change on Soil
Functionality

Deepika Pandey

Abstract Soil performs the most basic function of providing food to the living
world through agriculture, which is the foremost activity to deliver food to the
growing population of the world and had been the most primaeval social activity
since the beginning of culture in human beings. Forming the basis of wildlife and
sustenance of all other living beings on earth, soil health cannot be compromised in
the name of development. Soil is not limited to production of food and it also serves
several ecological functions, which include water storage and maintenance, nutrient
cycling, carbon storage and recycling, regulation of above ground diversity and
many more. Climate being the fundamental factor for soil formation is highly
effective in changing the soil properties over time. A slow but continuous change
in the soil structure and texture is influenced by the climate. However, the changing
climate may have adverse effect on soil and reduce its fertility and innumerable vital
ecological functions. A comprehensive understanding of soil functions in relation to
the climate should be established to maintain the soil functionality in favour of
human life.

Keywords Soil functions · Climate change · Water-food-energy nexus · Soil health ·
Nutrient cycling · Soil ecosystem services

30.1 Introduction

The soil performs numerous functions to balance the ecosystem and its quality and
productivity are indispensable for the survival of the man. The interphase of biotic
and abiotic components of our environment, carried out well by producers, is
possible because of the soil matrix. The most important ecological functions
performed by soil are biomass production in the form of forests and agriculture,
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nutrient and water cycling, carbon pool, biodiversity pool, buffering and
transforming potentially harmful elements and compounds and many more to
achieve a stable ecological system (Haygarth and Ritz 2009; Balestrini et al.
2015). The formation of soil and its support to the plants and animals started much
earlier than the human civilisation. Soil was the basis of terrestrial life with the
advent of green plants on the primitive earth. The functions of soil started gaining
more importance with the beginning of agriculture and dependence of human
civilisation on soil for food. Industrialisation and urbanisation have increased the
stress on soil by decreasing the area under plant cover and adding pollutants to the
soil ecosystem. However, the complexity of the soil matrix has been able to
withstand this stress and continued to serve the humanity by its productivity. The
slowly deteriorating soil quality creates a serious problem of decreased primary
productivity and increased wasteland, which creates a terrifying situation of scarcity
of food for the human population. The stress on agriculture is further enhanced by
climate change. A major consequence of the rapid industrialisation and reckless
deforestation is the enhanced greenhouse effect, which has brought the climate
change globally. Climate is an important factor in soil formation and unpredictable
change in climate due to global warming is also bringing in changes in soil functions
in the most effected parts of the world. Along with all the living beings, this climate
change has brought about the damaging effect on many non-living things and
severely affected the natural processes. Extreme events associated with climate
change have potential to impact soils to greater extent.

30.2 Soil Functions

The multiple functions performed by soil can be categorised as biophysical
and ecological functions. The functions can also be categorised as ecological and
non-ecological (Blum 2005). Biophysical functions such as cycling of water and
nutrients, exchange of gas with the atmosphere and filtering and buffering of ions
through soil profile are the fundamental earth surface processes. The function of soil
is to provide physical stability and support to plant systems, terrestrial vegetation in
all forms, trees, grasses, etc., which, in succession, support animal life. This is
phenomenal and has no other replacement. Non-ecological functions of soil can be
summarised as, source of raw materials, physical basis of human activities and basis
of geogenic and cultural heritage. Ecological functions include the production of
biomass, reservoir of genes and balancing activities for the protection of human and
its environment.

Jax (2005) described the use of term ‘function’ in four ways and this encompasses
the complete functionality of soil. The soil function can be used as a synonym for
processes and operation/functioning of a system and as a synonym for roles and
services. Soil functions are interchangeably described as soil roles and Ecosystem
Services provided by soils and thus, it includes a long list. Soil is the centre of water-
food-energy nexus (Pandey 2020; Hatfield et al. 2017) and the security of water,
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food and energy symbolises the existing and forthcoming challenge of nurturing life
while preserving the environment. European Soil Science community has introduced
the concept of soil functions during the early 1970s (Glenk et al. 2012). The seven
key soil functions identified for the development of the EU Soil Framework Direc-
tive (European Commission 2006) were production of biomass, which include both
agriculture and forestry; transformation of nutrients, substances and water by storing
and filtering; gene pool and pool for habitats and biodiversity; carbon pool (acting as
store and sink) and source of raw materials; for humans and human activities, it gives
physical and cultural basis and develops archive of geological and archaeological
heritage.

The soil functionality is summarised under five major categories (Fig. 30.1). The
complex nature of soil processes is interwoven with the climate and it plays an
important role in the water-food-energy nexus. Regulation of the hydrological cycle
is one of the basic functions of the ecosystem and essence of life on earth. Sufficient
infiltration of water in soil is necessary to control surface-water excess and distri-
bution of overland flow of water. This is crucial to the problem of water logging and
fluctuation of water table. Soil plays an interface for uptake of water by the roots and
loss of water through transpiration by plants. Root zone storage of water and its
disposition and drainage beyond the root zone normalise recharge of deep aquifers
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Fig. 30.1 Soil functions summarised in different categories
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and discharge of water through wells, rivers and natural springs. Surface runoff finds
its route through soil and its infiltration controls the flow in rills and gullies. The
complex functionality of soil is vital for maintaining the water dynamics and is
indispensable in cycling of water.

Cycling of soluble components in ecosystem can be carried out only with soil as
interface. Hydration, dissolution and re-precipitation of minerals from the rocks
undergoing weathering, sorption and exchange of ions in the clay minerals, and
minerals formed during weathering, bring the soluble components to the system.
Formation and decomposition of organic compounds and reactions such as
oxidation-reduction and acidification-alkalization are the fundamental processes of
soil profile formation. Leaching process releases solutes to groundwater and streams
through eluviation-illuviation in the soil profile and other salination-desalination
processes determine the chemistry of soil and of ground water. Volatilisation and
outgassing of the soluble compounds to the atmosphere also occur in soil.

Particulates of nutritional importance are available in soil through migration and
deposition of particles within soil profile, coating of aggregates on clay particles and
accumulation of air-borne particles in the soil accumulates. Water and wind cause
soil erosion on the earth surface and water-suspended matter gets transported
overland bringing sediments to rivers and faraway lands, which determine their
chemistry. This overland transport of suspended matter with water, filtration of
suspended particulates in percolation and silting of lakes and water reservoirs
complete the cycle of particulates in water bodies and the earth surface.

Energy cycling through soil starts with absorption of incoming shortwave radi-
ation and transmission and exchange of sensible heat through biota and assimilation
of chemical energy in biomass. Earth’s albedo and emission of terrestrial longwave
(thermal) radiation bring energy to the atmosphere in the form of heat. The green-
house gases such as methane, carbon dioxide and nitrous oxide are affected by
various soil processes and enhance or mitigate greenhouse effect.

Sustaining biota is the chief function of soil by providing water, nutrients, and
anchorage to roots of all terrestrial plants. The microbial community obtains sub-
strate, water and nutrients through soil, carries out decomposition of plant and
animal remains and releases nutrients through aerobiosis and anaerobiosis. Absorb-
ing and neutralising pathogenic and toxic agents is another significant function
of soil.

Food and Agriculture Organization of the United Nations (FAO) has shown that
the top 30 cm of the world’s soil contains carbon, which is about twice as much the
entire atmosphere. It is found that soil is the second largest natural sink of carbon,
which is greater than forests and other vegetation, and only oceans have more
capacity than soil to capture carbon dioxide from air.

600 D. Pandey



30.3 Climate and Soil Interconnection and Impact
of Climate Change

At global scale, soils show a strong geographical correlation with climate. Climate
affects the type of soil and is determining element in soil formation. Changes in
temperature and variability of precipitation strongly influence the parent rocks both
physically and chemically (Sadao et al. 2006). Moisture in the atmosphere with
changing seasons causes cooling, heating and thawing effects on rocks and break
them. Chemical reactions and element mobilisation during weathering of rocks are
influenced by climate of the area (Pandey 2007). Precipitation affects translocation
of dissolved ions through the soil and favours soil horizon development. Climate
indirectly or directly determines vegetation cover of a region, which in turn impacts
further soil development. The process of succession continues with both plant
community and soil development, directly governed by the climate of the region.
With the advancement of time, climate becomes the prime influence on soil and its
properties due to the type of vegetation and the factors associated with it, while
parent material is left beneath with limited influence on the soil properties. The
response to increasing temperatures is often characterised by shift in the dominant
species of plants and increase in primary productivity (Lenihan et al. 2003). How-
ever, the shifting in seasonal temperature due to climate change may affect the
annual cycles of plants and animals. This shift is disastrous for the crop production
as blossoming time may not coincide with arrival of pollinators. Food and other
plant-based products such as biofuels or raw materials pivot largely on maintaining
health of soil and adopting sustainable agriculture practices.

Climate change phenomenon is identified by long-term changes in temperature
and precipitation pattern of a region. These factors are directly responsible for the
rate of decomposition, leaching of solutes and mobility of soluble molecules. It is
predicted that the slow decomposition will be more sensitive to rising temperatures
over the centuries (Powlson 2005). The decline of organic matter in peat and mineral
soil is among the few identified threats to soil (Stolte et al. 2016). The net primary
productivity of the soil is directly affected by change in the climate. The physical
properties of soil effected due to precipitation are porosity, soil available water and
distribution, infiltration and surface cover (Allen et al. 2011). The soil N, P, K, and S
are mobilised and transported by the movement of water within the soil layers and
the surface. The mobility of these ions is crucial in bringing these ions to the rivers
and alluvial deposits. Macro- and microplant nutrients are distributed in the farmland
and as soluble ions in surface and ground water because of their mobility and
transport driven by water movement.

Decomposition of organic matter is a significant soil function and affected by
increase in soil temperature. The microbial activity and rate of respiration of
microfauna present in the soil increase with rise in temperature of the soil (Tóth
et al. 2007; Knorr et al. 2005). A positive feedback is possible where extra carbon
dioxide released in this manner will accelerate climate change. Soil is the largest
store house of terrestrial carbon on earth and small changes in the flow of carbon
from the soil to atmosphere by decomposition or respiration activities could bring
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significant change in atmospheric carbon pool (Davidson and Janssens 2006). Car-
bon flow models have been developed by many scientists to quantify the soil carbon
turnover (Jenkinson et al. 1991; Cox et al. 2000; Jones et al. 2005). Carbon dioxide
enrichment in the atmosphere enhances mycorrhizal and N-fixing relationships, but
the overall effect of atmospheric temperature increase is variable and difficult to
predict. Several studies suggest that fungal activity is enhanced as compared to
bacterial because of increase in both atmospheric temperature and carbon dioxide.

The impact of climate change is already visible in soils as soil moisture is
significantly decreased globally. Reports have predicted similar effects for the
coming decades, increasing the demand of irrigation and exposing the crops to
unpredictable precipitation. Yield will be highly effected due to changes in rainfall
pattern and may lead to desertification.

Extreme climate events such as heat waves, excessive rainfall, storms or
droughts, due to climate change, accelerate the degradation of soil by erosion and
loss of land. Rising sea level will bring salt water to the adjoining lands apart from
submerging the islands and coastal areas. The contaminants from the sea and loss of
productive land will reduce the productivity of agricultural land and further increase
the stress.

The biggest and direct consequence of climate change is melting of permafrost
region. The major greenhouse gases, carbon dioxide and methane, are stored in
surplus quantities in permafrost regions, especially in Siberia, will be released to the
atmosphere. The temperature increase will melt the permafrost and thawing will
cause decomposition of organic material held in the frozen soil. This massive
increase in the greenhouse gases in the atmosphere will be beyond control and
have disastrous consequences.

30.4 Role of Soil in Climate Change Crisis

Maintaining and restoring crucial ecosystems such as forests, mangroves, coral reefs,
natural seabeds and peatlands and re-establishing them will help to remove the
carbon dioxide from the environment in a natural way. The more crucial functions
of providing soil ecosystem services such as maintaining biodiversity, air and water
purification and supporting spaces for recreation will also be achieved. It is a highly
cost-effective measure with multiple impacts. Plants can remove carbon from air
through photosynthesis and restoration of degraded soil can retain up to 63 billion
tonnes of carbon (FAO report). Natural recreation areas such as mangroves or
developed recreation areas may act as effective safeguards against extreme events
of climate change. The riparian zones and undisturbed floodplains are highly
recommended for protection against floods. The urban green spaces are excellent
heat wave absorbers and highly cost effective. A healthy soil can absorb excess
water through percolation and avoid floods. Maintaining soil health in cities by
keeping them in natural state and using them as parks and other green spaces cools
down the atmospheric temperature. Moreover, ecosystem like these slowly release
water stored underground to deviate the worst effects of drought during dry season.
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Detaining carbon from the air is a crucial soil activity to mitigate climate change.
The most rapid method to capture carbon is covering bare land with vegetation or
grassland. Arable lands covered by crops residues and a practicing crop rotation have
proved to be successful way of increasing carbon stocks in soil. Carbon capturing
process by forests is much faster and young forests are more effective in securing the
atmospheric carbon. Deforestation affects in two ways as forests store and capture
carbon. The release of carbon from forests acts at different scales depending upon the
choice of use of forest products, mainly wood. A wrong decision regarding land use
may convert reservoir soil into source of emissions. Previously stored carbon in
peatlands can add heaps of carbon to the atmosphere due to activities such as burning
or draining peatlands.

Careful use of soil and proper land management can be helpful in mitigation of
climate change and combating soil degradation. Greenhouse gas emissions from soil
can be prevented by practices like conservation tillage or no tillage, crop residue
management and multiple cropping. A large part of depleted soil organic carbon
pool can be restored by converting more unused and waste lands into beneficial land
uses, using crops residue and mulching and promoting natural cycling of nutrients by
using compost and manure (Lal 2004). Such mediations will increase organic matter
in the soil and prevent enhanced decomposition of soil organic matter.

30.5 Conclusion

Maintaining healthy soil and balanced land ecosystems is imperative to tackle the
global crisis of climate change. Soil, if integrated well with other elements, can be a
powerful tool in mitigating climate change. As highlighted by Paris Agreement, land
use sector plays critical role in climate action. On the other hand, the stress created
by climate change on soil may bring deviations in soil functionality. Ecosystem,
agriculture, forestry, land use and green infrastructure all have strong links to climate
change and soil and their management is the key factor in maintaining soil functions
in the time of climate change. However, not completely known, but the dynamics
between soil, land and climate is very crucial and we need to have its better
understanding for designing sustainable solutions to our problems.

Soils of the world and climate maintain a unique balance, which is responsible for
the distribution of world’s widespread and unique ecosystems, proving growing
medium and essential factors like water and nutrients. The nature, which is all
around us, is the result of this unique balance. Soils’ ability to support ecosystems
will change if the climate changes. Climate change will affect nature, our lives and
the places we live and current infrastructures will change, but soil functionality will
adjust accordingly and continue in its adapted form, which may or may not be
suitable to human life.
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Chapter 31
The Impacts of Climate Change on Soil
Fertility in Nigeria

Benjamin Anabaraonye, Joachim Chukwuma Okafor, Beatrice O. Ewa,
and Charles C. Anukwonke

Abstract Climate change is one of the global problems, which has dominated the
media headlines in recent times. It is a complex global problem because it is
intertwined with many other issues such as economic development, poverty reduc-
tion, good health, and well-being. Climate change is one of the most important
factors affecting the formation of soil with important implications for their develop-
ment, use, and management perspective with reference to soil structure, stability,
topsoil water holding capacity, nutrient availability, and erosion. Scientists have
predicted that expected changes in temperature, precipitation, and evaporation as a
result of climate change will cause significant change in organic matter turnover and
CO2 dynamics thereby significantly impacting soil fertility. Soil fertility is vital in
agricultural processes for farmers in Nigeria. Soils are intricately linked to the
climate system through the carbon, nitrogen, and hydrologic cycles. Climate change
therefore has a profound effect on soil processes and properties. This study identifies
that adaptation to global climate change through improved soil quality by adoption
of improved management practices is key to maintaining sustainable agricultural
production in Nigeria. Through literature review and participant observation, the
researchers identified the impacts of climate change on soil fertility in Nigeria. This
research paper discussed how management and protection of soil resources can
contribute to sustainable development through sustainable agricultural production
while maintaining sustenance of soil fertility. A holistic approach to soil manage-
ment as the engine for increasing productivity by increasing resource use efficiency
and making agriculture more ecofriendly is recommended. This research paper
further recommends a deeper research and study of soil-climate interactions in a
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changing world as critical to addressing future food security concerns to ensure
sustainable economic growth in Nigeria.

Keywords Climate change · Soil management · Soil-climate interactions · Food
security · Hydrologic cycles

31.1 Introduction

Soil remains the most critical factor in human lives that is essential in food produc-
tion and is required for the sustenance of human civilizations and is threatened in
recent times by the forces of environmental threats. These threats are climate change
and global warming escalated by the forces of diverse erosions and floods disasters.
In the globalizing world today, Nigeria inclusive, the visible impacts of climate
change and global warming on soil fertility and prospects for agricultural produc-
tivity occasioned particularly, by the prevailing challenges of flooding, erosion and
excessive rainfalls, remain an increasing challenge not just only to governments
(state actors) with their various multilateral organizations but to numerous nonstate
actors including nongovernmental organizations (NGOs) around the world
(Anabaraonye et al. 2018). These environmental threats that include erosion,
flooding, drought, and desertification have continued to expose human beings to
varieties of humanitarian concerns such as, hunger and starvation, unemployment,
poverty, and disease (Anabaraonye et al. 2019; Birsel 2019). In Nigeria also, the
impacts of these environmental threats on people livelihoods, displacements of
persons, attendants’ humanitarian disasters, and conflict it has fostered are numerous
(Okafor 2020; Okafor et al. 2019; Okafor and Okafor 2019). In view of the above,
the United Nations Food and Agricultural Organizations (FAO) posit that soil
erosion remains the greatest challenge to sustainable soil management around the
world (Akamigbo and Nnaji 2011; Brevik 2013; Okoroafor et al. 2017; Ahmadu
et al. 2019; Pennock 2019). In Nigeria, the major causes of soil erosion include
human interference, climatic factors (rainfall, floods), poor geology, undulating
topography, and soil nature (Okoroafor et al. 2017).

31.2 Definition of Terms

Adaptation The Intergovernmental Panel on Climate Change (IPCC) defines adap-
tation as the “adjustment in natural or human systems to a new or changing
environment. Adaptation to climate change refers to adjustment in natural or
human systems in response to actual or expected climatic stimuli or their effects,
which moderates harm or exploits beneficial opportunities. Various types of adap-
tation can be distinguished, including anticipatory and reactive adaptation, private
and public adaptation, and autonomous and planned adaptation” (IPCC 2001).
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Climate Change The United Nations Framework Convention on Climate Change
(UNFCCC) defines climate change as a change of climate which is attributed directly
or indirectly to human activity that alters the composition of the global atmosphere
and which is in addition to natural climate variability observed over comparable time
periods (UNFCCC 1992). In addition, climate change is identical to global warming.

Climate Finance Climate finance refers to local, national, or transnational financ-
ing, which may be drawn from public, private, and alternative sources of financing.
Climate finance is critical to addressing climate change because large-scale invest-
ments are required to significantly reduce emissions, notably in sectors that emit
large quantities of greenhouse gases. Climate finance is equally important for
adaptation, for which significant financial resources will be similarly required to
allow countries to adapt to the adverse effects and reduce the impacts of climate
change (UNEP 2015).

Climate Resilience This can be generally defined as the capacity for a socio-
ecological system to absorb stresses and maintain function in the face of external
stresses imposed upon it by climate change and adapt, reorganize, and evolve into
more desirable configurations that improve the sustainability of the system, leaving it
better prepared for future climate change impacts. With the rising awareness of
climate change impacts by both national and international bodies, building climate
resilience has become a major goal for these institutions (Wikipedia 2018).

Education Education means the impartation of knowledge, skills, and ideas on
individuals, people, or organizations for the purpose of equipping them to confront
the challenges that life presents. This education could be informal or formal.

Farmers These are people who work on the land (till and cultivate land for
planting) and rear and raise livestock either for consumption or commercial
purposes.

Vulnerability This is the degree to which a system is susceptible to or unable to
cope with adverse effects of climate change, including climate variability and
extremes (IPCC 2007). Vulnerability is a function of the character, magnitude, and
rate of climate change, and the degree to which a system is exposed, along with its
sensitivity and adaptive capacity. It increases as the magnitude of climate change or
sensitivity increases and decreases as adaptive capacity increases (OECD 2009).

31.3 Methodology

Data used for this study is derived from published works including academic articles,
journals, conference papers, textbooks, and internet materials. The researchers
gathered a large number of materials for the research but summarized the character-
istics of those that centered more on the impact of climate change on soil fertility in
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Nigeria. This enabled the researchers to generate the synthesis of various
researchers’ views on the impacts of climate change on soil fertility in Nigeria.

31.3.1 Climate Change and Soil Erosion Crisis in Nigeria:
The South-East Dilemma

In Nigeria, the impacts of climate change on soil fertility have tremendous effects on
agricultural productivity that many farmers in the country in 2019 bemoaned the
debilitating calamities brought about by floods and erosion of farmlands, cash crops
(Okafor 2020), and the corresponding casualties done by these environmental threats
to livelihood displacements and deaths. Though the persistent erosion and flood that
affect soil fertility/productivity in Nigeria are prevalence across the federation, the
southern parts of the country especially, the South Eastern States such as Abia, Imo,
Anambra, Ebonyi, and Enugu are worst hit by soil erosion (Okoroafor et al. 2017).
The following are the impacts of soil erosion escalated by climate change on soil
productivity in Nigeria.

• Agricultural productivity, sustainability, and management for food security/sus-
tenance in this region have been undermined and greatly limited by the menace
posed by soil erosion while the availability of farmlands for agricultural produc-
tion and construction activities have been greatly reduced by losses caused by the
attendant issues of soil erosion (Okoroafor et al. 2017; Okafor 2020).

• Soil erosion is considered to be a major environmental problem since it seriously
threatens natural resources and the environment and makes it unfit for agricultural
and construction purposes.

• Gully erosion which a product of soil erosion undermines agricultural productiv-
ity in the Southeastern Nigeria because, agricultural farmlands are destroyed and
become one of the greatest environmental disasters facing many towns and
villages in the region (see more in the Table 31.1).

31.3.2 How Management and Protection of Soil Resources
Can Contribute to Agricultural Production in Nigeria?

Attempts have been made to characterize the threats to the soil environment as it
affects agricultural production. Blum (2013) indicated the soil risks in agricultural
production, its general trends, and scenario with respect to the natural and anthro-
pogenic factors. There is a nexus between soil quality degradation and food security
and hunger. The thin line can be assessed in the sense that characterizing soil quality
degradation such as abrupt changes in soil physical and chemical properties, water
quality, food security indices, environmental health, farming and crop yield, trees,
and habitats are all attributes of examining soil resources challenges in context.

610 B. Anabaraonye et al.



T
ab

le
31

.1
R
ep
or
te
d
C
as
es

of
E
ro
si
on

C
ri
si
s
in

C
om

m
un

iti
es

am
on

g
th
e
F
iv
e
S
ta
te
s
in

th
e
S
ou

th
ea
st

G
eo
-P
ol
iti
ca
l
Z
on

e
th
at

ha
ve

de
st
ro
ye
d
F
ar
m
la
nd

s,
H
ou

se
s,
an
d
m
ad
e
A
gr
ic
ul
tu
ra
l
A
ct
iv
iti
es

in
th
e
R
eg
io
n
U
nt
en
ab
le

S
/

N
D
at
e/

m
on

th
/y
ea
r

S
ta
te

L
oc
at
io
n

In
ci
de
nt

R
em

ar
k

1.
17

th
O
ct
ob

er
,

20
17

A
na
m
br
a

N
ne
w
i
Ic
hi
,N

ne
w
i
L
oc
al
G
ov

er
nm

en
t

A
re
a

T
he

re
lo
ca
tio

n
of

m
an
y
fr
om

th
ei
r

an
ce
st
ra
l
ho

m
es

fo
r
sa
fe
ty

an
d
se
cu
ri
ty

of
th
ei
r
liv

es

T
he

st
at
e
go

ve
rn
m
en
th

ad
ea
rl
ie
r
se
ek

th
e
w
or
ld

ba
nk

in
te
rv
en
tio

n
ov

er
th
e

co
nt
ro
l
of

er
os
io
n
si
te
s
in

th
is
ar
ea

2.
16

th
M
ar
ch
,

20
16

A
na
m
br
a

O
ko

,I
fi
te
N
an
ka
,a
nd

A
m
ak
o
N
an
ka

co
m
m
un

iti
es

in
A
gu

at
a
lo
ca
l
go

ve
rn
-

m
en
ta
re
a

T
he

gu
lly

er
os
io
n
th
re
at
en
ed

to
de
st
ro
y

th
e
fa
m
ily

ho
us
e
of

th
e
fo
rm

er
vi
ce

pr
es
id
en
t,
ch
ie
f
A
le
x
E
kw

ue
m
e
an
d

ov
er
22

ot
he
rf
am

ili
es

in
th
e
co
m
m
un

ity

T
he

al
le
ge
d
no

nc
ha
la
nt

at
tit
ud

e
of

th
e

F
ed
er
al
G
ov

er
nm

en
t
to
w
ar
ds

ad
dr
es
si
ng

th
e
er
os
io
n
pr
ob

le
m

in
th
e

co
m
m
un

ity
an
d
ot
he
r
ne
ig
hb

or
in
g

ar
ea
s

3.
9t
h
A
pr
il,

20
13

A
na
m
br
a

O
bu

of
u
U
m
ui
ke

vi
lla
ge
,i
n
A
w
ka

S
ou

th
L
oc
al
G
ov

er
nm

en
tA

re
a

F
ea
r
of

th
e
co
m
m
un

ity
be
in
g
ex
tin

ct
be
ca
us
e
of

th
e
ra
m
pa
gi
ng

m
en
ac
e
of

gu
lly

er
os
io
n

T
he

gu
lly

er
os
io
n
m
ea
su
re
s
ab
ou

t6
0
m

de
ep

an
d
60

m
w
id
e,
ha
s
co
ns
um

ed
m
an
y
ho

us
es
,f
ar
m
la
nd

s,
an
d
pr
op

er
ty

w
or
th

m
ill
io
ns

of
na
ir
a

4.
7t
h
A
ug

us
t,

20
12

A
na
m
br
a

E
ro
si
on

si
te
s
at
U
ga

co
m
m
un

ity
in

A
gu

at
a
L
oc
al
G
ov

er
nm

en
t

N
o
fe
w
er

th
an

10
0
ho

us
es

ha
ve

be
en

de
st
ro
ye
d
by

th
e
gu

lly
er
os
io
n
in

th
e

ar
ea
.M

an
y
vi
lla
ge
s
in

th
e
co
m
m
un

ity
sl
ee
p
w
ith

on
e
ey
e
op

en
as

th
ey

do
no

t
kn

ow
w
he
n
th
e
m
en
ac
e
w
ou

ld
vi
si
t

th
ei
r
ho

m
es

E
co
lo
gi
ca
l
fu
nd

pr
ov

id
ed

fo
r
ar
re
st
in
g

er
os
io
n
pr
ob

le
m
s
an
d
th
e
es
se
nc
e
of

th
e
fu
nd

w
as

fo
r
qu

ic
k
in
te
rv
en
tio

n
at

an
y
sl
ig
ht
es
to

cc
ur
re
nc
e;
ho

w
ev
er
,t
hi
s

fu
nd

ha
ve

no
tb

ee
n
pr
op

er
ly

ut
ili
ze
d
to

ad
dr
es
s
th
is
m
en
ac
e

5.
10

th
D
ec
em

be
r,

20
12

A
na
m
br
a

U
ru
m
ab
ia
m
,E

gb
em

a,
U
am

uo
kp

an
ilo

in
O
zu
bu

lu
,a
nd

Ib
ol
lo

O
ra
ifi
te
in

E
kw

us
ig
o
L
oc
al
G
ov

er
nm

en
t

T
w
o
pe
rs
on

s:
M
r.
Ig
na
tiu

s
Ig
w
em

ad
u

fr
om

U
ru
m
ab
ia
m
,E

gb
em

a
O
zu
bu

lu
in

E
kw

us
ig
o,

an
d
hi
s
br
ot
he
r
al
le
ge
dl
y

di
ed

w
he
n
th
ei
r
bu

ng
al
ow

fe
ll
in
to

th
e

gu
lly

er
os
io
n

F
iv
e
ho

us
es

w
er
e
al
le
ge
dl
y
sw

al
lo
w
ed

by
gu

lly
er
os
io
n
ra
va
gi
ng

th
e
fo
ur

co
m
m
un

iti
es
.T

he
ec
on

om
y
of

th
e

in
ha
bi
ta
nt
s
ha
d
ad
ve
rs
el
y
be
en

af
fe
ct
ed

as
m
an
y
fa
rm

la
nd

s
ha
d
be
en

w
as
he
d

aw
ay

an
d
ro
ad
s
cu
to

ff

6.
20

th
M
ar
ch
,

20
16

A
na
m
br
a

T
he

st
at
e
is
es
tim

at
ed

to
ha
ve

1,
00

0
er
os
io
n
si
te
s
th
at
ar
e
th
re
at
en
in
g
to

w
as
h
aw

ay
fa
rm

la
nd

s
an
d
pe
op

le
so
ur
ce

of
liv

el
ih
oo

ds

U
m
uo

gb
oo

O
bi
ofi

a
N
ne
w
i
Ic
hi

an
d

U
ru
ag
u
N
ne
w
i
ro
ad

in
N
ne
w
i
N
or
th

L
oc
al
G
ov

er
nm

en
t
A
re
a
ar
e
ot
he
r
co
m
-

m
un

iti
es

w
he
re

er
os
io
n
ha
d
ca
us
ed

de
st
ru
ct
io
n

G
ul
ly

er
os
io
n
is
on

e
of

th
e
po

te
nt

en
vi
ro
nm

en
ta
l
th
re
at
in

A
na
m
br
a
st
at
e

(c
on

tin
ue
d)

31 The Impacts of Climate Change on Soil Fertility in Nigeria 611



T
ab

le
31

.1
(c
on

tin
ue
d)

S
/

N
D
at
e/

m
on

th
/y
ea
r

S
ta
te

L
oc
at
io
n

In
ci
de
nt

R
em

ar
k

7.
25

th
M
ar
ch
,

20
20

A
bi
a

U
m
uo

ge
le
U
m
ua
kw

u
-
N
su
lu

an
d

U
m
ue
ze
ug

w
u
in

Is
ia
la
N
gw

a
N
or
th

L
G
A
an
d
U
m
ud

a
Is
in
gw

u
an
d
U
m
ua
gu

in
U
m
ua
hi
a
N
or
th

L
G
A

U
nt
il
re
ce
nt
ly
,t
he
se

co
m
m
un

iti
es

w
er
e

cu
to
ff
fr
om

th
e
ne
ig
hb

or
s
an
d
bu

ild
in
gs

sw
ep
t
of
f
as

a
re
su
lt
of

gu
lly

er
os
io
n

be
fo
re

N
ig
er
ia
E
ro
si
on

an
d
W
at
er
sh
ed

M
an
ag
em

en
tP

ro
je
ct
(N

E
W
M
A
P
)
ca
m
e

to
th
ei
r
re
sc
ue

T
he

er
os
io
n
an
d
gu

lly
si
te
s
w
er
e
lif
e-

th
re
at
en
in
g
th
at
pe
op

le
fr
om

th
es
e

co
m
m
un

iti
es

th
ro
ug

h
th
ei
r
to
w
n
un

io
n

re
pr
es
en
ta
tiv

es
ha
ve

re
pe
at
ed
ly

dr
aw

n
th
e
at
te
nt
io
n
of

bo
th

th
e
F
ed
er
al
an
d

S
ta
te
G
ov

er
nm

en
to
ve
rt
he
ir
pr
ec
ar
io
us

co
nd

iti
on

s

8.
28

th
M
ar
ch
,

20
20

A
bi
a

A
m
ud

a
Is
uo

ch
i,
U
m
un

ne
oc
hi
L
G
A
,a
nd

A
m
uz
uk

w
u
Ib
ek
u,

U
m
ua
hi
a,
N
or
th

L
G
A

D
ev
as
ta
tin

g
er
os
io
n
si
te
s
th
at
ar
e
lif
e-

th
re
at
en
in
g
ar
e
nu

m
er
ou

s
T
he
y
ha
ve

cl
ai
m
ed

m
an
y
liv

es
an
d

pr
op

er
tie
s
w
or
th

m
ill
io
ns

of
na
ir
a

9.
8t
h

O
ct
ob

er
,

20
19

A
bi
a

A
m
au
gw

u,
U
m
uh

u-
E
ze
ch
i.
B
en
de

L
oc
al
G
ov

er
nm

en
tA

re
a

P
eo
pl
e
in

th
is
vi
lla
ge
s
ar
e
in
cr
ea
si
ng

ly
be
en

th
re
at
en
ed

by
th
e
pr
ev
ai
lin

g
la
nd

-
sl
id
e
th
at
ha
s
co
m
pl
et
el
y
de
st
ro
ye
d

bu
ild

in
gs

an
d
is
de
st
ro
yi
ng

m
or
e

T
he

ra
va
gi
ng

la
nd

sl
id
es

ar
e
cr
iti
ca
lt
ha
t

it
is
fa
r
be
yo

nd
th
e
fi
na
nc
ia
l
ca
pa
ci
ty

an
d
ca
pa
bi
lit
y
of

th
e
in
di
ge
ne
s
to

ha
nd

le

10
.

15
th

N
ov

em
be
r,

20
19

A
bi
a

U
m
ue
kw

aa
,U

m
uo

kw
as
a,
an
d

M
gb

ar
ak
um

a,
in

th
e
U
m
un

w
an
w
a
cl
an

of
U
m
ua
hi
a
S
ou

th
L
oc
al
G
ov

er
nm

en
t

A
re
a

A
n
es
tim

at
ed

10
ho

us
es

w
er
e

sw
al
lo
w
ed

in
on

e
fe
ll
sw

oo
p
w
ith

m
an
y

pe
op

le
re
nd

er
ed

ho
m
el
es
s
by

er
os
io
n
in

th
re
e
vi
lla
ge
s
m
en
tio

ne
d

P
eo
pl
e
in

th
es
e
ar
ea
s
ha
ve

lo
st
th
ei
r

st
re
am

s,
no

go
od

ro
ad
s,
no

go
od

w
at
er

be
ca
us
e
er
os
io
n
ha
s
sw

ep
tt
he

st
re
am

s
aw

ay
.T

hi
s
ha
s
ex
po

se
d
th
e
co
m
m
un

i-
tie
s
to

ha
rd
sh
ip

in
lo
ok

in
g
fo
r
w
at
er

in
fa
r
aw

ay
co
m
m
un

iti
es
.

11
.

12
th

S
ep
te
m
be
r,

20
18

A
bi
a

It
is
es
tim

at
ed

th
at
ov

er
30

,0
00

ac
tiv

e
er
os
io
n
si
te
s
an
d
gu

lli
es

ex
is
ta
nd

ar
e

sc
at
te
re
d
ar
ou

nd
th
e
m
aj
or

zo
ne
s
in

th
e

st
at
e
th
at
in
cl
ud

e
U
m
un

ne
oc
hi

an
d

O
ki
gw

e
in
th
e
no

rt
h,
U
kw

a
in
th
e
so
ut
h,

A
ro
ch
uk

w
u
in

th
e
ea
st
,a
nd

Is
ia
la
N
gw

a
in

th
e
w
es
t

T
he
se

ac
tiv

e
er
os
io
n
si
te
s
an
d
gu

lli
es

ar
e
lif
e-
th
re
at
en
in
g
an
d
ha
ve

w
as
h
aw

ay
fa
rm

la
nd

s,
ho

us
es
,a
nd

cr
iti
ca
l
in
fr
a-

st
ru
ct
ur
es

in
th
e
st
at
e

A
bi
a
st
at
e
is
th
e
se
co
nd

la
rg
es
ts
ta
te
in

th
e
so
ut
h
ea
st
ge
o-
po

lit
ic
al
zo
ne

w
or
st

hi
tb
y
gu

lly
er
os
io
n
si
te
s
af
te
rA

na
m
br
a

st
at
e

612 B. Anabaraonye et al.



12
.

17
th

Ju
ly
,

20
19

Im
o

E
ze
m
az
u
U
ru
al
la
G
ul
ly

E
ro
si
on

co
nt
ro
l

si
te
at
U
ru
al
la
in

Id
ea
to

N
or
th

L
oc
al

G
ov

er
nm

en
tC

ou
nc
il

H
ug

e
am

ou
nt

of
m
on

ey
w
as

m
ap
pe
d

ou
t
to

re
m
ed
y
th
e
m
en
ac
e
of

er
os
io
n
in

Id
ea

to
no

rt
h
bu

tw
as

ab
an
do

ne
d

T
he

pr
oj
ec
ts
w
er
e
no

t
ca
rr
ie
d
ou

ta
nd

th
e
fu
nd

s
w
er
e
no

ta
cc
ou

nt
ed

fo
r,

le
av
in
g
th
e
re
si
de
nt
s
at
th
e
m
er
cy

of
fl
oo

di
ng

fo
r
th
e
pa
st
5
ye
ar
s

13
.

16
th

A
ug

us
t,

20
16

Im
o

U
m
ue
sh
i
G
ul
ly

E
ro
si
on

S
ite

in
Id
ea
to

N
or
th

L
oc
al
C
ou

nc
il

T
he

pe
rv
as
iv
en
es
s
of

th
e
er
os
io
n
ca
us
es

th
e
re
lo
ca
tio

n
or

re
se
ttl
em

en
t
of

th
e

in
di
ge
ne
s
to

ot
he
r
pl
ac
es

G
ov

er
nm

en
t
in
te
rv
en
tio

ns
ha
ve

be
en

on
pr
ov

id
in
g
pa
lli
at
iv
es

an
d
fi
nd

in
g

la
st
in
g
so
lu
tio

n
to

th
e
m
en
ac
e

14
.

6t
h

N
ov

em
be
r,

20
16

Im
o

A
la
ka

M
ad
u
gu

lly
er
os
io
n
at
Ih
im

co
m
m
un

ity
in

Is
ia
la
M
ba
no

lo
ca
l

co
un

ci
l

T
he

gu
lly

er
os
io
n
es
tim

at
ed

to
be

15
0
ft
.

de
ep

an
d
50

0
m
et
re
s
in

le
ng

th
ha
s

cl
ai
m
ed

m
an
y
liv

es
w
ith

ov
er

12
vi
l-

la
ge
s
se
ve
re
d
fr
om

th
e
re
st
of

th
e
co
m
-

m
un

ity
.B

ot
h
th
e
co
m
m
un

ity
pr
im

ar
y

sc
ho

ol
an
d
th
e
S
tP

et
er
’s
A
ng

lic
an

C
hu

rc
h
in

th
e
ar
ea

ha
ve

be
en

de
st
ro
ye
d

by
th
e
su
rg
in
g
gu

lly
er
os
io
n

E
ff
or
ts
to

at
tr
ac
t
th
e
at
te
nt
io
n
of

re
le
-

va
nt

go
ve
rn
m
en
t
ag
en
ci
es

to
sa
ve

th
e

si
tu
at
io
n
yi
el
de
d
no

po
si
tiv

e
re
su
lts

15
.

3r
d

O
ct
ob

er
,

20
12

Im
o

T
he
re

ar
e
ov

er
40

1
id
en
tifi

ed
er
os
io
n

si
te
s
sc
at
te
re
d
in

al
l
th
e
27

lo
ca
l
go

v-
er
nm

en
ta
re
as

of
th
e
S
ta
te
na
m
el
y:

U
m
us
hi
ev
ul
a
A
vu

vu
,I
ke
du

ru
lo
ca
l

co
un

ci
la
re
a,
O
kp

al
a,
A
bo

h
M
ba
is
e,

O
w
er
ri
N
or
th
,O

w
er
ri
M
un

ic
ip
al
,

O
w
er
ri
W
es
t,
O
nu

im
o,

Is
ia
la
M
ba
no

,
E
hi
m
e
M
ba
no

,I
hi
tte

U
bo

m
a,
M
ba
ito

li,
N
ja
ba
,I
de
at
o
N
or
th

an
d
S
ou

th
lo
ca
l

co
un

ci
la
re
as
,O

rs
u,

O
rl
u,
am

on
g
ot
he
rs

M
os
t
of

th
e
er
os
io
n
si
te
s
ar
e
no

t
on

ly
lif
e-
th
re
at
en
in
g
an
d
fe
ar
fu
l.
P
ub

lic
bu

ild
in
gs
,i
nc
lu
di
ng

m
ar
ke
t
st
al
ls
,

sc
ho

ol
s,
an
d
ho

sp
ita
ls
,w

er
e
no

ts
pa
re
d

fr
om

th
e
de
va
st
at
io
ns

S
ev
er
al
fa
m
ili
es

ha
ve

be
en

fo
rc
ed

to
fl
ee

fr
om

th
ei
r
ho

m
es

an
d
in
to

sa
fe
ty
,

so
m
et
im

es
se
ve
ra
l
ki
lo
m
et
er
s
aw

ay
fr
om

th
ei
r
an
ce
st
ra
lh

om
es

16
.

16
th

M
ar
ch
,

20
13

Im
o

E
ro
si
on

si
te
s
th
at
cu
tt
he

O
rl
u-
M
gb

ee
-

U
ru
al
la
,A

ko
kw

a-
O
si
na

F
ed
er
al
H
ig
h-

w
ay

in
to

tw
o.

T
he

de
va
st
at
in
g
ec
on

om
ic
co
st
of

th
is

di
sa
st
er

w
as

nu
m
er
ou

s
es
pe
ci
al
ly
,i
nt
er
-

st
at
e
tr
ad
e
fr
om

Im
o—

A
na
m
br
a
st
at
e

T
hi
s
pa
rt
ic
ul
ar

er
os
io
n
si
te
w
as

lo
ng

id
en
tifi

ed
bu

tn
ot
hi
ng

se
ri
ou

s
w
as

do
ne

to
ch
ec
km

at
e
th
e
ad
va
nc
in
g
gu

lly

17
.

17
th

Ju
ne
,

20
20

E
nu

gu
O
nu

iy
i-
N
su
kk

a
be
hi
nd

N
na
m
di

A
zi
ki
w
e
bu

ild
in
g

T
he

O
nu

iy
i-
N
su
kk

a
gu

lly
er
os
io
n
si
te
s

di
sa
st
er

ha
s
be
en

a
de
at
h
th
re
at
to

pe
o-

pl
e
du

ri
ng

ra
in
y
se
as
on

an
d
ha
s
af
fe
ct
ed

co
m
m
un

iti
es

lik
e
O
gb

ud
u,

O
bu

kp
a,

A
lo
r
U
no

co
m
m
un

iti
es

w
ith

liv
es

an
d

pr
op

er
tie
s
w
or
th

m
ill
io
ns

us
ua
lly

lo
st

ev
er
y
ye
ar

T
he

O
nu

iy
i-
N
su
kk

a
ro
ad

is
a
fe
de
ra
l

ro
ad

lin
ki
ng

B
en
ue

S
ta
te
to

O
ni
ts
ha

in
A
na
m
br
a
S
ta
te

(c
on

tin
ue
d)

31 The Impacts of Climate Change on Soil Fertility in Nigeria 613



T
ab

le
31

.1
(c
on

tin
ue
d)

S
/

N
D
at
e/

m
on

th
/y
ea
r

S
ta
te

L
oc
at
io
n

In
ci
de
nt

R
em

ar
k

18
.

16
th

Ju
ne
,

20
20

E
nu

gu
O
bi
no

fi
a
N
di
un

o
in

E
ze
ag
u
L
oc
al

G
ov

er
nm

en
tA

re
a

T
he

er
os
io
n
w
as

ca
us
ed

by
th
e
di
ve
r-

si
on

of
fl
oo

d
fr
om

ne
ig
hb

or
in
g
co
m
-

m
un

iti
es

of
N
ac
hi
,U

m
um

ba
,O

be
le
ag
u,

an
d
A
m
ok

w
e

T
he

m
en
ac
e
ha
s
dr
ag
ge
d
th
e
co
m
m
u-

ni
ty

ba
ck
w
ar
ds

in
te
rm

s
of

m
ea
ni
ng

fu
l

de
ve
lo
pm

en
t
as

w
ea
lth

y
in
di
ge
ne
s
of

O
bi
no

fi
a
N
di
un

o
ne
ith

er
in
ve
st
ed

in
th
e
co
m
m
un

ity
no

r
ca
m
e
ba
ck

ho
m
e

du
ri
ng

fe
st
iv
e
pe
ri
od

s.
W
he
n
it
ra
in
s,

th
e
fl
oo

d
w
ill

go
in
to

pe
op

le
’s
ho

us
es
.

O
ur

pe
op

le
ar
e
no

w
sl
ee
pi
ng

w
ith

th
ei
r

tw
o
ey
es

w
id
e
op

en
in

th
e
m
id
ni
gh

t
be
ca
us
e
of

er
os
io
n

19
.

10
th

S
ep
te
m
be
r,

20
19

E
nu

gu
U
m
ui
to
do

O
bo

llo
N
kw

o
co
m
m
un

ity
in

U
de
nu

L
oc
al
G
ov

er
nm

en
t
A
re
a

T
he

on
ly
ro
ad

le
ad
in
g
to
th
e
co
m
m
un

ity
is
th
re
at
en
ed

by
er
os
io
n

T
he

liv
es

an
d
pr
op

er
tie
s
of

th
e
re
si
-

de
nt
s
of

U
m
ui
to
do

O
bo

llo
N
kw

o
co
m
m
un

ity
ar
e
eq
ua
lly

in
a
gr
ea
t
da
n-

ge
r
as

th
e
er
os
io
n
is
fa
st
en
cr
oa
ch
in
g

in
to

th
ei
r
bu

ild
in
gs

20
.

29
th

A
ug

us
t,

20
18

E
nu

gu
F
ou

r
he
ad

gu
lly

er
os
io
n
si
te
at
E
nu

gu
-

N
gw

o
Im

m
ed
ia
te
th
re
at
to

th
e
co
m
m
un

iti
es

su
rr
ou

nd
in
g
as

it
th
re
at
en
s
th
em

to
ex
tin

ct
io
n

T
he

si
te
po

se
s
a
th
re
at
to

E
nu

gu
-

O
ni
ts
ha

ex
pr
es
s
w
ay

21
.

22
nd

M
ay
,

20
13

E
nu

gu
O
do

ng
bu

-A
m
og

be
ke

an
d
A
kp

on
ge
-

A
m
oj
u
in

E
zi
m
o,

U
de
nu

L
oc
al
G
ov

-
er
nm

en
tA

re
a.
A
ff
ec
te
d
ar
ea
s
w
er
e:

M
kp

or
og

w
u-
E
zi
m
o-
U
lo

ro
ad

an
d

U
gw

u
O
do

r-
U
ru
ne
ya

er
os
io
n
si
te
in

U
du

ne
de
m

w
ar
d,

O
bo

llo
-A

fo
r,
fo
ur

at
A
m
al
la
co
m
m
un

ity
,A

m
a-
O
rb
a
an
d

Iy
i-
O
pu

O
za
lla

er
os
io
n
si
te
s

T
he

sc
at
te
ri
ng

of
in
di
ge
ne
s
vi
ct
im

s
of

th
e
co
m
m
un

iti
es

to
ne
ig
hb

or
in
g

co
m
m
un

iti
es

T
he

af
fe
ct
ed

co
m
m
un

iti
es

lo
st
m
an
y

ar
ab
le
fa
rm

la
nd

s
as

th
is
is
th
ei
r
m
ai
n

so
ur
ce

of
liv

el
ih
oo

d

22
.

18
th

A
ug

us
t,

20
16

E
bo

ny
i

T
he

N
gu

zu
-E
dd

a
an
d
A
bi
a
Iw

er
re

co
m
m
un

iti
es

in
A
fi
kp

o
S
ou

th
L
oc
al

C
ou

nc
il

T
he

he
ad
qu

ar
te
rs
of

A
fi
kp

o
S
ou

th
co
un

ci
l
at
N
gu

zu
-E
dd

a
ha
s
be
en

re
lo
ca
te
d
du

e
to

th
e
th
re
at
by

er
os
io
n

ev
en

as
a
fe
w

bu
ild

in
gs

st
ill

si
tp

er
il-

ou
sl
y
on

th
e
ed
ge
s
of

gu
lli
es

T
he

m
en
ac
e
ha
s
af
fe
ct
ed

in
te
r-

co
m
m
un

iti
es

tr
ad
e
an
d
m
ov

em
en
to

f
pe
rs
on

s
th
us
,t
he

en
tir
e
A
bi
a-
Iw

er
re

co
m
m
un

ity
is
be
in
g
th
re
at
en
ed

by
er
o-

si
on

th
at
ha
s
al
so

sa
ck
ed

m
an
y

re
si
de
nt
s

C
om

pi
le
d
by

pr
es
en
t
A
ut
ho

rs

614 B. Anabaraonye et al.



31.3.3 Understanding the Soil Resources Problem

Globally, soil depletion and high levels of greenhouse gas emissions are ubiquitous,
and can hinder sustainable food and agricultural production. These challenges arise
as a result of anthropogenic activities the soils are subjected to (Lal 2009, 2007;
Pretty 2008). Authors have identified soil erosion, decline in organic matter, soil
contamination and pollution, soil salinization, flooding as challenges of soil envi-
ronment for agricultural protection (Commission of the European Communities
2002). These challenges are poised on disrupting bumper harvest for agricultural
goods and consequences for food insecurity.

FAO (2017) and United Nations, in studying population projections in relation to
food supply, posit that the world population is predicted to increase to 9.73 billion by
2050. As the demand for food and other agricultural products is also projected to rise
by 50 percent between 2012 and 2050. Thus, it requires an increased agricultural
production that will produce 50 percent more food to meet these needs
(Alexandratos and Bruinsma 2012). In Sub-Saharan Africa and Nigeria, this requires
an improved soil management and protection to contribute to better yield of crops as
different streams of factors affect soil quality and its productivity.

Climate change impacts as one of the drivers of soil degradation and loss have
been discussed in literature. Qafoku (2015) attempted a succinct discourse on the
nitty gritty of climate change effects of soils in areas such as increased disintegration
of rock and soil forming minerals and elemental fluxes within the soil ecosystem,
methods employed in improving carbon sequestration in soils, soil organic matter
conservation, transformation and mineralization, and ambient soil organic matter
temperature differentials. In addition, extreme events caused by climate change
(Angélil et al. 2014) may have long-term effects on soils with poorly understood
consequences.

The potential impact of climate change on crop production has been reviewed by
Hatfield et al. (2011) with diverse implications. Thus, improving soil fertility and
productivity is required for sustainable soil ecosystem stability.

31.3.4 Improving Soil Fertility and Productivity Through
Management

Attention has been focused on aspects of improving the soil organic matter to
improve soil productivity generally. The school of thought believed that the organic
matter content of soils is a prerequisite to soil fertility and bumper harvest which
determines the overall physical, chemical, and biological behavior of soils ecology.
This understanding has ties with the submission of Ejike and Osuji (2013).

The capacity of the soil is inherent as it provides goods and services. One of these
services according to Blum (2005) includes the production of food through
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agriculture and forestry. In this background, the land use feature on food production
requires maximum yield generated through sustainable soil management practices.

Soil fertility is an incentive for possible gains in the use of soils for agricultural
production processes. Finch et al. (2014) identified that the overall productivity of
the soil is linked to the net effects of fertility and management. Soil fertility issues
have two major factors viz.; natural make-up and variable make-up. Soil manage-
ment practices according to Finch et al. (2014) affect overall soil conditions by
improving the levels of organic matter and biotic events in the soil and plant
nutrients; the amount of soil water, prevention of soil loss by erosion and soil losses,
correction of soil pH by liming, and soil structure.

Soil management practices refer to various actions which revolve around soil
maintenance, conservation, and improvement that help the soil to regain its nutrients,
stability, and balanced properties. According to Ullah et al. (2019) soil management
practices are helpful for addressing soil quality degradation in different ways that
allows for soil recovery and enormous soil productivity and reclamation.

Hatfield et al. (2011) in a study on mitigation opportunities from land manage-
ment practices in a warming world highlighted the need for an increased soil
management as essential in improving soil quality and agricultural production.
According to their study, soil management actions can either be defined as those
directly affecting tillage, or placement and those revolving around residue and
organic matter.

Different soil management practices have peculiar impacts and affect soil water
ratio and balance, temperature variations, biotic activities, and gaseous exchange
between the soil resources and the atmospheric environment. For example, soil
management practices positively influence soil organic carbon viz.; a vi. tillage
and soil management systems and major increases in mulching practices
(Franzluebbers 2005; Follett 2001).

Additionally, soil management practices, improve soil water ratio in the soil
profile, and soil water holding capacity and balance, improve crop yield thereby
increase water use efficiency.

Orji (2017) outlined all forms of alley farming methods that improve soil physical
and chemical qualities in Nigeria and increase crop yield for different food crops
such as maize, rice, growing legumes, cassava, cotton, and cocoyam. Agro-forestry
and alley farming as sustainable soil management method offer a mixed approach to
soil conservation in forms such as improved tree fallows, plantation crop combina-
tion, and shelter belts that helps to achieve soil fertility recovery through improving
the chemical and physical conditions of the soil after a phase of usage. According to
Orji (2017), alley farming provides added green manure or mulch that maintains soil
fertility and reduces fertilizer requirements as agrochemical application is controlled
and only used when necessary (Kang et al. 1990). The trees serve as nutrient pumps
that recycle soil nutrients. It is pertinent to stress further that the benefit of alley
farming to soil management is manifold. The technique provides perfect environ-
mental conditions for soil macro and microorganisms, supplements active soil
nitrogen to required crop, improves soil and water conservation practices on a
sloping topography while preventing soil erosion disasters. Orji (2001) in alley
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cropping experiment observed a noticeable increment of basic soil properties in
examining the significant impact of alley farming on soil. The author confirmed a
noticeable increment on P, K, Na, Mg, and Al likewise noticeable improvement in
soil chemical properties. Other results on farm experiments confirmed the efficacy of
alley farming in soil protection purposes as it has reduced erosion, improved soil
organic matter, and nutrient status while sustaining crop yield under intensive
cultivation of the soil (Kang et al. 1995).

Lal (1989) examined that plots tilled and alley cropped with legumes such as
Gliricidia and Leucaena were lowered by high values of 73% and 83% in compar-
ison to controlled experiments respectively, while the use of vetiver grass has been
proficient in soil erosion too (Orji (2017).

Similarly, Ritchie recommended soil-water conservation efforts by increasing
soil albedo possibly by a favorable crop plant spacing and more dense tree popula-
tion colony.

Other important soil management practices are noteworthy. They are shifting
cultivation and bush fallowing. These techniques allow soils to recover its nutrients
and prevent nutrient depletion per se as they allow adequate nutrient availability and
the maintenance of a stable soil ecosystem Osuji et al. (2012). However, Ejike and
Osuji (2013) noted that these soil management techniques are limited due to the fact
that land is scarce and the systems of land ownership may not allow a prolonged
fallow of such soil.

Osuji et al. (2017) discussed the impacts of sustainable soil management tech-
niques as it improves agricultural production in Imo State. The study identified types
of soil management techniques adopted which has assisted in management of soil
with wide spread impacts on increasing crop yield while maintaining a balance
between all trade-offs. The operation of the techniques helps to alleviate poverty and
achieves zero hunger, improves life on land which are all sustainable development
goals. These soil management practices are proven to be proficient in soil quality
degradation and its restoration in Nigeria, for all ecological zones in the country.
Usman (2007) and Osuji et al. (2017) included conservation tillage practices, soil
fertility improvement actions, and soil erosion control measures.

In different forms and practices, other examples are organic manuring, crop
residue recycling, multiple cropping, and agro-forestry. Usman (2007) submitted
that organic manuring is widely used in improving soil fertility and crop yield in
different localities in Nigeria. Organic manure is largely practiced by arable crop
farmers to improve the fertility of the soil and productivity of the land for different
agricultural practices. Multiple cropping as a practice is prevalent and relevant in
improving soil organic matter, prevention of soil erosion, excessive runoff, flooding,
and harsh soil detachment from raindrops (Emuh 2007).

The implication of exclusive soil management approaches has been rife as well as
the nexus between the practices and increased crop yield and soil productivity. Ejike
and Osuji (2013) posit that these approaches to soil management increase crop yield
per for the local farmers thereby increasing local economy of households. Similarly,
a mix of liming, contour stripping, and strip cropping are requisite soil preservation
methods. While, a lime is introduced in the soil to improve an efficient acid—base
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balance in the soil suitable for bumper harvest for some cash crops, taungya system
is the system of growing of forest trees on soil to offer a green shade for soil
protection from harsh environmental conditions.

Contour and strip cropping according to Enger and Smith (2006), refers to soil
management techniques on sloppy terrains. Contour farming is tilling at right angles
to the slope of the land and helps to produce a series of small ridges at right angles to
the slopes. A combination of contour farming and strip farming is employed when a
slope is too steep or too long. Strip farming, however, refers to alternating strips of
closely sown crops such as hay, wheat, and grains with row crops such as corn, soya
beans, cotton, or sugar cane. These sown crops reduce the forceful flow of water as
runoff on soils and prevent soil erosion and eventual soil loss.

According to Akanwa et al. (2019), agroforestry is the system that integrates trees
in farms and rangelands. They outlined the potentials of agroforestry and environ-
mental greening for climate change minimization. As a soil management method, it
reduces soil erosion, improves soil quality, vegetation cover, and improved land
management. Thus, it is a remarkable method in preserving the soil likewise climate
change and adaptation.

Improved soil management practices generally provide soft landing for best soil
quality performance and eventual profit making potentials that can be accrued. It is a
requisite factor of enhancing bumper harvest from crop production operations while
offering soft solutions to possible environmental problems arising from anthropo-
genic tendencies in soil use for agricultural purposes.

31.3.5 Recommendations

Based on the results of the study, the following recommendations were made:

(a) Government, companies, institutions, and even individuals in Nigeria can initi-
ate activities which will lead to the planting of trees in strategic places around
and within our primary, secondary schools, and tertiary institutions in Nigeria to
help green our environment and release more oxygen into the atmosphere.
Strategic Tree planting activities can immensely help to address the impacts of
climate change on soil fertility in Nigeria.

(b) The government should construct more dams in the country which could also go
a long way as a mitigation strategy.

(c) Relevant government agencies in collaboration with nongovernmental organi-
zations should educate farmers both in rural and urban areas about the impacts of
climate change on soil fertility in Nigeria and ways to adapt and mitigate for
sustainable development.

(d) Flood Hazard Mapping: To reduce and manage properly the adverse conse-
quences of flood in the country, there should be immediate Flood Hazard
Mapping of the affected areas using best practiced modern technologies.
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Flooding which is one of the effects of climate change has been discovered to
have a great impact on soil fertility in Nigeria.

(e) Disaster risk reduction should be integrated in the syllabus in primary, secondary
schools, and tertiary institutions in Nigeria. Principals, teachers, and students in
various educational institutions in Nigeria should undergo annual training on
disaster risk reduction to mitigate the effects of flooding across various cities and
communities in the country.

(f) Government policy on urbanization in Nigeria should be revisited to discontinue
the construction of houses, roads, bridges haphazardly. Construction of roads
culvert and drainages should be expansive to accommodate the flow of water
with special consideration of their proximity to farmlands.

(g) Dumping of biodegradable waste products should be done strategically which
can go a long way to increase soil fertility when done properly.

(h) Early warning signs and information should be communicated to Nigerians
through radio, television, internet, and numerous social media platforms in
order to create awareness about the impacts of climate change on soil fertility
in Nigeria.

31.4 Conclusion

The impacts of climate change on soil fertility in Nigeria are very profound.
Education is seen as a human right, a key to civilization and enlightenment, and as
source of wealth and power. It is the cornerstone of the growth and development of
any country’s social, economic, and political institutions. Flooding problems should
not in any way be allowed to hamper and tamper with Nigeria’s agricultural sector.
Flooding which leads to soil erosion and adversely affects soil fertility should be
properly managed in Nigeria. Disaster risk reduction needs to receive serious
attention as a facet of development both to the government and the nongovernmental
organizations in Nigeria. There is an urgent need therefore for all stakeholders,
researchers, and the farmers who are directly affected to seek strategies to solve
the problems of flooding to ensure sustainability in the soil fertility in Nigeria.

References

Ahmadu J, Galadima DH, Chinedu NB, Eze OB (2019) Effect of erosion on agricultural land in
Agyana Community in Abaji, Abuja. Int J Appl Agric Sci 5:120–128

Akamigbo FOR, Nnaji GU (2011) Climate change and Nigerian soils: vulnerability, impact and
adaptation. J Trop Agric Food Environ Extension 10:80–90

Akanwa AO, Mba HC, Ogbuene EB, Nwachukwu MU, Anukwonke CC (2019) Potential of
agroforestry and environmental greening for climate change minimization. In: Abhishek R
et al (eds) Climate change impact and agroforestry system. International Standard,
CRC-Apple Academic Press and Taylor & Francis, London, p 389

31 The Impacts of Climate Change on Soil Fertility in Nigeria 619



Alexandratos N, Bruinsma J (2012) World agriculture towards 2030/2050: the 2012 revision. ESA
Working Paper No. 12–03. Rome, FAO

Angélil O, Stone DA, Tadross M, Tummon F, Wehner M, Knutti R (2014) Attribution of extreme
weather to anthropogenic greenhouse gas emissions: sensitivity to spatial and temporal scales.
Geophys Res Lett 41:2150–2155

Anabaraonye B, Okafor JC, Hope J (2018) Educating farmers in rural areas on climate change
adaptation for sustainability in Nigeria. In: Leal Filho W (ed) Handbook of climate change
resilience. Springer, Cham. https://doi.org/10.1007/978-3-319-71025-9_184-1

Anabaraonye B, Okafor JC, Eriobu CM (2019) Green entrepreneurial opportunities in climate
change adaptation and mitigation for sustainable development in Nigeria. J Environ Pollut
Manag 2:1–6

Birsel R (2019) Flood, fire and plague: climate change blamed for disasters. Retrieved from https://
www.theguardian.pe.ca/news/world/flood-fire-and-plague-climate-change-blamed-for-disas
ters-375852

Blum WEH (2005) Functions of soil for society and the environment. Rev Environ Sci Biotechnol
4:75–79

Blum WEH (2013) Soil and land resources for agricultural production: general trends and future
scenario – a worldwide perspective. Int Soil Water Conserv Res 1:1–14

Brevik EC (2013) The potential impact of climate change on soil properties and processes and
corresponding influence on food security. Agriculture 3:398–417. https://doi.org/10.3390/
Agriculture3030398

Commission of the European Communities (2002) Towards a thematic strategy for soil protection.
COM (2002) 179 Final. European Commission, Brussels, Belgium

Ejike RD, Osuji EE (2013) The role of women in sustainable conservation agriculture as a viable
alternative to traditional farming practices in Imo State, Nigeria. In: Abstract proceedings of the
27th Annual Conference of Farm Management Association of Nigeria held at University of
Ilorin, Kwara State, Nigeria, pp 23–29

Emuh FN (2007) Economic yield and sustainability of maize crop in association with Cowpea and
Egwusi-melon in Southwestern, Nigeria. J Agron 6:157–161

Enger ED, Smith BF (2006) Environmental science: a study of inter-relationships, 10th edn.
McGraw-Hill, New York

FAO (2017) The future of food and agriculture – trends and challenges. FAO, Rome
Finch HJS, Samuel AM, Lane GPF (2014) Soils and soil management. In: Lockhart & Wiseman’s

Crop Husbandry including grassland. Elsevier, New York
Follett RF (2001) Soil management concepts and carbon sequestration in cropland soils. Soil

Tillage Res 61:77–92
Franzluebbers AJ (2005) Soil organic carbon sequestration and agricultural greenhouse gas emis-

sions in the southeastern USA. Soil Tillage Res 83:120–147
Hatfield JL, Boote KJ, Kimball BA, Ziska LH, Izaurralde RC, Ort D, Thomson AM, Wolfe DW

(2011) Climate impacts on agriculture: implications for crop production. Agron J 103:351–370
IPCC (2001) Climate change 2001: the scientific basis. Contribution of working group I to the third

assessment report of the intergovernmental panel on climate change. University of Cambridge,
Cambridge. First published 2001. https://www.ipcc.ch/ipccreports/tar/wg1/pdf/WGI_TAR_
full_report.pdf

IPCC (2007) IPCC fourth assessment report: climate change 2007. https://www.ipcc.ch/
publications_and_data/ar4/wg2/en/frontmattersg.html

Kang BT, Wilson GF, Lawson TL (1990) Alley cropping - a sustainable alternative to shifting
cultivation. IITA, Ibadan

Kang BT, Akinnifesi FK, Pleysier JL (1995) Effect of agroforestry woody-species on earthworm
activity and physio chemical properties of worm casts. Biol Fertil Soils 18:193–199

Lal R (1989) Agroforestry systems and soil surface management of a tropical alfisol. In: Soil
moisture and crop yields agroforestry systems, vol 8. Kluwer Academic Publication, Dordrecht,
pp 7–29

620 B. Anabaraonye et al.

https://doi.org/10.1007/978-3-319-71025-9_184-1
https://www.theguardian.pe.ca/news/world/flood-fire-and-plague-climate-change-blamed-for-disasters-375852
https://www.theguardian.pe.ca/news/world/flood-fire-and-plague-climate-change-blamed-for-disasters-375852
https://www.theguardian.pe.ca/news/world/flood-fire-and-plague-climate-change-blamed-for-disasters-375852
https://doi.org/10.3390/Agriculture3030398
https://doi.org/10.3390/Agriculture3030398
https://www.ipcc.ch/ipccreports/tar/wg1/pdf/WGI_TAR_full_report.pdf
https://www.ipcc.ch/ipccreports/tar/wg1/pdf/WGI_TAR_full_report.pdf
https://www.ipcc.ch/publications_and_data/ar4/wg2/en/frontmattersg.html
https://www.ipcc.ch/publications_and_data/ar4/wg2/en/frontmattersg.html


Lal R (2007) Anthropogenic influences on world soils and implications to global food security. Adv
Agron 93:69–93

Lal R (2009) Sequestration of atmospheric CO2 in global C pools. Energy Environ Sci 1:86–100
OECD (2009) OECD work on climate change. https://www.oecd.org/env/cc/Work-on-Climate-

Change-2013-14_web.pdf
Okafor JC (2020) Flood, livelihood displacement, and poverty in Nigeria: plights of flood victims,

2012–2018. In: Leal Filho W et al (eds) African handbook of climate change adaptation.
Springer, Cham. https://doi.org/10.1007/978-3-030-42091-8_124-1

Okafor SO, Okafor JC (2019) Government policy approach to environmental conflicts among the
Niger Delta communities: implication to 2015 and post 2015 sustainable development goals. J
Soc Dev Sci 10:1–14

Okafor JC, Oladejo AO, Ikem PA (2019) Nigeria and the politics of United Nations Climate
Financing and Environmental Security: understanding the debacle of Ogoniland. Afr Renais-
sance 16:189–205

Okoroafor OO, Akinbile CO, Adeyemo AJ (2017) Soil erosion in South Eastern Nigeria: a review.
Sci Res J 5:30–37

Orji EC (2001) Prospects and constraints in conserving indigenous fruit trees for sustainable
agricultural development in Nigeria. Afr J Environ Stud 2:152–156

Orji EC (2017) Agroforestry and alley farming: a friendly and viable initiative for environmental
management. An inaugural lecture presented at the 6th Inaugural Lecture of Chukwuemeka
Odumegwu Ojukwu University, Anambra State. Nigeria on 12th December, 2017

Osuji EE, Ohajianya DO, Ehirim NC, Eze EU (2012) Effect of land use patterns on agricultural
productivity in Imo State, Nigeria. Int J Food Agric Res 9:81–89

Osuji EE, Anyanwu UG, Ehirim NC, Eze EU, Tim-Ashama A (2017) Economics of processed
cassava products in Imo State, Nigeria. J Res Bus Manag, India 5(3):09–19

Pennock D (2019) Soil erosion: the greatest challenge for sustainable soil management. Food and
Agricultural Organizations of the United Nations, Rome

Pretty J (2008) Agricultural sustainability: concepts, principles and evidence. Philos Trans R Soc B
363:447–465

Qafoku NP (2015) Climate-change effects on soils: accelerated weathering, soil carbon, and
elemental cycling. Pacific Northwest National Laboratory, Richland

Ullah H, Santiago-Arenas R, Ferdous Z, Attiah A, Datta A (2019) Improving water use efficiency,
nitrogen use efficiency and radiation use efficiency in field crops under drought stress: a review.
Adv Agron 156. https://doi.org/10.1016/bs.agron.2019.02.002

UNEP (2015) Climate finance. https://www.unenvironment.org/explore-topics/climate-change/
what-we-do/climate-finance

UNFCCC (1992) United Nations framework convention on climate change. https://unfccc.int/
resource/docs/convkp/conveng.pdf

Usman S (2007) Sustainable soil management of the dryland soils of northern Nigeria. GRIN
Publishing GmbH, Munich. ISBN (Book): 978-3-640-92122-5, 155 pp

Wikipedia (2018) https://en.wikipedia.org/wiki/Climate_resilience

31 The Impacts of Climate Change on Soil Fertility in Nigeria 621

https://www.oecd.org/env/cc/Work-on-Climate-Change-2013-14_web.pdf
https://www.oecd.org/env/cc/Work-on-Climate-Change-2013-14_web.pdf
https://doi.org/10.1007/978-3-030-42091-8_124-1
https://doi.org/10.1016/bs.agron.2019.02.002
https://www.unenvironment.org/explore-topics/climate-change/what-we-do/climate-finance
https://www.unenvironment.org/explore-topics/climate-change/what-we-do/climate-finance
https://unfccc.int/resource/docs/convkp/conveng.pdf
https://unfccc.int/resource/docs/convkp/conveng.pdf
https://en.wikipedia.org/wiki/Climate_resilience


Chapter 32
Rising Greenhouse Gases
in the Atmosphere: The Microbes Can Be
a Solution—A Review

Swati, Indu Shekhar Thakur, and Arti Mishra

Abstract In the present world, climate change and global warming are the foremost
problems in front of the human race. These problems have arisen due to the increase
in Greenhouse gases (GHGs) concentration in the atmosphere. Most of the factors
responsible for GHGs emissions are anthropogenic such as fossil fuel combustion,
biomass burning, etc. Nature has developed its own way of fighting the GHGs
problem by evolving microorganisms responsible for GHGs sequestration. These
microorganisms can be utilized for solving the GHGs emission problem. Some of
the methods that involve microorganisms for GHGs emission reduction are altering
microbial community structure for altering GHGs flux into the atmosphere, micro-
bial pathway engineering for more GHGs sequestration, and utilization of GHGs
fixing enzyme derived from microbes to decrease emissions at the point source.
Also, the biogeochemical cycling of elements such as C and N cannot be separated
from climate change as the cycling of these elements involves the cycling of major
GHGs such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). The
present chapter is about microbial role and solution to the GHGs emission problems.

Keywords Greenhouse gases · Carbon dioxide · Methane · Nitrous oxide ·
Microorganisms and Microbial engineering

32.1 Introduction

The continuous efforts towards a way forward to development are causing great
damage to our environment. The various human activities are related to the release of
Greenhouse gases such as carbon dioxide (CO2), Methane, and nitrous oxide that are
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the major cause of climate change and increasing global temperature (Eusufzai et al.
2010; IPCC 2007). The industrialization has lead to the exponential release of
carbon dioxide in the atmosphere (Ramanathan 1988). The other causes of CO2

emission include deforestation (9%) and fossil fuel burning (87%). As per Intergov-
ernmental Panel on Climate Change (IPCC), CO2 is the principal greenhouse gas
and constitutes about 76.7% (v/v) of total atmospheric greenhouse gas volume.
Among fossil fuels, coal is the major contributor to CO2 in the atmosphere. Energy
and transportation sectors that utilize most of the fossil fuels contributed around
two-third of CO2 emissions globally in 2010 (IEA 2012).

After CO2, the second most significant greenhouse gas is CH4. Around 20–30%
of the global warming effect is due to the presence of CH4 in the atmosphere (IPCC
2007). Till the nineteenth century, the concentration of methane was stable or
relatively constant in the atmosphere and was about 0.7 ppm (parts per million).
With the increase in anthropogenic emission sources of CH4, there is an increase of
about 0.1% per year in CH4 concentration in the atmosphere (IPCC 2007). Both
natural and anthropogenic sources are responsible for CH4 emission in the atmo-
sphere. Wetlands are responsible for about 62% CH4 load in the atmosphere and are
one of the largest sources of CH4 emission. CH4 emission from natural sources is of
microbial origin (Conrad 1996).

The third most important greenhouse gas is Nitrous oxide (N2O). The atmo-
spheric lifetime of N2O is of 110 years and has a Global warming potential of
298 times that of CO2. N2O is also known as laughing gas and is an ozone destroyer
(Richardson et al. 2009). It was found that there is an increase in N2O emission
globally by 1.6 (1.4–1.7) TgN y-1 between the year 2010 and 2015 (IIASA 2019).
N2O is emitted from both natural (microbial activity in ocean and soil) and anthro-
pogenic (burning of biomass and fossil fuels, industrial emissions, N-based fertil-
izers application, the farms, etc.) sources. About 1% of nitrogen-based fertilizers that
are used to improve food growth are emitted as N2O in the atmosphere globally.

The rising level of GHGs is adversely affecting the environment and hence,
human health. The presence of high level of CO2, CH4, and N2O along with other
GHGs causes global warming and hence climate change. Some other effects that are
related to global warming are Ocean warming, increase in heatwave frequency and
duration, ice melting, rise in sea level, and atmosphere warming (Dawson et al. 2011;
Meinshausen et al. 2009; Rockström et al. 2009). All these phenomena somehow
also affect human health such as, increase in heatwave frequency leads to heat-
related diseases or illness, temperature, and precipitation variation cause the spread
of diseases (Costello et al. 2009). To address the problems related to increasing
GHGs in the atmosphere, it is important to develop an efficient technique to
sequester these gases from the atmosphere. The different approaches used to date
to tackle the problem of GHGs include physical- and chemical-based sequestering
technique. But these have some major drawbacks as compared to biological seques-
tration such as high operational cost, energy-intensive, and produce harmful
by-products that adversely affect environmental and human health (Ramanathan
1988). The microbial sequestration not only reduces the number of greenhouse gases
from the atmosphere but also converts them into some useful biomolecules such as
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carbohydrate, proteins, and lipids. Hence, biological sequestration via microbes and
other organisms is the most sustainable approach to tackle the GHGs problem (Cole
et al. 2007; Sundquist et al. 2008). The present chapter is going to discuss the role of
microbes in addressing the rising GHGs problem.

32.2 Sources of GHGs in the Atmosphere

To combat the GHGs-related problem, it is important to understand their sources of
emissions. Global GHGs emission is around 50 billion tones each year (in terms of
carbon dioxide equivalents) from different natural and anthropogenic sources
together. With the advancement of technologies, it is possible to control emissions
from some GHGs emission sources but still, we are lacking in controlling the
emissions from some of the sources. So, it is important to develop an understanding
of priority emission sources so that researchers can progress in developing technol-
ogies to get over the problem of GHGs emissions as well as climate change. The
division of GHGs emission sources is represented in Fig. 32.1.

Fig. 32.1 Pie chart depicting global greenhouse gases emission from different sectors. Source:
https://ourworldindata.org/emissions-by-sector, the climate watch, the world resources institute
(2020)
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It has been observed that different sources are responsible for GHGs emissions. It
is clear from Fig. 32.1 that the energy sector is contributing more towards the GHGs
problem. So to meet the current demand for net-zero emissions, we need to target
each and every emission source. Energy sources which are the sum total of emissions
from the utilization of different energies, i.e., electricity, heat, and fuels are currently
contributing around 73.2% in GHGs global emission out of which 24.2% are
industrial emissions, 16.2% are vehicular emissions, and 17.5% are commercial
and residential building emissions. Other sources of emission include cement pro-
duction (3%), chemical and petrochemical manufacturing (2.2%), Organic matter in
wastewater (1.3%), landfills (1.9%), Grassland (0.1%), Cropland(1.4%), deforesta-
tion (2.2%), crop burning (3.5%), rice cultivation (1.3%), Agricultural soils (4.1%),
and Livestock and manure (5.8%). The presence of GHGs in the atmosphere causes
various problems if they are present in a large amounts. The problems related to
GHGs are explained in the next section.

32.3 Greenhouse Gases and Its Impact on Environment
and Human Health

CO2, CH4, and N2O, all are greenhouse gases. They are named so because of their
greenhouse effect. These gases have the ability to trap thermal radiations that are
radiated from the earth’s surface and maintain the Earth’s temperature at a suitable
level for life development. But various human actions have caused an increase in the
concentration of these gases. The incredible increase in GHGs concentration in the
atmosphere leads to global warming, i.e., trapping more heat and hence increasing
the average earth’s temperature. The environmental consequences of rising GHGs
and hence global warming are the melting of glacials, rising sea level, flooding of
islands and coastal cities, hurricane formation, desertification of fertile land, migra-
tion of species, and effect on agriculture and livestock, etc.

The human migration of around 140 million will also occur by 2050 according to
the world bank due to flooding or extreme drought problem. The effect on agricul-
ture is due to the proliferation of weeds, crop diseases, and insects. Similarly, the
change in global temperature is affecting the reproduction and metabolism of
livestock and also responsible for causing various diseases in them. Some of the
direct consequences of global warming include Food shortage and the spread of
infectious diseases such as malaria, cholera, or dengue. Also, extreme environmental
conditions will aggravate respiratory and cardiovascular-related problems in
humans.

The above described impacts are common to rise in concentration of all the three
gases, i.e., CO2, CH4, and N2O. CH4 which a powerful greenhouse gas has some
other indirect effects on human health as it plays an important role in the formation
of tropospheric ozone. The presence of ozone in the tropospheric layer is responsible
for around 1 million premature deaths due to respiratory problem globally. Similarly,
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the traces of N2O are not harmful but as its concentration is increasing due to various
human actions, it is causing some serious environmental issues. The N2O regulates
the ozone concentration in the stratosphere. The high amount of N2O causes damage
to ozone layer and hence reduced the human protection against harmful UV-sunrays
that are usually absorbed by ozone layer.

32.4 Microbes and GHGs

The ubiquitous presence of microorganisms and their role in diverse environmental
phenomena lead us to think about their role in climate change and GHGs production
and regulation. It has been observed that microbes play a central role in regulating
the global fluxes of biogenic greenhouse gases (CO2, CH4, and N2O) (Singh et al.
2010; Zimmer 2010) and also respond very rapidly to the changing environmental
conditions like climate change. To understand the microbial role in GHGs emissions
and regulation, we must consider their interaction with various biotic and abiotic
factors so that their interactions can be utilized in a proper way for mitigating a
GHGs problem. One way to utilize microbes in tackling the climate change problem
is by changing microbial community structure or modifying their genetic material
for eliminating GHGs from their vicinity (Zhou et al. 2011). Linking the biogeo-
chemical cycling of GHGs and microbial community structure can prove to be a
great mechanism for dealing with the climate change problems.

32.4.1 Microorganisms and Carbon Dioxide

Nutrient elements such as carbon, nitrogen circulate between various biotic and
abiotic components via the biogeochemical cycle in the ecosystem. These elements
are not destroyed during cycling instead they get accumulated in reservoirs or sinks
for a very long period of time. Carbon which is the essential building block for life is
mostly present in the form of CO2 in the atmosphere. Animals cannot utilize this
essential component in this form, it must be converted into a usable organic form.
The process of absorption of CO2 from the atmosphere and conversion into organic
substances is known as “CO2 fixation”. Photosynthesis is the best-known example of
CO2 fixation. It is either done by plants or cyanobacteria. Even the photosynthetic
activity of ancient microorganisms is responsible for the presence of O2 in today’s
Earth’s environment.

The carbon cycle that includes CO2 cycling is dependent upon the activity of
various microorganisms as the microbial communities present in the environment
have the ability to fix atmospheric carbon, can help in promoting plant growth, and
can convert organic matter present in the environment (Weiman 2015). That is why
the microbes and their enzymatic system responsible for controlling the various
processes related to Carbon cycling are considered as the key engines of the CO2
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emission system. The concentration of CO2 in the atmosphere is regulated mainly by
the intricate balance between two processes named photosynthesis and respiration
(Falkowski et al. 2008; Gougoulias et al. 2014; Prosser 2007). The photosynthetic
activity of plants, chemo- and photoautotrophic microorganisms is responsible for
CO2 fixation from the atmosphere, hence they can help in decreasing CO2 concen-
tration from the atmosphere if properly utilized in this direction. The carbon cycle
along with the processes that involve microbial function has been represented in
Fig. 32.2 (Table 32.1).

32.4.2 Microorganisms and Methane

The CH4 is a carbon compound that is also a part of carbon cycling (Fig. 32.2) which
is mainly released into the environment due to microbial action and the microorgan-
isms responsible for its formation and emission are known as methanogens. These
microorganisms work in anaerobic conditions and need the presence of hydrogen for
CO2 conversion into CH4. In this process, they form water and release energy for
self-use. Apart from methane-producing bacteria, nature maintains a balance of CH4

in the atmosphere by the action of methane utilizing bacteria called
“methanotrophs”. These bacteria utilize CH4 for energy production and convert it
into CO2 (Bousquet et al. 2006; Nikiema et al. 2005; Semrau et al. 2010). But this
process requires the presence of oxygen in the vicinity of the methanotrophs, i.e.,
this is anaerobic bacteria. Such bacteria are mainly found at the border of aerobic and
anaerobic environments so that they access CH4 produced in the anaerobic environ-
ment and convert them into CO2 in the presence of O2 in the aerobic environment

Fig. 32.2 Carbon cycle representing Carbon dioxide and methane-producing microbial process
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(Rajput et al. 2013). Methanotrophs can be useful for reducing emissions from CH4-
producing factories and landfill sites and convert it into comparatively less harmful
GHG, i.e., CO2 (Gupta et al. 2014; Shindell et al. 2012; Zimmerman and Labonte
2015).

32.4.3 Microorganism and Nitrous Oxide

The most potent GHG, i.e., N2O emission can also be controlled by controlling the
activity of microorganisms responsible for its production. N2O is mainly formed as
by-products of the two main processes of N-cycle, i.e., Nitrification and denitrifica-
tion (Nakagawa et al. 2019; Rodriguez-Caballero et al. 2015). As the name suggests,
nitrification is the process of formation of nitrite (NO2

�) or nitrate(NO3
�) from

ammonium (NH4
+). This is an aerobic process and requires an aerobic environment

for the activity of organisms responsible for the nitrification process to occur. On the
other hand, denitrification is the reduction process and occurs in an anaerobic
environment. During this process, molecular nitrogen (N2) or oxides of N are formed
from the reduction of NO2

� or NO3
� (Nakagawa et al. 2019). The N2O is formed as

a by-product in the processes mentioned above and different microorganisms (e.g.,
bacteria, archaea, and fungi) follow different metabolic pathways for generating the
same (Marusenko et al. 2013).

Some of the widely studied microorganisms responsible for heterotrophic and
autotrophic nitrification are following bacteria (P. stutzeri, A. faecalis, Acinetobacter
calcoaceticus, Aspergillus, Nitrosomonas europea, N. eutropha), Archaea

Table 32.1 Major microorganism involved in CO2 sequestration (Mistry et al. 2018)

Microorganism type Genus

Proteobacteria Thiomicrospira denitrificans
Desulfobacter hydrogenophilus
Acidithiobacillus thiooxidans
Ralstonia eutropha
Xanthobacter flavus
Rhodobacter capsulatus

Archaea Methanobrevibacter aboriphilus
Methanothermobacter thermautotrophicus
Methanospirrillaceae
Cenarchaeum spp.

Clostridia Clostridium autoethanogenum
Clostridium thermocellum

Algae Chlorella vulgaris
Anabaena sp.
Scenedesmus obliquus
Nannochloropsis oculata
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(Nitrosopumilus martimus, Nitrososphaera viennensis, Nitrososphaera gargensi),
and fungi (Aspergillus, Penicillium, Absidia cylindrospora). Similarly some well-
known microorganisms responsible for the heterotrophic and autotrophic denitrifi-
cation process are Bacteria (Thermomonas, Denitratisoma, Thiobacillus
denitrificans, Sulfuritalea hydrogenivorans), Archaea (Pyrobaculum aerophilum,
Haloferac denitrificans), and fungi (F. oxysporum, Gibberella fujikuroi) (Connan
et al. 2018; Cydzik-Kwiatkowska and Zielińska 2016; Hayatsu et al. 2008; Kerou
et al. 2016; Nakagawa et al. 2019; Zhang et al. 2017; Zhu et al. 2014). The factors
responsible for microbial involvement in N2O formation are the abundance and
composition of nitrifying and denitrifying microorganisms and their association with
the various abiotic factors such as O2 level, temperature, organic content, pH, and
nitrogen availability (Hashida et al. 2013). Also, some of the denitrifiers can act as
N2O producer or N2O reducer which depends upon the activity of nitrous oxide
reductase enzyme and hence, influence the N2O flux in the atmosphere (Nakagawa
et al. 2019). The processes responsible for N2O emission in the atmosphere in
N-cycling have been represented in Fig. 32.3.

Fig. 32.3 Nitrogen cycle representing nitrous oxide-producing microbial process
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32.5 Microbes and Biofuels

Apart from utilizing the biogeochemical cycle alteration method by changing micro-
bial community structure for tacking climate change problems, researchers are going
the other way round by generating more environmentally friendly biofuel by using
microorganisms. The ability of microorganisms to generate biofuel will help in
reducing the global warming problem as it reduces the economy dependence on
fossil fuel which in turn would release less GHGs in the atmosphere. The fossil fuels
release a very high amount of CO2 (38.1 billion tonnes in 2019), hence their usage in
the energy sector leads to global warming and climate change (Liao et al. 2016).
Finding an alternative solution to fossil fuel (nonrenewable) will not only protect our
environment from climate change-related problems but also give us a sustainable
future by providing us a renewable source of energy.

The most commonly produced biofuel is bioethanol. The bioethanol is generally
produced by the activity of Saccharomyces cerevisiae on high sugar-containing
plants such as sugar beet, sugar cane, and corn. The process of formation of ethanol
from sugar is known as fermentation. Although this reduces the harmful emissions
such as hydrocarbon emissions (75–90%), carbon monoxide, and smog-producing
particulate matter (50%), in a long run using energy crops will not be sustainable.
The energy crops usage for biofuel production will lead to the reduction of land for
producing food crops, largely in developing countries. Even in developed countries,
clearing forests for growing energy crops will lead to an imbalance in the ecosystem.
So, there is a need for a much sustainable solution to replace fossil fuel with some
renewable sources of energy.

Scientists have found an alternative to using plants for biofuel production but the
research is in the native state. The most abundant lignocellulosic plant waste which
is dumped into landfills can now be valorized to produce biofuel and other industrial
chemicals by microbial treatment. The lignocellulose is composed of cellulose,
hemicellulose, and lignin. The enzyme that is responsible for the breakdown of
cellulose is known as cellulase and it is actively searched by the researchers and
scientists in diverse and unusual environments such as termite’s stomach, soil found
near volcanoes, etc. Some of the microbial species that are used to produce
bioethanol from lignocellulosic waste are Sulfulobus solfatarticus, Trichoderma
reesei, and algae. Active research is going on genetic modification of these micro-
organisms for improving their specific enzyme functions for biofuel production.
Using microorganisms for biofuel production will solve an array of problems such as
GHGs emissions, climate change, land-use changes, and provide a renewable source
of energy.
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32.6 Other Microbial Techniques Used for Enhancing
GHGs Sequestration and Mitigation

32.6.1 Enzymatic Carbon Dioxide Capture and Storage
(CCS)

The treatment of GHGs would be much easier and more effective if it will be done at
their point sources of emission. It has been observed that the CO2 concentration in
the flue gas that is emitted from steel making plants and thermal power stations is
500 times higher than that is in the atmosphere. Various physical and chemical point
treatment methods are in use but a biological technique that utilizes the use of a
Carbonic Anhydrase (CA) enzyme is a more viable and environmental benign option
(Liu et al. 2005). The CA catalyzes the conversion of CO2 to bicarbonates (HCO3

�)
and protons.

CA is a zinc metalloenzyme and found in all living organisms such as plants,
animals, and microorganisms. Five different classes of CAs (a, b, c, d, and e) exist in
nature and are found to be evolved independently from each other (Smith et al.
1999). The a and b class of CA enzyme are widespread in bacteria and archaea. CA is
present both, inside the cell, i.e., in cytoplasm and in the cell membrane. CAs are
mostly studied in mammals. Recently to combat the GHGs problem, the environ-
mental scientists start focusing on the prokaryotic CAs and have successfully
purified an enzyme from a few bacterial species. But the utilization of this technique
for CO2 sequestration is still in native state and needs more research for developing
an industrial level process or method.

32.6.2 Engineering Microorganisms for Enhanced CO2

Sequestration

The undergoing natural processes that utilize or release CO2 from the microorgan-
isms can be engineered for increasing the efficiency of the process. Different
microorganisms are known for CO2 sequestration. Hu et al. (2018) described the
various ways of microbial engineering for enhancing CO2 sequestration and reduc-
ing CO2 emissions from microorganisms. This is a very promising technique as it
fulfills dual functions. One is reducing GHGs emissions and the other is the
production of some useful chemical substances. Autotrophs can be strengthened
by enhancing the efficiency of the CO2 fixing pathway, energy harvesting system,
and changing the carbon flux distribution. Similarly, heterotrophic ability to fix
carbon dioxide can be enhanced by increasing carboxylation ability, more CO2

fixing bypass creation, and conversion of heterotrophs to autotrophs so that they
can utilize CO2 as a carbon source. Microbial engineering can also be done to reduce
CO2 emission by metabolic pathways rewiring, redox balance improvement, and
decrease the production of CO2 through respiration in microorganisms. Molecular
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biology technological advancements can partly solve the problem of GHGs emis-
sions by engineering microbes to fix more CO2 and release less CO2 during
respiration. CO2 fixing bacteria also produce a large number of other important
industrial chemicals which in turn improve resource and energy shortage
simultaneously.

32.6.3 Manipulation of Microbial Community Structure
for Mitigation of Nitrous Oxide

Most of the N2O load in the atmosphere is released from the microorganisms present
in soil (Hu et al. 2017a, b). So these microorganisms can be manipulated or altered
for mitigation purposes instead of creating a problem by producing N2O. It can be
done by different microbiological technologies for reducing N2O emissions.

32.6.3.1 Bioaugmentation with N2O-Reducing Microbiomes to Roots,
Soils, or Fertilizers

The inoculation with N2O-reducing bacteria has proved to be a successful technique
in reducing edaphic N2O emissions. The key step in this method is the selection of an
appropriate strain for achieving the goal. It has been observed that Bradyhizobium
japonicum has the ability to convert N2O to N2 with the action of NOS and mitigated
the release of N2O from soybean fields when inoculated in its roots (Itakura et al.
2012). Nishizawa et al. (2014) have successfully ameliorated N2O emission from the
soil by adding N2 generating denitrifiers such as Azoarcus, Burkholderia, and
Niastella. Also, the inoculation with plant growth-promoting rhizobacteria
(Azospirillum and Herbaspirillum) has performed the dual function, i.e., on one
hand, it ameliorated the N2O emission and on other hand it promoted the plant
growth (Chauhan et al. 2015; Gao et al. 2019). Although this technique is useful, the
interaction of the inoculated strain with the indigenous microbiome is not studied.
The indigenous microorganisms outcompete them and hence, proved as a hurdle in
achieving a defined target. This is somehow can be overcome by developing and
inoculating a bacterial consortium that helps in reducing N2O emission from soil
(Akiyama et al. 2016; Hu et al. 2017a, b).

32.6.3.2 Altering the Production of Specific Signaling Molecule

This strategy of achieving a goal of reducing GHGs emissions is in the native state
and is under research. Some microorganisms are known that release signaling
molecules in their vicinity and act as an inhibitor of N2O conversion. It has been
known in Nitrobacter winogradskyi which releases acyl-homoserine lactones

32 Rising Greenhouse Gases in the Atmosphere: The Microbes Can Be a. . . 633



(AHLs) in their environment and leads to the inhibition of the nirK gene. This gene
product is basically involved in the consumption of N2O by Nitrobacter
winogradskyi. So, in the presence of AHLs, it will fail to do so (Schuster et al.
2013; Mellbye et al. 2016). The microbial engineering of the genes responsible for
AHL production can prove to be a great strategy for N2O emission control.

32.7 Conclusion

The microorganisms are the key regulator of GHGs emission. They are responsible
for both the addition and elimination of GHGs in the atmosphere. The proper
management of the microbial community structure in the soil can somehow able to
answer the problem of global warming and climate change by altering the emission
of GHGs. The phenomenon of inoculation of GHGs sequestering strain and genetic
alteration for achieving enhanced GHGs elimination effect are in the native state and
need the attention of scientists for achieving the desired result.
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Chapter 33
Battling Climate Change: Improving Crop
Productivity and Quality by Increasing
Photosynthetic Efficiency, Deploying
Microbiome Metagenomics, and Effectively
Utilizing Digital Technology

P. S. Chandrashekharaiah, Santosh Kodgire, Debanjan Sanyal, and
Santanu Dasgupta

Abstract Change in normal environmental conditions is referred as climate change.
The activities such as desertification, emissions of toxic gases from fossil fuel
burning, increased livestock farming, use of nitrogenous fertilizers, and fluorinated
gases are the main causes for global climate change. These activities release huge
quantity of greenhouse gases into atmosphere in addition to those that produce
naturally. The increased greenhouse gasses cause greenhouse effect and global
warming. The temperature and rainfall are important factors from the point of
agriculture and are affected due to climate change. The change in temperature and
rainfall pattern affect crop growth and increase the chances of pests and diseases
outbreak and finally the productivity. The effect of environmental change on agri-
culture is unevenly distributed across the world and if not addressed appropriately, it
may increase the risk of food security in coming days. Increasing the agriculture
productivity under changing climate is the need of the hour. Till date, only marginal
efforts were made in enhancing the photosynthetic efficiency of crop plants. Bio-
technological tools play significant part in improving the plant photosynthesis and
the yield. Besides increasing crop’s intrinsic productivity, providing optimum bio-
logical environment to the crops is another logical combatting strategy to minimize
any adverse effect of changed environment. Plant microbiome is the major compo-
nent of the biological climate, which denotes the entire genetic makeup of microor-
ganisms live on the soil and plant. The microbiome is unpredictably associated with
plant wellbeing and helps in increasing the quality and productivity of crops. The
beneficial microbes induce resistance to the plants against pest and diseases, play
important role in nutrient recycling, nutrient mobilization. The metagenomic tools
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help in designing right microbiome to recover the plant and soil wellbeing. The
application of digital technology in agriculture will enhance the precision and right
prediction. The digital technology can be used to monitor the changing rainfall
pattern, temperature, pest and disease outbreak, and databases can be developed
for these. The machine learning (ML) algorithms and artificial neural network
(ANN) can be used to analyze and process large-scale data. An artificial Intelligence
(AI) platform developed by ML and ANN can help further decision making. These
biological and digital solutions will bring revolution in the agriculture by increasing
the productivity and by minimizing the crop losses. In this book chapter, we are
discussing about the role of photosynthesis, microbiome, and digital technology in
concern to changed environment and improving agriculture productivity.

Keywords Climate change · Crop · Metagenomics · Microbiome · Photosynthesis ·
Productivity

33.1 Introduction

Climate change is the rising global concern; it refers to changes in atmospheric
gaseous composition by anthropogenic activities, in addition to natural climate
variability (Moser and Dilling 2004; Lorenzoni et al. 2007; UNFCC 1994). The
atmosphere of earth is majorly composed of nitrogen, oxygen, argon and the
concentration is as follows, 78.09%, 20.95%, and 0.93%, respectively. The minor
gases, which are present, are methane (CH4), carbon dioxide (CO2), chlorofluoro-
carbons (CFCs), nitrous oxide (N2O), and ozone (Qiancheng 1998). These minor
gases are called as greenhouse gases (GHG), have high absorption for thermal long
wave infrared radiations and increase the temperature of atmosphere, seas, and
terrestrial planets (http://earthobservatory.nasa.gov/Features/GlobalWarming/
page2.php). The heating of earth’s atmosphere due to increased concentrations of
minor gases is termed as global warming and the process is called as greenhouse
effect (Venkata Ramanan and Smitha 2011; Olufemi et al. 2014). The changing
global climate will affect various parameters of environment and ecosystem. Inter-
governmental Panel on Climatic Change (IPCC 2007) has anticipated the impact of
changed environment using computer models and simulation. According to IPCC
(2007) by 2100, the worldwide normal surface temperature would rise by 1.1 to
6.4 �C and ocean level would increase between 18 and 59 cm. The other predicted
effects include acidification of oceans and occurrence of tropical cyclones (typhoons
and hurricanes).

The concentration of CO2 has increased over period, prior to industrialization it
was ~250 ppm and currently the concentration has crossed 380 ppm and would
touch 550 ppm by 2050 (Rosegrant and Cline 2003). Altogether, CO2 significantly
affects the environment and stays active in the air for a long time. Approximately
30 years are required for disappearance of 50% of total CO2 released into the
atmosphere, 30% CO2 remain in atmosphere for many centuries and 20% last for
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several million years (Solomon et al. 2007). CO2 comes from burning and use of
fossil fuels from different sectors like transportation, manufacturing of cements. It is
also released into environment by plant material deterioration, respiration, organic
matter breakdown, and deforestation (Davidson and Janssens 2006). Methane (CH4)
is another GHG responsible for climate change. CH4 is produced by production and
combustion of fossil fuels, waste dumping, landfills, and livestock farming (Kusar
and Avgustin 2010). Oceanic activities, anaerobic or water logging conditions in rice
cultivation also contribute significantly to the methane generation (Singh et al. 2010;
Horz et al. 2002). Nitrous oxide is another GHG released into environment due to
fossil fuel burning and excess use of fertilizers (Sanford et al. 2012).

The additional utilization of inorganic fertilizers and pesticides in modern agri-
culture has increased the crop yields but affected soil fertility, soil, and plant
microbial community. The effects of global climate changes such as increasing
temperature and increased GHG made crop plants more susceptible for pests and
diseases and affected the CO2 fixation, photosynthesis, and crop yield. This has
negatively affected the environment and significantly affected the human well-being
and food security (Tilman et al. 2002). In this direction plants and microbiome taking
a significant part in reducing pollution caused by various greenhouse gases (CO2,
CH4, and N2O). Plants absorb and fix CO2 through photosynthesis and release
oxygen, thereby reduce the CO2 concentration in the atmosphere (Trumbore
2006). However, in the varied climatic conditions, inefficient carbon fixation by
photosynthetic enzymes limits the carbon fixation, increases the global warming,
and affects the crop productivity (Furuya and Kobayashi 2010).

The growing population is another concern and it is rising at 1.2% per annum. To
pace with the increasing population, the agriculture productivity needs to be
increased by >50% (Kaneda 2016; Alexandratos and Bruinsma 2012). This can
be fulfilled by the increasing plant photosynthetic efficiency through genetic engi-
neering or classical breeding approach that would help in developing plant varieties
with higher photosynthetic efficiency for fixing more CO2 at varied environmental
conditions (Long et al. 2006). The other approaches to improve agricultural produc-
tivity are the selection of microbiome, which are beneficial for soil and plant health.

Plant’s rhizosphere and phyllosphere are associated with various microbes, these
microbes induce disease and pest resistance to crops, mobilize nutrients from soil to
plants, secrete growth hormones, and fix nitrogen, thereby improve the plant growth
(Brundrett 2009). The microbiome of plants and soil also, involves in reducing the
climate change caused by GHG through various metabolic activities and plays
important role in global nutrient cycle stabilization (Microbiology online 2015).
The plant microbiome might be useful or neutral; to understand their involvement in
improving plant wellbeing, a high level of research is required. Before the advance-
ment of biotechnological tools, the study on plant-associated microbiome was
difficult and time-consuming. The advanced DNA sequencing methods and
metagenomics approaches had fastened the identification of single strain or consortia
of microbes which involves in promoting plant health and productivity. This
approach had helped to design the plant microbiome for different agro ecological
regions to improve crop productivity (Mackelprang et al. 2011).
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Agriculture plays a promising role in global economy by providing food security
(Randy Stringer 2001; FAO 2002). Variations in rainfall patterns, increasing earth’s
temperature, emission of greenhouse gases, water scarcities, droughts, and depleting
resources are some of the negative effects of climate change and these changes have
directly affected the plant photosynthesis, growth, and crop productivity (Vitousek
et al. 1997; Dengel 2013; Hoffmann 2013; FAO 2013, 2017; Milius 2017). There-
fore, the scientific research in agricultural field is focused towards overcoming these
challenges. The technological inventions such as Artificial intelligence (AI) and
Machine learning (ML) (Karandeep Kaur 2016) were used in agriculture to predict
environment conditions (Stone and Hirsh 2005; Kolhe and Gupta 2014). To increase
decision making ability of farmers in agriculture, new AI technologies were
implemented such as internet of things (IOT), deep learning, wireless sensors, and
big data (Alexandros et al. 2012). To take decisions during seed selection, soil
preparation, water scheduling, fertilizer, pesticide, and weed management farmers
require expert’s knowledge (Kolhe et al. 2011; Yelapure and Kulkarni 2012).
AI-driven expert systems help farmers to make ecologically strong and economically
viable decision at a level or greater than human expert (Robinson et al. 1996;
Yelapure and Kulkarni 2012) and can minimize the losses.

To tackle the climate change and to improve the plant productivity, scientists are
looking for a new way of farming by increasing plant photosynthetic efficiency,
identifying and deploying beneficial microbiome. In this review, the role of plants
photosynthesis, microbiome, metagenomics, machine learning, and artificial intelli-
gence to reduce the climate change and to improve agricultural productivities is
discussed in detail.

33.2 Role of Plant Photosynthesis in Controlling Climate
Change

Due to increased concern on climate change, the pollution caused by CO2 has to be
maximally reduced (Lu and Conrad 2005). Plants are important controllers of
CO2 across worldwide and territorial environment (Zhu et al. 2017). Plant photo-
synthesis is the main mechanism of CO2 sequestration (Trumbore 2006). As of now,
earthbound ecological system fixes, more environmental CO2 by photosynthesis
than they release through respiration and do not contribute for climate change.
Currently plant photosynthesis removes about 25% of pollution caused due to
burning of fossil fuels (Le Quere et al. 2009). Annually terrestrial plants fix c. 123
Gt carbon via photosynthesis from the environment (Amthor and Baldocchi 2001;
Beer et al. 2010). Out, of the total CO2 produced by anthropogenic activities, 30% is
absorbed by a terrestrial ecosystem through photosynthesis and slows down the
climate change by preventing rise in the CO2 concentration in atmosphere (Le Quere
et al. 2016). Thus, vegetation helps in reduction of atmospheric CO2 and reduces the
climate change. Carbon sequestration by plants is considerably higher than CO2
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discharged by anthropogenic actions (Le Quere et al. 2016) (c. 10.3 Gt C/year). Any
large-scale alteration in vegetation and carbon transitions could either alleviate or
quicken environmental change (Smith and Dukes 2013).

Photosynthesis is the biochemical reaction by which plants fix CO2 and release
O2, thereby increase the atmospheric O2 concentration, and simultaneously reduce
the CO2 pollution (Furuya and Kobayashi 2010; Djanaguiraman et al. 2010; Qaderi
et al. 2012). Plant photosynthesis is important to mitigate greenhouse effect over
long term. Large dominant species of perennial trees that belong to old developing
woodlands are considered as world’s biggest sinks for environmental carbon. They
absorb, capture, and store enormous amount of CO2. Approximately, 30% of earths
land surface is covered by forest and it accounts for 50% of plant productivity. A tree
in its prime or old development stage assimilates CO2 identical to carbon released by
a car, which is driven for 42,000 kilometers. The destruction of old forest affects
CO2 sequestration drastically (Geoffrey Craggs 2016). Globally around 19% of the
carbon present in the earth’s atmosphere is deposited in plants, and 81% in the soil
(IPCC 2000).

33.2.1 Role of C3 and C4 Plants in Reducing Climate Change
Contributed by CO2

Based on the enzyme involved in CO2 fixation in photosynthesis, all the terrestrial
plant species can be broadly grouped into C3, C4, and Crassulacean acid metabolism
(CAM) (Sage 2014). The terms C3 and C4 refer to the 3 or 4 number carbon
molecules formed after CO2 fixation. C3 and C4 plants are widely distributed and
play important role in controlling climate change. These two photosynthetic path-
ways react distinctly to changing atmospheric CO2 concentration, temperature, and
humidity. CAM photosynthesis occurs only in epiphytes and succulents. However,
CAM plants are limited in distributions and are not apparent parts of the worldwide
carbon cycle.

The vast majority of land plants uses C3 pathway. About 90% of world’s energy
is supplied by 15 crops out of which, 12 plants have C3 pathway. The commonly
found C3 plants are rice, wheat, rye, barley, soybeans, potatoes, cassava, tomatoes,
spinach, apple, yams, peach, and eucalyptus. In C3 plants, the enzyme ribulose
bisphosphate carboxylase oxygenase (Rubisco) fixes CO2 and the first product
formed after CO2 fixation is 3-carbon compound, phosphoglyceric acid (PGA)
(Benson 2002; Bassham 2003). The enzyme Rubisco has high affinity for CO2 as
well as oxygen. The enzyme activity was limited by the substrate availability at
actual atmospheric CO2 concentration and it has the potential to fix more CO2 at
higher CO2 availability (Long et al. 2004; Bernacchi et al. 2003). During daytime,
C3 plants always keep open their stomata to take CO2 inside and fix, this leads to a
constant loss of water through transpiration and causes dehydration. To minimize the
threat of dryness, these plants close their stomata, which causes the reduction in
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photosynthetic activity and CO2 absorption (Ainsworth and Rogers 2007). The
efficient CO2 fixation in C3 plants has been related to availability of increased
CO2 (substrate) (Long et al. 2004) at carboxylation site. The Rubisco enzyme has
both carboxylase and oxygenase ability. The elevated CO2 is known to increase the
carboxylation efficiency of Rubisco by competitively inhibiting the oxygenase
reaction and reducing photorespiration (Ogren 2003), thereby increases the CO2

sequestration (Spreitzer and Salvucci 2002).
In carboxylation reaction, Rubisco produces one molecule of 3-phosphoglyceric

acid (3-PGA) and oxygenation produces one molecule of 2-phosphoglycolate
(2-PG). The compound 2-PG is regenerated by photorespiration pathway, which
consumes ATP, NADPH, and releases CO2, thus photorespiration in C3 plants
reduces carbon fixation by 30% (Bauwe et al. 2010; Raines 2011). C3 plants are
more efficient at elevated CO2 concentration. The experiments conducted with C3
plant in open-top chambers (OTCs) and in free atmospheric CO2 enrichment
(FACE) showed an improvement in photosynthetic rate of light saturation, with
increased CO2 supply. The increased photosynthesis was due to increased intracel-
lular CO2 concentration (Mauney et al. 1992). In a classical experimental study by
Kimball et al. (2002), C3 plants have shown 10 to 143% increase in biomass at
doubled ambient CO2. Uprety et al. (2010) observed improvement in vegetative
growth, flowering phase, and higher grain yield in soybean and peanut at raised CO2.
Farquhar et al. (1980) biochemical model suggests that a rise in climatic CO2 to
550 ppm from 372 ppm has the ability to enhance Rubisco-mediated photosynthesis
by 36% at 25 �C. This suggests that higher CO2 activates photosynthesis in C3 plants
by suppressing photorespiration. Increasing temperature also shown to affect the
CO2 fixation and crop productivity in C3 plants. Increase in temperature above
physiological maxima affects crop yield (IPCC 2007). A 2 �C rise in atmospheric
temperature found to reduce the grain yield in rice and wheat grain by 15 to 17%
(Aggarwal and Mal 2002). Rice yields were found to increase by 0.5 t/ha for every
75 ppm rise in CO2, but 1 �C rise in temperature reduces the yield by 0.6 t/ha (Sheehy
et al. 2005). This suggests that the Rubisco enzyme is inefficient at low CO2 and
higher atmospheric O2 concentration, and the enzyme is affected by higher temper-
ature. This affects the carbon fixation and releases the fixed carbon into the atmo-
sphere. Due to all these reasons, C3 plants are inefficient to fix carbon at lower
atmospheric CO2 concentration and higher oxygen concentration and temperature.

C4 photosynthesis is not regular among dicots such as shrubs and trees; however,
more normal among monocots, likes sedges and grasses. C4 plant leaf has Kranz
type of anatomy in which, the interior bundle sheath cells are encircled by mesophyll
cells (Edwards et al. 2004). The bundle sheath cells have C3 type of photosynthetic
pathway and mesophyll cells have C4 pathway. The enzyme phosphoenolpyruvate
(PEP) carboxylase found in mesophyll cells, fixes CO2 into a 4-carbon compound
oxaloacetate (Sage et al. 2012). The four-carbon compound is diffused to mesophyll
cells, where it is decarboxylate and re-fixed by Rubisco enzyme. C4 photosynthesis
process is a morphological modification of C3 cycle to reduce oxygenase activity of
Rubisco, and thereby increases photosynthetic rate in low CO2 environment and
contributes significantly for reducing the climate change. C4 plants have more
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advantages over C3 plants, as like C3 plants, they keep open their stomata during the
day, but these plants have the mechanism to propel CO2, in any event when the
stomata closes surprisingly, hence permitting the process of photosynthesis to
proceed (Furbank 2011; Wang et al. 2014). The carbon concentration mechanism
in C4 plants reduces the stomatal conductance, thereby improves the water use
efficiency and increases the Rubisco carboxylation reactions which bring about
more CO2 being fixed per photon ingested (Skillman 2008). C3 plants need
increased CO2 partial pressure around Rubisco for its maximum carboxylation
activity and this is not the case with C4 plants because of the existing carbon
concentrating mechanism. PEP carboxylase has strong affinity for bicarbonates
instead of CO2 and operates at low CO2 partial pressure of (intercellular CO2 to
ambient CO2) 0.3 in comparison to C3 leaves, which operate at 0.7 in maximum
light intensity (Wong et al. 1985). All these attributes make C4 plants to fix
additional CO2 per unit of nitrogen, water, and light than C3 plants under varied
environmental conditions (Ghannoum et al. 2011).

33.2.2 Role of Genetic Engineering Approach for Reducing
Climate Change

The farming also contributes meaningfully to the discharge of greenhouse gases. The
cultivation of low yielding traditional crops requires addition of enormous amount of
nitrogenous fertilizers, crop protection chemicals, thereby indirectly contributes for
climate change. In this regard, focus should be given for developing high yielding
cultivars through classical breeding or by transgenic approach, which needs less
nitrogenous fertilizers and requires minimum pesticide application, thereby reduces
the GHG emissions (Philippot and Hallin 2011). Developing crops through genetic
engineering approach for higher (N) nitrogen use efficiency (NUE) reduces the
nitrous oxide (N2O) and nitrous dioxide pollution caused by excessive use of N
fertilizer in intensive agriculture, and thereby improves crop yields in nitrogen-
limited environments. This NUE of plant can be achieved by genetic engineering
approach (Shrawat et al. 2008). The over expression of the gene from barley crop,
the alanine aminotransferase, responsible for the reversible transamination reaction
of the N-assimilation pathway has increased the N-uptake at initial stage of growth.
The alanine aminotransferase-based gene technology was patented by a private
biotech firm and now this company has extended this technology to many other
cereals (rice, wheat, sorghum, sugar cane, maize) (Daemrich et al. 2008). Climate
change by application of nitrogenous fertilizer could also be reduced by blocking the
ammonification and nitrification steps catalyzed by soil bacteria. Certain genes from
a tropical grass Brachiaria humidicola and wild type wheat Leymus racemosus
know to release inhibitory compounds that inhibit the growth of Nitrosomonas
bacteria catalyzing nitrification step (Subbarao et al. 2007).
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The genetic engineering approach could be directly used for reducing the pollu-
tion caused by halogenated chemical compounds. The over expression of cyto-
chrome P4502E1 in poplar trees played important role in reducing halogenated
volatile pollutants (trichloroethylene, hydrocarbons, carbon tetrachloride, vinyl
chloride, chloroform, and benzene) from atmosphere through metabolism (Doty
et al. 2007). Rice is the major food crop, widely cultivated in Asia and Africa
(Muthayya et al. 2014). The flooded paddy fields have been a main source of
methane and significantly contribute for global methane emissions. As a part of
emission control strategies, cultivation of aerobic paddy crop is promising approach
to reduce CH4 emission. Genetic engineering approach could be used to develop a
rice variety suitable for arable cultivation (Wang et al. 2012).

33.2.3 Approaches to Improve Photosynthetic Efficiency
and Crop Yield

Improving photosynthesis would improve the crop yield and reduce the climate
change caused by CO2 (Long et al. 2006). The main targets identified by many
researchers for improving plant photosynthetic efficiency were, refining Rubisco
dynamic properties (Whitney et al. 2011; Parry et al. 2013), introduction of C4
pathway into C3 crops (Gowik and Westhoff 2011), more fast reduction from
photoprotection (Murchie and Niyogi 2011), improved action of sedoheptulose-
bisphosphatase (Raines 2011), and enriched covering style. Ort et al. (2011) have
suggested the reduction of antenna size to improve light infiltration into lower leaves
and shelters to decrease the light saturation. Chen and Blankenship (2011) have
suggested the genetic transfer of cyanobacterial d and f into higher plant pigment
protein complex to improve the light retention in limited light intensity. Chlorophyll
a absorbs photons from photosynthetically active radiation in the range of
400–700 nm. Increasing the absorption range of light beyond 700 nm would also
enhance the plants photosynthesis and yields. The discovery of novel chlorophyll d
and chlorophyll f from cyanobacteria, which has capability to absorb light above
photosynthetically active radiation range, would extend absorption up to 710 nm -
750 nm. Engineering of these novel chlorophylls in higher plants would increase
photons availability by 19% (Chen and Blankenship 2011) and increase the
photosynthesis.

Rubisco enzyme is important in C3 plant photosynthesis and is a prime area of
investigation to improve its carboxylation effectiveness (Spreitzer and Salvucci
2002). Rubisco activity is affected with varying concentration of atmospheric
CO2. The Genetic alterations in Rubisco enzyme to enhance the specificity for
CO2 comparative with O2 (λ) would result in reduction of photorespiration and
possibly enhance the photosynthesis and plant yield. Simulation model showed that
the increase in Rubisco specificity to the current available CO2 concentration
(380 ppm) would increase carbon assimilation rate by 10% (Sage 2002). The
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Rubisco from red algae has 3 times higher specificity than C3 plants (Uemura et al.
1997) and also the crop species which are adapted to dry climate have higher
carboxylase activities. The cloning and expression of highly efficient Rubisco
from red alga Griffithsia monilis in C3 plants were predicted to increase the canopy
carbon by 27% (Zhu et al. 2004). Kebeish et al. (2007) introduced glycolate pathway
of Escherichia coli into Arabidopsis thaliana to reduce the energy requirement while
recycling the glycolate in C3 pathway. They have predicted at present climatic CO2

concentration and at 25 �C, the engineered pathway would increase the photosyn-
thetic efficiency by 13% by reducing the respiration rate in C3 plants.

C4 plants generally have reduced photorespiration rate due to carbon concentra-
tion mechanism near Rubisco (Sharpe and Offermann 2014). C4 plants photosyn-
thetic efficiency (sorghum, sugar cane, and maize) is 50% greater than C3 species
(rice and wheat) at 21 to 23 �C. This is because of photorespiration concealment in
the previous. C3 plants grow well in mild temperature regions. Attempts were also
made by many researchers in introducing transgenes into nuclear/plastid genomes of
C3 plants to increase photosynthetic efficiency (Maurino and Weber 2013; Hibberd
et al. 2008). Mathematical models suggest that CO2 fixation rates would increase by
28% if bicarbonate transporters BicA and SbtA from blue-green algae
(Cyanobacteria) were introduced into C3 plant chloroplast (Price et al. 2013). The
change of C3 plants leaf anatomy to Kranz type by introducing C4 plants photo-
synthetic enzymes requires introduction of various number of genes (Denton et al.
2013). Modification of the gene Rubisco 19 is the primary target for enhancing the
photosynthetic efficiency and plant productivity (Parry et al. 2013). Many models
suggest that expression of different types of Rubisco for different environmental
conditions may maximize carbon fixation at various CO2 concentration (Zhu et al.
2004).

33.3 Role of Microbiome in Controlling Climate Change

The term microbiome refers to microbes present in a particular environment or it is
the complete genetic material of all microorganisms in a particular niche. Microbes
break down organic material and mineralize into usable forms making it available to
crops, at the same time produce/consume CO2, CH4, nitrogen, and nitrogen oxides.
They are considered as key engines of earth’s biogeochemical cycle (Falkowski et al.
2008; Microbiology online 2015) and are involved in minimizing the adverse effect
of changed environment. Mitigating environmental change by reducing GHG emis-
sion through different microbial process is having huge potential and prospects in
coming future (Singh et al. 2010; Zimmer 2010). The soil and plant-associated
microbes sequester huge amounts of environmental CO2 and help in alleviating
the changed environment (Muller-Stover et al. 2012). The microbes respond to
changed environment by altering their community arrangement and structure
(Zhou et al. 2011). Microbes take important part in regulating terrestrial global
fluctuations of biogenic greenhouse gases (CH4, N2O, and CO2) and were likely to
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respond rapidly to climate change by utilizing the pollutants (Singh et al. 2010).
Microbial communities along with biogeochemical cycles were connected together
and act as great combination to address environmental change. This involves
complex interactions among microbes and other biotic and abiotic factors. The
importance of microbes in reducing the different greenhouse gases and their role
in improving agriculture productivities are briefly discussed.

33.3.1 Global Carbon Cycle and CO2 Mitigation by
Microflora

Apart from plants, inorganic carbon in the atmosphere is also fixed to organic
material via photo and chemoautotrophic microbes. The photosynthesis in microbes
is more frequent than terrestrial plants (Tkemaladze and Makhashvili 2016), con-
tributes significantly for CO2 fixation (Zimmer 2010), and reduces the impact of
climate change. At the same time, microbes degrade dead organic material and
release greenhouse gases. The balance between the released GHG and fixed CO2

is the determinant factor of global carbon flux (Weiman 2015; Prosser 2007;
Falkowski et al. 2008). The major portion of atmospheric CO2 is fixed in pasture-
land, equatorial forests, and permafrost ecosystems. Microbial processes determine
the persistence of carbon fixed in the atmosphere (Weiman 2015). Approximately
93% of the global CO2 is stored in oceans (Stewart 2003. Micro- and Nano-
phytoplanktons, bacteria, and other archaea (Stewart 2003) carry out the oceanic
carbon cycle. These oceanic microbes are known to reduce 1/4th of total CO2

produced by human activities (Weiman 2015). The carbonic acid (H2CO3) produced
from CO2 dissolution makes ocean water acidic. The dissolved carbon from CO2

exists as bicarbonates and consumed by algae present in the ocean, the autotrophic
algae play a significant role in fixing dissolved CO2 into organic compounds.
Microorganisms play a very important role in biogeochemical cycle at global
scale. Microbes extract carbon from nonliving organic matter and make it available
for other organisms, including themselves to grow. Many bacteria and archaea fix
CO2 to sugars and used for cell building and some are escaped as CO2 through
respiration into the soil or atmosphere. Hence, carbon is transferred between organ-
isms from producers to consumers (Zimmer 2010; Crowther et al. 2015).

33.3.2 Methane Mitigation by Methanotrophs

Methane is another powerful GHG, traps and heats up the planet 20 times >CO2 at
the same volume (http://www.epa.gov/methane). Methane contributes for 15% of
total global warming (Huber-Humer et al. 2008). The atmospheric concentration of
methane is ~1.8 ppm and is increasing annually at the rate of 1% (Lelieveld et al.
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1993). In anaerobic conditions, the methanogenic bacteria convert CO2 into CH4

through Wolfe cycle (Thauer 2012). Removal of CH4 by capturing or chemical
destruction is costly and problematic. Microbial removal by using methanotrophs or
methane-oxidizing bacteria is considered as a cheap and an alternative to conven-
tional methods (Brosius 2010; Reeburgh 2007). The CH4-consuming or -degrading
microbes are critical to reduce the greenhouse effect caused by methane.
Methanotrophic bacteria use CH4 as their energy source (Semrau et al. 2010;
Bousquet et al. 2006) during their growth and development and reduce the methane
concentration (Charu et al. 2014; Shindell et al. 2012). Basically, methanotrophs are
microaerophiles and can survive in both aerobic and anaerobic conditions (Rajput
et al. 2013). Methane oxidation is only restricted to bacteria such as Methylococcus,
Methylocystis, Methanomonas, Methylosinus, Methanobacter, and Methylomonas
(https://www.encyclopedia.com). Methanotrophic archaea that exist in marine sed-
iments found to remove ~90% methane emitted by ocean (Zimmerman and Labonte
2015). These microbes can be used to reduce the methane pollution reported in
dumping sites and rice fields.

33.3.3 The Nitrogen Cycle and Control of Nitrogen Oxides

Nitrogen constitutes ~78% of the total gases in the atmosphere. Plants and animals
directly cannot use atmospheric nitrogen and it has to be fixed before usage. Many
bacteria like Rhizobium, Frankia, Azatobacter, and Azospirillum fix (free form or
mutual association) atmospheric N2 in the most available form to plants (Anne 2010;
Vitousek et al. 2013; Orr et al. 2011). The use of these nitrogen-fixing bacteria in
agriculture reduces the synthetic chemical fertilizer application and negative effects
on the environment. Microorganisms fix an estimated amount of 70–140 million
tons of nitrogen annually and decrease the use of synthetic nitrogenous fertilizers.
Microbes mineralize the organic nitrogen and catalyze the nitrogen cycle on the
earth. The mineralization of organic nitrogen aided by microbes converts all
unavailable form of nitrogen to most available form for plant growth (Groffman
2012).

33.4 Microbes and Their Role in Sustainable Agriculture

Conventional agricultural practices are neither economical nor environmentally
friendly approaches. For sustainable crop production beneficial plant, associated
microbes have to be deployed for enhancement of plant growth and improving
quality of food. Microorganisms colonize various parts of plants (roots, stem, and
leaf) (Lugtenberg and Kamilova 2009) and some enter through root and live inside
the plants as endophytes (Stone et al. 2000; Muller-Stover et al. 2012). They exert
various beneficial actions and impart resilience to changing climatic conditions.
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Microbes enhance biotic/abiotic stress tolerance level, crop growth and vigor, and
disease resistance of plants by various metabolic activities (Brundrett 2009; Bent
2006; Barrow et al. 2008). The bacterial groups, which are beneficial to plants, are
called Plant Growth-Promoting Rhizobacteria (PGPR), which include Pseudomo-
nas, Rhizobium, Azospirillum, Serratia, Bacillus, and Stenotrophomonas. These
bacteria fix atmospheric nitrogen, produce growth hormones, and have antagonistic
effects against various soil-borne pathogens, and improve the overall plant growth
and productivity (Richardson 2001; Stanger and Lauer 2008). The beneficial fungi,
which associated with plants and widely studied are vesicular and arbuscular
mycorrhizae (Tyagi et al. 2014). These fungi help in solubilization and mobilization
of fixed soil phosphorus to plants.

Microbes act as biological control agents and stabilize population levels of plants
making them more resilient to changing climate, thereby increases the agricultural
productivity (Hoover and Newman 2004). The alkaloids produced by many symbi-
otic bacteria protect plants from pest attack and reduce the pesticide application
(Kuldau and Bacon 2008). Some of these plant- and soil-associated microbiomes aid
the nutrient recycling (Barrow et al. 2008; Green et al. 2008) and soil structure
stabilization (Gale et al. 2000; Brundrett 2009). The exopolysaccharides produced
by microbes increase the soil aggregation and improve soil structure; this in turn
improves aeration and water-holding capacity (Gale et al. 2000). There are many
microbial-based products, which have various applications in agriculture. Several
companies have involved in producing carrier-based microbial inoculants of bene-
ficial microbes such as, nitrogen fixers, biocontrol agents, K and P solubilizers, and
mobilizers (Richardson 2001; Stanger and Lauer 2008). The large-scale field trails
on economically important crops with beneficial microbes have increased the crop
yields by 10–20% (Perez-Jaramillo et al. 2016). The efficacy of beneficial microbes
and interaction with plants in the changing microenvironment were studied in large-
scale field trials. The recently developed microfluidics based “Microbiome on a
Chip” technology had facilitated multifaceted experimental design for studying
multiplexed treatments such as environmental stimuli, host response, and microbial
colonization in short period of time (Stanley and van der Heijden 2017). This kind of
AI-based technique revolutionizes the selection of beneficial microbes for relevant
environmental conditions for particular crops and prepares easy to apply formula-
tions with long shelf life. Based on this, Mitter et al. (2017) designed the microbiome
and changed the traits of plants by introducing beneficial microbes at flowering
stage. The introduced beneficial microbes were seen in next generation through
seeds of first generation. This kind of application has several advantages over
conventional approach by increasing the colonization percentage of inoculated strain
over native and offers better crop protection and improved quality of crop products.

The microflora of plant is influenced by genotypic and phenotypic variations. The
identification of plants, which support the beneficial microbiome, is considered as a
novel approach (Wallenstein 2017). Cultivation of plants with modern agricultural
practices demands inorganic fertilizers, insecticides, and growth hormones (Perez-
Jaramillo et al. 2016) which may affect the association of beneficial microflora of
plant. Optimization of microbial inoculants as biofertilizer and biopesticides is
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rapidly advancing for different environmental conditions and crop varieties. In
breeding program the plants, which design the rhizosphere and phyllosphere
microbiome, should be evaluated. These plants secrete specific metabolites or
exudate on root/stem and attract the beneficial microbes through signaling (Abhilash
et al. 2012).

33.4.1 Application of Metagenomics for Studying
and Developing the Beneficial Microbiome

Plants are associated with diverse groups of microorganisms (Vorholt 2012;
Bulgarelli et al. 2013). Microbes live inside plants as endophytes and outside as
epiphytes on plants surface, nearby soil, around the roots as epiphytes. Plant-
associated microbes may have mutual or nonmutual interactions and might nega-
tively affect the plant growth (Newton et al. 2010). The plant microbe interactions
are affected by changing environmental conditions. Hence, it is important to study
the type and role of microbiome in varied environmental conditions and to design the
appropriate microbiome for particular crop.

Metagenomics is a technological approach by which the entire microbial com-
munities’ genome is analyzed. DNA-based genome analysis (individual or
metagenomics) provides information on distribution of microbes in ecology and
their physiological potential. The RNA studies of these microbes would provide
information on regulatory and metabolic pathways. New high-throughput DNA
sequencing approaches such as next-generation sequencing (NGS) and 454 sequenc-
ing techniques offer opportunities to study and evaluate beneficial interaction of
microbe for improving plant growth and productivity (Committee on Metagenomics
2007). Due to these recent technologies, the time and cost of sequencing has been
drastically reduced and it is now possible to study microbial diversity, proteomics,
transcriptomics, and metabolomics profiles of microbial community. The findings
from the molecular analysis could be applied to study the interactions of microbes of
plant and soil to understand their role in influencing plant productivity.

The nucleic acid (DNA/RNA) or whole-genome sequencing based on
metagenomics and omics study of microbes helps to identify genetic and
metabolomics variations in microbial community (Committee on Metagenomics
2007; Lucero et al. 2011). These studies throw more light on microbial interactions
with plants, which induce plants to gain resistance against various biotic, abiotic
stresses, nutrient mobility and cycling, effect on plants metabolism, and nutrition.
These beneficial microbes’ genomes are valuable to develop the sequence repository
and to study the target genes with respect to plant interaction and beneficial role
(Kuldau and Bacon 2008; Schardl et al. 2004). The databases such as Community
Cyberinfrastructure for Advanced Microbial Ecology Research and Analysis (CAM-
ERA) and National Center for Biotechnology Information (NCBI/GenBank) main-
tain the nucleic acid sequences obtained from metagenomics study of various
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ecological niches for public use. The simulation study using these nucleic acid
sequences helps to predict the response of microbes to various conditions and stimuli
in larger scale. Metagenomics analysis of uncultivable microbiota helps in recon-
struction of individual genomes to obtain useful information. If microbiome com-
munity is dominated by one or few phylogenetically distinct microbiota, the
sequence read assembly generated for these diverse group of microbial communities
are uneven and complex (Scholz et al. 2012) and can be successfully utilized for
gene reconstruction (Mackelprang et al. 2011; Albertsen et al. 2013). By
metagenomics techniques, specific information of microbe and desired microbes
for particular function or dominant microflora across different species of crop plants
could be identified. The phyllosphere microbial community analysis by combined
metagenomics and metaproteomics data of Arabidopsis thaliana, tomato, clover,
tamarisk, soybean, and rice revealed the presence of consistent type of microbes at
phylum level of all these plants (Vorholt 2012; Atamna-Ismaeel et al. 2012; Knief
et al. 2012; Ottesen et al. 2013).

Cretoiu et al. (2012) studied the chiA gene variations in rhizosphere of plants
selected from two arctic regions. The Oxyria digyna plant rhizosphere shows highest
chiA diversity amongst the various rhizosphere soils studied. The Unno and Shinano
(2013) analyzed the rhizosphere community of plants which shows superior growth
in presence of phytic acid. These results indicate the presence of genes responsible
for utilization of phytic acid (such as alkaline phosphatase or citrate synthase).
Chhabra et al. (2013) applied the targeted metagenomics approach for mineral
phosphate solubilization activity using cosmid library screening and 454 sequencing
technology to identify genes and operons which regulate the phosphate
solubilization.

33.5 Application of AI and ML for Improving Plant
Photosynthesis, Agricultural Productivity, Selection
of Beneficial Microbiome, and Control of Climate
Change

The negative impact of climate change on agriculture can be minimized by doubling
the crop productivity. However, the agricultural yield is depending on several factors
like soil quality, rainfall, and environmental conditions, etc. All these factors
responsible for agricultural productivity vary with region and time. However, to
increase the agricultural productivity, improving photosynthesis efficiency by cap-
turing more carbon was identified as a significant opportunity for optimization
(Scoggins 2018). To understand the relation between enhanced photosynthesis
efficiency and crop performance, crop simulation technology was the best option
(Artificial intelligence helps make the world more food secure 2017). Agriculture
production system sIMulator (APSIM) developed in Australia was able to check the
variation in plants photosynthetic efficiency. This technology has application to
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understand how plants efficiently capture carbon dioxide or how well it converted
into sugars. The APSIM model was evaluated for performance and findings showed
that when 25% increase in photosynthetic enzymes efficiency results in only 5%
increase in crop growth. CropOS platform developed by Benson Hill biosystems
was used to identify the gene candidates to enhance photosynthesis in many crops
(Rakestraw and Acharya 2017). In 2017, Heckmann and team evaluated the poten-
tial of leaf reflectance to predict the photosynthesis. They selected C3 and C4 plants
such as Brassica oleracea and Zea mays, for their study and measured the perfor-
mance of several ML algorithms. The findings of the study showed that recursive
feature elimination on untransformed spectra and partial least squares regression has
the maximum predictive power. This study showed the importance of leaf reflec-
tance phenotyping for improving photosynthetic capacity of crops.

Based on the available empirical data on plant and environment, many computer-
based methods were proposed to obtain optimum conditions for cultivating the crops
(Takakura et al. 1974, 1978; Takakura 1975; Takakura and Ohara 1976). The
AI-based technologies such as wireless sensor network is used for capturing and
recording the physical parameters and the various algorithms are used to predict
yield and quality of agricultural crops (Zhou et al. 2012; Aqeel-ur-Rehman Abbasi
et al. 2014). The CO2 emission and photosynthetic rate could be measured by leaf
phenotyping and reflectance; this could help in measuring CO2 emission and global
warming. The eXtreme Gradient Boosting (XGBoost) algorithm is used to predict
the errors of earlier models. Using these corrections, the final prediction is made, and
new models are developed with minimum errors (Chen and Guestrin 2016).
XGBoost is one of the very accurate algorithms for more precise crop yield predic-
tion than any other models and it utilizes all the environmental data for prediction.
The support vector machine (SVM) algorithm can be used for classification or
segregation and regression challenges. By using this algorithm, the crop and
weeds differentiation is possible. Also, the photosynthetic rate can be differentiated
between the various plant genomes (Drucker et al. 1997). Random forest
(RF) algorithm improves accuracy by overfitting the decision, it automates the
missing parameter and can be used for both classification and regression analysis
(Breiman 2001). RF algorithm can be used for remote estimation of biomass from
various crops rapidly without any destruction of the crop. The generalized additive
model (GAM) is a hybrid algorithm that can be applied for linear and nonlinear
regression problems (Hastie 2017). The effect of abiotic factors on carbon fixation
by plants could be effectively evaluated by this model.

To increase agricultural productivity, AI-based solutions were introduced with
the investment of more than $500 million during 2012 to 2017 (Brayne et al. 2018).
The technology was used to identify the healthy strains of plant microbiome using
satellite images. To fight with continuously changing environment, one way is to
intensify agriculture with the application of more beneficial microbes. Another way
is to manipulate the microbiome for increased agricultural productivity. Combina-
tion of robotics, microfluidics, and ML, exploits the microbial community associated
with plants for better efficiency and stress resistance (Toju et al. 2018). In 2005,
Department of Agriculture (USDA) and National science foundation (NSF)
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supported joint microbial genome sequencing program (Microbial genome sequenc-
ing program 2005). The program provides genetic sequences of agriculturally and
ecologically important bacteria and fungi. Recently Monsanto established collabo-
rative partnerships with Atomwise. The output of partnership is AtomNet technol-
ogy that uses powerful deep learning algorithms and supercomputers for analyzing
crop protection products (Brayne et al. 2018). Monsanto has made another collab-
oration with Second Genome to analyze microbial function for the development of
next-generation insect control solution. The analysis was done using several
approaches such as predictive analytics, metagenomics, and ML (Brayne et al.
2018). During 2007, National institute of Health (NIH) and Department of Energy
(DOE) launched an open source pipeline (Wilke et al. 2016). The Metagenomics
rapid annotations using subsystems technology (MG-RAST) provides quantitative
information on microbial populations.

Concentric Ag in 2018 developed a phytomicrobiome which is beneficial and
found to improve the growth and yield of crops (Semones 2018). Peter Baas (2018)
developed a selection platform of microbial consortia to functionally select
microbiome for better crop health and yield (Baas 2018). Therefore, AI and ML
can be used for identification and application of beneficial plant microbiome for
increasing agricultural productivity and mitigating climate change. The development
of new technologies AI and ML have several applications in agriculture to fight with
changing environment. These technologies were used for forecasting rainfall and
precipitation, pest/disease identification, soil management, water management,
nutrient deficiency identification, analysis, and crop yield prediction. Rainfall pre-
diction is one of the important and challenging tasks. The management and use of
water, require accurate measurement of rainfall data. The prediction of rainfall
requires advanced modeling and simulation. Around the world scientific community
developed several rainfall prediction models. The soil analysis was important for
effective nutrient management. Emamgholizadeh et al. (2017) estimated and com-
pared soil macronutrients by three models. They showed that ANN model was
efficient and reliable than geographically weighted regression (GWR) and
CoKriging (CK) models. During 2018, the possible defects and nutrient deficiencies
in soil were identified by a deep learning platform Plantix, which was developed by
PEAT from Berlin (Roy and Kant 2018).

Fahimi and El-Shafie (2015) mapped rainfall data from various stations into one
station using Self-organizing maps (SOM). The finding of the study showed that
SOM method gives satisfactory performance with reduced dimensionality and
computational costs. Mislan and team checked the accuracy of rainfall forecasting
using ANN with Backpropagation neural network (BPNN) algorithm (Mislan et al.
2015). The study indicated that BPNN algorithm was performed better for rainfall
prediction in Tenggarong, Indonesia. Helen et al. (2016) compared ANN and Fuzzy
logic models to understand which one performs better in rainfall prediction. The
results from various places such as Ondo and Iju states showed that ANN model
performs marginally superior to Fuzzy logic model. Villanueva and Salenga (2018)
used ML algorithm with Convolutional neural network (CNN) to predict bitter gourd
crop yield through the classification of leaf images. The pest and nutrient deficiency
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symptoms were diagnosed using the diseased part of leaf images. The sameML tools
were also used to get the information on diseases of oilseed crops, such as ground-
nut, soybean, and rapeseed-mustard. Recently scientists have developed a transfer
learning AI-based system for identification of brown leaf spot disease of cassava
plant with 98% accuracy (Brayne et al. 2018). The system can be loaded on
smartphone and computer for easy identification of disease in timely manner. The
image identification algorithm developed by Resson, a Monsanto growth ventures
(MGV) company can able to identify and categorize plant pest and disease more
accurately than trained human (Rakestraw and Acharya 2017). The Intelligent
System for Disease Diagnosis in Crops (ISDDC) was developed to enhance
decision-making ability of farmers (Kolhe and Gupta 2014). The objective of AI
and ML is to provide recommendation to farmers regarding soil moisture and
temperature, soil and crop yield improvement, soil health cards, early warning on
pest/disease occurrence, and weather prediction. Thus, in a current scenario AI and
ML are important tools in modern agriculture, which can be used accurately for
predicting the variations of abiotic factors and their effect on photosynthesis and
crop yield under changing environmental conditions.

33.6 Conclusion

The continuously changing climatic conditions affect rainfall and increase the global
temperature. The increased GHG emission adversely affects the ecosystem and crop
productivity. The plant photosynthesis plays key role in controlling the climate
change caused by CO2, a major greenhouse gas. The lower CO2 and higher temper-
ature affect the C3 photosynthesis and plant productivity. Distribution and diversity
of C3 plants are more common than C4 plants. However, C4 plants have higher
photosynthetic efficiency than C3 plants due to their novel photosynthetic machinery
arrangement. Synthetic biology approaches would play significant role in improving
photosynthetic efficiency of highly diverse C3 plants and to achieve the food
security and to mitigate the climate change caused by CO2. Microbes, which
promote plant growth, increase the yield; mobilize the nutrients; and fix atmospheric
nitrogen, are alternate options to synthetic fertilizers and pesticides. These unique
metabolic activities of microorganisms regulate the biogeochemical cycle and
reduce the emission of greenhouse gases and finally the climate change. The
advanced biotechnological approaches such as metagenomics and gene sequencing
tools have benefitted the scientific community for advanced research. It also helped
to develop crop specific microbiome databases, which can be used to design the
plant microbiome for improved plant growth yield and quality. The application of AI
and ML in agriculture would open new directions of research. The AI and ML play
important role in precision farming, prediction of changing climate, and controlling
pest and diseases, thereby improve the crop yield and minimize the loss. Overall, the
improved plant photosynthetic efficiency, beneficial plant microbiome,
metagenomics, AI and ML tools play significant role in achieving sustainable crop
productivity and reducing climate change.
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Chapter 34
Socio-Economic Assessment of Climate
Change Impact on Biodiversity
and Ecosystem Services

Kartikeya Shukla, Smriti Shukla, Divya Upadhyay, Vartika Singh,
Arti Mishra, and Tanu Jindal

Abstract Biodiversity protection and maintenance are important for the elimination
of poverty and sustainable development. India is a nation rich in biodiversity and
supports 18% of the world’s population over just 2.4% of the total land area in the
world. It comprises notable sections of four global biodiversity hotspots with high
taxa concentrations and some of the highest wild populations of large, widespread
mammals. In India, the maintenance of its great biological resources and enhanced
human growth and well-being are facing special, challenging challenges. Climate
change brings to this problem an overall level. There are many expectations that
climate change would have several detrimental effects on wildlife and harmful
consequences on human nature. Biodiversity, however, is important both to climate
change mitigation and to adaptation by its supportive ecosystem services. Climate
change has a major effect on the availability of numerous earthly resources, espe-
cially water that supports the life of the earth. Biosphere transitions, habitats and
natural resources have harmful consequences for human well-being and life quality.
India is predicted to undergo global warming in the twenty-first century. India will
also undergo more seasonal temperature fluctuations with more winter warmth than
summers. In recent years, the longevity of heatwaves in India has extended with
hotter and colder night temperatures and is forecast to continue. It is estimated that
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the overall temperature rise will be 2.33–4.78 �C with the concentrations doubling.
These heatwaves will contribute to increased variability of the summer monsoon
vine, which will have significant effects on Indian agriculture. Weather simulations
expect a steady increase in concentration and temperature of carbon dioxide (CO2)
worldwide. However, these simulations do not forecast changes in local weather
patterns very well. Local climate conditions, such as rain, temperatures and the sun
and the wind, along with the locally adaptable plant diversity, cropping systems and
soil quality, can optimize food production so long as plants can be regulated by plant
conditions. The most successful way of promoting swift improvements required for
human populations to respond to future climate change is by maintaining biological
diversity on all levels, from genes to biomes. India is well placed to face this
challenge due to its vast diversity of human and biological processes.

An appraisal of socio-economic consequences is designed to illustrate the benefits
and drawbacks of a policy to society as a whole and to different parties. An
significant aspect of the studies that we perform is therefore a socio-economic impact
review. Intrinsically dependent on the environment are biodiversity and biodiversity-
based ecosystem resources. Climate change faced substantial environmental threats
to biodiversity in the twentieth century, with a rise in effects as climate change
progresses and could even intensify.

Keywords Biodiversity · Climate change · Socio-economic · Ecosystem services ·
Cryosphere · Ecotourism · Agricultural production

34.1 Introduction

The socio-economic consequences are jobs, schooling, self-reliance (energy and
food safety), community benefits (diversification of rurals, commitment to environ-
mental protection and green tourism potential), recreational sports, fisheries, yacht-
ing and boating, other water operations and health risks.

The mixed economy comprises several sectors which are primarily based on
natural resource resources, e.g. primary production, electricity and tourism. Its small
size, comparatively remote geographical position, and a high reliance on trade and
migration are the main thrust of its economy on the global economy (Royal Society
of New Zealand 2016). It is impossible to forecast both climatic and socio-economic
circumstances. Simply declining global scenarios would not catch the socio-
economic trends correctly (Reisinger et al. 2014). The Indian approach to natural
resource management and the weight assigned to environmental factors will have an
important effect on civilization and the biodiversity as a result of climatic changes in
land and water supplies.

Though human socio-economic behaviour contributes to climate change, it
impacts climate change, and socio-economic and climate processes connect signif-
icantly. While several researches explored the impacts on labour production and
gross national product of climate change, the interactions between socio-economic
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systems and climate systems were not considered. Thus, this research looks at that
and the economic effects of changes in labour productivity triggered by climate
change. The two scenarios of carbon reduction—2 �C and the representative path-
way of concentration 4.5 were adopted as standard. A computer model of general
balance and a basic climate model are used for data analysis. The findings suggest
that the effects of the changes in labour productivity caused by climate change on the
world economy were not important. The relationship between climate change and
labour productivity was explored in the economic model and had a negative impact
on economic activities. While these results were stronger in the normal market
scenario, this was not the case in the 2 �C example. The findings show that higher
climate change levels are associated with larger global socio-economic impacts. It
has been observed that there is a major effect in particular on high-temperature areas.
Interestingly, the economic losses from climate change have not happened in any
country. Any of them have a positive economic influence in the low- to medium-
temperature areas owing to the competitive benefit due to improvements in produc-
tivity of work in the regions. In the end, the relationship measurement was affected
by the combined modelling method. Expanded climate change monitoring, mitiga-
tion, and transition can lead to an appreciation of climate change and socio-economic
interaction.

Over the past 400 years, the exponential rise in human repercussions on the
natural climate has prompted scientists to identify a new age in the geological history
of the Planet—the Anthropocene phase (Cruzen 2002). The considerably greater
human impact on major biogeochemical processes on land, the seas and the atmo-
sphere (Lewis and Maslin 2015) separates this modern era from its ancestor, The
Holocene. For example, nitrogen amounts are considerably higher in the earth and
carbon in the atmosphere than at any point in the past million years, if not longer
(Lewis and Maslin 2015). One of the distinguishing characteristics of the
Anthropocene is its continuing shifts in earth conditions which, due to industrial
activity, fossil fuel use and deforestation, are caused primarily by accumulation of
carbon and other heat-trapping greenhouse gas at a pace unparalleled (IPCC 2014).
Climate change is most generally considered to rise internationally and sea temper-
atures, shifting trends of precipitation and an increasing occurrence of severe events
such as heatwaves, heavy rain and drought (IPCC 2018).

In fact, a change in climate will provide environmental input and human–envi-
ronment relationships. Increased global sea concentrations poses a damaging threat
to coastal habitats and human livelihood and well-being in heavily developed coastal
regions, for example, due to the shift of ice reservoirs at large latitudes due to global
warming and shifts in regional ocean currents (IPCC 2014). There is increasing
anxiety about the expected mass movement of people from the coasts and future
problems triggered by such large-scale migration (Smith 2007). The human–envi-
ronment relationship will also be influenced by climate change by modifying the
distribution of ecological resources or benefits obtained by humans from environ-
ments such as food, water, fuel and raw materials (Mooney et al. 2009). This is
possible by mobilizing shifts in biogeochemical ecosystems and processes to modify
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the distribution of services from those environments, with the way ecological
services respond to climate change differing from one another (Mooney et al. 2009).

Understanding the effects of climate change on habitats, ecological processes and
environmental resources has been an important focus research field—at least 2100
papers have been published by the Ecological Society of America on climate change
and ecology since.

34.2 Impact of Climate Change Globally

It is important to understand that Earth’s atmosphere has varied across several time
scales from an individual human lifespan up to billions of years to accurately
describe the principles of global warming and climate change. In the case of the
Pleistocene glacial period (approximately 2,600,000 to 11,700 years ago), for
example, major fluctuations in the global scale of glass and ice sheets were noted
for their variable climatic history. These developments have taken place over
timescales of decades to hundreds of centuries and have been induced by changes
in solar radiation propagation on the surface of Earth. The dispersion of sunlight is
known as the model of sunlight, and it is highly determined by Earth’s geometry
around the Sun and by Earth’s direction or tilt relative to the Sun’s direct rays. About
21,000 years ago, the new world glacial or ice age created a maximum also known as
the Last Glacial. Continental ice sheets stretching south as far as London and
New York are today and reach deeply into the centre of Europe and North America
this century. The global mean annual temperature, it shows, was roughly 4–5 �C
cooler (7–9 �F) in contrast with mid-twentieth century. It is worth nothing that these
figures are global average. It should be remembered. In fact, the earth’s atmosphere
in this last ice age was marked by a higher cooling pattern (to the poles) and a very
slight cooling of large parts of the tropical ocean (near Ecuador). This ice age ended
11,700 years ago and the increasingly free Holocene period followed. Traditionally,
the Holocene is known as the industrial world’s history. However, some scientists
argue that in the very recent past the Holocene era has ended and today the World is
in the atmosphere that is rightly referred to as the Anthropocene era—a time when
mankind has dominated the environment.

Over the twentieth century in reaction to human activity, the chemical composi-
tion of the environment shifted dramatically. For example, it is well known that since
the advent of the industrial revolution, the concentration of greenhouse gases has
risen significantly. Human action has modified the Earth’s radiative equilibrium on
multiple timescales and spatial scales and has affected global surface temperatures.
The deepest and most well-known anthropogenic impact was elevated greenhouse
gas emissions in the atmosphere. Humans also affect the atmosphere by alteration in
aerosol and ozone emissions and by altering the earth’s cover. Global warming is
correlated with a more general process of climate change that results in changes in all
the features of climate change. Apart from air temperature fluctuations, weather
varies regularly, including snow, seas, ocean waves and other Earth’s climate
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measures. In general, climate change is seen as a mixture of different environmental
influences in different periods. Since the dawn of human civilization, the impact of
climate change has been anthropogenic or just human and was more noticeable in the
last two centuries’ technology era. The word global warming encompasses all indoor
warming caused by anthropogenic forces over the last 200 years. The ambient
abundance of reactive ozone gases has also been greatly disrupted, especially in
industrially producing areas with significant quantities of fossil fuel and in the
tropics where biomass burns, mostly due to heavy pollution of combustion products
like carbon monoxide, nitrogen oxides and volatile organic compounds. The dra-
matic rise in the methane content has led to the elevated ozone levels in the
troposphere in response to agricultural activities. Depending on the real temperature
rise in the next century, the socio-economic effects of global warming may be
important. Modelling predicts that, after the world average late in the twentieth
century, a net global warming of 1 to 3 �C (1.8 to 5.4 �F) could lead to economic
losses, particularly to high tropics, as well as economic benefits in some regions.
Warming up above these stages will tend to reduce rewards and raise prices. Models
projected the prices will be above normal value, with global average economic losses
of between 1 and 5 per cent of the gross domestic product. With warming above 4 �C
(39.2 �F). Substantial disturbances, especially in agriculture, food and forestry,
water, electricity and human health, can therefore be anticipated under these
circumstances.

34.2.1 Impact on Land and Ocean (Terrestrial and Aquatic)

Land is the primary root of people’s lives and well-being, including food, freshwater,
other eco-related services and biodiversity. The direct human application of ice-free
soil has an effect of over 70% (69–76%) worldwide. In climate cycles, land also
plays a significant role. People now use 1/4 of the potential net primary of land meat,
fibre, wood and electricity generation. Land is the basis for many other ecosystem
functions and resources that are important for humanity, including cultural and
regulatory services. The terrestrial ecosystems resources of the planet are measured
on an annual basis as roughly corresponding to the annual global approach Brute
Commodity Domestic. Land is a source and a drain of greenhouse gas (GHG) and
places an important role in the trade between the earth and climate of electricity,
water and aerosols. Habitats of land and animals are vulnerable to temperature and
climate extremes to different degrees. The impacts on ecosystems and populations of
numerous stressors, including climate change, can be reduced by sustainable land
management.

The effect on live aquatic resources of waste disposal at sea depends to a
considerable degree both intentionally and unintentionally on the location and the
severity of the procedure. An oil release into open ocean waters may therefore be
assumed to have fewer grave consequences than in Arctic Nearshore (though not
necessarily negligible). As noted above, moderate waste levels can also increase the
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efficiency of habitats if disposed of in a responsible manner. The relative uniformity
of the bottom topography in many aquatic ecosystems restricts diversity and pro-
ductivity. Although dumping of materials that satisfy defined requirements in nego-
tiated areas to shape artificial reefs in cases like certain flat bottom areas which
infringe upon the London Dumping Convention (IMO) but may be deemed suitable
for coastal growth or protection of vulnerable marine environments from trawling. It
is also important to address precisely what dumping can be considered hazardous
and, in certain conditions to encourage sustainable growth, when and at what rate,
and if current treaties require adjustment.

Carbon sequestration, one of the major supportive resources in forestry, is the
recycling of carbon from the environment (carbon sequestration) and the long-term
preservation for the carbon in wood, dead organic material and carbon reservoirs.
Climate change impedes human lives in the regions of degradation or abandonment.
The world forest carbon stocks are estimated to be 55 per cent (471 pg C) of the
global rain forests and are more than half biomassed. The forests’ role in carbon
sequestration is apparent in view of the fact, since 57% of global carbon emission of
fossil fuels and the land change are being absorbed by soil or ocean reserves halved
in the last four decades by the increase in atmospheric CO2 levels (Le Quéré et al.
2009) In different carbon cycle components including scale, volume and length of
the carbon source in soils and plants, species may influence a long-term equilibrium
of carbon gains and losses in ecosystems (Diaz et al. 2009; Murphy and Power 2008;
Maestre et al. 2012). Studies in the tree plantation of native and introduced plants
also have a major and beneficial effects on the different components of the carbon
cycle, such as species wealth productivity (Scherer-Lorenzen et al. 2007), soil breath
(Murphy and Power 2008) and plant mortality (Scherer-Lorenzen et al. 2007; Healy
et al. 2008).

The probability of climate change depends on both the warming degree and the
way population, use, agriculture, technical growth and land management trends
evolve. Higher demand of food, feed and drink, increased use and development of
energy and technical changes to farm yields contribute to increased threats from the
lack of water, drylands, earth decay and insecurity of food. The threats associated
with dryland water shortages are smaller in low pathways. Even in global warming,
the possibility of dryland water scarcity is moderate, even with 3 �C, low population
growth, lower demand growth, and higher adaptive potential, such as the socio-
economic route 1 (SSP1). Compared to that, there are greater risks to water scarcity
in drylands for high populations, higher uncertainties, higher water tension and
reduced potential for adaptation such as SSP3. The transition from low to high
risks from 1.2 �C to 1.5 �C is protected in the SSP3. Climate-related disruption to
lands on roads with increased populations, rapid land use shifts and low ecological
capability is the most critical factor in adaptation (e.g. SSP3). This adds to more
communities becoming vulnerable to environmental degradation, arson and tidal
flooding (medium confidence). For global warming SSP1 at a temperature of
1.8–2.8 �C and for terrestrial degradation SSP3 at 1.4–2 �C occurs the expected
transition from low to high risk. The scheduled transition probability from 2.2 �C to
2.8 �C for SSP3 is medium to very high.
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The understanding of tolerance limitations and possible maladaptation to com-
bined impacts of climate change and desertification is currently missing. Residual
vulnerability and maladaptive outcomes are highly capable in the absence of new or
improved adaptation solutions. Social-economic and structural limitations may also
raise challenges to their adoption if alternatives are available. Due to their environ-
mental impact such as the drainage of soils or mining, a number of enhancement
solutions may become fatal leading to soil water depletion. The complete loss of
agricultural productivity can result in severe forms of desertification, restrict adap-
tation options or exceed the limits of adaptation.

Preparatory reports show that, by the period of 2025–2050, “business as normal”
carbon dioxide (a ‘greenhouse’) in the world is expected to duplicate, triggering a
likely rise of the mean global temperature by 1.5–4.5 �C (IPCC, op. cit.). The
average sea level of approximately 20 cm by 2030 and 65 cm by 2100 will rise,
and temperatures of the sea-surface range from 0.2 �C to 2.5 �C can increase. Bakun
(1992) predicted some potential impacts on marine and coastal ecosystems, referring
especially to the likely rise by change in coastal air-pressure/wind regime in tem-
perature differences between land and sea. The above-noted global climate changes
are not predicted, for example, on terrestrial, lacustrine or river habitats, to have a
detrimental impact on fish production, but some populations may suffer and changes
in rainfall and river drainage will affect life in semi-close seas and coastal areas in
particular. Also affected would be coastal aquaculture. Tropical areas which generate
large quantities of fish resources will migrate towards the pole and exacerbate them.
However, increased phytoplankton production may decrease the levels of oxygen
and create anoxic circumstances locally. The annual variability of services provided
by the plant can increase. As in the past, coral reefs will respond to changes in the sea
level and mirror them, but only when these changes occur gradually.

34.2.2 Impacts on Cryosphere

Cryosphere is a part of the earth’s natural environment interconnecting and commu-
nicating with human and biological processes (Qin and Ding 2010; Xiao et al. 2016).
Cryosphere is a part of the earth’s natural environment interconnecting and commu-
nicating with human and biological processes (Derksen and Brown 2012). Mountain
cryosphere shifts therefore have major impacts on land habitats, hydrology and
human processes (Bales et al. 2006; Derksen and Brown 2012). Therefore, it is
important to research the complicated ties between the natural world and individuals,
their systems, direct and direct input and consequences on multitude scale, to
understanding the impacts of cryosphere transition in human society (Warner et al.
2010; Derksen and Brown 2012; Huggel et al. 2015). Changes in size or some
features of the physical local and regional ecosystem and habitat and resources
provided by individuals can be affected by the cryosphere (Warner et al. 2010;
Fountain et al. 2012; Berman and Schmidt 2019). These developments will influence
human society directly by altering hydrology, streamflow, landfill, air temperature,
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disasters, living standards, transport and infrastructures and indirectly by influencing
changing ecosystems (Fountain et al. 2012). There are no consequences of shifts in
the cryosphere.

34.2.3 Impact on Fisheries

In less than a century, the global population would double to about 10 billion. UN
estimates indicate that 75 per cent would be on a small stretch about 60 km wide
along the coasts of continents with the fastest growth rate. About 65% of all big
towns and cities in Southeast Asia are now on the shore (UN op. cit.). These
estimates highlight the important and drastic effect of human activity on one of the
world’s most active ecosystems: shallow coastal and brackish waters. The utilization
of marine land and ecosystems depends on the population size and socio-economic
growth status of the population. The counter crossing of population growth and its
accelerated accumulation in coastal areas and coastal urban centres (the so-called
littoralization of the populations), around the same time, the unregulated industrial-
ization and discharge of marine by-products are at odds with leisure and resource use
and involve fisheries and aquaculture (Pullin 1991). These human effects have an
unpredictable effect on the aquatic environment. Bad industrial technologies com-
bined with the effects of high densities of migrant and permanent human populations
and industrial agriculture together have contributed to considerably more detrimental
effects worldwide on natural coastal environments (UNEP 1990a, b, 1994;
Williamson 1992). Regulation of coastal growth and habitat preservation would
entail better planning processes, and painful social and political decisions would
always arise. As comprehensive Coastal Area Management (ICAM: Clark 1992), the
context within which these decisions can be taken is generally referred to. As noted,
the Marine Catchment Basin (MCB) (Caddy 1993a) definition, which acknowledges
that human growth of inland watersheds can also have a major effect on coastal
waters, is seen as an alternate framework for analysis of land-influenced activities in
coastal seas.

This management shall consider all uses of the coastal region and human activ-
ities, particularly in the river basins (watersheds) which are released to the coast. The
unregulated use of waterways and estuary products for the discharge of contaminants
and harmful chemicals contributes to major adverse effects on aquatic essential
environments, but water diversion and river management in general often have
adverse effects on river fish (Welcomme 1994) and diadromous animals such as
salmon, eels and shad. Another environmental cause related to human activity in the
coastal region and fell on the interface from ecology and economics is the impact of
inadequate land use within the waterfront on the siltation of coastal and estuarine
environments (Tisdell 1982). Loading of sediment from rivers that modified the
seasonal cycle and water supply to coastal waters and the siltation levels of land
erosion caused by vegetation covers destruction (e.g. deforestation) (Milliman 1981;
Milliman et al. 1987; GESAMP 1994). Wide levels of sediment on waterways such
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as salmon and stucco are adversely affected by anadromatic species. It is also
seriously damageable to fish habitat by impacts on coastal coral reefs (Grigg and
Dollar 1988) and water feed.

Exchanges among water interfaces are clearly particularly important for living
marine resources, as well as for the combination of sustainable development objec-
tives with nearshore and estuarine ecosystems linked aquatic and terrestrial ecosys-
tems (Martin et al. 1982; Prospero 1981; Liss and Slinn 1983; GESAMP 1986;
Martín and Gordeev 1986). As nurseries of shrimp and fish (Boesch and Turner
1984), coastal and shallow nearshore waters play a vital role and function on the one
hand in moderating the effect of terrestrial activity on the enclosed aquatic environ-
ment (GESAMP 1994), activity generally manifested as nitrogen bursts, suspending
sediments and radioactive content entering the coast and the inland seas. Around the
same time, the influence of the aquatic climate on earth structures declines with the
wetlands and nearshore waters; this effect is manifested by processing such as
turbulence, earthquake and consequent coastal erosion (Murty 1977, 1984; Pugh
1987). The world’s wide depletion of such wetlands is a disturbing one. New
technology and methods, especially remote sensing and spatial information, make
cross-border research more workable than ever (FAO 1986a) and warrant wide-
spread development, because they help provide a comprehensive geographic foun-
dation for complex decision-making. Estuary plays a major role in the life cycle of
many global economic fishes by the availability of breeding, breastfeeding and
feeding grounds currently providing nearly 95% of the world’s aquatic supply.
The rate of devastation of this critical ecosystem, which is already having disastrous
effects on many areas, is under pressure by indiscriminate slurry, restaurants, floods,
coasts and mine accumulation and accompanying sediment build-up (ICES 1992;
Campbell 1993).

Many populations that are dependent on fishing as a livelihood can be impacted
by glacier melting changes (Lehodey et al. 2006; Brander 2007). For instance, fish
stocks in Peru’s Yanamarey watershed decreased or fully lost as fish habitat in the
top watershed was reduced seasonally as a result of the glacier recession. That
influenced the economy of the state. Increased ice melts and glacier outbursts in
Alaska’s Kenai River affected USD 70 million of fisheries a year (Milner et al.
2017). Fish production has become vulnerable in Himalayan rivers too (Allison et al.
2009) threatening income and food protein. Similarly, the warmth of the rivers and
lakes has contributed to the creation of introduced species in ecoregions of the Arctic
and the Continental Great Lakes, which have expanded trade but have disrupted
indigenous food security that rely on subsistence fishing for thousands of years
(Warren and Lemmen, 2014). However, the production of Himalayan fish has
become sensitive in rivers, threatening income and food protein production (Allison
et al. 2009).

The unregulated use of large trees for canoe construction was a direct and
unsuccessful product of uncontrolled artisanal fishing, but a very limited explanation
for the rapid clearing of coastal forests, in the developing world. Timber demand for
houses and boats, the clearance of the cosmic forests and often the need for fuel and
trade are among the factors which have led to the deforestation of the coastal belt.
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This has been catastrophic in nearshore coral reefs and fish and shellfish nursing
areas (UNESCO 1986; UNEP/IUCN 1988), as well as causing the growth of silt or
water (Pastorok and Bilyard 1985) and can also allow dangerous species to burst out
of it. These kinds of interaction also do not influence coastal populations, although
they may be well informed of the solution, which appears to demand that the
decision-making resources be clearly passed to the municipal councils. Such prac-
tices obviously should be performed in compliance with the general government
recommendations set out in the national multisectoral coastal area development
strategy (Knox and Miyabara 1984). Coastal fisheries by large ships, particularly
trawlers, compete with craft fishing, but, if unchecked, have an adverse impact on the
marine ecosystem on the coast, which can lead artisanal fishermen to diminishing
shallow water areas, as well as to fish for juvenile fish in coastal kindergarten areas
(Caddy 1993b). Under these conditions, some coastal fishermen may respond by
using dangerous methods like chlorine, pesticide and dynamites or by destroying the
production of coral rock. The strict controls for both of these operations affect
essential fish ecosystems (Hoss and Tbayer 1994).

Market demand growth without vessel size controls and technological develop-
ments in technology, boats, fish and maritime monitoring equipment, as well as rapid
population development, have all helped to increase fishing pressure and to disrupt
many conventional fishery management schemes, which have not always been
replaced by new management mechanisms. Appropriate land and energy allocation
(FAO 1986b) with direct citizen involvement and sufficient resource security from
external exploitation are a prerequisite to the fair use of resources and thus to
sustainable development. The impact of coastal fishing by big trawlers without
local population regulation or equally unchecked results of domestic or industrial
contamination can also be seen in this. In maintaining and improving coastal
fisheries and aquaculture, the local authorities may themselves play a major role
(Barg and Wijkstrom 1994).

Certain variations are now and in future due to global climate change in circum-
stances under which aquatic habitats live (Francis 1990). All habitats have been
exposed to certain modifications to the natural variations. In the case of ‘wild’ fish,
the main effect of environmental change on the class of year intensity has been
recognized as a major cause of large shifts in the strength of the hired year groups
(Fogarty et al. 1991). In the fields of fisheries, the influence is at best not easy to
predict. The Intergovernmental Panel on Climate Change (IPCC) UNEP-WMO has
brought together the international research community on the extent of expected
climate change global (IPCC 1992), and the ICSU also initiated an International
Geosphere Biosphere Programme (IGBP) to determine the speed of all major
terrestrial changes (WGBP) measurable (International Science Council). As for the
oceans, a Global Ocean Observation Scheme (GOOS) (Kullenberg et al. 1993) has
been developed by the IOC.
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34.2.4 Impact on Tourism and Ecotourism

Tourism is an important source of income for mountain areas and the ocean, which
encourages an outdoor leisure service of a billion-dollar size (Burakowski and
Magnusson 2012) but is impacted adversely by the declining number of glaciers in
snowfalls, rising sea level and other natural disasters such as hurricane, floods and so
on, which have influenced both the state and the national economies. Citizens ‘and
visitors’ entertainment is a significant economic practice in both wealthy and poor
countries. In the coast, people who can afford to fly can spend their money every-
where safe beaches, sunshine and all the associated local facilities (hotels, amuse-
ment centres, sanitary appliances, banks, post offices, stores, etc.). Some areas such
as the Mediterranean coast are many (3–5) occasions during the holiday season for
the resident population. For the full number of people, this involves substantial
expenditure in sanitation, lodging (hotels) and other services, since such facilities are
under-used for perhaps half a year. If authorities do not have installations or facilities
to cope with increasing waste in particular, the coastal seas are dependent on the care
that is not feasible. Although the ability of the sea to do so may be significant, the
rate at which the local sea is altered (flushed) by local currents may be highly
dependent. Untreated waste disposal often contributes to increased debris in the
sea and in the seabed, and the prevalence of potentially risky microorganisms is
greater than normal.

In fact, the notion of dedicating some parts of the coast to tourism activities and
others to fishing and/or mariculture (i.e. the implementation of the ICAM concept),
although there is de facto geological distinction between fishing and human activity,
(usually to the detriment of fishermen) in the course of growth, does not seem to be
generally integrated in the public policies of most countries.

Contaminants have also been greatly concerned about their role in impacting
aquatic environments and their goods. Thus, the following is stated in GESAMIP
(1990):

The main factors of urgent concern ... are coastal growth and the consequent pollution of
maritime materials, plastic debris fouling of the oceans, persistent build-up of chlorinated
hydrocarbons, in particular in trope’s and subtropics and deposition of tar on beaches.

In this central region of the aquatic climate, the main priority is the protection of
present alternatives and, in many cases, the restoration of damaged coastal systems
that are important for the early life cycles of many living, more offshore marine
species than adults. Fish development of estuarine is also linked to estuarine
characteristics, including water run-off patterns (e.g. Houde and Rutherford 1993).
The impacts on the coastal west and ecosystems of agricultural pesticides are now
more generally recognized, since their effect on coastal low-salinity nurseries
(e.g. for shrimp larvae), which can be dimmed by the flash-off from flood water
contaminated by pesticides after tropical storms.

Ecotourism and ecorecreation stress the persistence of intact and untapped hab-
itats, but these practices cannot be maintained, as the Australian Great Barrier Reef
Marine Park Authority (GBRMPA 1992/1993) was concerned for example. Marine
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habitat management is increasingly related to protection of the complexity and
sustainability of environments, and certain wetlands have a natural role to play in
reducing emissions and in mitigating the natural effect of coastal processes on
climate. As the public becomes more conscious of the consequences on sea life
(e.g. IUCN, UNEP and the WWF 1980), the intangible advantages of restoration are
becoming more apparent. An upgraded estimation of nonexploitable uses is planned.

34.2.5 Shifts in Species Distribution

After large conclusions, various species have changed their geographical range
towards higher elevations in response to dramatic temperature and precipitation
shifts (Chen et al. 2011; Doney et al. 2012). Groffman et al. observed a trend of
0.011 km per decade to higher elevations in terrestrial settings and a rate of 16.9 km/
10 at greater latitudes. There have been drastic changes in the geographical distri-
butions of east African animals and habitats owing to climate change. In order for
biodiversity to respond to changing environment, current species migration rates
would have to be much higher than those during the postglacial period (Malcolm
et al. 2002; Hély et al. 2006; Doak and Morris 2010). African species diversity is
greatly altered by climate change. Ethiopia’s endangered wolf (Canis simensis), for
example, is trying to adapt to the longer dry times and the decline in water and other
resources available. Ecological specialists are especially vulnerable in their compar-
atively limited dietary and niche widths and respond strongly to changing resources
(Altermatt 2010; Lawton et al. 2010; Montoya and Dave 2010; Clavel et al. 2011)
and relatively stable climate relationship (Walther et al. 2002).

34.2.6 Disease Regulation

In view of the possible high cost of both new zoonotic viruses and improvements to
the spread of current disease vectors, the impacts of changes in human, animal and
plant health exacerbated by climate change are a cause for concern. Multiple host
species in natural environments retain many pathogens (Woolhouse and Gowtage-
Sequeria 2005), where extinction of a host species or biodiversity as a result of
climate change could impact the risk of disease and the frequency and severity of
potential outbreaks of disease and probably the spread of diseases in Africa are likely
to increase. For example, the infection rate of bovine tuberculosis (bTB) was
positively related to the loss of mammalian equality (J0) organisms. Loss of no
qualified or spillage species as a consequence of climate change may increase the
migration of cattle herds and the rates of cattle encounter. A “growth of encounter”
(Keesing et al. 2010) could lead to an improvement in the probability of bTB threats.
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34.2.7 Agricultural Production and Food Security

The average current food intake in India is 550 g per person a day, compared with
980 g in China and 2850 g in the USA. The world is faced with significant challenges
in increasing its food supply to 300 m by 2020 to feed its rising population, estimated
to hit 1.30 billion by 2020. Farmers in the world must produce 50 per cent more grain
by 2020 in order to satisfy demand for food from this rising population. The gross
cumulative irrigated area has more than quadrupled since 1950–1951 and 99.1
million ha in 2011–2012, from 22.6 million ha. Though agriculture accounts for
14% of the GDP in India, 64% of the population is subsistence dependent on
agriculture. The demand for water has risen over the years because of urbanization,
population growth, rapid industrialization and other development efforts. In addi-
tion, the hydrologic cycle in many India’s climactic regions and river basins has been
altered by changes in crops and land use practises, overuse of groundwater and
changes in irrigation and drainage. The most significant factor in farm development
is the supply of water.

Data since 1961 indicate that global population growth as well as per capita
increase in the consumption of food, livestock, fibre, wood and oil have produced
unequalled land and freshwater use rates, and agriculture has now compensated for
about that. 70 per cent worldwide use of freshwater. The growth in agriculture and
forestry, including trade production, has allowed the rising population to feed and
have access to food and increased productivity in agriculture and forestry. Those
technologies lead to increased net GHG emissions and to a decline in natural
ecosystems (such as forests, savannas, natural grasslands and wetlands) and biodi-
versity because of large regional variations. Approximately one-fourth of the global
ice-free region is inductive for humans. Degradation—Agricultural soil depletion
currently expected by the soil production rate is 10–20 times higher (no tillage) than
100 times higher (conventional laying). Climate changes intensify soil erosion,
particularly within lowlands and coastal areas, river deltas, permafrost and drylands.
In the period from 1961–2013, the drylands rose each year, averaging slightly more
than 1 per cent each year, with significant interannual variabilities. From the 1980s to
the early 21st centuary, about 500 (380–620) million inhabitants lived in decertified
areas in 2015. The greatest number of people impacted is South and Eastern Asia and
the Sahara Circle, like North Africa, and the Middle East, with the totality of the
Arab Peninsula. There has also been desertification in other dryland areas. The air
surface on the field has grown since the pre-industrial era, almost twice the world
average temperature. In several countries, climate change, including changes in
extreme occurrence and severity, adversely affected food protection and terrestrial
habitats, as well as desertification and land degradation. Heat events, like warm
waves14, in most land regions, have increased frequency, strength and length. In
certain regions (including Mediterranean, Western Asia, several areas of South
America, most of Africa and Northeast Asia), the extent and severity of the drought
have increased and intensity of heavy rainfall on a global scale has increased.
Roughly 13% of CO2, 44% of methane (CH4), and 82% of the worldwide emissions
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of nitrous oxide (N2O) from human activity in 2007–2016 are 23% (12.0 � 3.0 Gt
CO2/year) of the GHG’s overall net anthropogenic emissions. A net drain of around
11.2 Gt CO2/year in 2007–2016 (equivalent to 29% of the overall CO2 emissions)
has resulted in a natural reaction to human-induced environmental change; the
continuity of the sink is unclear due to climate change. If the global food system
contains emissions from pre- and post-production activities, it is projected that
21–37% of the global net anthropogenic GHG emissions are estimated.

34.2.8 Impact on Land Use Planning

The most influential socio-economic force is maybe land use transition impulsive
improvements and habitat destruction. Urban deforestation the Earth’s ecosystem
has been dramatically altered by growth, farming and other human activities. Such
land disturbance impacts critical ecological processes and resources that can have
large and long-term effects. Land usage and policies of land management have a
direct effect on natural resources, including water, vegetation, climate, minerals,
plants and livestock. Agricultural run-offs are a significant cause of water pollutants
of both marine and inland waters. Draining water for the cultivation of crops and
drainage of water have had an detrimental effect for many species of wildlife.
Irrigated irrigation has altered the water cycle which has contributed to decreases
in groundwater in many areas of the world. Continuously planted and deforested soil
can erode, salinize, desertify and other soil depletion. The greenhouse impact due
to deforestation is increased, ecosystems which foster biodiverse areas have been
lost, the hydraulic cycle affects and soil erosion, floods and landslides is strength-
ened. Urban construction is blamed for air waste, pollution of water and urban
rushing and floods. Habitat degradation, separation and urban growth alterations
are a significant cause of the reduction in biodiversity and loss of animals. Urban
development and industrial agriculture in coastal and inland areas are an important
challenge to aquatic ecosystem conservation, productivity and biodiversity around
the world.

Land use and land cover change (LULCC) affects directly on the climate and
force the human populations to change socio-economically. LULCC is the main
source, both local and downstream, of soil erosion and improvements in the func-
tioning and protection of the habitats. LULCC thus primarily decides (or mediates)
whether or not the ecosystems and community are vulnerable to and resilient to
external threats, such as climate change, national and international policies and other
globalization aspects. There is typically a shortage of integrated LULCC study
through HKH. The Tibetan Plateau in China, which is particularly based on the
vast grasslands, has been the topic of most published case trials. As most available
case studies examine temporally and spatially variable satellite data, regional
LULCC trends are difficult to clearly discern (Harris 2010).

The transition of farmland and forestry to urban development limits the amount of
land for the cultivation of grain and timber. Soil loss, salinization, desertification and
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other crop-producing loss of soil and deforestation reduce land quality and produc-
tivity. Conversions of farms and forestry into urban growth limit local communities’
green space and conservation facilities. The ‘essential mass’ of the land required to
sustain local agrarian systems is limited to urban development. Urban trends influ-
ence not just people’s lives but also the organization of society. Any rural areas have
been so impacted by urban development that the identifier of their community has
been destroyed. Suburbanization expands the division of income and economic
inequalities between neighbourhoods. However, over-controlled land use can
impede the operation of the sea and. Regulations aimed at minimizing land usage
would increase house prices such that families with a smaller than average revenue
will be less available. Regulations on land use can strike a balance between privacy
and public interest.

34.2.9 Unsustainable Grazing

Overgrazing of plant and soil capital by domestic livestock is one of the major
factors. Most figures suggest that most of the wildlife farms in the HKH are regularly
overgrazed (Dong et al. 2007; Harris 2010). Overgrazing does not only change the
structure of plants, but there are also other effects, including soil erosion and
depletion, soil-nutrient decreases and carbon deposited, and modified flux regimes
(Aryal et al. 2015; Sharma 2014). Livestock grazing in HKH rangeland areas may
not be enduring (at times loss to land or plant resources is irreversible) only as a
result of total cattle numbers, but also because of seasonal patterns of grazing, short-
term and long-term pasture intensity and livestock composition (Li et al. 2014).

34.2.10 Mining

Uncontrolled mining may often negatively impact vulnerable mountain ecosystems,
contributing often to large-scale landscape destruction and economic growth crises.
Several researchers in the field have researched and recorded the mining impact on
the socio-economic and natural environment (Pakistan and Sarfraz 2009).
Uncontrolled mining methods such as dynamite bombing have resulted in plant
destruction, soil degradation and wildlife damage in Pakistan (Donnelly et al. 2004;
Wu et al. 2007). The composition and structure in Meghalaya’s Nokrek Biosphere
Reserve, India, have been adversely affected by coal mining. Large-scale mining,
like Gyama Valley close to Lhasa, China, will affect downstream water quality. The
main cause or contribution to excessive river-bed mining in the Himalayas for gravel
and sand is also unplanned or unchecked disruption to river habitats in HKH.

Boiling and gravel and sand dragging were part of coastal mining. The collapse of
coral reefs and the depletion of manganese nodules from the sea floor may also be
included (Alcala et al. 1987). It is not so known that minerals such as tin, gold,
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diamonds, ilmenite, rutile, zircon and monazites are dressed in the seabed. Deep-sea
manganese nodules, also made from many other metals including cobalt, nickel and
iron, must not be commercially mined unless found in cheaper manganese soil. Such
mining is commonly used, and, in fact, it can have significant consequences on
fisheries if any industrial treatment takes place at sea (discharge of dust from waste
rock into the sea, for instance, to produce singularly greater turbidity, or elevated
concentrations of elements that are usually uncommon at sea level but become
harmful at higher concentrations). As mentioned earlier, the bulk of marine mining
is more costly than land mines.

Oil and gas exploration is currently an important maritime operation in some
countries, both for energy and chemical transformation. The fishing can only be
impacted if these platforms are widely spaced to allow fishing to close a substantial
coral bed area; however, these ‘platform parks’ will provide the fishing ‘refuge’ and
the potential for sport fishing (Dugas et al. 1979; Reggio 1987) stock. Platform
accidents which lead to significant oil discharge in the sea have more negative
impacts on other human activities such as tourism than fishing in those places
where toxic waste disposal can cause more severe adverse long-term effects. In
certain places, gravel, sand and fossil reef beds are primarily harvested to provide
materials for civil construction. Coastal gravel and sand dredging are also a signif-
icant marine operation (ICES 1992; Campbell 1993) in countries in which construc-
tion materials are in scarcity or at a high price. This exploitation has an detrimental
impact on benthic species by degradation of reefs and destroying demersal and other
fish breeding areas and also affects trawling and other methods of bottom fishing, but
the length of the consequences can be comparatively limited in most smooth bottom
ecosystems after this form of mining has been terminated. It is important to point out
that coral reefs have three main environmental roles that are commonly significantly
affected by mining: enclosing a marine lagoon (i.e. making a natural fish pond);
protecting the coastal waves and stormy rises (hence a fish habitat); and maintaining
a zone of attraction for fish species of interest.

34.2.11 Supporting Services

The ecosystem services facilitate the basic functions of the ecosystems, viz. primary
productivity, cycling of nutrients and genetic diversity maintenance. The rise in
temperatures decomposes soil organic matter, which can increase soil carbon lost
and change C:N balance. This results in indirect improvements in the composition of
the microbial soil. Climate change practises, for example, contribute to increased
depositions of nitrogen and to major effects, including by eutrophication, on terres-
trial and aquatical habitats. The combination of elevated nutrient loads and higher
temperatures increases the rate, length and magnitude of cyanobacteria responsible
for the dangerous blooms of algal products that can adversely affect human and
animal health. Estimates indicate that conditions may enable toxic algae flora of
Alexandrium Catenella to be up to 2 months early and to exist for up to an additional
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month by the end of a century, which may have an effect on aquaculation, leisure and
other practises.

34.2.12 Cultural Services

This is the non-material value of habitats and habitats (viz. cultural identity, recre-
ation and mental and physical health). While they are very important for human
health, cultural services in relation to other ecosystem services have been
understudied. The first voices linking society and environmental change with tech-
nology, science and other expressions were local residents.

There is evidence that exposure to natural environments improves human health.
Conversely, severe climate-driven consequences such as higher temperatures and
storms can reduce mental and physical health. Indirect economic costs (e.g. loss of
livelihoods) may also have detrimental social and psychological effects.

34.3 Ecosystem-Based Services

In 1981, the word ‘ecosystem services’ was coined by most scholars. Sustainable
Development was taken back in the 1980s but came back strongly with the intro-
duction of ES into technical literature and an increased emphasis on their economic
importance in the 1990s. In the process, with the focus on the ecological basis as the
ES, the concept has arisen as the climate and processes in which natural and organic
ecosystems preserve and continue to occur in human lives or to a degree of economic
value, where ES reflects the benefit that people benefit from the ecosystem’s direct
and indirect functions. The TEEB Study (2008–2010) identified ES as a balance in
terms of the ecosystems’ direct and indirect contribution to human health. Despite
these differences, the connection between (normal) and human health is stressed in
both meanings, as ecosystems and services form a bridge between humans and
natural environments, with people basically isolated.

Originally, ecologists used the idea of ecosystem function to define a variety of
ecosystem processes in an ecological environment. Some scholars began using the
term “functions of nature” in the late 1960s and early 1970s to describe the ‘work’ of
ecological systems, spaces and materials supplied for human communities. The need
to separate ‘functions’ from basic ecological systems and processes has been
emphasized in explaining the movement of ES from nature to community and
emphasizes that ecosystem functions form the cornerstone of a service. Services
are labels for people which give direct and indirect advantages for the ‘useful things’
ecosystems ‘do.’ Ecological concern was economically portrayed in the 1970s and
1980s to highlight social dependency on natural ecosystems and increase public
interest in the conservation of biodiversity. The definition of ‘natural resources’ was
already used in the 70s and some scholars began to refer to ecosystem (or biological,
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environmental or financial) services shortly afterwards. The purpose behind the
definition of ecosystem services was to show how biodiversity disappearance has
a significant effect on the ecosystem’s functions that underlie vital human well-being
services. A landmark in ES ‘mainstreaming was the 1997 estimate of the cumulative
worth of world natural capital and ES. Another landmark which positions the ES
definition firmly on the political agenda is the Millennium Ecosystem Assessment.

As in the above Fig. 34.1, it shows the contributions of the structure of ecosys-
tems and the role (with additional input) to human well-being are ecosystem services
(ES). This implies that civilization depends heavily on the well-functioning of
natural resources and ecosystems which underlie the continued flow by ES from
nature to society. Therefore, ES can become a central instrument for global, national,
regional and local policy-making and decision-making. There is a range of possible

Fig. 34.1 Ecosystem services (environmental benefits based on ecosystem services)
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applications ranging from sustainable natural resources management, land use
enhancement, environmental preservation, biodiversity restoration and restructuring,
landscape design, natural solutions, climate protection, environmental education and
analysis to minimizing the risk of disasters. Ecosystem services (ES) help produce
revenue and well-being and deter losses that impact society. The above features such
ES, which act for insurance, enforcement and resilience. The awareness and under-
standing of processes to collect the values and expense of the services rendered
(potential losses) are growing. In decision-making, consideration must be taken for
all forms of gains and expenses. The range of living organisms in the idea of
ecosystem resources has represented the social and economic importance of biodi-
versity. Safe and biodiversity-rich habitats provide important services including crop
pollination, water purification, fertile soils and flood control. The environmental
services policy is in an early stage of implementation, while the current policy on
biodiversity is coordinated by the various countries.

34.4 Socio-economic Assessment of Biodiversity
and Ecosystem Services

Currently, socio-economic and human population size and distribution are the key
influences that influence biodiversity and ecological resources. Also important are
consumer values, such as increased trade in desirable exotic products which harbour
and may be pests. Habitat depletion, deforestation and erosion due to climate, air
pollution and improvements in land use have been the main threats to date. Eco and
evolutive cycles are active in interactions between the biotic and abiotic elements of
ecosystems and gradually contribute to supplies and flows that sustain the ultimate
ecosystem services. These are supplied by the regularly controlled habitats for this
reason. However, mankind uses ‘good(s)’ which originate from, rely on and nearly
ever require additional input from the end ecosystem services. The primary
processing (a process in ecosystems) of the wheat (a final service) is needed, for
example, and before it can be eaten, the products that would be flours need even
more input (crop, harvest, transport and preparation). Similarly, an ecosystem may
grow trees, which are used in a variety of products, including timber and fuelwood,
as well as preserving carbon or leisure materials, as a final ecosystem service. The
importance of these commodities to people depends on background as well as inputs
added. The identification of ecosystem final resources as ecosystem features that lead
directly to products and values allows for geographical analysis and the mapping of
economic and beneficial alternate ecosystem management regimes.

Provisioning Services Products derived from habitats include genetic material,
food and fibre and freshwater, for example, are provided with facilities. Changes
in the supply of services, products extracted from habitats, and habitats will affect
the economies and well-being of people as a result of climate-induced change. For
example, forest watercourse climate impacts like hot weather, rainfall changes and
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snowfall, as well as threats including wilderness, alter the availability of freshwater
to cities, farming and power output for municipalities. Surface water scarcity is
predicted in some areas in dry years. Rising flux temperatures also impact the
consistency of the water. Likewise, wildfires in rivers, lakes and reservoirs will
raise sediment accumulation and waste. These reforms are likely to stress the
availability of water and eventually raise water treatment costs.

34.4.1 Valued Socio-Economic Components and Associated
Issues

Economic benefit is accessible for both biophysical products and services. When
environmental scientists and other scientists coordinate with economists, they can:

1. define biophysically the production of ecosystem products and services.
2. transform biophysical production into economic value projections.

The first major international initiative to investigate the connections between
ecological services and human well-being was the Millennial Ecosystem Assess-
ment (MA). The MA structure was developed to recognize the current status of the
key ecosystem resources as well as development patterns and flows and significant
stresses and challenges. The definition has been broadly embraced in the science and
political communities, and new ways to value resources have since been established
in order to properly include the concept in Research, Conservation and Creation.
Certain water and land management policies and activities that seek to enhance
ecological resources and human well-being are focused on untested theories and
scarce knowledge (Yang et al. 2020).

Implications for Human Well-Being People rely on harvestable resource habitats
as they play their role in management of climate and nutrient cycles, safeguarding
against hazards (e.g. conservation of or pollutant transformation, climate modula-
tion, flood reduction) (e.g. sense of place, appreciation of nature, tribal heritage). The
Millennium Biodiversity Appraisal suggests a loss or over-exploitation of 60 per
cent of ecosystem resources in the global economy. There is also scope for concern
about the consequences on human well-being of climate change. The effect of
climate change on ecological development and operation by changes in these
ecosystem resources is impacting human well-being, livelihoods and overall survival
as shown in the Fig. 34.2 that how ecosystem services valuing phases by involves
integration of biophysical, economic and social knowledge.
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Table 34.1 Valued socio-economic components and its associated issues

Valued socio-economic component Issues

Health and well-being • Personal welfare and environmental health
• Continuity of the population and ethnic group
• Continuity of the family
• Preservation of tradition

Sustainable wildlife harvesting,
land access and use

• Conventional economies of chassis, catching and
collecting.
• Proximity to property—recreation and conventional
economy
• Alternate land use benefit
(e.g. tourism vs. hunting vs. industry)

Security of cultural and heritage • The aesthetic, cultural and/or archaeological importance
of the site
• Preserving indigenous languages, schooling, regulations
and customs

Equal market and prospects for jobs • Competition of state, provincial and territorial enterprises
• State, provincial and territorial residents’ job prospects
• State, federal, territorial residents’ training and job
growth
• Boom and bust periods avoidance (e.g. via economic
diversification)

Sustainability of the population • Impact of entrance and departure
• Change in the socio-economic and cultural composition
of the populations affected

Suitable technology and utilities • Strains on housing, jobs and legal services.
• Accessibility, affordability and adequacy of housing
stresses
• Transport and road safety—physical engineering stresses

Adequate sustainable income and
lifestyle

The whole community's capital
• Public use of resources—results of improved availability
revenue
• Regional and local life expenses
• Cost/benefit allocation among equity impacted people.
• Improvements in adverse lifestyle—gambling, abuse,
drug use

Fig. 34.2 Valuing ecosystem services phases (ecosystem valuation involves integration of bio-
physical, economic and social knowledge)
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34.5 Different Policies for Conservation of Nature
and Natural Resources

In the current scenario in which economy prevails over biodiversity, the protection
of nature and natural resources was a big challenge. International treaties and
agreements are signed and regulations, rules and laws are enforced around the
world, yet there remain hostilities by applying protected area policies that signifi-
cantly compromise the interests of indigenous peoples. It affects your emotions and
therefore affects your actions, which has a negative effect on your goal. The
principal goals are as follows: to maintain environmental integrity and to restore
ecological equilibrium, to spill and to protect water. Natural and genetic capital
conservation as shown in Fig.34.3, illustrates substantially growing canopy of forest/
tree (33% of land mass and 66% in hills).

(i) Goals of tourism policy; The policy statement on the tourism sector (May
1985)

(ii) Goals of forest, soil and water conservation policy
(iii) Purpose of national park and protected areas system policy
(iv) General policy and principal goals
(v) Specific national park and protected areas system objectives
(vi) Categories of protected areas.
(vii) Forest reserves.
(viii) Managing the national parks and protected areas system.

Fig. 34.3 Conservation of nature and natural resources policies
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34.6 Sustainability

In temperate areas, global change would lead to early beginnings in the spring and a
longer autumn season. The abundance of organisms with ideal conditions for growth
and production is inevitable in a longer growing season, thereby raising their
productivity (e.g. return on seeds, annual number of plants). It may also make it
unfavourable for new animals to be introduced because of low temperatures or
because of limited seasons. This would also impact the distribution in the wetlands,
pests or pathogens that are also the result of agriculture (Olesen et al. 2011) in the
introduction of new crops, for example, grained maize or winter wheat in Northern
Europe (Elsgaard et al. 2012).

There are two main elements of sustainability: first—ecological resilience, which
is loosely described here as habitats’ capability to remain diverse, robust and active
overtime, and second—to conserve the flow of critical ecosystem service for people
and other organisms. Of course, we must consider the fundamentally dynamic,
resilient and rapidly changing structures of ecosystems, including their human
components. It is exceedingly unlikely that human action will in any significant
way disrupt planetary habitats, but it can lead to abrupt reconfigurations that bring
them to swing in various states. A related aspect is economic resilience, which is
freely described as an economic system’s capacity—to stay diverse, robust and
efficient overtime at any scale from individual households to the global economy.
Certain ecosystem resources are important for human well-being, and the economic
consequences of their depletion may be intolerable. For example, during the Holo-
cene, a geographically stable climate characterized, agriculture and humanity devel-
oped. We are now approaching the Anthropocene, a period when natural forces are
influenced by human activities on habitats. The danger to environmental and eco-
nomic security is anthropogenic climatic change.

34.7 Human Well-Being

The environmental and the social and economic developments of the region are
influenced by climate changes. It aggravates the already marginalized indigenous
peoples’ issues, including political and economic isolation, lack of land and wealth,
abuses of human rights, discriminations and joblessness. For the vulnerable and
disadvantaged people who rely almost entirely on natural resources, the impacts of
climate change biodiversity declines are probably greater. Poverty, poor infrastruc-
tures (roads, power, water supply, education and healthcare, communication and
irrigation), dependence on subsistence farming and forest livelihood goods, inade-
quate health (high child mortality, low life expectations) and other development
issues make HKH more vulnerable to climate change, as HKH is inappropriate to
respond.

Through the years, the availability and diffusion of new science and technology,
in addition to local impartial awareness of the climate and its management, are
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among the main motivating forces behind three foundations of mountain survival.
Two major implications for conservation as well as development are the generation
and spread of traditional and scientific knowledge and the related technologies.
Environment and social security will be influenced both positively and adversely
by technological implementation. This can be seen, for example, in the increase of
food production, greater access to the outside world for mountain populations and
improvements in habits of human consumption. In general, limited access in remote
mountains of the HKH to suitable technology and science information is a cause
(due to their absence) of insecurity and a depletion of natural resources. Any creative
technology fields with a significant effect on mountain cultures are illustrated in the
following pages. ICT is instrumental in influencing and changing various facets of
cultures, states and cultures across the world and is now one of the world’s fastest-
growing sectors of the twenty-first century in the global economy. Enhanced data-
base availability and knowledge exchange channels are critical to socio-economic
growth and raise awareness of environmental problems, associated government
legislation and subsidies. The mountain communities in the HKH have no access
to fundamental infrastructure, facilities and relevant knowledge. However, several
institutions in the area such as governments, NGOs and public and private organi-
zations have shown a weakening emphasis on promoting and using data and
technology to enhance the quality and livelihoods of residents, link the HKH with
markets outside the region and reduce the marginalization of mountain populations.
The number of telephone subscribing businesses using mobile internet networks
varies greatly within the HKH. Highly advanced economies such as China now
account for over 40 per cent of the economy, and India follows (22 per cent).
However, less than 20 per cent of the population has been using mobile internet
access in Myanmar, Bangladesh, Pakistan, Nepal and Bhutan. This obviously points
to a great opportunity of mobile internet users for developing markets in the area
while finding growth opportunities.

In order to solve the problems of food, health and environmental protection and
biodiversity restoration, biotechnological applications in agricultural production
systems has grown quickly. The latter is used in forestry and agriculture for the
production of insect or dry-resistant seeds, high-quality hybrids, biofertilizers,
biophytes and biofuel. It is used in medicinal and aromatic plants. This subject has
no popular view, nor between countries, and not even among all the writers of this
chapter. The topic is very controversial. The moratorium on genetically modified
organisms (GM) has, for example, been introduced until 2021 in Switzerland by
environmental organizations, as well as small farmers (especially in mountains). On
the other hand, many HKH countries regard GM plants as important instruments that
are dedicated to developing farm systems, especially those in poor districts, effi-
ciency, viability or sustainability. When applied to farm crops, biotechnology has
potential advantages and threats. Its supporters note that the introduction of genet-
ically modified crops has minimized disease transmission, but questions exist about
reducing the genetic diversity of native crops due to GM crops. GM interventions
have also raised concerns about its potential negative wellness, social and environ-
mental effects. Few studies have also reported negative health effects on farmers due
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to higher toxin exposure and allergic reactions. Critics further contend that the
relationships of genetically modified organisms (GModified organisms) with natural
biological diversity are not yet clarified. GMOs are often sterile, and so farmers must
continually buy seed from holders of copyrights and make it dependent on both
finances and technology. Foreign knowledge also starts substituting native mountain
knowledge. In addition, reliance on foreign private corporations undermines national
autonomy in food-related matters. The biosafety implications of the use of new
organisms that will interfere with the atmosphere to grow sterile seeds and harm
locally terrain and marine populations would be important to look at. A healthy
outlook also demands that coexistence with biological farming be kept in check—
that is to revert to older, non-GM forms in the future. The new CRISPR (Clustered
Frequently Interspaced Short Palindromic Repeats) developments should not be
impeded.

34.8 Ecological, Economic and Macroallocation Values
That Are Incommensurable

The debates between Pareto efficient proponents and EEE proponents are much
larger than those in the Pareto efficiency method. The discussions between the EEE
supporters are much more substantive. In the debates on productivity and quality
addressed in Sects. 34.2 and 34.3, EEE also takes part. EEE advocates support the
preservation and rehabilitation of both ‘cog and wheel’ because natural resources
and the services it provides are necessary for the maintenance of human health with
no margin replacement option (i.e. high sustainability) and/or because nature has its
inherent worth regardless of human desires. While the quality of life can hardly be
defined in detail, failure to satisfy basic biophysical needs leads to an inacceptable
quality of life and an increasing number of goods and services (ecological or
economic), when allocated to those with the lowest standards, is most likely to
improve the quality of life. The view of fairness on property rights is therefore
excluded by maximizing quality of life. Any system which weights purchase power
preferences generally allocates resources to richest people who get the least calcu-
lated value of their biological requirements or quality of life. In other words, from the
EEE viewpoint, Pareto efficiency is highly inefficient. Economists have been com-
pelled to conclude that we cannot make any substantive comparison of social well-
being between people to reconcile the consequentialist approach to justice that led to
the emergence of mainstream economics. For example, if an area lacks its water
treatment ecosystem operation, it cannot be said that changing health is less for a rich
person who has to drink powdered water than for a poor mother forced to watch her
infant die of dysentery.

The economic value of goods or services is the goodness that comes from its
production and consumption in neoclassical welfare economies. In a perfectly
operating market, the demand for and supply of these goods determines the value.
The advantage, utility or utility derived from it drives demand for goods. The
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delivery of goods is driven by the production costs for the producers. The total area
A and B shall be labelled ‘super plus’ and shall be interpreted by means of
production and net economic gains or welfare. Consumption at price P with the
amount of Q, shall show the value that a product or service gives to its consumer and
producer in a market. It is important to realize that we also choose not to allocate
these resources to produce alternative goods or services when we decide to allocate
the resources. It is frequently the value that drives the loss of ecosystems through the
alternative use of resources (e.g. farm, wood production, aquaculture). In the case of
ES not traded in a market, it may also be interpreted as a surplus for the welfare
deriving from the provision. The biophysical indicators of ES mostly measure the
amount provided but not the benefit achieved. The amount of the ecosystem service
‘supplied’ is determined by other decisions concerning ecosystem protection, use of
the land, management, access, etc., not by a market at all. The sum of service
rendered is irrespective of its worth. It is depicted as a vertical line.

34.9 An Integrated Climate and Socio-Economic Effects
and Its Effects Assessment

Integration is conducted on multiple areas such as different spatial and temporal
scales of the ES (regulation, provisioning, cultural). A more complicated methodol-
ogy does not necessarily have consistent findings or results that are more important.
In certain applications, less, as previously mentioned in the fourteenth century, can
literally be more (or at least sufficient). “It’s pointless to do more than can be
achieved for less.”

Study on the impacts of adaptive to climate change and alternatives for the
agriculture and forestry industries are comprehensive at the industry level in
New Zealand. Cross-cutting problems including economic analysis, life-cycle anal-
ysis, farming and catchment analysis, social effects, and risk management were also
considered. However, climate change can be influenced by changes in financial
economies and international relations, along with input on the surrounding world
and culture in turn.

If politicians want to adapt to both climate change and change land use conces-
sions and advantages, the ability to consider the entire set of impacts on ecosystem
resources is important. In the fifth assessment study (AR5) of the IPCC (IPCC), the
latest scenarios established different paths of greenhouse gas emissions from alter-
native socio-economic routes—their representative concentration pathways (RCPs)
(Ebi et al. 2013; IPCC 2014; O’Neill et al. 2014; van Vuuren and Carter 2013).
Parallel method is what is referred to. The resulting system gives more freedom to
explore methods of prevention and adaptation. The motivation is to give concerned
parties an insight into the results of different choices and to transition from a
predictive viewpoint into an explorative and optional approach to solutions. Many
examples, models and standard techniques to measure indirect and direct factors of
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transition have been established in Mallampalli et al. and Pichs-Madruga et al.
However, multiscale challenges, from global, to regional and territorial, need a
participatory approach if substantive participation is to be accomplished in the
most possible scenarios and directions to reform and if actions are to be guided
and transferable into other regions.

In this relation, we consider three attributes associated with restricting artefacts
and connecting research with behaviour to assess the effectiveness of the parallel
process:

• integrity relevant to technical facts and claims’ scientific adequacy;
• salience that discusses the importance of appraisal of decision-makers’ needs
• credibility involving information and technology development that recognizes the

divergent principles and opinions of stakeholders.

It is difficult to grasp the input, tip points, side effects, compromise and gains of
ecosystem services both climate and socio-economic factors through the dynamics
of the relationships and interdependencies of the human–nature environment. The
integrated evaluation could help demonstrate these cumulative effects on ecological
services (Dunford et al. 2015) when operating across layers in order to resolve
multiple challenges, disciplines, processes and scales.

34.10 Challenges to Adaptation

Societal or environmental conditions are classified as socio-economic adaptation
challenges which intensify the risks associated with any given climate change
prediction by making adaptation more difficult. The danger of climate change
comes from a mixture between climate threats, such as the rise of the sea level,
change in temperature, precipitation and extreme events, whose risk is exposed to
them and their potential for adverse consequences, including geographical, socio-
economic and cultural. The risk of climate change is the combination of climate
change hazards (to explore how adaptation issues apply to effect definitions, adap-
tation and risk literature). The climate change risk aspect due to the physical impacts
of climate change is expressed in RCP-based climate model forecasts, therefore not
included in the SSPs, within scenario matrix architecture. Remaining vulnerability
elements are theoretically vulnerable to these risks found in human–environment
processes and are thus properly included in the SSPs. Adaptation problems are
focused on the socio-economic determinants of climate change exposure, vulnera-
bility to these threats and potential for adaptive coping action. They include the
drawbacks of autonomous adaptation and barriers to adaptation policies (e.g. the
amount of adapting interventions readily available to individuals and organizations)
as well as ineffectual structures and administration that obstruct the application of
the policies. Exposure is people’s presence; livelihoods; infrastructure; facilities and
tools of the ecosystem; physical, social and cultural assets in areas potentially
adverse to a climatic danger. For example, a population clustered near a shoreline
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is likely to be strongly exposed to increasing impacts, while a large population
concentrated in urban areas will have high exposure to urban thermal waves.
Sensitivity, often related to exposure, suggests the socio-economic environment
reaction to a certain level of climate change; the exposure–response relationship
may be defined. For instance, if coastal residents reside in low-construction houses,
they will be more susceptible than the population living in better built buildings to
the rise in storm overflow associated with the sea level. Likewise, urban communi-
ties that are more vulnerable to weather temperatures than most other populations
will be more sensitive to urban heating waves, as a result of their higher concentra-
tions of the elderly resident.

The resilient capacity demonstrates a company’s ability to respond to climate
change to mitigate its impacts or to seize its opportunities. Factors that affect this
potential include provision of feasible technical adaptation alternatives, the efficacy
and dissemination through the population of related organizations (such as agricul-
tural research and development, markets for products under climate change and
forest management agencies). A well-working health system, for example, would
enhance a society’s capacity to boost the heatwave’s health effects, while well-
functioning food markets and agricultural research and development agencies would
increase their potential to reduce the climate change impacts of agriculture, including
the ability to benefit from such outcomes as the prolongation.

34.11 Future Perspective

The aim is for climate change to put the main forest regions of the world distinct
climate futures. Climate control can have both advantages and global risks (reduced
wildfires). Various styles, reward ratios, organizational strategies and adaptation
policies need to be introduced, say the authors. Although we research many possi-
bilities and forecasts for the future, they suggest the planet will witness only one
version of the future. The authors suggest that reducing climate vulnerability insta-
bility and natural fluctuations will boost their forecasts. Additional climate models
also enhance the stability of the data.

Countries vary in their opinions as to how to implement international climate
policy. In the mid-twenty-first century, long-term targets proposed for Europe and
the USA are targeted at reducing greenhouse gas emissions by 80 per cent. In the
sense of such acts, the EU has set a goal of limiting temperatures above pre-industrial
levels to a maximum of 2 �C (3.6 �F). (Dealing with the global average near-surface
air temperature of more than 2 �C (3.6 �F), many climatic scientists believe that
major economic and ecosystem risk is likely to occur in the following century.)
While there were variations in strategy, it is on a basis of a consensus reached at the
UN Climate Change Conference in Bali 2007 that countries initiated a negotiation of
a new treaty. A substantive legal environment settlement that would replenish the
Kyoto Protocol was developed by the international community. World leaders
signed in Paris in 2015 a worldwide, but non-binding pact to restrict the average
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world temperature rise to no more than 2 �C. Donald J. Trump (President USA) has
made signals to withdraw the USA from the climate deal following the structured
withdrawal procedure that will take effect on 4 November 2020. By 2019, the
number of parties (signatories) to the Treaty was 197 and the agreement had been
ratified by 185 nations and in September 2016 by the USA. The Paris Agreement
was a historic agreement mandating development on a 5-year basis and the estab-
lishment by 2020 of a $100 billion funds to help emerging countries introduce
non-greenhouse gas technology. Under the 2005 Climate Protection Pact, which
cities have signed, the USA pledged itself to reduce its emissions by 7% below 1990
levels by 2012. The ICLI and its climate security cities define the recommendations
and the measures required for action at the local level. Global, international, national
and local policy on global warming and climate change continues to evolve. The
strategy on mitigation relies on numerous means of reducing greenhouse gas emis-
sions. Adjustment strategy strives to increase the capacity of economies to resolve
climate change issues. A model of the private sector initiative to minimize carbon
emissions through a swap mechanism is the Chicago Climate Exchange. Long-term
cuts in greenhouse gas releases would enable both industrial and big emerging
countries to be involved. In 2006, China finally overtook the USA as the world’s
main greenhouse gas emitter. The writers suggest that in developed nations, many of
the most adverse consequences of a changing environment would exist. Societies
must identify ways to adjust habits of energy use to combat global warming and
climate change. They suggest people will do more to reduce their emissions of
greenhouse gases.

The impacts of climate change may have significant cascading effects, with
possible devastating repercussions, including negative impacts on the availability
of ecosystem service, agricultural production, human health and livelihoods, of
million people living in the area (Ariza et al. 2013)—particularly where they are,
coupled with social, economical and political pressures (Ariza et al. 2013).
Decreased abundance of natural resources and instability caused by climate vari-
ability represent a challenge to mountain survival, when a natural resource base is
already diminishing. Different methods exist for ES internationally. Biophysical and
monetary benefit maps are the most common approaches. Global models can
simulate ES patterns over time and space. This makes them important tools for
resource management decision-making. Climate change in the world climate is not a
recent development. Climate change faces multiple threats; one of the main impli-
cations is that water supplies and crop production are altered both in quality and
volume. The Indian area is vulnerable to climate change. Present status of global
rangeland soil erosion prevention, for the mapping, a further variant of the Universal
Soil Loss Equation (USLE) is available with us. Erosion prevention was plotted with
a soil erodibility index (0–100). The erosivity of rainfall is both picture-based and a
refined land use/cover index derived from fractions of a planetary cover. The
decreased erosion prevention of cliffs, vulnerable ground and scanty vegetation
cover (e.g. Mediterranean, Central Australia and Chile) is the product of high risk
(i.e. high risk of erosion). Cereals, barley, corn, pulse, root and tuber are taken as an
indicator for crop development. A changing lifestyle and population pushes demand
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for crops while innovations, technology Efficiency of production, thus yield, is
dictated by environmental factors and management. In the Transparency EU initia-
tive, the two scenarios are modified SSP (e.g. new IPCC scenarios). ‘Wealth-being’
(WB) stands for growth, and the ‘EC’ scenario stands for economic growth and
promotes worldwide environmental sustainability. The agriculture industry is the
most susceptible sector since it directly impacts 1.2 billion people’s lives. By 2050,
India has set a greenhouse gas emission halving target. Coordinated research activ-
ities to determine the effect of climate change on agriculture, forestry, animal
husbandry, aquatics and other living creatures are desperately needed.
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Chapter 35
Impact of Climate Change on Localized
Plant–Microbe Signalling and Technology
Advancement in Microbial Quorum Sensing

Debanjan Sanyal, G. Venkata Subhash, Vinay Dwivedi, and
Santanu Dasgupta

Abstract In the natural habitat, plants have association with abundant microbial
population having important direct or indirect roles in plant health and growth and a
most of the information is available on the plant microbiota structure. Most of the
studies are available on microbial mechanisms on physiological processes with
respective to the host plants. In plants, the secreted components could form micro-
bial communities at rhizosphere, endosphere and phyllosphere regions of plants. In
each niche, a group of microbial colonies can be established and respond to specific
conditions appeared during interaction with plants. Overall, the plant microbiome
communities played a major role in control of diseases, nutrient acquisition enhance-
ment and tolerance to stress or aiding in plant growth promotion. In this present
chapter, the habitats and features of microbial communities have been discussed in
relation to plant growth followed by factors responsible for the plant–microbe
interactions, secreting components and signalling mechanisms between plant and
microbe communications, and the role quorum sensing in communication and plant
protection. The application of synthetic biology tools in deploying plant microbiome
in plant protection, plant breeding and plant health for more sustainable agriculture
has been also discussed.
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35.1 Introduction

In nature, plants host highly dynamic and diverse microbiota and create a unique
microbial ecology. Microbial assemblages from the soil mostly associated with host
plants (rhizosphere, phyllosphere and endosphere) and specific plant organs called as
plant halobiont and termed as plant microbiota or the plant microbiome show a wide
range of functions for supporting the plant health and growth (Philippot et al. 2013).
These microbiota contribute nutrition in the host plants, protect from the pathogens
and pests and improve the tolerance against stress. The functionality of plant–
microbe interactions and factors involved may potentially help researchers to deploy
this towards enhanced plant growth and better crop productivity. Most of the earlier
surveys focussed on plants and microbes interactions (pathogenic), and after assum-
ing that, some are pathogenic and the others are neutral or beneficial for plant
development (Philippot et al. 2013). Beneficial microorganisms involved in the
agriculture or plant biomass production by aiding acquisition or availability nutrients
and promoting stress tolerance (Kavamura et al. 2013) and these specific microbial
groups nitrogen-fixation and fungi belongs to mycorrhiza) involved in promoting the
plant growth (Chagnon et al. 2013). The plant–microbe interactions are influenced
by a basic principles, such as (1) defence or symbiotic responses which will be
activated based on signals from microbes that are perceived by plant immune
receptors, (2) modulation of host cell functions which will be mediated by transport
effector molecules like microbial DNA and/or protein into the plant cell, and
(3) during symbiotic and pathogenic interactions formation of specialized microbial
organs (e.g. nodules and galls) which will be developed for nutrient exchanging.

The communication between plant and microflora is known to be initiated by a
specific signalling molecule in the environment and they will increase in response
to specific microbial population and help to coordinate protective mechanism against
adverse conditions called quorum sensing (QS). Under plant and cell communica-
tion, microbes can secrete extracellular signal molecules called autoinducers. These
plant–microbe interactions can be altered by external conditions, including temper-
ature, moisture and nutrient status. At the plant rhizosphere region, some symbionts
(N2-fixing bacteria or fungi) are known as microbial biofertilizer. For better under-
standing and practices in agriculture, these plant microbes are important for
microbiome-based solutions. The application of knowledge of synthetic biology
can significantly aid in understanding of individual or a package of strains in
combination with model plants. Under synthetic biology approaches, application
of selective microbes for plant developments can create new avenues for the
development and use of microbial functions in enhancing crop productivity.

The present chapter discussed the topics of plant and microbe interaction and
secretion of various signalling chemical components along with the responsible
factors for effective interactions between plant and microbe. In continuation, role
of quorum sensing in this communication is also discussed with mechanisms
involved and advancements using synthetic biology at molecular level.
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35.2 Plant and Microbes

35.2.1 Favourable Zones in Plant for Microbial Growth

The matrix of soil is the diverse microbial reservoir and in interaction with plants and
plant parts (Vogel et al. 2009). The microbial population present in the soil is
important for processes happening in relation to health of the plant (suppresses
plant diseases and infecting plant tissues) (Mendes et al. 2011). These soil
microbiomes impart a degree of resistance against “invaders” and show intrinsic
and extrinsic activities (van Elsas et al. 2012). Microbial populations at plant region
are considered as an active component of the host, being also responsive to changes
in environmental (biotic and abiotic) conditions. Segregating the plant–microbe
population involves three major compartments: so-called rhizosphere, phyllosphere
and endosphere (Hirsch and Mauchline, 2012).

35.2.1.1 Microbiome at Rhizosphere and Secreting Components

In 1904 Hiltner coined the rhizosphere term (Curl and Truelove 1986) and referring
to the environment at the root region of plant where the soil at the root of plants and
microorganisms (Sugiyama et al. 2014). The microbial population residing at rhizo-
sphere region is organized differentially than the bulk soil and is driven by root
exudates and the effect of increased microbial biomass in the rhizosphere.

Rhizodeposits (organic or inorganic compounds) are the components which
influence the rhizosphere microbial community at rhizosphere, and this is known
as “rhizosphere effect” (Berendsen et al. 2012), which is influenced by the genotype
of plant (Bulgarelli et al. 2012), and each plant sp. is specific to microbial
populations and coevolution of plants and microbes (Bais et al. 2006). In
rhizodeposits, some of them are involved in activation of microbial populations
(e.g. glucose) or can activate specific groups of organisms (e.g. flavonoids) (Jones
et al. 2004).

These rhizodeposits are directly released to surroundings for microorganisms at
roots throughout the plant life (Haichar et al. 2008) and plant growth (Chaparro et al.
2014). Microbial aggregation starts at the germination stage, and microorganisms
will be distributed according to root type and zones during root growth (Philippot
et al. 2013). Alcohols and sugars will be released in the early stages of plant growth
(seedlings), followed by amino acids and phenolic compounds at further plant
growth (Chaparro et al. 2014). This selectively will follow the phenomenon like
attraction by offering a carbon at the early stage of development, and later selects
certain microorganisms by releasing specific compounds (Chaparro et al. 2014). At
the root region, microorganisms more number belongs to gram-negative bacteria,
gram-positive bacteria, proteobacteria (α, β, γ) etc., usually represent at high level
(Philippot et al. 2013).
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The rhizosphere microorganisms can have beneficial effects as plant growth-
promoting rhizobacteria (PGPR), for plant growth and health (Philippot et al. 2013).
PGPR can suppress the diseases from the various sources by a mechanism like
creating food (nutrients) competition or antibiosis or parasitism (Philippot et al.
2013).

35.2.1.2 Microbiome at Phyllosphere and Secreting Components

The second component at plant and microbe’s interacting location is aerial tissues
called phyllosphere (Vorholt 2012a, b). The phyllosphere region is characterized as
nutrient poor by comparing with the rhizosphere (Andreote et al. 2014). At
phyllosphere, microbial communities play a major role in plant protection from
pathogens, nitrogen fixation and phytohormones biosynthesis (Kishore et al. 2005).

The phyllosphere is habituated with bacteria, yeasts, filamentous fungi, viruses,
algae and bacteria which are more abundant (106 and 107 cells cm2) than fungi and
archaea (Vorholt 2012a, b). At the level of community composition, the genus level
of bacteria mainly belongs to Sphingomonas, Pseudomonas, Bacillus,
Methylobacterium, Arthrobacter, Pantoea and Massilia present at phyllosphere
(Bulgarelli et al. 2013). On phyllosphere region, these bacteria, fungi and other
microorganisms occur through the immigration from air, soil, water, seeds or
through animal sources and get stabilized (Vorholt 2012a, b). After the stabilization,
the microbial communities will depend on nutritive sources (carbon) from leaf
surface and leaf veins (Vorholt 2012a, b). The phyllosphere microbiome structure
may vary due to a large flux in atmospheric conditions on the day and night (Vorholt
2012a, b; Lindow 1996). These phyllosphere organisms can live under harsh and
variable conditions (Andrews and Harris, 2000).

35.2.1.3 Microbiome at Endosphere and Secreting Components

Inner plant tissues can be considered as endosphere region, and the associated
microorganisms with the host plant are termed as endosphere microbiome, and
these microorganisms reside internally in plant tissues without showing any visible
symptom (Hardoim et al. 2008; Mostert et al. 2000; Berg et al. 2014). The
endosphere region is composed of the endorhizosphere and endophyllosphere
(Truyens et al. 2015).

These endophytic organisms are beneficial or commensal (Malcolm et al. 2013)
and, under beneficial role, promote plant development and health (Khan et al.
2012a, b; Waqas et al. 2014), characterized by produced antibiotics and toxicants
(Schardl et al. 2013; Gond et al. 2015; Yaish et al. 2015). Endophytes can also
involve in altering the expression of plants gene defence and metabolic pathways
(Rosenblueth and Martínez-Romero 2006; Mathys et al. 2012; Ownley et al. 2009).

The structure of endosphere is driven by type of soil, soil pH, phylogeny of host
and microbes (Baker et al. 2009) and local edaphic conditions (Yandigeri et al. 2012;

698 D. Sanyal et al.



Marques et al. 2015). After crossing all these barriers finally, the microbes establish
themselves at endosphere. Common microbial population are bacterial phyla,
firmicutes (Robinson et al. 2015; Manter et al. 2010) and fungi, including
Ascomycota and Basidiomycota (Glynou et al. 2016; Higgins et al. 2014; Toju
et al. 2013).

35.2.2 Contribution from Plants to Microbe Interactions by
Chemicals and Signals

Plants are multicellular and sessile organisms, which have three well-defined parts:
(1) root, (2) stem and (3) shoot (López-Bucio et al. 2005; Ross et al. 2005), and root
system is different in its morphology and physiology in the environment. During
embryogenesis primary root contrast to be formed, adventitious and lateral roots are
formed post-embryonically. Widespread communication occurs between microor-
ganisms (fungal and bacterial species) and plants, and the signalling molecules of
both partners have a significant role. Plants can recognize and adjust their defines
and growth responses against the microbe-derived compounds (Van Loon et al.
1998). Region of rhizosphere is a complex and associated with increased number of
bacterial abundance and other microbial community activities associated with dif-
ferent plant species (Zeng et al. 2017).

At the rhizosphere region, in a sophisticated manner organism will interact with
each other and with the plant by chemical communication, and in a response, plants
release different metabolites by ‘signalomics’ at the rhizosphere. Diverse group of
compounds from the root system are collectively termed as root exudates. These
compounds belong to three main classes: (1) low molecular, (2) high molecular and
(3) volatile organic compounds (VOC) (Schulz and Dickschat 2007; Badri and
Vivanco 2009; Aulakh et al. 2001).

Microorganisms and their products may respond in various ways (positive or
negative or neutral) at the roots (Morgan et al. 2005; Broeckling et al. 2008).
Interactions and communication are important in rhizosphere to enhance plant
growth. For biotechnology improvement, rhizosphere region is important to biomass
production and can be achieved by inoculating or by engineering plants to modify
the nature and level of exudate compounds. Plants can produce molecules like
elicitors which are involved in defence responses (Mackey and McFall 2006).
Exogenous methyl jasmonate, nitric oxide and salicylic acid induce the accumula-
tion of secondary metabolites which play a major role in communication (Noritake
et al. 1996).

Usually, the organic carbon forms are present in rhizodeposits to make plant–
microbe trophic interactions, and these microbes will respond to various carbon
sources (Neumann et al. 2014; Eichorst and Kuske 2012). Under labile chemically
recalcitrant substrate conditions, few bacterial communities (Burkholderiales and
Pseudomonales) will show growth (Goldfarb et al. 2011). The types of release
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sugars by plant influence the microbial diversity; for example, pseudomonads
(accepts wide range of sugars) can use trehalose (Raaijmakers and Weller 2001) in
the tomato rhizosphere (Ghirardi et al. 2012). After sugars, amino acids are abundant
class of compounds in the rhizosphere, and they impact rhizosphere microorganisms
as signal molecules and nutrient sources which are important in biofilm formation
(Moe 2013). Other compounds like phenolics impact the rhizosphere microbiota
taxa. For example, the pathogen Agrobacterium spp. that shows trophic-mediated
communication causes crown gall tumours by the insertion or transfer of T-DNA
(bacterial genome) into plant genome and induces tumour cells to produce opines,
and these opines are low molecular weight molecules (Chen et al. 2016).

Plant hormones and hormone-like compounds present in small amounts but
impact the microbes at rhizosphere. Some of the phytochemicals release signals
described for symbiotic or parasitic interactions, for example, flavonoids for symbi-
otic nitrogen fixation between rhizobia and legumes. These phenolics
(acetosyringone) and phytoalexins are involved in parasitic interactions between
phytopathogenic bacteria and plants (Subramoni et al. 2014; Kalia 2013).

Hormones involved in plant immunity and defence reactions; for example, the
salicylic acid (SA) enriches A. thaliana (Lebeis et al. 2015), and the citric acid or
malic acid (organic) acts as a signals bacterial chemotaxis towards plants called plant
growth-promoting rhizobacteria (Zhang et al. 2014a, b), and they will involve in
biofilm formation for the colonization of root bacteria (niche) to protect the bacteria
from abiotic and biotic factors.

35.2.3 Contribution from Microbes to Plant Interactions

Rhizosphere-associated microorganisms can influence their host plant by releasing
different signalling molecules and are good for plant defences against diseases, etc.
Plant beneficial microorganisms are rhizobial bacteria, mycorrhiza, plant growth-
promoting fungi (PGPF) and plant growth-promoting rhizobacteria (PGPR)
(Cameron et al. 2013).

Plant at initially recognize this as non-self by pattern recognition receptors
(PRRs), called microbe-associated molecular patterns (MAMPs) (Zamioudis and
Pieterse 2012). These MAMPs trigger the immune defence in the roots (Millet et al.
2010; Vos et al. 2013). PGPR and PGPF are the components involved in plant
defence response, which is known as induced systemic resistance (ISR) and acts
against pathogens and insects (Pieterse et al. 2014). ISR depends on the jasmonic
acid and ethylene signalling pathways (Conrath, 2006).

Rhizosphere microorganisms elicit plant responses not only via MAMPs, Nod
and Myc factors released by rhizobia and mycorrhiza (Zamioudis and Pieterse
2012). Small secreted proteins (SSPs) and promoting mycorrhization are produced
by mycorrhiza by altering hormonal signalling in the host plant (Plett and Martin
2015), and actually, these molecules function as signal compounds (Hartmann and
Schikora 2012).
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Other QS molecules from bacteria are less studied and include the Xanthomonas
diffusible signal factor (DSF) and cyclodipeptides released by Pseudomonas
aeruginosa, which affect gene expression for the abscisic acid and salicylic acid in
plants (Ortiz-Castro et al. 2011; Xu et al. 2015).

Antimicrobials produced by rhizosphere pseudomonads and
2,4-Diacetylphloroglucinol (DAPG) present on roots (Weller et al. 2012) affect the
development of root, and these occur via an auxin-dependent signalling pathway
(Brazelton et al. 2008). Pyocyanin, a phenazine from P. aeruginosa, induces ISR and
controls the development of root (Ortiz-Castro et al. 2014; Powers et al. 2015).

VOCs are the signalling molecule from microbes and involved as growth pro-
moters or inhibitors (Bailly and Weisskopf 2012; Zamioudis et al. 2015).
2,3-Butanediol (2,3-BD) from Bacillus strains was demonstrated on plants to pro-
mote the growth of Arabidopsis (Ryu et al. 2004) and to induce ISR towards
phytopathogenic Erwinia (Ryu et al. 2004). 2,3-BD produced by a Pseudomonas
chlororaphis induces ISR against the Erwinia in tobacco (Nicotiana tabacum) (Han
et al. 2006).

Indole is another bacterial VOC produced by PGPRs (Blom et al. 2011) and
affects arabidopsis root development via the auxin signalling pathway (Bailly et al.
2014) and also functions as a protectant for plants against attacks from herbivorous
insects (Erb et al. 2015).

A further phytohormone like compounds, including gibberellins, auxins, and
cytokinins, affect growth, hormonal signalling, organ development and immune
responses, in plants (Spaepen et al. 2007).

35.2.4 Climatic Responses on Plant–Microbe Interactions

Seasonal variation on microbial community will change drastically due to the
continuously the concentrations levels of atmospheric CO2, and surface tempera-
tures will increase as predicted (IPCC Climate Change 2007). The changes directly
show impact on soil water levels and are expected to (Le Houérou 1996) increase
drought in the world and affect terrestrial microorganisms such as plants. All land
plants have excellent symbiotic relation with microorganisms (Brundrett 2009), and
these plant growth-promoting microorganisms (PGPM) colonize at root, and some
can also enter into root (endophytic) (Stone et al. 2000). Climate change with altered
environmental conditions induces changes in plants and root secretions. These
changes fluctuate the availability of chemoattractants or signal compounds (Haase
et al. 2007). Similarly, the elevated temperature induces similar changes, and
together they influence the plant and microbe associations. Change in climate will
influence the diversity and activities and shows direct influence on plant and
microbial communities (Drigo et al. 2008).
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35.2.4.1 Direct Impact of Climate Change

On planet, most of plants are in association with mycorrhizal (Brundrett 2009), and
most of these plants have symbiotic association with AMF (Fitter and Moyersoen
1996). These AMF are enhancing plant nutrient uptake or in exchange for carbohy-
drates from rhizosphere (Newsham et al. 1995; Sanders et al. 1998; Augé 2001).
Climatic change alters the soil communities as the soil community differ plant
growth rates have been reviewed extensively. Mostly, the microbial communities
respond to warming and other agitations (Allison and Martiny 2008) and shifts in
microbial community which leads to changes in ecosystem function (Bodelier et al.
2000).

Warming conditions alter the microbial soil respiration rates, and given no
changes in community composition the microbial activity is defined as the factor
with Q10. While decomposition of soil organic matter, soil respiration, and growth
of microbial biomass generally increase with temperature (Bradford et al. 2008).
Initially, warming can alter microbial communities (Zogg et al. 1997), or it may take
many years (Rinnan et al. 2007, 2013). This is clear that temperature is coupled with
soil and its moisture (Zak et al. 1999), and the bacterial communities mostly will
respond to moisture pulses (Cregger et al. 2014). Drought amplifies fungal and
bacterial groups (Briones et al. 2014) and leads to shift from one member to another
in soil fungal and bacterial communities (Kaisermann et al. 2015).

35.2.4.1.1 Microbial–Plant Interactions

Under warming of soil, plants (Parmesan and Yohe 2003) start flowering earlier and
leafing out will occur (Wolkovich et al. 2012). As a result of warming up at arctic
region, the woody shrubs have replaced grasses (Pearson et al. 2013). Plant com-
munity transitions may be facilitating by the soil communities which are tightly
coupled with plants, and these communities show a strong effect on survival of plant,
expression and phenology (Wagner et al. 2014).

35.2.4.2 Indirect Effects

35.2.4.2.1 Climate Change on Plant and Microbial Population

Under climate change, the plant species migrations between the soil community and
the plant (positive or negative relationship) (van der Putten 2012). Microbial popu-
lation in soil will respond fast to climate change (van der Putten 2012). At local
community level, the climate change can alter plant establishment and plant pro-
ductivity (Bever et al. 2010). If plants that successfully establish, they induce higher
levels of defines compounds (polyphenols) (Engelkes et al. 2008). Geographic
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disconnects might influence the composition and functioning of the microbial
community (van der Putten 2012).

Above ground level, plant structures change due to climate change (Durán et al.
2014), and compared to aboveground level, communities belowground are struc-
tured by different environmental conditions (Fierer and Jackson 2006) with different
life history characteristics. Due to these, plants are experiencing changes in global
climate than soil community (Kardol et al. 2010). By changing distribution levels,
the soil communities will respond to climate stress.

35.2.4.2.2 Climate Change Alters Plant Phenology and Microbial
Communities

In the growing season, warming may affect the plant species in earlier leafing out and
flowering (Wolkovich et al. 2012) and impacts root phenology, interactions of plant-
rhizosphere (Iversen et al. 2015). If root growth peaks early, phenologies of below-
ground and aboveground synchronous, because they are asynchronous (Abramoff
and Finzi 2015). Phenology of root varies by species because it has complex
interactions (Abramoff and Finzi 2015). As per IPCC 2013 due to climate change,
variation in root–shoot phenology will impact rhizosphere interactions and may
influence the soil microbial groups (Zhang et al. 2014a, b).

35.2.5 Microbes in Plant Growth Promotion

To enhancing productivity conventional agricultural practices, have a threat due to
the global climate changes and anthropogenic activities in the agroecosystems. To
overcome such negative roles of climatic challenges research on plant growth-
promoting microbes (PGPM) playing a major role in agro-ecosystems to their
original shape. PGPM are the soil and plant growth influencing rhizosphere micro-
organisms, colonize plant roots with beneficial activities (Antoun and Prevost 2005).
PGPM are of two main groups: plant growth-promoting fungi (PGPF) and plant
growth-promoting rhizobacteria (PGPR). PGPR are soil bacteria that colonize the
plant roots and enhance the growth in a mutualistic manner (Kapulnik and Okon
2002).

35.2.5.1 Plant Growth-Promoting Rhizobacteria (PGPR)

PGPR stimulate plant growth, form association with roots, leaves and/or in tissues
(Glick 2012) and belong to Rhizobium, Pseudomonas, Azotobacter, Klebsiella,
Alcaligenes, Arthrobacter, Bacillus, Serratia, etc. (Ahemad and Kibret 2014).
They provide direct assistance in plant growth by nitrogen (N) fixation, phosphate
solubilization (Sharma et al. 2013), iron (Fe) sequestration (Sayyed et al. 2013),
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phytohormones synthesis (Maheshwari et al. 2015) and phytopathogens control
(Mishra and Arora 2012).

Biological Nitrogen Fixation (BNF) BNF is the conversion of atmospheric N to
ammonia under the symbiotic process (Dixon and Kahn 2004) and well-developed
process, and a vast array of microbes belongs to archaea and bacteria. Bacteria under
N-fixing process will form obligate symbiotic association with legumes to form root
nodules by colonizing plant’s root system (known as rhizobia). Several studies show
that at field conditions PGPR increase N content in legume plants (Bruijn 2015).

Phosphate-Solubilizing Bacteria (PSB) PSB involved in uptake of phosphate by
plants and species are Pseudomonas, Bacillus and Rhizobium (Bossis et al. 2000).
PGPR play a significant role in secretion of siderophores and are Fe-binding
extracellular compounds (Krewulak and Vogel 2008; Boukhalfa et al. 2003),

Other than above-mentioned mechanisms, PGPB can produce broad spectrum of
antimicrobial compound called as hydrogen cyanide (HCN) to control root diseases
by plant-associated pseudomonads (Ramette et al. 2003). PGPR trigger ISR
response against plant pathogens (Ramos et al. 2008) and involved in the synthesis
of hydrolytic enzymes, which lyse the hyphae of fungi (Maksimov et al. 2011).

In the agriculture sector, members of the genus Bacillus sp. produced products
which are important and being considered as microbial pesticides, fungicides or
fertilizers (Fravel 2005). Another important PGPR organism such as Pseudomonas
is considered as biocontrol and PGP activities (Tewari and Arora 2015) involved in
biocontrol activity against plant pathogenic fungi (Tewari and Arora 2014). Pseu-
domonas produces a variety of components at the rhizospheric region (Fernando
et al. 2005).

Actinomycetes in PGP Activities Micromonospora spp., Streptomyces spp.,
Thermobifida spp. and Streptosporangium spp. are involved in control process
against root pathogenic fungi by phytohormones production (Solans et al. 2011),
enzymes for degrading fungal cell wall (Anitha and Rabeeth 2010) and antibiotics
production.

35.2.5.2 Plant Growth-Promoting Fungi (PGPF)

PGPF attributes of rhizospheric fungi, species include Aspergillus, Penicillium, and
arbuscular mycorrhizal fungus (AMF) etc., gained attention due to the involvement
in growth of plant and disease control. PGPF produces the plant hormones and
involves in decomposition of organic matter and soil solubilization (Khan et al.
2012a, b). In plants, AMF involved in the growth promotion by nutrient uptake,
particularly phosphorus (P) and disease suppression (Brundrett 2002; Maherali and
Klironomos 2007).
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35.3 Quorum Sensing: Microbial Role

Quorum sensing (QS) is coordinal behaviour that occurs between two different
organisms by a communication, and this helps the bacteria to respond to scavenging
of extracellular nutrients, extracellular hydrolytic enzymes, siderophores, biosynthesis
of exopolysaccharides, pigments, antibiotics, aiding motility and for biofilms growth.

35.3.1 Biocommunication and Mechanisms

Rhizosphere around the roots is comprises of the microorganisms and various
chemicals secreted from roots are involved in the regulation beneficial and patho-
genic microorganisms at rhizosphere (Sharma et al. 2013). Release of chemicals
involved through a communication and may export signals to the extracellular
environment. The plants as root exudates and generated due to the organic carbon
utilization (Bais et al. 2006). Due to its microbial activity it is very high at roots than
the non-rhizosphere soil is a hotspot for variety of microorganisms.

During QS, organisms differentiate species-specific signals and interspecies
behaviour modulations which enable them to specifically coordinate with species
and with other diverse groups. Mycorrhizal fungi come under this category by
supporting the growth of bacteria and degrading of complex organic materials to
simple for fungi. By extending its hyphae, helps the plant growth by supplying
enough nutrients or minerals.

QS in bacteria releases exoenzymes to convert complex food/carbon to simpler
molecules and facilitates easy uptake by plants or any other associated cells.

Generally, bacterial QS falls into three classes: (1) AHL-dependent, (2) peptide-
mediated QS, and (3) both gram-positive and gram-negative bacteria is luxS-encoded
autoinducer 2 (AI-2) QS. In the gram-negative bacteria, QS is mediated by AHL.

In gram-positive bacteria, two types of QS systems are reported—one is
autoinducing peptide (AIP), and the other is a two-component signal transduction.
Gram-positive bacteria produce a signal peptide precursor which later cleaved at the
double-glycine sequence and obtained active AIP, and the two-component signal
transduction will regulate AIP which leads to QS.

Autoinducer 2 (AI-2) is observed both in gram-positive and gram-negative
bacteria. For interspecies communication, AI-2 helps more (universal language)
and characterized Vibrio harveyi for the regulation of bioluminescence.

35.3.1.1 Mechanism in Rhizosphere

At rhizosphere region, proteobacteria as a major colonizer produce QS signals and
are capable to produce acyl-HSL signals with different specificities by the LuxI
family.
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In the rhizosphere, actinobacteria is a major organism and QS is dependent on the
production of different chemicals class switch includes A-factor of Streptomyces
griseus and similar compounds found in other Actinobacteria.

35.3.1.2 Quorum Sensing in Soil Microorganisms

Soil is a natural media for growth of microorganisms and plant. Several types of
microorganisms inhabit the soil and create microenvironment by supporting the
biogeochemical cycle, and they show additional benefit for plant growth by devel-
oping interactions (Sindhu et al. 2016).

35.3.2 Synthetic Biology in Quorum Sensing

In the present scenario, most of the studies discussed the importance of QC in
microbiomes and how it will influence the composition and function of these
communities. Synthetic biology is a field where scientists design systems (biologi-
cal) with predictable design or output to manipulate QS in natural consortia, and it
can be used as a tool to construct synthetic co-cultures with desired behaviour. Early
studies made the QS circuits for programming cell behaviour. Synthetic biology
provides new tools for investigating QS.

35.3.2.1 Synthetic Biology to Manipulate QS Signal and QS-Mediated
Cell Phenotypes

Till today, there are a several QS systems available and, for example, AI-1 or acyl-
homoserine lactone (AHL) and AI-2 QS systems. In QS systems, well-known
systems are AHL (discussed earlier). Synthetic biologists frequently use the AHL
QS systems due to the few components, and without specific transporters, they can
enter into cell through cell membrane.

For the characterizing responses in AHL and to engineer cells, there are many
efforts made by scientists and they did manipulation in the regulator protein LuxR.
Wang et al. expressed LuxR to detect different ranges of AHL by a series of varied
expression levels using constitutive promoters (Wang et al. 2015; Shong and Collins
2013; Zeng et al. 2017).

35.3.2.2 Synthetic Biology for Plant Microbiome

Plant microbiomes are the main components in plant health and crop yield.
Engineered microbiomes can promote plant health by reducing the environmental
impacts in agriculture (Busby et al. 2017; Compant et al. 2019). For the growth of
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plant and productivity, QS plays a major role in plant–microbiome interactions.
Some pathogens depend on QS for the virulence production in some of the crops,
and the community interactions can inhibit virulence. Virulence of Pectobacterium
carotovorum can be attenuated by the degradation of AHL signals (Garge and
Nerurkar 2016). Similarly, Valente et al. showed a crosstalk mechanism between
species (Valente et al. 2017). In synthetic biology concern, engineers have used the
QS to engineer commensal bacteria with desired behaviour. Zuniga et al. engineered
a Rhizobacterium Cupriavidus pinatubonensis to produce indoleacetic acid by an
autoinducer-regulated method (Zúñiga et al. 2018) so that the bacteria autonomously
produced indoleacetic acid (IAA) to promote plant growth. QS is also an important
process to facilitate interactions between species in other ecologically important
microbiomes (coral microbiome).

35.3.2.3 Synthetic Biology in Plant Breeding

In agriculture, effective application of microorganisms is important for improved
plant response to the environment and plant yield with the pathogen resistance.
Under mutualism, plant and microbe will interact with each other and the plant
secretion will influence microbiome composition (genotype-dependent) and popu-
lation and is an evolutionary process. Using modern tools of synthetic biology,
pathogen-resistant potato varieties were developed. Mendes et al. (2011) in common
bean shown that the microbial taxa selected in breeding for resistance involved in
complementing plant protection and finding out of such traits will help breeders to
select plant traits with enriched microbial groups.

35.4 Conclusion

For the growth of plant, tolerance to adverse environmental conditions and plant
health, a good plant and soil microbiota interactions are essential. Microorganisms
adapted at different parts of the plant showed great impacts particularly in secreting
of various chemicals, plant–microbe communication, plant growth promotion, etc.
Understanding of plant–microbe and microbe–microbe interactions will provide a
great help in future to modulating microbes in controlling disease and enhancing
plant productivity. Plant-associated microbiota can act against harmful pathogens,
thereby resulting in avoiding outbreaks in pathogen attack and increasing plant
productivity. Plant-associated microbiomes also aid in stabilization of ecosystem
and biodiversity enhancement. In the plant and microbial communication, QS plays
a vital role against abiotic factors, environmental challenges and biosurfactant
production in rhizosphere, for plant growth promotion, and is proven to be effective
in improving the soil quality by soil remediation. In the coming future, these studies
will further help in understanding the QS mechanisms and their role in soil fertility
and crop productivity. Agriculture plays a major role for economic growth.
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Therefore, a major focus on the exploitation of eco-friendly beneficial microorgan-
isms in sustainable crop production in the coming decades would be of paramount
importance. It is also critical to explore all potential applications of synthetic biology
tools such as genetic engineering for the microbial flora at rhizosphere and generate
engineered plants which can alter QS and show multiple functions in agriculture.
Screening and identification of quorum quenching compounds for autoinducers or
their receptors are another interesting areas for the plant microbial interaction and
growth.
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Chapter 36
Molecular and Cellular Mechanisms
Underlying the Microbial Survival
Strategies: Insights into Temperature
and Nitrogen Adaptations

Khaled A. Selim, Erik Zimmer, Heba Yehia, and Sofía Doello

Abstract Bacteria inhabit almost all ecological niches, including harsh environ-
ments of desert, oceans, hypersaline, volcanic and thermal biospheres, representing
therefore one of the quantitatively most abundant organisms on earth. To survive
under such a variety of ecological habitats, bacteria developed a number of strategies
to rapidly adapt and respond to environmental changes by tuning down their
metabolic activities, thus overcoming periods of unfavorable growth conditions.
Generally, the processes of entering into and exiting from the metabolic stand-by
mode are tightly regulated and characterized by a series of signaling events involv-
ing various secondary messenger molecules, signaling proteins, and regulatory
RNAs. For example, the availability of nitrogen is highly variable in nature and,
hence, considered as the limiting factor of microbial growth and development.
Therefore, the nitrogen assimilation reactions require a tight regulation and a con-
stant sensing of the quantity and quality of the available nitrogen. Temperature
sensing is also essential for microbial survival. Consistently, microbes have devel-
oped diverse molecular strategies to sense temperature fluctuations and readjust their
metabolism to survive and resume growth at a different temperature. In this chapter,
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we summarize the recent advances in our understanding of the microbial adaptation
strategies toward environmental changes, specifically those related to temperature
fluctuations and changes in nitrogen availability.

Keywords Chlorosis and resuscitation · Glutamine synthase · Nitrogenase · PII
signaling protein · Stress response · RNA thermometers · Cyanobacteria

36.1 Introduction

Climate change, global warming, and greenhouse effects are terms that have been
pressingly discussed since the middle of the twentieth century in both scientific and
political contexts. They describe the phenomenon of increasing average temperature
on Earth, which is posited to reach 4 �C increment by 2100, and the corresponding
dramatic and versatile consequences (Yang et al. 2017). Changes in average tem-
peratures are reflected in changes in atmospheric gas composition, water surface and
polar regions, the frequency of the freeze–thaw cycles in the alpine region, vegeta-
tion, and many other phenomena that affect and/or endanger many forms of life as
well as the global food security situation.

Microorganisms are ubiquitous: the microbial pool in any definite ecosystem,
whether terrestrial or aquatic, consists of a community of different members each
playing a different role and interacting uniquely with their habitat and with their
“neighbors” via various metabolic processes (Docherty and Gutknecht 2012;
Abatenh et al. 2018; Cronan 2018). Unquestionably, biogeochemistry or the dynam-
ics of any ecosystem, regardless of its size, cannot be studied without considering the
microbial community diversity, structure, and contribution to the niche. Classically,
microbes are regarded as enzymes’ bags that carry out different metabolic activities
and control the nutrient load for plants and animals or influence the suitability of the
environment for these higher organisms, i.e., controlling the elemental cycles of
different key elements in the biosphere (e.g., C and N cycling, redox cycling of
different elements, organic compounds decomposition, molecule fixation, and oxy-
genic photosynthesis). Thus, the diversity of the microbial communities not only is
important from the environmental microbiology or taxonomy perspective, but also
directly affects the connected environment and living organisms (i.e., mineral
resources, agriculture, crop yield, livestock) and hence the global biodiversity,
food security, strategic industries, and energy resources (Rodriguez and Durán
2020; Voolstra and Ziegler 2020).

It is only natural then to infer that the microbial pools’ structure and function are
impacted by environmental changes such as temperature, pH, humidity, and emitted
gases as the organisms’ bioprocesses respond to the new conditions (Bradford 2013).
However, until recently, the microbial factor was underrepresented in most of the
modeling studies that describe the influence of varying environmental conditions on
the ecosystem cycles and the elemental source-sink flux. Furthermore, studies that
attempted to include microbial-related parameters into ecosystem change models
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lacked experimental validation due to: (1) the complexity of the microbial commu-
nities, (2) the limitation of the necessary techniques, (3) the difficulty to culture some
strains under laboratory conditions, or (4) the absence of long-term in situ datasets to
monitor the changes in microbiota structure and function (Singh et al. 2010; Dutta
and Dutta 2016; Cavicchioli et al. 2019).

Due to the progress in metaomics, it is becoming more feasible to study the
mechanisms and dynamics of microorganisms’ growth and function (Rodriguez and
Durán 2020; Voolstra and Ziegler 2020). Some of the different concepts, strategies,
and methods have been summarized by Zak et al. (2006). However, some of these
models did not thoroughly consider the ability of microorganisms to tolerate and
adapt to changes both on the short and long terms (Docherty and Gutknecht 2012;
Bradford 2013; Rousk and Bengtson 2014; Hallin and Bodelier 2020). Usually,
short-term adaptation entails a temporary stress response through metabolic regula-
tion and feedback mechanisms, while a long-lasting adaptation is the result of a
permanent genetic acclimatization taking place over several generations. Currently,
with the average earth temperature getting warmer and the concentration of green-
house gases, namely carbon dioxide, ammonia, methane, nitrous oxide, and chloro-
fluorocarbons increasing, many research groups are trying to elucidate how the
different microorganism communities react to these disturbances. Yet, it is very
challenging to carry out such investigations due to the complexity and heterogeneity
of the different microbiomes and the lack of thorough descriptions of their structure,
dynamics, function, and relevant food webs at their specific locations (Singh et al.
2010; Dutta and Dutta 2016).

Nevertheless, all prokaryotes, especially the photoautotrophic cyanobacteria
(Forchhammer and Selim 2020; Selim et al. 2020c), developed sophisticated strat-
egies on both the molecular and cellular levels to overcome environmental stresses
(Selim and Maldener 2021). In contrast, in comparison to prokaryotes, fungi exis-
tence in a certain location is minimally affected by ecological perturbations. This is
attributed to their ability to form dormant spores, and to their thicker cell wall,
especially in response to stress, mycelial growth, etc. (Gionchetta et al. 2019; Perez-
Mon et al. 2020). In this chapter, we will discuss in detail the bacterial survival
strategies in response to sudden changes in temperature and in nitrogen availability,
the latter as an example of nutrient adaptation.

36.2 Various Microbial Responses to Changes
in Environmental Conditions

Microorganisms are found all around us, even in the most extreme environments,
which are inhabited by so-called extremophiles endowed with special adaptation
mechanisms to suit harsh habitats (temperature, salinity, pH, carbon and nitrogen
availability) (Rampelotto 2013; Merino et al. 2019). Each microbial genus exhibits
optimal features of growth rate, enzyme activities, generation time, etc., in its native
habitat conditions (Yang et al. 2017; Kosaka et al. 2019). Thus, mesophiles, which
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can only survive at a subglobal warming temperature, are the ones that face the
greatest damage threats, in addition to the consequent perturbations in the metabolic
cycles in which they are involved (Cavicchioli et al. 2019; Kosaka et al. 2019).

Changes or disturbances can occur at different magnitudes and frequencies
resulting in quorum quenching, i.e., unsettling both the normal gene expression
and physiologic homeostatic functions of individual microorganisms and the ongo-
ing crosstalk between the microbial communities and their hosts and metaorganisms
(Grandclement et al. 2016). These disturbances may either be short-term pulses or
long-term pressures that change the nature of local environments (Shade et al. 2012).
The organisms’ reaction depends on several factors that include, but are not limited
to: (1) microorganisms’ generation time or doubling time and the disturbance
duration relative to this time (discrete or continuous), (2) the microbial robustness
against the disturbance (e.g., temperature range, greenhouse gas concentrations, and
light intensity in deep waters), (3) the redundancy of the physiologic function(s) of
the microorganism in the community (also referred to as the metaorganism), i.e., the
ability of the neighboring species to serve the same roles, and (4) whether the
microorganism is associated with a host (higher organism) that adds more pressure
to the adaptation capacity and speed (Shade et al. 2012; Cavicchioli et al. 2019;
Voolstra and Ziegler 2020).

Due to their higher turnover rates, microbial populations show the fastest
responses and/or adaptations in comparison to plants and animals. With only the
environmental factors in mind, it is generally accepted that the different microbial
species respond either (1) directly, by adapting to the warming as allowed by their
own features, e.g., critical high temperature (CHT), specific thermal optimum,
functional enzymes, and thermal performance curve or spectrum; consequently,
the ones that maintain vital functions at warmer temperatures are the ones that
survive; or (2) indirectly, as a result of the response of the whole ecosystem to the
changes, e.g., altered vegetation, plants and animals migration, and/or dying out
(Drigo et al. 2007; Bradford 2013; Dutta and Dutta 2016; Yang et al. 2017; Kosaka
et al. 2019; Voolstra and Ziegler 2020).

Different organisms show different survival responses when subjected to changes
of the surroundings. They could either take advantage of the changes and undergo a
developmental transition (e.g., develop special types of cells like akinetes, hetero-
cyst, and hormogonia of cyanobacteria) or simply alter their food rhythms by
consuming different sources of food (Selim and Maldener 2021). However, they
could also be vulnerable to the changes and lose their fitness and ability to function
on account of the different setup or selection pressure. Hence, what we can describe
as adaptation is in fact either resilience or functional plasticity, exploitation or
tolerance to the new conditions or disturbances. Several studies interpret the ability
to accommodate changing conditions or disturbances as the result of microbial
genetic variation (e.g., increasing the frequency of a favorable operon and effective
DNA mutations) and, therefore, consider it as evolutionary adaptation (Franks and
Hoffmann 2012; Shade et al. 2012; Gionchetta et al. 2019; Kosaka et al. 2019;
Voolstra and Ziegler 2020; Wooliver et al. 2020). Nevertheless, it is still a matter of
debate whether the adaptation mechanisms of an organism could truly serve to
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salvage it against the selection parameter of climate change, or it is inevitable to
declare that the world is undergoing a widespread loss of biodiversity and mass
extinction.

36.3 Microbial Responses to Warming with Underlying
Genetic Disposition

Amid the very few studies that meant to study the microbial genetic adaptation to
warming is the one conducted by Xue et al. (2016). These authors screened the active
functional genes pool responsible for carbon (C), nitrogen (N), phosphorous (P), and
sulfur (S) metabolism in terrestrial microbial communities subjected to temperature
increase of 2 �C over 9 years. However, they did not investigate the behavior of
individual organisms as certain species are activated/deactivated more than others.
They found that the expression of the genes encoding enzymes responsible for
decomposing recalcitrant C sources (e.g., vanillate O-demethylase oxygenase,
glyoxal oxidase, and manganese peroxidase) increased significantly in comparison
to the decrease of those that metabolize labile C (e.g., mannanase, xylanase, and
acetylglucosaminidase) (Xue et al. 2016). This is comparable to the results from
organic soil reported by Yang and his group. Both the microbial diversity and the
availability of functional genes involved in labile C metabolism decreased in the soil
incubated at 8 �C more than that incubated at near-freezing temperature �2 �C. Yet,
genes responsible for recalcitrant carbon digestion did not increase in this report due
to the incubation in the absence of oxygen (Yang et al. 2017). With respect to N
degradation, Xue and his group documented that four out of 13 relevant genes
increased, while three decreased. In a way, this could be attributed to the altered
vegetation nature, total organic soil carbon, and C:N ratio after the temperature
increase. All the genes playing roles in P and S cycles showed higher abundance
after warming, reflecting the increased need for plant growth and carbon fixation as a
feedback mechanism to the increased carbon dioxide concentration (Drigo et al.
2007; Xue et al. 2016).

A sound postulation by Kosaka and his group states that in a native habitat,
organisms are usually subjected to scarcity of certain elements and, thus, more prone
to mutations if compared to those grown in vitro in rich media. Using a
thermotolerant mutant of the mesophile Zymomonas mobilis, they were able to
show that thermal adaptation included reduced activity of NADH dehydrogenase
(respiration activity) and, consequently, reduced harmful effects of oxidative stress
(accumulation of reactive oxygen species) (Kosaka et al. 2019). Interestingly,
different thermo-adapted Z. mobilis and Escherichia coli strains conserved the
wild type-like cell size and shape at their CHT (i.e., not related to σs responses),
and they all showed ratios of mutations in the same order (10�2) to achieve thermal
fitness, mostly in genes responsible for membrane stabilization, transporters
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synthesis, transcription regulation, and protein proofing (Rudolph et al. 2010;
Sandberg et al. 2014; Kosaka et al. 2019).

Furthermore, other mechanisms exist that regulate how bacteria respond to
thermal changes, albeit not previously discussed in the context of global warming.
However, they definitely fit the narrative when the whole evolutionary picture is
evoked. Among these mechanisms are the universally conserved (a) RNA thermom-
eters (RNA-Ts), which modulate the expression of the encoding downstream cistron,
and (b) the enhanced or differential expression of heat shock proteins (Hsps), whose
function is either to solubilize misfolded proteins that aggregated at high temperature
(chaperone activity) or to facilitate their breakdown (protease activity) (discussed
below in details; Fig. 36.1).

RNA thermometers are regulatory elements located in the intergenic regions of
open reading frames (ORF). Being in the noncoding 50-untranslated region of some
mRNAmolecules, they are able to coordinate the ribosomal binding, i.e., controlling
the gene expression at the translational level (Narberhaus et al. 2006). At lower
temperatures, the mRNA exists in a hairpin-like conformation that masks the

Fig. 36.1 Schematic illustration of heat shock proteins (Hsp) role in controlling proteostasis,
modified from Maleki et al. (2016)
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ribosome binding site (RBS) from ribosomal unit attachment. As the nucleic acid
melts and unwinds at higher than ambient temperature, the RNA-T functions as a
zipper that switches on/off the expression of the downstream genes that are under its
control (Fig. 36.2). These are mainly cold and heat shock proteins and virulence-
controlling factors in some pathogenic bacteria. RNA-Ts are extremely sensitive to
temperature changes and start reacting to an increase of 1 �C, with the intensity of the
response augmenting as the temperature further increases (Narberhaus et al. 2006;
Kortmann and Narberhaus 2012). RNA-Ts contain very short conserved motifs and
sometimes none, making their identification in the genome not possible via bioin-
formatics tools. They can be divided into three families with varying nucleotide
length, the common feature among them being the mismatched noncanonical base
pairing. The most common family is the repressor of heat shock gene expression
family (ROSE), the members of which consist of up to 100 nucleotides that form up
to four stem-loops with different heat stabilities and, thus, variable levels of control
of RBS occlusion. The double-strand binding strength decreases in the 30 direction
where the first to unfold is the one exposing the Shine–Dalgarno sequence (SD) and
the AUG start codon (Chowdhury et al. 2006; Kortmann and Narberhaus 2012). The
second family is known as the fourU thermometer and was first reported in Salmo-
nella enterica to control the production of the Hsp aggregation suppression A
(agsA). As the name implies, members of this family consist of four uridine
nucleotides that form hydrogen bonds with AGGA in the SD sequence (Kortmann
and Narberhaus 2012; Abduljalil 2018). The third and simplest group is the
cyanobacterial thermometer detected at the 50-end of the heat shock protein
17 (Hsp17) gene. This thermometer comprises one hairpin-like secondary structure
that normally blocks the expression of Hsp17, which is responsible for both the
solubility and structural integrity of cellular proteins (Kortmann and Narberhaus
2012; Cimdins et al. 2014).

The first discovered RNA-T was reported in connection to the alternative sigma
factor rpoH gene product (σ32, sigma H) in E. coli. Under stress conditions, σ32 is
liberated from a complex with the chaperones DnaK and DnaJ and binds to the RNA
polymerase core enzyme (E) shifting it from the promoters of housekeeping genes to
those of stress-related genes. Thereby, the transcription of more than 30 different
Hsps transcription is initiated (e.g., ClpB, DnaK, GroEL, GroES, HtpG, YedU)

Fig. 36.2 Model for the zipper-like RNA thermometer (RNA-T). RNA-T occluding the ribosomal
binding site (RBS) and/or the translation start codon (AUG) of the mRNA by base pairing until
temperature is increased, which causes a reversible disruption of the zipper-like RNA structure, to
initiate the protein translation, modified from Kortmann and Narberhaus (2012), Righetti and
Narberhaus (2014), and Loh et al. (2018)
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(Narberhaus and Balsiger 2003; Wang and DeHaseth 2003; Calloni et al. 2012;
Righetti and Narberhaus 2014), enabling the cell to salvage aggregated proteins and,
hence, secure protein quality control and proteostasis.

Heat shock proteins are ubiquitous molecules, produced in response to biotic and
abiotic insults (e.g., temperature, osmotic or oxidative stress, starvation, and infec-
tious agents). They are subdivided into groups depending on their size and function
and are located in different parts of the prokaryotic or eukaryotic living cell (cytosol,
mitochondria, nucleus, etc). Their sizes range from 8 to 28 kDa in the case of small
ATP-independent Hsps to 40–105 kDa for the larger ATP-dependent ones. They
either function in solubilizing the misfolded proteins that aggregated at high tem-
perature (chaperone activity) or in facilitating their breakdown (protease activity).
They were also reported to have other purposes unrelated to stress protection such as
immune system modulation in higher eukaryotes (Tiwari et al. 2015; Maleki et al.
2016; Miller and Fort 2018). In addition to their protein trafficking and chaperoning
activity and cell homeostasis/stabilization functions, Hsps were also implicated in
rescuing cells from death via an antiapoptotic mechanism. This involves the inter-
action with several caspase proteins to disrupt the formation of an effective
apoptosome, thus inhibiting caspase proteolytic cascade-dependent cell death (e.g.,
Hsp70 to Apaf-1 and Hsp27 to pro-caspase-3) (Beere 2004).

When it comes to the underlying conceptualization of the microbial response to
global warming, many theories are discussed. However, none is yet thoroughly
understood and deemed as a correct fact, and many are contradictory and require
further investigation. On the one hand, some reports support the idea of “hotter-is-
better; HiB.” This means that, up to a maximum temperature, all microbial perfor-
mance and metabolic vital signs (e.g., respiration rate, and growth rate) will increase
with increasing temperature, and hence, the microbial population should thrive
(Deutsch et al. 2008; Angilletta et al. 2010; Dell et al. 2011; Huey et al. 2012;
Smith et al. 2019). The positive thermal response was, for instance, proven by Smith
and his group for many mesophilic prokaryotic strains after both short- and long-
term exposure to a higher culturing temperature (Smith et al. 2019). Moreover, the
increased greenhouse gas concentrations, another feature of global warming, trigger
a feedback cycle to control the flux of these gases as modeled in many climate
studies. Of special concern is the CO2 levels as it overlaps with the global carbon
cycle and affects the aquatic and terrestrial environments. Elevated temperatures are
assumed to result in higher rates of microbial respiration which, in addition to
accelerated organic matter decomposition, leads to a positive feedback with a
resulting increase in temperature (Bardgett et al. 2008; Singh et al. 2010; Dutta
and Dutta 2016; Cavicchioli et al. 2019). On the other hand, other scientists posit
reduced metabolic activities and proliferation of microbes in response to environ-
mental warming. This stress response may be mediated by the hyperphosphorylated
alarmone tetra- or pentaphosporylated guanosine (p)ppGpp. Albeit usually studied
in relation to starvation, (p)ppGpp can also be released in response to changes in
temperature, pH, and osmotic pressure. It acts as a sink for activated guanine (GTP)
and directly affects some enzymes like GTPases, primases, and RNA polymerases
modulating all their relevant activities. Among the negatively influenced
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bioprocesses are DNA synthesis (initiation and elongation) as well as RNA and
protein synthesis (especially the ribosomal RNA) and ribosomal unit assembly
(Steinchen and Bange 2016; Kosaka et al. 2019; Ronneau and Hallez 2019).

36.4 Microbial Adaptation Strategies to Changes
in Nutrient Availability (Nitrogen Starvation)

Nitrogen is the most abundant gaseous element in the Earth’s atmosphere,
representing about 78% of the air. Nitrogen is the simplest building block of life
and is essential for all living organisms, since it is a major component of amino acids
and nucleic acids. In nature, the availability of nitrogen is highly variable, as most
microorganisms are unable to fix atmospheric N2 (discussed below). Hence, nitrogen
is considered one of the limiting factors for microbial growth and development due
to its presence in a limited amount of useful forms (i.e., combined nitrogen sources
such as ammonia, urea, nitrite, and nitrate) in microbial habitats, especially in the
ocean. In this section, we will discuss in detail the microbial adaptation strategies for
efficient utilization of nitrogen, with special emphasis on nitrogen assimilation
reactions and the mechanisms for overcoming limitation of combined nitrogen.

36.4.1 Adaptation to Variable Nitrogen Availability Via
Regulation of the Glutamine Synthetase

Bacterial metabolism requires a tight regulation and a constant sensing of the
quantity and quality of the nitrogen and carbon availability. The nitrogen assimila-
tion reactions lead to a consumption of 2-oxoglutarate (2-OG), which represents an
indicator of the intracellular carbon/nitrogen balance due to its intermediate posi-
tioning between the TCA cycle and nitrogen assimilation cycle (Muro-Pastor et al.
2001; Commichau et al. 2006; Luque and Forchhammer 2008; Forchhammer 2010;
Huergo and Dixon 2015; Forchhammer and Selim 2020; Selim et al. 2020c).
Generally, the nitrogen and carbon metabolisms are coordinated by a complex
crosstalk between different input signals (Fig. 36.3) (Commichau et al. 2006;
Luque and Forchhammer 2008). The sensing and regulation of the nitrogen/carbon
metabolisms in several bacteria mainly depend on the signal transduction PII protein,
which senses the energy/carbon/nitrogen status of the cell through binding
ATP/ADP and 2-OG in presence of ATP (see below) (Fig. 36.3; Fokina et al.
2010; Lapina et al. 2018; recently reviewed in Forchhammer and Selim 2020 and
Selim et al. 2020c).

For efficient nitrogen assimilation, bacteria possess two pathways to integrate
inorganic nitrogen in the form of ammonium (NH4

+) into organic molecules: the
glutamate dehydrogenase (GDH) reaction (Fig. 36.3) and the glutamine synthase/
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glutamine oxoglutarate aminotransferase (GS-GOGAT) cycle (Figs. 36.3 and 36.4).
GDH can aminate 2-oxoglutarate (2-OG) to glutamate (Glu), using NH4

+ and NAD
(P)H/H+. Since GDH has a relatively low affinity for NH4

+ and requires no ATP, this
reaction mostly takes place under NH4

+-excess and energy-limiting conditions. The
most widely used pathway for nitrogen incorporation in bacteria is the GS-GOGAT
cycle, in which NH4

+ and Glu are condensed to glutamine (Gln) in a reaction
catalyzed by the glutamine synthetase (GS; encoded by glnA) with the use of one
ATP molecule (Forchhammer and Selim 2020). Following this reaction, Gln and
2-OG are transaminated into two molecules of Glu, thereby recovering the Glu
molecule initially used by the GS and providing an additional Glu molecule,
which can be used as a building block to synthesize other amino sugars and amino
acids, such as arginine. This second reaction is catalyzed by the Gln:2-OG amino-
transferase (GOGAT) and requires oxidation of one NAD(P)H/H+ or of one ferre-
doxin (Figs. 36.3 and 36.4). In summary, the GS-GOGAT cycle uses one 2-OG, one
NH4

+, one ATP, and one reduction equivalent to yield one Glu. Given that the
GS-GOGAT cycle is the main metabolic pathway of NH4

+ assimilation in bacteria,
this makes GS one of the central enzymes in nitrogen metabolism and its regulation
is of key importance for the optimization of nitrogen utilization (Bolay et al. 2018).

GS is found in all three domains of organisms and can be categorized into three
types: GSI, GSII, and GSIII, which differ in their protein structure and regulatory
mechanisms. Due to the omnipresence of GS in all clades of life, it is believed that
these different types emerged before the evolutionary divergence into eukaryotes
and prokaryotes. GSI and GSIII occur in bacteria and archaea, and both are
dodecamers consisting of two parallel hexameric rings (Fig. 36.4a). Furthermore,
GSIII occurs in a few eukaryotic species. Some bacterial species possess one or
multiple GSI genes, while others possess genes for both GSI and GSIII or only for
GSIII. It is suggested that GSI and GSIII genes occur in both bacteria and archaea
due to multiple lateral gene transfer events. GSI is further divided into GSI-α and
GSI-β, whereby GSI-β contains an additional 25-amino-acid insertion and is usually
posttranslationally regulated by adenylylation at conserved tyrosine (Tyr) residues
that are missing in GSI-α. However, there are some exceptions to this classification.
Finally, the decameric GSII is mainly present in eukaryotes, with the exception of
few bacterial species (Brown et al. 1994).

Moreover, new types of bacterial GS-like enzymes have been recently discovered
as unique adaptation strategies to fulfill new metabolic needs in these bacteria and to
utilize a variety of nitrogen sources, other than NH4

+. The evolution pressure on the
glnA gene encoding GS led to the emergence of various glnA-like genes, which have
thus far been less studied (Krysenko et al. 2017, 2019). For example, Streptomyces
coelicolor possesses two classical glnA genes, encoding for GSI and GSII, whose
functions are well characterized, as well as three other genes, glnA2-glnA4, anno-
tated as GS-like enzymes (Rexer et al. 2006). The GS-like enzyme GlnA3 was found
to encode for a gamma-glutamylpolyamine synthetase, which is required for poly-
amine metabolism and detoxification, allowing S. coelicolor to utilize and grow on
the toxic polyamines like spermine, spermidine, putrescine, or cadaverine, as a sole
nitrogen source (Krysenko et al. 2017). Furthermore, the GS-like enzyme GlnA4
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was found to encode for a gamma-glutamyl ethanolamine synthetase, which is
required for ethanolamine utilization. Through the activity of GS-like GlnA-4,
S. coelicolor is able to utilize ethanolamine as a sole carbon or nitrogen source,
although it grows poorly on ethanolamine as a nitrogen source as it lacks a specific
transporter for ethanolamine (Krysenko et al. 2019). The emergence of the evolu-
tionary GS-like enzymes like GlnA3 and GlnA4 clearly reflects survival adaptation
strategies of bacteria to compete with other microbes for resources and to occupy a
wide variety of ecological niches.

The regulation of GS is complex and takes place at multiple levels (e.g., tran-
scriptional, posttranscriptional, and posttranslational levels) within different bacte-
rial phyla, as each phylum or even bacterium possesses unique regulatory
mechanisms for its own GS enzyme(s) (Fig. 36.4b). For instance, in many
proteobacteria, GSI is transcriptionally regulated by the NtrB/NtrC two-component
histidine kinase system, which has been well studied in E. coli (Huergo et al. 2013).
Additionally, GS is posttranslationally regulated by feedback inhibition of different
metabolites, such as amino acids and adenine nucleotides, and by modification such
as (de-)adenylylation of the enzyme. One of the central status reporter metabolites
involved in this regulation is 2-OG. Since 2-OG is consumed by the GS-GOGAT
cycle to assimilate NH4

+, its intracellular concentration decreases under N-excess
and, vice versa, increases under N-limitation. In addition, 2-OG reports on the C:N
balance in bacteria because it is a metabolite in the tricarboxylic acid (TCA) cycle
and the origin of many anaplerotic reactions within this metabolic pathway. The
signal transduction from 2-OG to GS is indirect, and it is mediated by the PII protein,
as well as further signal transduction proteins specific for different bacterial phyla
(Bolay et al. 2018; Forchhammer and Selim 2020). Remarkably, the NtrB compo-
nent of the two-component histidine kinase (NtrB/NtrC) system, which regulates GS
transcriptionally, is regulated as well by the PII protein via direct protein–protein
interaction to form a PII-NtrB complex under nitrogen-replete conditions
(Fig. 36.4b) (Jiang and Ninfa 2009; Huergo et al. 2013).

This complex regulation is required because the availability of nitrogen and the
occurrence of different inorganic nitrogen species, like nitrate (NO3

�), nitrite
(NO2

�), and NH4
+, are usually highly variable in bacterial environments

(Forchhammer and Selim 2020; Selim and Haffner 2020). Therefore, bacteria need
to be able to flexibly tune their nitrogen metabolism in accordance with sudden as
well as to season-related changes in the environmental conditions. This is especially
true for cyanobacteria as primary producers: They possess a particular flexibility in
their ability to tune their nitrogen metabolism, since they inhabit all types of aqueous
habitats and must often cope with nitrogen limitation (Forchhammer and Schwarz
2019; Selim and Maldener 2021). In the following paragraphs, we will take a closer
look into the regulation of GSI in different cyanobacterial species.

Cyanobacteria have evolved unique mechanisms to regulate their GSI
(Fig. 36.4b). They do not possess the NtrBC two-component system. The transcrip-
tion of glnA gene is instead regulated by the global nitrogen regulator NtcA, a
dimeric transcription factor unique to cyanobacteria (Fig. 36.5). The transcriptional
regulation of GSI (glnA) by NtcA responds to the levels of 2-OG. Under nitrogen
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limiting conditions, the intracellular concentration of 2-OG increases, and the
increased 2-OG concentration mediates the interaction of one NtcA dimer with
two PipX monomers (summarized in Forchhammer and Selim 2020). PipX is an
activator of NtcA and increases the affinity of NtcA for its target promoters charac-
terized by the conserved consensus sequence GTA-N8-TAC (Espinosa et al. 2007).
Thereby, NtcA can either act as an activator or as a repressor of transcription
depending on the relative position of the NtcA consensus motif GTA-N8-TAC to
the transcriptional start site (TSS). Expression of glnA and other nitrogen assimila-
tion genes is activated by NtcA. Again, the NtcA-PipX interaction is under the
control of the master nitrogen regulator PII protein, which also senses the intracel-
lular 2-OG concentrations (Lapina et al. 2018; Selim et al. 2019; Forchhammer and
Selim 2020). Upon increasing N availability, lower 2-OG levels lead to the interac-
tion of one PII trimer with three PipX monomers, which prevents PipX (the NtcA
activator) from binding to NtcA (Fig. 36.5). Under these conditions, NtcA has low
affinity for its target promoters, resulting in a decreased glnA expression and, in turn,
a reduction in the intracellular 2-OG concentrations due to GOGAT activity

Fig. 36.5 Regulation of NtcA via PipX and PII protein. PipX is an activator of nitrogen transcrip-
tion factor regulator, NtcA. Under nitrogen excess condition indicated by low 2-OG, high levels of
ADP favor the PII-PipX complex formation (PDB: 2XG8), leaving NtcA in an inactive form. When
2-OG levels raise under nitrogen limiting conditions, 2-OG binds to PII and causes dissociation of
PII-PipX complex. NtcA binds 2-OG as well and successfully competes for PipX binding. The
NtcA-PipX complex (PDB: 2XKO; Llácer et al. 2010) has high affinity to the NtcA-DNA binding
sites and switches on the transcription of NtcA-dependent genes, adapted from Forchhammer and
Selim (2020)
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(Forcada-Nadal et al. 2017). The increase in 2-OG levels under N-limitation condi-
tions disrupts the PII-PipX interaction and leaves PipX free again to interact with and
activate NtcA (Fig. 36.5).

On the posttranslational regulatory level, GSI of cyanobacteria like GS of other
bacteria is regulated via feedback inhibition by several amino acids as well as ATP
and AMP. GSI is not regulated by adenylylation. Instead, cyanobacteria possess two
regulatory proteins, namely the inactivating factor (IF)7 and IF17 functioning as
protein inhibitors of GSI (García-Domínguez et al. 1999; Pantoja-Uceda et al. 2016).
In this function, IF7-like proteins exist in most cyanobacterial species. The IF7 and
IF17 are small intrinsically disordered proteins, i.e., proteins missing a proper folded
structure, which seem to fold upon binding to GSI, although a recent NMR study
revealed that IF7 remains disordered even upon binding to GS (Saelices et al. 2011;
Neira et al. 2020). Biochemical and physiological analyses revealed that both IF7
and IF17 are required for full inhibition of GS (García-Domínguez et al. 1999). The
C-terminus of the 17 kDa IF17 protein displays sequence similarity to the smaller
7 kDa IF7 protein (Saelices et al. 2011). By an unknown mechanism, the additional
N-terminus of IF17 seems to enhance the stability of IF17 protein, which is proteo-
lytically degraded in the absence of NH4

+. In contrast, the degradation of IF7 is
performed by the Prp1/Prp2 metalloprotease and is not affected by the availability of
nitrogen sources. Both inactivating factors are proposed to bind GSI via electrostatic
interactions. Three arginine (Arg) residues in IF7 and IF17 were identified to be
important for the interaction with the negatively charged face of GSI. Compared to
IF7, IF17 contains an additional lysine (Lys) residue participating in the binding of
GSI, which leads to a higher binding affinity of IF17 to GSI than that of IF7. This
enhanced binding affinity together with the N-terminus of IF17 is hypothesized to be
the reasons for the stronger inhibitory effect of IF17 on GSI compared to IF7.
However, the C-terminal part of IF7 appears to be involved as well in the binding
of GSI, thus contributing to form the GSI-IF7 complex (Neira et al. 2020). The exact
mechanism by which how binding of IF7 inhibits GS activity is so far unknown.
However, it is known that the two inactivating factors inhibit GSI independently
from each other in a concentration-dependent manner and are able to completely
inactivate GS enzymatic activity together. Like glnA, also gifA and gifB, the genes
encoding for IF7 and IF17, respectively, are subjected to transcriptional regulation
by the master nitrogen transcription factor NtcA (Fig. 36.4b). In contrast to glnA,
expression of the inactivating factors is repressed by NtcA leading to decreased IF7
and IF17 accumulation under nitrogen-limited conditions. Apart from this transcrip-
tional control by regulatory proteins, both gifA and gifB genes were recently shown
to be regulated by noncoding RNA (ncRNA) molecules as well (Bolay et al. 2018).

In the cyanobacterial genus Synechocystis, translation of the gifA mRNA into IF7
is regulated by the small regulatory RNA (sRNA) NsiR4 (nitrogen stress-induced
RNA 4). Synechocystis NsiR4 has a length of 63 nucleotides (nt) and displays a
secondary structure with two stem-loops. Furthermore, a shorter form of NsiR4
occurs in some cyanobacterial species inhabiting a nsiR4 gene. This form is missing
the 20 nt at the 50-end forming one of the stem-loops described for Synechocystis
NsiR4. The 16-nt-long unpaired region between the two stem-loops is hypothesized
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to bind to the 50-untranslated region (UTR) of its target gifA mRNA by complemen-
tary base pairing. Consequently, translation of this mRNA is inhibited, for example,
by blocking the ribosomal binding site (RBS) of the mRNA. Furthermore, binding of
a sRNA to its target mRNA usually decreases the stability of the mRNA. The
transcription of NsiR4 and, therefore, the repression of gifA expression are induced
under N-limiting conditions by NtcA, which functions as an activating transcription
factor for NsiR4. This leads to increased GSI activity, thereby decreasing the
concentration of 2-OG via the GS-GOGAT cycle. The decreased 2-OG concentra-
tion then decreases the activity of NtcA and, consequently, enhances the translation
of IF7 to inhibit GSI activity. The parallel regulation of IF7 expression by NtcA
directly as a transcriptional repressor of gifA and indirectly as a transcriptional
activator of NsiR4 is known as a feed-forward loop. It is hypothesized that the
translational control via NsiR4 is important for the cells to compensate the delayed
response of the transcriptional repression alone (Klahn et al. 2015). This is necessary
to respond to sudden and strong fluctuations in the concentration of the available
nitrogen sources, as it is the case in the aquatic habitats of cyanobacteria (Selim and
Maldener 2021). The gene nsiR4 is conserved in all species of the β-cyanobacterial
subsections but is absent in α-cyanobacteria (Klahn et al. 2015). These
α-cyanobacteria inhabit oceans, while β-cyanobacteria are found in freshwater and
coastal areas. Therefore, it is reasonable to speculate that NsiR4 only evolved in
β-cyanobacteria or that it was evolutionary lost in α-cyanobacteria as an adaptation
to the often nutrient-deficient saltwater environment. This would be consistent with
the hypothesis of marine bacteria’s environmental adaptation to N-cost minimizing
measures, which will be discussed later on.

In Synechocystis, the translation of the gifB mRNA into IF17 is controlled by a
riboswitch, which is another type of ncRNA. The riboswitch consists of a type 1 Gln
aptamer, formerly known as glnA aptamer, located upstream of the gifB gene in the
5’-UTR and, therefore, cotranscribed with gifB in one mRNA. When transcribed, the
aptamer mRNA forms an RNA ring with two stem-loops as a secondary structure.
This secondary structure binds Gln specifically promoting a conformational change
in the mRNA secondary structure which then leads to translation of the downstream
gifB mRNA (Fig. 36.4b). The existence of a Gln-binding aptamer is the first proof
that Gln functions as a status reporter metabolite in cyanobacteria in parallel to
2-OG. Mechanistically, the binding of Gln to the aptamer is thought to promote a
long-range Watson–Crick interaction that subsequently melts a short mRNA double-
strand. As this double-strand blocks the RBS, binding of Gln and the ensuing
conformational changes free the RBS and allow translation initiation. The activated
expression of IF17 then leads to a strong inhibition of GSI activity, thereby decreas-
ing the Gln concentration, which in turn frees the type 1 Gln aptamer in a feedback
loop. The regulation of IF17 via the riboswitch is independent from NtcA. However,
like for IF7, the expression of IF17 is regulated on the level of transcription
(by NtcA) as well as on the level of translation. Like described above, the transla-
tional regulation is particularly important for the cells to react to sudden changes of
N availability in the cyanobacterial habitats. The binding affinity of the type 1 Gln
aptamer to Gln is in the range of the dissociation constant (KD) values 0.5–5 mM.
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This corresponds to the highly dynamic intracellular concentrations of Gln. With
respect to the binding kinetics, this perfectly makes sense since binding affinity
differs the most with ligand concentrations in the range of the KD of the target. The
binding affinity of the type 1 Gln aptamer to Gln is therefore perfectly tuned to the
physiological relevant concentrations of ligand. Type 1 Gln aptamers occur in
virtually all cyanobacterial species possessing an IF17 homolog. The wide distribu-
tion again undermines the importance of the translational regulation of gifB in the
control of the cellular nitrogen metabolism in cyanobacteria. Another type of
Gln-regulated riboswitch, namely the type 2 Gln aptamer, is solely found in marine
picocyanobacteria like Prochlorococcus. This type 2 Gln aptamer is located in the
5’-UTR of gifB-like genes suggesting a comparable regulatory function on IF17-like
proteins as the type 1 Gln aptamer on IF17 in other cyanobacteria. Even though the
identified IF17-like proteins lack the C-terminal part of IF17, which is crucial for
binding to GSI, another binding mechanism to the target enzyme could have
coevolved in Prochlorococcus. Marine picocyanobacteria inhabit extremely
nitrogen-deficient environments, and they are able to survive along a wide range
of the vertical water column. Furthermore, Prochlorococcus is believed to be the
most widespread and most abundant living organism on earth, and it is responsible
for the major stake of oceanic primary production. Therefore, Prochlorococcus is a
very successful bacterium, and this is in accordance with a perfect adaptation to its
nutrient-poor habitat. Like mentioned before, multiple N-cost minimizing mecha-
nisms are believed to be responsible for this adaptation, for instance, genome
streamlining. One of these mechanisms is the substitution of regulatory proteins
with ncRNAs because less nitrogen is consumed in the transcription of ncRNAs than
in the expression of proteins. This is a possible explanation for the occurrence of a
unique type 2 Gln aptamer in picocyanobacteria (Klahn et al. 2018).

36.4.2 Metabolic Adaptation to Nitrogen Deprivation

Limitation of a combined nitrogen source (like NO3 or NH4
+) is one of the most

common hurdles bacteria face in natural environments. Depending on their ability to
utilize atmospheric N2, bacteria can be grouped into two different categories:
diazotrophic and nondiazotrophic. Diazotrophic bacteria are able to fix atmospheric
N2 into a more biologically usable form, such as ammonia, via the activity of the
nitrogenase enzyme (e.g., Azospirillum sp., Cyanothece sp., Nostoc sp., and
Anabaena variabilis). On the contrary, nondiazotrophic bacteria cannot fix atmo-
spheric N2 and require a source of combined nitrogen for growth and for anabolic
and catabolic cellular processes (e.g., E. coli, Synechococcus elongatus PCC 7942
and Synechocystis sp. PCC 6803) (Selim and Haffner 2020). In the following
sections, we will review the different metabolic strategies adopted by diazotrophic
and nondiazotrophic bacteria in response to nitrogen starvation.
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36.4.2.1 Nitrogen Fixation by Diazotrophic Bacteria

Nitrogen fixation is a process in which atmospheric N2 is converted to ammonia or
other biologically usable nitrogen compounds. As the nitrogenase is the only
enzyme known to catalyze the fixation of gaseous N2 (Bothe et al. 2010), we
therefore would like to summarize in this section the evolutionary and adaptation
aspects of the nitrogenase in different bacteria. Nitrogenase is a protein complex
formed by the two different proteins dinitrogenase reductase and dinitrogenase. The
dinitrogenase reductase, which is also called iron (Fe) protein, is a homodimer and
contains a [4Fe-4S] cluster responsible for supplying the catalytic dinitrogenase with
electrons from ferredoxin or other reducing equivalents. One molecule N2 is reduced
to two molecules of ammonia NH3 within the molybdenum-iron (MoFe) cofactor of
the dinitrogenase, which is also called MoFe protein (Fig. 36.6a). This reaction
requires eight electrons, 16 molecules ATP, and eight protons and releases one
molecule of dihydrogen H2 as side product. The heterotetrameric dinitrogenase
consists of two alpha and two beta subunits and receives electrons from the
dinitrogenase reductase. It contains two cofactors, the electron-channeling P-cluster
located at the interface of one α- and β-subunit, and the mentioned catalytic MoFe
cluster located in the α-subunits. Besides the MoFe cofactor containing nitrogenase
(Nif), there is also a vanadium–iron (VFe) cofactor containing isoform (Vnf), as well
as an isoform with a Fe-only cofactor (Anf). The expression of Vnf- and Anf-type
nitrogenases was shown to be dependent on the availability of the trace element Mo,
on temperature and on salinity. Both isoforms are believed to have evolved from the
ancestral Nif-type nitrogenase since they only occur in prokaryotes possessing Nif
nitrogenase (Mus et al. 2019).

The nitrogenase is irreversibly inactivated by oxygen (O2). A progenitor of the
current Mo-dependent Nif nitrogenase is believed to have emerged around 3.5
billion years ago (Bya) in hydrogenotrophic methanogens, which are archaea. This
predates the rise of atmospheric oxygen levels due to the emergence of oxygenic
photosynthesis around 2.3 Bya (Allen et al. 2019). Consequently, this explains the
susceptibility of nitrogenase to O2, which did not represent an issue at the time of the
evolution of the first nitrogenase. By multiple lateral gene transfer events, Nif
nitrogenase was passed on to the domain of bacteria in which the enzyme is broadly
distributed. Bacteria with many different lifestyles like phototrophs, chemotrophs,
and aerobic as well as obligate and facultative anaerobic bacteria, all possess Nif.
Generally, aerobic bacteria have a larger number of nif genes encoding the enzyme
itself, as well as accessory proteins important for synthesis, regulation, and protec-
tion of the nitrogenase. This is likely to be an adaptation to the more efficient
metabolism of aerobes. Furthermore, the larger gene number is in accordance with
the higher turnover and protection of the nitrogenase from the damage caused by O2

(Mus et al. 2019).
The sensitivity of the nitrogenase to O2 poses a major challenge for aerobic

N2-fixing bacteria and even more for photoautotrophs that produce oxygen by
oxygenic photosynthesis, like cyanobacteria. Bacteria have evolved different
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solutions to cope with this challenge. For example, facultative anaerobic bacteria
perform N2-fixation under anaerobic conditions only. This can be achieved by
temporally controlling nitrogenase expression and activity to occur only under
anaerobic growth conditions. The facultative anaerobe Azotobacter was shown to
protect its nitrogenase from O2 by encapsulating its cell with the formation of the
polysaccharide alginate under aerobic conditions (Sabra et al. 2000). Furthermore,
this bacterium shows an elevated respiratory activity, thereby rapidly consuming
intracellular O2 to form an anaerobic environment around its nitrogenase (Oelze
2000).

Concerning the bacterial genus Rhizobium, protection of the nitrogenase from O2

damage is challenging, because these bacteria are obligate aerobes requiring respi-
ration to cope with the high energy demand of their nitrogenase. Rhizobium is
proteobacteria that has a symbiotic relationship with legume plants fueling
the plant with assimilated nitrogen and receiving carbon assimilates in return. In
the process of nodulation, rhizobia first migrate into nodules, specialized organs in
the plant’s root. Subsequently, the bacteria are taken up by plant root cells as
endosymbionts into so-called symbiosomes. The bacterial cell within one of the
symbiosomes undergoes a differentiation process driven by altered fix and nif gene
expression to become a so-called bacteroid (Fig. 36.6b). This morphologically
differs from free-living Rhizobia and is specialized in nitrogen fixation within the
nodule. The bacteroid is protected from O2 by three main mechanisms, which
together result in nearly anoxic conditions at the nitrogenase expressed within the
bacteroid. Firstly, the nodule possesses a cortical O2 diffusion barrier that allows the
plant to regulate O2 entry into the nodules. Secondly, the mitochondria of the root
host cells are relocated to the cell periphery, where they function as an additional
barrier by consuming O2 via respiration. Thirdly, the O2-binding protein
leghemoglobin is expressed in the plant cell cytoplasm. Leghemoglobin is structur-
ally similar to myoglobin; however, it has a much higher affinity and much faster
binding kinetics to O2. Thereby, leghemoglobin concentrates O2 and guarantees its
rapid and even distribution in the nodule. Moreover, leghemoglobin-bound oxygen
does not harm the nitrogenase, but it is still available to the bacteroid’s respiratory
chain. The reason for this is the expression of a high-affinity terminal oxidase,
complex IV of the respiratory chain, from the fixNOQP operon in bacteroids
(Bergersen and Appleby 1981; Rutten and Poole 2019).

Regarding oxygen-producing bacteria, almost all cyanobacteria possess a MoFe
cofactor containing nitrogenase. In filamentous diazotrophic cyanobacteria, the
nitrogenase is protected from oxygen inside cells specialized in N2 fixation,
so-called heterocyst cells, which possess a thick cell wall and lack O2-producing
photosystem II (PSII). Thereby, nitrogen fixation is spatially separated from
O2-evolving photosynthesis, which occurs in undifferentiated vegetative cells.
Hence, the ATP needed for nitrogen fixation is produced by photosystem I (PSI)
with cyclic photophosphorylation in vegetative cells and then transferred to the
neighboring heterocysts in the form of electron-rich substrates like sucrose. Cell
differentiation into heterocyst is tightly regulated and characterized by a series of
signaling events via many secondary messenger molecules (Agostoni and
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Montgomery 2014). Calcium (Ca2+) is one of the most important second messen-
gers, which is known to operate more broadly in metabolic signaling and/or differ-
entiation processes in cyanobacteria. A significant role for Ca2+ has been speculated
in the tight regulation of heterocyst differentiation and photosynthesis (Zhao et al.
2005; Shi et al. 2006; Walter et al. 2016, 2019, 2020).

A rare mechanism to protect the nitrogenase from oxygen is the differentiation of
vegetative cells to diazocytes observed in the filamentous cyanobacterium
Trichodesmium. In contrast to heterocysts, diazocytes possess no protective cell
envelope and contain both photosystems. However, they have a high respiratory
metabolic activity; hence, they consume free oxygen as described above for Azoto-
bacter (Sandh et al. 2012). In contrast, some unicellular cyanobacteria temporally
separate the two cellular processes of N2-fixation and oxygen-evolving photosyn-
thesis by only fixating N2 under anaerobic conditions at night and in microbial mat
communities with high respiratory activity (Mus et al. 2019). This protective
mechanism is the most common among cyanobacteria, while heterocyst-forming
filamentous cyanobacteria are thought to only have evolved about 408 million years
ago (Mya) (Allen et al. 2019).

Recently, it was proposed that the late emergence of heterocyst-forming filamen-
tous cyanobacteria in evolution is connected to the rise of the atmospheric oxygen
level at the Proterozoic eon, which was about 500 Mya. In the great oxidation event
(GOE), which lasted from about 2.4 Bya until 2.3 Bya, the atmospheric O2 content
rose to about 2% due to oxygenic photosynthesis conducted by cyanobacteria.
Subsequently, oxygen content remained that low for about 2 billion years until it
grew up to 21% by oxygenic photosynthesis performed by terrestrial plants. The low
atmospheric oxygen content during the 2 billion years period in the Proterozoic,
which is therefore also called “the boring billion,” is proposed to be a consequence
of the feedback inhibition of nitrogenase by oxygen in cyanobacteria. Only with the
increase in atmospheric oxygen content evoked by terrestrial plants did the diverse
mechanisms of bacteria to protect nitrogenase from oxygen become necessary (Allen
et al. 2019).

The activity of the nitrogenase is tightly regulated. For example, in the
diazotrophic bacterium Azospirillum brasilense, PII proteins play a key role in the
posttranslational regulation of nitrogenase activity. Other main interacting partners
of the PII signaling system are the nitrogenase regulatory enzymes DraT
(dinitrogenase reductase ADP-ribosyl-transferase) and DraG (di-nitrogenase reduc-
tase glycol-hydrolase) (Huergo et al. 2006a,b, 2007, 2009; Rajendran et al. 2011).
The mechanism of PII-(GlnB and GlnZ)-dependent activation/inactivation of NifH
is summarized in (Fig. 36.7).

36.4.2.2 Adaptation to Nitrogen Starvation in Nondiazotrophic Bacteria

The acclimation response to nitrogen deprivation has been extensively studied in the
unicellular cyanobacterial strains Synechococcus elongatus PCC 7942 and
Synechocystis sp. PCC 6803 (Klotz et al. 2016; Selim and Haffner 2020). Unlike
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filamentous cyanobacteria, unicellular strains cannot differentiate specialized cells
for nitrogen fixation. Instead, in the absence of a combined nitrogen source, these
organisms follow a developmental program that leads to metabolic dormancy and
allows them to survive under these starvation conditions for a prolonged period of
time (Forchhammer and Schwarz 2019). The most immediate metabolic change
caused by nitrogen depletion is a rise of the 2-OG levels, since ammonia assimilation
via the GS-GOGAT cycle stops operating. As described in the above Sect. 36.4.1.
(Adaptation to variable nitrogen availability via regulation of the glutamine synthe-
tase), 2-OG is a reporter of the intracellular C/N balance (Fokina et al. 2010; Muro-
Pastor et al. 2001), and binds both the signal transduction protein PII and the global
nitrogen control factor NtcA, increasing its DNA binding affinity and mediating its
interaction with the transcriptional cofactor PipX (Forchhammer 2010). One of the

Fig. 36.7 Model for the mechanistic role of PII (GlnB and GlnZ) proteins in the activation/
inactivation of NifH nitrogenase activity, through the interaction with DraT and DraG, modified
from Huergo et al. (2009). Under nitrogen-fixing conditions, the cytoplasmic-localized PII (GlnB
and GlnZ) proteins are fully uridylylated and DraG is active to remove ADP ribosylation (ADP-R)
from NifH, while DraT is inactive, allowing NifH nitrogenase activity. Upon nitrogen excess
conditions of NH4

+ shock, the intracellular increase of Gln due to GS activity leads to
deuridylylation of the PII protein. Under this condition, the deuridylylated PII (GlnZ) moves to
the membrane to close the NH4

+ transport channel AmtB, and the DraG is sequestered to the
membrane through the formation of the ternary AmtB-PII-DraG complex, while DraT starts again
to be active leading to ADP ribosylation of NifH (the nitrogenase inactive form). The membrane
localization of DraG within the ternary complex separates the DraG from the cytoplasmic NifH and
thereby inhibits the DraG ADP-R removing activity. * indicates fully uridylylated and ATP/2-OG
bound PII (GlnB and GlnZ) proteins bound, while + indicates deuridylylated/ADP bound PII (GlnB
and GlnZ) proteins. The structures of the PII-DraG complex (PDB: 3O5T) and AmtB-PII-DraG
complex, which is modeled based on AmtB-PII structure (PDB: 2NUU), are shown
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targets of NtcA is nblA, a gene encoding for a small protein involved in the
degradation of the phycobilisomes (Espinosa et al. 2007; Llácer et al. 2010).
When nitrogen assimilation stops, the anabolic pathways involved in amino acid
and nucleic acid synthesis are halted, with the consequent intracellular accumulation
of ATP and reducing equivalents. Cells respond by adjusting the photosynthetic
apparatus to prevent damage due to the extreme reduction of the photosynthetic
electron carriers. This adjustment is achieved via degradation of the light-harvesting
complexes, the phycobilisomes, which occurs in response to the limitation of various
nutrients, but it is particularly rapid under nitrogen deprivation (Forchhammer and
Schwarz 2019).

NblA is the main protein involved in phycobilisome degradation. Transcription of
the nblA gene is induced under nitrogen starvation and is controlled by a very
complex regulatory network. As mentioned above, an increase in 2-OG levels and
binding of NtcA are required for induction of nblA expression under nitrogen-
depleted conditions. Moreover, the response regulators NblR, NblC, RpaB, and
SrrA are also involved in the regulation of nblA expression (Forchhammer and
Schwarz 2019). Additionally, nblA expression is subjected to redox regulation:
Reduction of electron carriers induces nblA expression and the initiation of reactions
that act as an electron sink represses nblA expression (Klotz et al. 2015). This
complex system allows a tight regulation of the phycobilisome degradation process,
which is essential for survival to environmental changes. In addition to preventing
photodamage, phycobilisome disassembly provides amino acids for glycogen syn-
thesis during acclimation to nitrogen starvation. As a result of degrading the light-
harvesting complexes, cells experience a color change from blue-green to yellow-
orange, gaining a bleached appearance. Therefore, the process of phycobilisome
degradation is termed chlorosis (Allen and Smith 1969).

Another immediate metabolic response to nitrogen starvation is the accumulation
of glycogen, which has been well investigated in Synechocystis (Gründel et al.
2012). When imbalance in the C/N ratio is sensed through elevated levels of
2-OG, the newly photosynthetically fixed carbon is directed toward glycogen syn-
thesis. 3-Phosphoglycerate (3-PGA) is the first stable product of the CO2 fixation
reaction catalyzed by the ribulose-1,5-bisphosphate carboxylase-oxygenase
(RuBisCo). 3-PGA can enter the glycolytic route in the catabolic direction, where
it is converted to 2-phosphoglycerate (2-PGA) by the phosphoglycerate mutase
(Pgam), or in the gluconeogenesis direction, where it is converted to
2,3-bisphosphoglycerate (2,3-PGA) and directed toward glycogen synthesis. The
Pgam reaction is a key point in the control of the fate of the photosynthetically fixed
carbon. Under nitrogen sufficiency, when 2-OG levels are low, PII binds PirC, a
competitive inhibitor of Pgam, and carbon is directed into the catabolic route. When
2-OG levels increase during nitrogen limitation, the PII-PirC complex dissociates
and PirC inhibits Pgam, directing carbon into glycogen synthesis (Orthwein et al.
2020). Glycogen accumulation is essential for proper acclimation to nitrogen star-
vation. Mutants impaired in glycogen synthesis fail to carry out the chlorosis process
and do not survive nitrogen depletion (Gründel et al. 2012). Glycogen accumulation
starts almost immediately after the onset of nitrogen starvation and reaches a
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maximum of 60% of the cell’s dry weight after 14 hours (Klotz et al. 2016). As
glycogen is being synthesized, cells begin the expression of the glycogen catabolic
enzymes, which remain inactive until a nitrogen source is again available (Doello
et al. 2018). This anticipatory behavior allows cells to rapidly react to the presence of
a nitrogen source. Some cyanobacterial strains of the genera Anabaena, Cyanothece,
Microcystis, Nostoc, Oscillatoria, Synechococcus, and Synechocystis accumulate an
additional carbon polymer called polyhydroxybutyrate (PHB) (Zilliges 2014), which
is produced from glycogen after a few days of nitrogen starvation (Koch et al. 2019).
The physiological role of PHB in the survival of periods of nitrogen starvation has,
however, not been elucidated (Hauf et al. 2013; Klotz et al. 2016; Koch et al. 2020).

After the first events in the adaptation to nitrogen starvation (i.e., chlorosis and
glycogen accumulation) have taken place, cells direct their metabolism into a
dormant state that allows prolonged survival under these conditions. The chlorotic
state is characterized by growth arrest and reduced metabolic activity. Growth arrest
occurs after DNA replication, rendering cells ready for division when they can
resume metabolic activity and providing a higher polyploidy to protect them in
case of DNA damage. During quiescence, a precise regulation of the residual
metabolic processes is essential to ensure cell survival. In Synechocystis, upon
nitrogen starvation, the intracellular ATP content is reduced to approximately 25%
of the levels in vegetative cells and is maintained at this level throughout the entirety
of the dormant period (Doello et al. 2018). As cells enter dormancy, they degrade
most of their thylakoid membranes. Thus, dormant cells rely on residual photosyn-
thetic and respiratory activity to maintain their ATP content to a minimum level.
Chlorotic cells conserve a small proportion of their photosynthetic machinery (Sauer
et al. 2001; Spät et al. 2018), but the residual activity they are capable of is required
to sustain viability, since treatment with inhibitors of photosynthetic electron trans-
port or prolonged exposure to darkness leads to death (Forchhammer and Schwarz
2019). Due to the vast degradation of the thylakoid membranes and the consequent
reduced space for proton storage, the bioenergetics of chlorotic Synechocystis cells
largely depend on sodium. The plasma membrane is energized by its alternative
respiratory chain, which consists of a NAD(P)H dehydrogenase type II (NDHII) and
an alternative terminal cytochrome c oxidase (ARTO), creating a sodium motive
force that can be employed by the ATP synthases in the plasma membrane to provide
dormant cells with ATP. This adaptation strategy seems to extend to other high-salt-
adapted cyanobacteria, but not to freshwater species such as S. elongatus (Doello
et al. 2021).

When dormant nitrogen-starved cells encounter a source of combined nitrogen,
they are capable of reverting the metabolic and structural changes described above
and restore the vegetative cell cycle. The process of exiting dormancy is termed
resuscitation, and it involves a genetically determined program (Klotz et al. 2016;
Spät et al. 2018). Immediately after nitrogen availability, the genes encoding for the
ATP synthesis, nitrogen assimilation and translation machinery are upregulated
(Klotz et al. 2016). The first detected metabolic response of chlorotic cells to the
presence of nitrogen is an increase in the ATP levels (Doello et al. 2018), which is
necessary to fuel nitrogen assimilating reactions. To synthesize ATP, cells cease the
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residual photosynthetic activity and induce respiration of glycogen, thus switching to
a heterotrophic metabolism. Glycogen degradation provides the necessary energy
and intermediates to rebuild the photosynthetic machinery, and it is essential for the
recovery of dormant cells (Doello et al. 2018). Twenty-four hours after nitrogen
availability, cells start to regreen and regain photosynthetic activity, entering a
mixotrophic phase. Photoautotrophic growth and cell division resume after 48 h,
thereby completing the program (Klotz et al. 2016) (Fig. 36.8).

36.5 Concluding Remarks

Despite all the research efforts, it is necessary to point out that no experimental
design truly mimics the complexity of the actual environmental changes experienced
by microbes in nature. The seasonal cycles and nutrient scarcity/availability depend
on wild or man-made factors, ecosystems, and metaorganisms dynamics. In addi-
tion, experiments are time limited, precluding an absolute certainty about the fate of
the organisms in question.

Nevertheless, the compilation of information continues to be our strongest tool to
prepare for a new norm, as predicted by the intergovernmental panel on climate
change, and elaborate accordingly which organisms and locations face the highest
degree of risk. This information will serve to inform policy makers on how to control
the causes and mitigate the consequences. These can enforce laws and rules for
urban sprawl, industrialization, and fuel consumption, but also promote public
awareness through campaigns aimed at educating people about waste recycling
and the carbon footprint of their own diet.

Fig. 36.8 Schematic representation of the adaptation to nitrogen starvation in Synechocystis
sp. PCC 6803. Under nitrogen deprivation, cells tune down their ATP levels, degrade their
photosynthetic machinery and thylakoid membranes, and accumulate glycogen granules, reaching
a state of dormancy that allows prolonged survival under these conditions. Upon addition of a
combined nitrogen source, cells initiate the resuscitation program: Glycogen degradation is acti-
vated, ATP levels rise, and the photosynthetic machinery and thylakoid membranes are rebuilt,
restoring vegetative growth within 48 h
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