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Foreword

This book,Carbon and Nitrogen Cycling in Soil, deals with the hot topic of carbon and
nitrogen interactions in soil, that is, it deals with two elements that have a crucial role in
soil functioning and fertility. Soil is a living system and the decrease in soil function-
ality can generate negative effects on functionality and thus production of agricultural
and forest systems and in general in the functionality of all terrestrial ecosystems. This
book has 13 chapters contributing to increase our knowledge on processes and mech-
anisms of carbon and nitrogen in soil. Particular attention is given to microbial
processes of the carbon and nitrogen dynamics in soil, also considering the impact of
climate changes. One chapter deals with the role and dynamics of the two elements in
the rhizosphere soil. Other chapters deal with the impacts of agronomical management,
including the use of biochar, on both carbon and nitrogen transformations. The
sustainability of agricultural management is also discussed. This book represents an
essential resource for soil scientists, biologists, and biogeochemists, and for all indi-
viduals in the fields of agronomy, ecology and environmental sciences.

University of Firenze
Livorno, Italy

Paolo Nannipieri
Professor Emeritus
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Preface

The problem of carbon (C) and nitrogen (N) cycling and its impact on climate has
been attracting attention for many decades. The last few decades have seen tremen-
dous changes in agriculture and the food chain of the world. New and modern
agriculture techniques result in more depletion of C and N from the soil and cause a
remarkable increase in C and N concentration in the atmosphere. Increased demand
for food and energy are the two main anthropogenic factors affecting C and N cycles
in a climate change era. While global trade in agricultural commodities has increased
inter-connectivity among food resources in developed and developing countries, it
has also contributed and exacerbated the challenges related to malnutrition, food
security, environmental degradation and large-scale soil sustainability, making it
harder to achieve the targets of Sustainable Development Goals (SDGs) of elimi-
nating poverty and hunger. The C and N cycles are playing a crucial role in the
earth’s biochemistry at the global level under the changing climate. Essential plant
nutrients like C and N have a vital role in biomass production and ultimately in crop
yield in agriculture production systems. The N content in soil enhances the metabolic
activities in the plant, whereas the C element in the plant acts as a basic nutrient and
the primary platform for microbial reaction in the soil. The rapidly growing human
population is placing an increasing demand for food and nutritional security. Inten-
sive cultivation of soils is increasing soil sickness and decreasing soil functionality
due to the reduction in organic C and N content in the soils. It is therefore imperative
to understand sustainable cycling for primarily preventing the losses of C and N
content in the soils. This is critical to soil biodiversity. Therefore, there is a need to
adopt sustainable management practices to restore soil fertility and sustainable crop
production. Terrestrial C sequencing through biotic processes is a possible option to
reduce the rates of CO2 emissions. Transfer of C and N from the soils to the
atmosphere not only affects the atmosphere but also the soil processes.

Soil organic matter (SOM) is the primary pool of C, either sink, in case of
sequestration, or source, when mineralization is favoured. Keeping this in mind,
the objectives of this book are: (1) to discuss the role of C and N cycling in sustaining
agricultural productivity, and its importance to sustainable soil management; (2) to
explain organic and inorganic remediation technologies to treat heavy metal-
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contaminated soils; (3) to elucidate the main agronomical benefit of inoculating
AMF in cropped soils; (4) to throw light on the abiotic and biotic factors that manage
plant–microbe interactions in the rhizosphere; and (5) to discuss the effects of excess
metals on N-fixation in plants and provide guidelines for further studies. In this
book, the editors/authors contributed a broad range of information on C and N
cycling with a global perspective. Highly qualified researchers from different coun-
tries such as Australia, India, Japan, Mexico China, Nigeria, Italy, Pakistan and
Bangladesh have contributed to the cutting-edge scientific information on topics
covering management of C and N cycling in soil. The editors have provided a
roadmap for sustainable approaches for C and N cycling in soil systems for food
and nutritional security, and soil sustainability in agricultural operations. In general,
the book is suitable for teachers, researchers, and policymakers, undergraduate and
graduate students of soil science, soil microbiology, agronomy, ecology and envi-
ronmental sciences.

Brno, Czech Republic Rahul Datta
Varanasi, India Ram Swaroop Meena
Florence, Italy Shamina Imran Pathan
Florence, Italy Maria Teresa Ceccherini
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Carbon and Nitrogen Cycling in
Agroecosystems: An Overview

Tariq Shah, Sadia Lateef, and Mehmood Ali Noor

Abstract Soil organic carbon (SOC) is the key constituent of soil organic matter
(SOM). As a sign for soil health, SOC plays significant contributions to food
production, extenuation, and variation to climate change. High SOM content
delivers nutrients to plants and enhances water availability, both of which improve
soil fertility and eventually enhance food production. Additionally, SOC enhances
soil structural firmness by encouraging aggregate development which, together with
porosity, warrants adequate aeration and water infiltration to support plant growth.
Soils are also a source of greenhouse gas (GHG) emissions into the atmosphere.
While the general effect of climate change on SOC stocks is very inconsistent
according to the region and soil type, increasing temperatures and enhanced fre-
quency of extreme events are likely to lead to enhance SOC losses. Global nitrogen
fixation is the main contributor of the reactive nitrogen (Nr) to terrestrial and marine
ecosystems, for which the anthropogenic activities are responsible. Majority of the
conversions of anthropogenic Nr are on land within soils and vegetation. Emissions
of ammonia (NH3) and nitrogen oxides (NOx) in the atmosphere lead to the pro-
ductions of secondary pollutants such as ozone and other photochemical oxidants
and aerosols (specially ammonium nitrate and ammonium sulfate). This chapter aims
to deliver an outline to decision-makers and specialists of the key scientific details
and information concerning the existing knowledge and knowledge gaps on carbon
and nitrogen cycling in the agroecosystem.

Keywords Agroecosystem · Climate change · Greenhouse gas emissions · Nitrogen
cycling · Soil organic carbon
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Abbreviations

BNF Biological nitrogen fixation
C Carbon
DOC Dissolved organic carbon
FAO Food and Agriculture Organization
GHG(s) Greenhouse gas (es)
GWP Global warming potential
HONO Nitrous acid
N Nitrogen
N2O Nitrous oxide
NH3 Ammonia
NH4 Ammonium
NO Nitric oxide
NO2 Nitrogen dioxide
NOx Oxidized forms of nitrogen
NPP Net primary productivity
Nr Reactive nitrogen
PAN Peroxyacetyl nitrate
SOC Soil organic carbon
SOM Soil organic matter
UNCBD Convention of biological diversity at the United Nations

1 Introduction

The importance of carbon (C) and nitrogen (N) in agriculture and its wide-ranging
implications to environmental aspects bring the C and N cycles to the centerpiece of
agroecosystems, especially against the backdrop of climate change and its impacts
on life on earth. While the C and N cycles are central to the earth’s biogeochemistry
in all kinds of ecosystems, the cycling of C and N in agroecosystems is of enormous
importance due to the two elements’ key status as major nutrients. Apart from being
two key essential elements for plants, C and N are also key elements of greenhouse
gases causing global warming. Agroecosystems are not only challenged by sustain-
able resource use but also by climate change, to which they themselves are contrib-
utors as well. Therefore, better understanding of C and N cycling in agroecosystems
is essential to any possible improvements in functioning of agroecosystems.

Global N cycle is largely affected by human activities, as most of the fixed N
comes from the anthropogenic activities, thus having vast environmental, agricul-
tural, and health implications. For example, the huge production and consumption of
synthetic fertilizers is causing groundwater pollution by the accumulation of nitrate
and nitrite through leaching process. The excessive deposition of N forms in soils
also causes environmental pollution through N2O emissions, and the groundwater
contamination poses serious threats to human health causing gastric cancer by
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drinking contaminated water. A better understanding of key processes involved in N
cycle and the contribution of each process as source or sink of N2O can enable to
improve agroecosystem management, and various options can be explored to ame-
liorate the negative effects of relevant anthropogenic activities.

Cycling of elements in the ecosystem is important for sustainability, in which the
nutrient cycling is essential for living organisms on globe as the cycling prevents
accumulation of elements, thus avoiding toxicity. Along with N cycling, the cycling
of C is also of great importance as in recent decades both the C and N cycling have
gained attention, because they are capable to produce greenhouse gases (GHGs). In
C cycling, CO2 and CH4 gases have significantly contributed to increased atmo-
spheric CO2 and the global warming due to GHGs emission effects. Various
ecosystem processes are responsible for GHG emissions, in which the release of
CO2 and CH4 gases by plants and soil respiration is prominent. Therefore, recent
research efforts are focusing on increasing the carbon sequestration rates as a
mitigation strategy to global warming and most importantly to improve the soil
health to sustain the soil microbiota and for increasing crop yields.

This chapter briefly outlines the key components and processes of C and N
cycling in agroecosystems and presents the understanding of vital processes and
their interrelationship involved in C and N cycling. Using this knowledge, manage-
ment options and strategies can be employed to improve the anthropogenic activities
responsible for negative effects due to the excessive N-inputs on the agroecosystem.

2 Soil Organic Carbon (SOC): A Crucial Component of
Carbon Cycle

Soil organic carbon (SOC) is one of the major parts of global carbon cycle which
basically involves in the cycling of C (carbon) from and between the soil, ocean,
vegetation, and atmosphere. The SOC pool is estimated to store 1500 PgC in the
upper layer of soil (FAO and ITPS 2015). The phonemical SOC reservoir is
continually cycling with different molecular forms of C between various global
carbon pools (Kane 2015). As CO2 and CH4 are vital C-based gases in the atmo-
sphere and also crucial component of autotrophic organisms as well as chemo- and
photoautotrophic microbes which are involved in the conversion of CO2 into organic
forms of C. Plant exudates and residues (dead organic matter) are incorporated into
the soil from plants by heterotrophic microorganisms through transformations of
organic materials. The transformation process of organic matter results in the
formation of complex biochemical mixtures and microbial decomposition products
from plant litter (Paul 2014). These products form complexes with soil minerals in
the form of aggregates, thus ensuring the SOC persistence in the soil for decades and
in some cases for centuries or millennia (Schmidt et al. 2011). A small amount of C
is also transported to rivers and the ocean in the form of dissolved organic carbon
(DOC) or along with erosion material from soil.

Carbon and Nitrogen Cycling in Agroecosystems: An Overview 3



At different stages of decomposition, soil organic matter includes dead tissues of
plants and animals which are less than 2 mm in size. Transformation of SOM plays a
crucial role in global warming and soil ecosystem. SOM is vital not only for the
stabilizing soil structure but also for the release and retention of plant nutrients and
the maintenance of soil water holding capacity. Thus, it is a key factor in environ-
mental resilience and agricultural productivity. SOM decomposition releases min-
eral nutrients in the soil, thus ensuring plant growth by increasing their availability
(van der Wal and de Boer 2017). While improved plant vigor and higher yield
ultimately ensures food security.

3 Carbon-Based GHGs

Soil serves as a double-edged sword for carbon fluxes. Soil can turn into either a net
source or a net sink of GHGs due to anthropogenic activities. As a source, it involves
in the emission of GHGs into the atmosphere which causes greenhouse effect as
these GHGs trap thermal radiations and ultimately contribute to global warming.
CO2 and CH4 are two leading carbon-based GHGs which are emitted from the soil
due to human activities (Pachauri et al. 2014).

Nitrous oxide (N2O) is another important form of GHGs emitted from agricultural
soils and livestock, and its emission has also increased due to human activities. The
inclusion of all these gases in soil carbon dioxide budgets is crucial due to the
interconnection of all processes in ecosystem cycling such as C-N cycle. Global
warming potential (GWP) of all these gases is different as it depends on their relative
greenhouse efficiency.

CO2 is a carbon containing gas that is normally present in the atmosphere. Before
the industrial time period, the concentrations of CO2 in the atmosphere ranged
between 180 and 290 ppm by 2.1 million years (Honisch et al. 2009). Collectively
considered, the atmospheric CO2 was increased to 240 Pgc between 1750 and 2011
and was abundant at 397 ppm in 2014 (Le Quéré et al. 2016), and this was 40 times
more than that before the industrial era.

Carbon dioxide discharges into the environment occur due to the oxidization of
SOM or organic remnants. Soil respiration is the discharge of respired CO2 by soil
animals and also due to roots being the second largest discharge on earth (Raich and
Potter 1995).

According to its GWP, CH4 as a greenhouse gas is 28 times more vigorous
(Solomon et al. 2007). It is released from the soils in a process called
methanogenesis, occurring under anaerobic conditions due to the decay of organic
matter. Methanogens in addition to fermenting acetate utilize carbon dioxide as an
electron accepting agent instead of oxygen for their metabolism, and CH4 is released
as a by-product. So, the main origins of CH4 discharges are waterlogged soils and
most importantly peatlands, wetlands, and paddy fields (FAO and ITPS 2015).
Distinctively, these greenhouse gases are substantially stored in soils (importantly
carbon, a process called C sequestration). In the presence of oxygen, methanotrophic
bacteria in soil flourish and use CH4 as a carbon source – a process named
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methanotrophy in which CH4 is oxidized. So, soils in forests may be a good CH4 sinks
because their water tables are low and bacteria can grow in these (Serrano-Silva et al.
2014).

4 SOC Sequestration

The process in which carbon fixation takes place through organic matter and plant
material and then stored in soil is known as SOC sequestration. It involves three
stages, when we deal with CO2: (1) through the process of photosynthesis, CO2

removal from the environment, (2) carbon transfer from CO2 into biomass of plants,
and (3) carbon transfer from biomass of plants into the soil as SOC stock. More rate
of turnover is characteristic of this pool, enclosing freshly taken residues of plants
and is easily decomposed by soil animals, normally CO2 discharges back into the
environment are caused. So, this SOC program needs much more besides accumu-
lating atmospheric CO2, and it is important to look into the methods of retaining
carbon in a pool of SOC. In another way, it is demonstrated by research that there is a
minor power for sequestration of carbon because of its resisting property to change,
and so in management, it is not responsive (Kane 2015).

A number of mechanisms are involved in the stabilization of newly incorporated
carbon in the soil (Six et al. 2006; Kane 2015). In a chemical process, carbon is
strongly adsorbed by clay through chemical bonds preventing carbon consumption
by other organisms. In a biochemical way, resynthesis of carbon is possible into
more complex structural molecules, and decomposition may be prevented. Carbon
stabilization efficiency is shaped by the three main procedures that rely on a
multitude of biotic and abiotic factors (Six et al. 2006; Kane 2015).

4.1 SOC and Biodiversity

The various living organisms found collectively in soil is termed as soil biodiversity.
The organisms that make up soil diversity interact with other plants and animals as
well as one another and ultimately form a web of intense biological activity that can
be detected as well as studied (Orgiazzi et al. 2016). Soil biodiversity not only
greatly contributes to the creation of SOM using the organic litter of the soil, but it
also contributes to the augmentation of SOC content in the soil to some extent.
Additionally, the quality as well as the amount of SOM and SOC indirectly deter-
mines the density along with the activity of plant roots and their interaction with soil
biota. In this manner, the structure of the microbial community in the soil is greatly
influenced both by the quantity and the quality of SOC as well as the diversity of
plant present in the soil (Thiele-Bruhn et al. 2012).

Carbon and Nitrogen Cycling in Agroecosystems: An Overview 5



4.2 Importance of Soil Biodiversity

In 1992, during the Convention of Biological Diversity at the United Nations
(UNCBD), the vitality of biodiversity was made official. It stated that biodiversity
has a key role to play by ensuing that the ecosystem continues to function at an
optimal level and every single organism found in the ecosystem, has its place in the
ecosystem regardless of its mass and density. The World Soil Charter, released in
2015, referred to soil as the key to global diversity, which includes both flora and
fauna present in the ecosystem. This biodiversity plays an essential part in sustaining
the various functions of the soil and indirectly supports the properties and the
services of the soil. Thus, the maintenance of soil biodiversity is critical to its various
purposes (FAO 2015).

The soil biodiversity, i.e., the organisms found in the soil like the protozoa, fungi,
bacteria, worms, and insects along with the various invertebrates and mammals,
merge with the SOC and form the metabolic capacity of the soil. This capacity is
believed to play an important role in the production of food and increasing the
resilience of soil in response to climate change. The complex communities of soil
organism are responsible for (i) the determination of the size and the course of C
fluxes occurring between the soil and the atmosphere, (ii) cycle the SOC that deeply
impact the nutrient availability, i.e., the acquisition of nutrients in plants is helpful
especially when it works in tandem with associations formed by soil microorgan-
isms, (iii) with the help of aggregation, the physical structure of the soil is somewhat
improved, and (iv) boost crop pollination along with biological pest control (FAO
and ITPS 2015).

4.3 Soil Biodiversity Losses

Various functions of the ecosystem are seen to have an impact on the density of
losses faced by the biodiversity of soil. This mainly includes nutrient retention in
soil, SOC decomposition, and cycling of nutrients (FAO and ITPS 2015). Inade-
quate land management methods and environmental modifications affect various soil
communities and rapid decline in the biodiversity of soil (Fig. 1) (Wall et al. 2012).
The fragile web of various interactions existing between the communities is dam-
aged by poor agricultural practices that disrupt the agronomic ecosystems. The
interactions existing between pests and their natural enemies ultimately have a
negative impact on SOC stocks within the soil. Since physical properties of the
soil are unable to explain the ratio of loss faced by SOC, it can be assumed that the
SOC stability relies on the diversity as well as the activity of the soil organisms
(Gardi and Jeffery 2009).
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5 SOC Status Under Changing Climate

According to current studies, the range of soil carbon responses varies from small
losses to modest gains. On the basis of soil types and region, it is difficult to predict
the multiple effects of climatic change on the soil as it gives the complex interaction
between increased decomposition and productivity besides moisture and tempera-
ture (FAO and ITPS 2015; Keesstra et al. 2016).

The major factors that control the SOC dynamics include precipitation and
temperature (Deb et al. 2015). The microbial decomposition of SOC increases
with the increase in the temperature (Keesstra et al. 2016). Indeed, there is a strong
support for the idea that increasing temperature accelerates the climatic change
(Crowther et al. 2016). The ecosystem dynamic is greatly affected by the climatic
change than the combined effect of temperature and carbon dioxide (Pachauri et al.
2014).

The increase in net primary productivity is due to increased anthropogenic
activity in atmospheric carbon dioxide. This increased NPP (net primary productiv-
ity) has a negative feedback on atmospheric CO2 due to increased SOC input (van
Groenigen et al. 2014; Amundson et al. 2015). According to progressive nutrient
limitation theory, the response of NPP is limited by the soil nutrient supply specif-
ically of nitrogen. However, it is not clear that either increased NPP will translate
into increased SOC storage.

The consequences of the human actions on the global climate are still not
obvious, which partly owes to the limited knowledge and understanding about soil
respiration and its depiction in various Earth systems (Gougoulias et al. 2014). For
instance, on SOM decomposition, a high uncertainty relates to so-called priming

Fig. 1 Impact of land use decisions on soil biodiversity (Cited from Gomiero 2016)
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effect, which is indeed a vital process in ecosystem carbon balance (van der Wal and
de Boer 2017). The priming effect actually increased the decomposition of SOC
stocks in the result of the addition of easily degradable compounds. Due to this
priming effect, the prediction of the future soil C responses to a changing climate
becomes more uncertain (FAO and ITPS 2015).

6 Nitrogen Fixation and Reactive Nitrogen

The nitrogen cycle is crucial to earth’s biochemistry at the global level, in which,
enormous natural nitrogen moves from the air into marine and terrestrial ecosystems
through the process of biological nitrogen fixation (BNF), resulting in the conversion
of unreactive molecular nitrogen into reactive ammonium compounds. After fixa-
tion, nitrogen is subsequently transformed to oxidized compounds and amino acids
by microorganisms and then finally returned as molecular nitrogen to atmosphere
from marine and fresh waters, soils, and sediments through the process of microbial
denitrification (Galloway et al. 2004). Initial steps of BNF result in compounds that
contain Nr (reactive nitrogen) including PAN, NH4, NO2, NH3, N2O, NO, and
HONO as well as other organic nitrogen compounds which are widely distributed
in the atmosphere, specifically in cryosphere and play a vital role in marine and
terrestrial ecosystems. Galloway et al. (2003) discussed that Nr being component of
this earth element basically serves the role of tracer for the biogeochemical cascade.
Oxidized form of nitrogen (NOx) performs a primary role in the production of radical
species photochemical ozone and other oxidants (Wayne 1991), and it is also vital
for increasing oxidizing capacity of the atmosphere (Isaksen et al. 2009). Emission
of N2O, as a result of denitrification process, also plays an important role in radiation
balance on earth and ozone layer chemistry specifically of stratosphere by lysis of
N2O in the presence of light (Wayne 1991). Mere sources of Nr production are BNF
and NOx photolysis in the absence of anthropogenic activities.

6.1 Natural Sources of Fixed Nitrogen

The main natural sources of new Nr in the environment are biological nitrogen
fixation and lighting. Fowler et al. (2013) estimated that among global natural
sources of Nr (203 Tg N year�1), lightning just comprised approximately 2.4%.
Actually, biological nitrogen fixation in terrestrial ecosystems has been largely
influenced by human activities after industrialization. Looking at the pre-industrial
BNF estimates, terrestrial ecosystems constituted approximated 1/3 of total BNF as
compared to 2/3 of marine ecosystems (Fowler et al. 2013).
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6.1.1 Biological Nitrogen Fixation

In purview of global nitrogen cycle, biological nitrogen fixation is the most impor-
tant source of Nr whether it is in terrestrial or marine ecosystem. Biological nitrogen
fixation offers imperative reference while enumerating the value of human inputs in
conformity with the nitrogen cycle at the global level because this is the important
natural input regarding reactive nitrogen (Vitousek et al. 2002). The magnitude from
lightning, discussed later, as this magnitude is smaller than other estimates of BNF,
although significant for ozone formation and maintenance regarding the oxidation
potential of the atmosphere at the global level.

The procedure of biological nitrogen fixation was first recognized in last decades
of the nineteenth century and since then considered as a focal point of ecological
interest. There are many limits in understanding why microorganisms are not able to
fix all available N as it can benefit them compared to competitor non-nitrogen-fixing
organisms, although there is vast capacity in ecosystems to fix available atmospheric
N2. In various ecosystems, the frequently available Nr in the soil generally
downregulates BNF, so perhaps Nr application on cultivated soil and deposition
into the seminatural region has lowered nonagricultural BNF (Galloway et al. 2004).
The present knowledge about strategies has not yet delivered clear solutions
according to these queries. The analysis on this subject by Vitousek et al. (2013)
presents an estimation on annual pre-industrial BNF into terrestrial ecosystems of 58
Tg N, with an extent from 40 to 100 Tg, with a discussion on modern perception and
restrictions. The doubtful range is wide as it represents the difficulty in estimation of
the constituent terms. The range inferred by Vitousek et al. (2013) is lesser than
mostly available approximations, mostly previous values proposing prior to indus-
trial BNF in range of 100–290 Tg N year�1. Nevertheless, this recent estimate is
based on calculations of hydrological nitrogen losses in terrestrial ecosystems, and
nitrogen portion that is denitrified in rivers or oceans might also be overemphasized.

N cascade in the waters along with BNF and denitrification process is reviewed
by Voss et al. (2013). Estimates regarding each term propose also surplus of
denitrification process than BNF or equilibrium of both processes (Gruber and
Galloway 2008). Nevertheless, doubts among the specific terms prevent a vibrant
consent. The sustaining mechanism that maintains the balance between BNF and
denitrification at global scale has yet not been verified. However, iron and phospho-
rus (P) availability may be one of the contributors. By covering approximately three
quarters on the Earth’s surface and oceans simply take over surface while relatively
small fluxes per unit area hold the potential of substantial contribution to overall N
fluxes of the atmospheric molecular nitrogen reservoir and marine reactive nitrogen
forms. One of major uncertainties in the rates regarding marine BNF is spatial
variability, as these are associated with the supply of other essential nutrients too
like Fe and P are essential for many biological processes because their supply is also
spatially variable (Berman-Frank et al. 2007). Large BNF rates have basically
recommended for the Atlantic oceans than the Pacific because of more nutrient
availability (Voss et al. 2013).
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6.1.2 Lightening

In addition to BNF, nitrogen is also fixed as NOx by the natural process of lightning,
which presents Nr to rather far off areas of the troposphere. The process has been
scrutinized via direct measurements and also spacecraft remote sensing of lightning
activity has supported this process. Accessible data and models are used in the
estimation of global production, but with considerable unreliability to some extent
due to strain in up-scaling, by Brasseur et al. (2006), who also examined viable
effects of changing climate on NOx production rate via lightning. These authors
enumerate increasing NOx production rate with an increase of global temperature
ranging 3–12% per 8 K. Overall, worldwide informant strength estimates vary from
2 to 10 Tg N year�1 (Tie et al. 2002; Cape et al. 2004), with contemporary values or
at 5 Tg nitrogen annually. For this evaluation 5 Tg nitrogen per year, value is
assumed.

6.2 Impact of Anthropogenic Activities on N Fixation

Nitrogen fixation of compounds based on anthropogenic activities is dubious but
well known than natural process of fixation. Because, more substantial measure-
ments have been made to original sections and these are also subjected to consider-
able scientific study, with continuous supervision of some considerable industrial
origins. The gases produced from the transport and industry are oxidized compounds
of N, e.g., nitrogen oxide (NO) and nitrogen dioxide (NO2), burning of biomass, and
reduction of nitrogen (N) as ammonia (NH3) via Haber-Bosch process.

Biological N exists widely in the world as amines in considerable amount (Cape
et al. 2004; Jickells et al. 2013). Nevertheless, there is no evidence that these are
reactive nitrogen representing compounds, which is acquired from the BNF or
commercial sources of ammonia or nitrogen oxides. The involved compounds and
mechanisms in the discharge of biological nitrogen and their streaming into the
environment are not well known to allow the upscaling for territorial or worldwide
estimation of their original strength. Consequently, a substantial involvement to the
manmade discharge of Nr may be lacking from the worldwide reactive N budgets
raised to date, comprising the one depicted here, as these compounds are dubious to
depict more key origins of Nr.

Anthropogenic fixing of reduced nitrogen, i.e., ammonia, is via nitrogen fixing
plants and mainly through the process of Haber-Bosch where hydrogen and nitrogen
react together in the presence of catalyst and extreme temperature and pressure
(Erisman et al. 2008). During the early years of the twentieth century, the process
was evolved and supplying 120 Tg nitrogen as ammonia per year, of which 80% is
used as fertilizer in agriculture and 20% as raw material for commercial purposes
(Galloway et al. 2008). The outcome of N usage in the production of crops differs,
with only 17% utilized in crops, milk, and meat productions by humans, the rest of
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this is lost into the soils, freshwater bodies, and the atmosphere (Leach et al. 2012;
Noor 2017). In decades to centuries, the process of denitrification returns most of the
Nr to atmosphere as dinitrogen, but the lifetime in dissimilar repositories come back
to the atmosphere allows slots for movement in reactive form in freshwater bodies or
the atmosphere. Some of the Nr applied in the form of fertilizer is discharged to the
atmosphere as ammonia relying on the comparative balance between ambient
volumes of ammonia and the equilibrium volumes with the concentration of ammo-
nium within intercellular fluids (Sutton et al. 1995). The total per year production of
120 Tg nitrogen as ammonia via the process of Haber-Bosch depicts the major single
involvement to Nr formation via human activities. The total contribution by nitrogen
fixing crops to agricultural crops is approximately 60 Tg per annum (Herridge et al.
2008), while the total production of Nr due to anthropogenic activities is 180 (+20)
Tg N per annum.

6.3 Nitrogen Fixation in Cropland

N-fixing crops present considerable volumes of Nr to soils. In the evaluation of crop
BNF, Herridge et al. (2008) assembled data from the uninterrupted computation of
BNF from an array of agroecosystems worldwide and upscaled N fixation rates per
year via land use and clipped data to compute a worldwide total. The present
worldwide BNF from crops and ruminating savannahs computed by Herridge et
al. (2008) is 50–70 Tg N per year. For the sake of condensing data, a principal value
of 60 Tg nitrogen per year as the worldwide per year Nr streaming for BNF in
cropland is included in this evaluation. The BNF value for cropland is near to the
pre-commercial BNF and is identical within the recent array of unreliability.

7 Overview of Nitrogen Cycle

The chemical process of naturally fixed reactive nitrogen takes place in the atmo-
sphere, earth, and oceanic environments. As a result of chemical processing, a large
variety of inorganic and organic products are formed. The quantities of Nr cycling in
each of these environments and their magnitudes show that worldwide component
processes 240 Tg nitrogen in different forms, while 230 Tg nitrogen per year
processing takes place in marine, and probably 100 Tg nitrogen per year processing
takes place in the atmosphere, neglecting the discharges into and out of the huge
environmental nitrogen source. Studies showed that the environmental occupancy
time is small as compared to oceanic and earth environments, and with the exception
of earth environments, the normal lifespan of Nr is a few decades (Galloway et al.
2013). Such an average over worldwide biosphere is confusing as long-lived sources
are there such as peat lands contain organic matter and ice sheets, deserts, and
aquifers contain reactive nitrogen. In oceanic and earth environments, the processing
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of the Nr generation takes place by microbial activity and metabolic activities of
plants and their conversion into plant and proteins of microbes. The Nr in agriculture
can have direct use as food for human or for feeding purpose for livestock and its
conversion, fairly in an ineffectual way to protein and used by humans as food. The
conversions resulting from initially fixed nitrogen are important for discharges into
groundwater or the environment.

The transfer of reactive form of nitrogen (Nr) from soils to fresh water and
atmosphere has a broader application in understanding the leakages of a different
form of Nr in soils, water, and vegetation. Galloway et al. (2003) defined the concept
of the N cascade to demonstrate many Nr interconversions as well as leakages of Nr
during processes of original fixation and denitrification ultimately return back to the
atmosphere as N2. It is helpful to consider an example which describes the fate of
nascent NH3 molecule production to explain the point: consider nitrogen (N) atom
converted into NH3 molecule during the Haber-Bosch process. As it is applied as N
fertilizer to the soil, while transformed in many forms before returning as N2 into the
atmosphere.

8 Conclusion

The global N cycle has been greatly modified by human activity, and it is the most
perturbed biogeochemical cycle on the planet on which ecosystems depend. Many
components of the global budget have been quantified over the last 20 years.
However, many fluxes are subjected to large uncertainties and require extensive
measurements to constrain the current range of values. Approximately half of the
global human population is dependent on the increased yields of agricultural crops
owing to fertilizer N usage. These interventions have substantially enhanced the
carbon sequestration resulting from Nr deposition to forests and other seminatural
terrestrial ecosystems. The full scope of the global carbon cycle and its
interdependency on SOC dynamics and relation to other biogeochemical cycles is
yet to be fully understood. More accurate SOC measurement, mapping, monitoring,
and reporting can contribute to achieving progress in this regard. Land management
practices and systems that foster SOC sequestration should aim to retain carbon in
the soil over the long term.
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Rhizosphere as Hotspot
for Plant-Soil-Microbe Interaction

Shamina Imran Pathan, Maria Teresa Ceccherini, Francesco Sunseri,
and Antonio Lupini

Abstract In the last decades, many studies were addressed to focus the interplay
between plant and microbial community into the soil and especially in the small soil
zone in contact to plant root, called rhizosphere, which can be considered as a hotspot
for interactions and therefore is a major target for improving nutrient use efficiency in
crops. In this regard, unraveling the microbial activities that can be used to improve
nutrient use efficiency may be the major challenge considering a sustainable agricultural
contest. However, although using different approaches (metabolomics and
transcriptomic) it has made it possible to characterize many interaction mechanisms,
more remains largely unknown. Here, we summarize and discuss the abiotic and biotic
factors that maymanage plant-microbe interactions in the rhizosphere as well as in those
parts of the soil furthest from the root, focusing on root architecture and nitrate as well.
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GS Glutamine synthetase
HMW High molecular weight
JA Jasmonic acid
LMW Low molecular weight
N Nitrogen
NiR Nitrite reductase
NR Nitrate reductase
NUE Nutrient use efficiency
P Phosphorus
PGPR Plant growth-promoting rhizobacteria
PLFA Phospholipid fatty acid analysis
SOM Soil organic matter
T-DNA Transmission of DNA
UpE Uptake efficiency
UtE Utilization efficiency

1 Introduction

To meet the food needs of the population, an agricultural model based on the overuse
of fertilizers has been adopted in recent decades. This model has created severe
problems for both environmental quality and human health (Good et al. 2004). In
addition, this approach has involuntarily led to the selection of genotypes with a low
nutrient use efficiency. Given forecasts that the world population is increasing,
around 9.2 billion on 2050 (FAO 2009), more crop production is needed using
alternative strategies reducing the input of chemicals and improving food quality
without negatively affecting the environment (Xu et al. 2012).

The rhizosphere is often defined as the area of soil around a root where the
population of microorganisms depends on inputs from the plant. The rhizosphere is a
soil microenvironment where plants and microorganisms can coexist in positive,
negative, or neutral interactions (Lynch and Whipps 1990; Kardol et al. 2007) (Fig.
1). It is populated with numerous organisms, including fungi, bacteria, etc. and
possibly exhibiting one of the highest levels of biological biodiversity of any
environment in the world (Bender et al. 2016) (Fig. 1). Given the strong interaction
between plants and microbes in the rhizosphere, it can be considered an extension of
the plant’s genome (Berendsen et al. 2012; Verma et al. 2015). As crop yield is
strongly dependent on water and nutrient uptake from the soil, the rhizosphere can be
considered as a hotspot for interactions and therefore is a major target for improving
nutrient use efficiency in crops.

Rhizosphere microbes may improve plant growth not only by making nutrients
more available for uptake by the root (e.g., phosphate-solubilizing bacteria) but also
through the production of phytohormones that can improve plant resistance to biotic
and abiotic stresses (Berendsen et al. 2012). Plant roots secrete exudates derived
from photosynthesis providing an important carbon supply for the growth of micro-
organisms (Brimecombe et al. 2007).
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Therefore, engineering the rhizosphere may be a useful target for developing
more sustainable agriculture (Zhang et al. 2017). Despite the importance of the
rhizosphere and the innumerable publications in this field by using new technologies
related to DNA sequencing and metabolomics, to date much remains to be discov-
ered. More information is needed to understand the mechanisms involved in rhizo-
sphere interactions and particularly how plants control their microbiome and vice
versa how microorganisms influence crops.

The present review focuses on the recent knowledge of the rhizosphere, empha-
sizing particularly microbe and root interactions in relation to nitrogen supply.

Finally, this chapter reports some examples of how these interactions can be used
to improve crops in a background scenario of more sustainable agriculture in the
context of climate change.

2 Rhizosphere as an Active Network

The “rhizosphere” term was first conceived by Hiltner (1904) to delineate the plant
root-soil interface. The rhizosphere was defined as the soil microenvironment where
chemical, physical, and biological properties are affected by plant roots and their
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Fig. 1 Representative overview of different plant-rhizosphere microbe interactions and their
activities (The figure has been adapted from Quiza et al. 2015 and modified)
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metabolic activities. Thus, the rhizosphere is one of the most dynamic networks of
the terrestrial ecosystem, where direct plant-soil-microbe interaction takes place.
Plant roots release up to 40% of photosynthetically fixed carbon directly into soil
(Bais et al. 2006) mainly in the form of high and low molecular weight compounds
(Newman 1985; McNear 2013). These compounds especially low molecular weight
molecules such as amino and organic acids, phenolic compounds, sugar, etc. can be
used by rhizosphere microbes as energy sources, which cause enrichment of the
microbial biomass and activity (Doornbos et al. 2012). Moreover, exudation signif-
icantly influences soil physical and chemical properties (Nardi et al. 2000) such as
soil pH (Javed et al. 2012), soil aggregation and erosion prevention (Naveed et al.
2017; Wang et al. 2017; Meena and Meena 2017), and water holding capacity
(Young 1995). On the other side, root exudation helps the plants to gain essential
nutrients from the soil through acidification and oxidation/reduction processes in
the rhizosphere (McNear 2013). Nitrogen (N) and phosphorus (P) are key plant
growth-limiting nutrients, and rhizosphere microbes play a key role through
degradation and mineralization processes to deliver these essential nutrients to the
plant. Much of the soil N and P are stored in complex organic forms that plants
cannot easily access often requiring breakdown and solubilization by microbes
before uptake by roots can occur. Thus, the rhizosphere is the apropos niche for
plant and soil microbes, where key plant-soil-microbe interactions take place giving
benefits to both organisms for plant mineral nutrient acquisition and substrate for
microbial energy requirements. These interactions can either be beneficial (symbi-
otic) for the crop, for example, plant interactions with epiphytes, such as plant
growth-promoting rhizobacteria (PGPR), nitrogen-fixing bacteria, and mycorrhiza
fungi, or can be negative (parasitic) with plant pathogenic microorganisms (Singh et
al. 2004; Raaijmakers et al. 2009; Walkers et al. 2003; Dadhich and Meena 2014).
Hence, the rhizosphere is the hotspot where the plant and soil microbial community
communicate with each other through the plant roots and mediated by root
exudations.

3 Root Exudates Regulating Factors

Plant roots discharge immense amounts and ranges of organic compounds into the
rhizosphere soil, known as root exudates or rhizodeposition, and through these
exudates, plants can directly communicate with rhizosphere microbiota. Root exu-
dates are an important nutrient for the microbial community in rhizosphere soil and
therefore encourage root-microbe colonization (Bacilio et al. 2002). Plant roots can
exude many different compounds such as acids, oxygen, and ions, but most are
organic molecules (Uren 2000; Bais et al. 2006). These organic-based exudates can
be categorized into high and low molecular weight (HMW and LMW, respectively)
compounds. The majority of exudates are LMW, including amino and organic acids,
sugars, phenolic compounds, and many other secondary metabolites, while consid-
ered HMW exudates are more complicated compounds such as mucilage and
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cellulose (Huang et al. 2014; Rovira 1969). Although root exudates are a key driver
of plant-microbe communication in rhizosphere soils, less attention has been given
to the mechanisms and regulatory processes that control root exudation. Plant age
and genotype, as well as other external biotic such as nutrient availability and root
architecture and abiotic factors like soil properties, temperature, stress, or toxic
conditions, are known to regulate the quantity and quality of root exudates (Badri
and Vivanco 2009; Varma et al. 2017).

3.1 Abiotic Factors

3.1.1 Soil Properties

Soil physical and chemical properties such as pH, texture, moisture, etc. significantly
regulate the root exudation process; mainly soil moisture content is one of the key
drivers of the root exudation, as high soil moisture leads to hypoxia condition due to
the inadequate accessibility of O2 in the soil. Root mucilage exudation can improve
the physical pathway for water and nutrient delivery to roots, and this is particularly
important as soil dries (Carminati et al. 2016). Low soil moisture can cause tempo-
rary plant wilting which caused an increase in the release of amino acids from plant
roots (Katznelson et al. 1954). Some bi-cropping studies suggested that high mois-
ture content could help in the rapid transfer of maize root exudates to adjacent bean
plants (Ivano 1962). Water stress, including both drought and flood conditions, can
significantly impact on the quantity and quality of wheatgrass root exudates as the
stress-induced exudation of organic acids such as malic, fumaric, malonic, succinic,
and oxalic acids (Henry et al. 2007). Similarly, Song et al. (2012) also reported that
exudation of various organic acids such as malic, lactic, acetic, succinic, citric, and
maleic acid concentration was increased by osmotic stress in drought-tolerant and
non-drought-tolerant maize in hydroponics. Furthermore, soil pH can have a signif-
icant effect on root exudation resulting in acidification and alkalinization. Stoltz and
Greger (2002) found that the increased soil pH produced by Eriophorum
angustifolium and E. scheuchzeri roots could decrease the leaching of toxic elements
such as Cd, Cu, Pb, and Zn, while Wang et al. (2006) reported that a lower pH could
lead to higher soil leaching of toxic elements such as Cd and Zn. Recent studies on E.
angustifolium roots showed that changes in the rhizosphere to a more alkaline pH
significantly influenced the exudation of organic acids (oxalic, succinic, and formic
acids) in root mucilage under moderately toxic soil conditions (Javed et al. 2012).
There are very few studies focused on how soil texture can influence the root
exudation process. Soils with different textures have different chemical and physical
properties which can cause direct or indirect induction or inhibition of LMW and
HMW compound secretion by plant roots. Sandy substrates can induce root exuda-
tion as high secretion rates of amino acids were reported when plants were grown in
quartz sand (Boulter et al. 1966). Since soil characteristics significantly affect root
exudation, little attention has been given to these types of studies, which may be due
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to the plasticity and variability of root exudates. The study of root exudates is
hindered by difficulties in the collection of representative samples, especially in
the soil and under field conditions. Plant root exudates may be dissimilar in soil and
hydroponics. However, recent molecular techniques combining with stable isotope
probing could shed more light on the effect of soil physical characteristics on root
exudation.

3.1.2 Temperature

Temperature can have major effects on root exudation. Rovira (1956) reported that
higher temperature could cause the increase in the exudation of different amino
acids, especially asparagine from Solanum lycopersicum (tomato) and Trifolium
subterraneum (subterranean clover). Other studies showed that exudation of tannins
and phenolic compounds was markedly inhibited at low temperature (4 �C) com-
pared to the amount at 30 �C in fava beans (Vicia faba) (Bekkara et al. 1998).
Contrariwise, Husain and Mckeen (1963) found that strawberry roots secrete higher
amount of organic acids at low temperature (5–10 �C) than at higher temperature
(20–30 �C), which also leads to root colonization with the pathogenic fungus
Rhizoctonia fragariae (Husain and Mckeen 1963; Hale and Moore 1979). A gener-
alized plant exudation response to temperature may not be found; it seems more
likely that each species responds differently to temperature extremes.

3.1.3 Light Intensity

A few studies have shown that the composition and quantity of root exudates were
affected by light intensity, as it is directly linked to photosynthetic C fixation, the
main C source for root exudates. For example, Rovira (1956) reported that trefoils
grown under full daylight released higher amounts of serine, glutamic acid, and
alanine but shadow inhibited the exudation of aspartic and glutamic acid, phenylal-
anine, and leucine in grown plants. Many authors reported the quantity of root
exudates was significantly increased by the high light intensity and prolongation
of the photoperiod, for example, phosphatidylserine in Zn-deficient wheat (Cakmak
et al. 1998), catechin in spotted knapweed (Tharayil and Triebwasser 2010; Yadav et
al. 2018), and citrate in white tulips (Cheng et al. 2014). Although fluctuations in
light intensity combined with the altered photosynthetic spectrum (longer wave-
lengths) affected the synthesis of secondary metabolites in the leaves of birch and
woody plants, the root exudates were not measured (Lavola et al. 1998). However,
Yang (2016) reported that light intensity not only influences the quantity but also
significantly impacts on the composition of root exudates in sugar beet. Recently
Martin et al. (2018a, b) reported that fluctuations in light exposure increased the
exudation of dissolved organic carbon and protein-like and humic-like dissolved
organic matter, whereas constant low and continuous light significantly inhibit the
exudation of total dissolved nitrogen. These findings suggest that light intensity and
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exposure time are two of the key factors that regulate synthesis and secretion of root
exudates, and these should get more attention for future studies on root exudates and
their regulating factors.

3.1.4 Nutrient Availability in the Rhizosphere: Nitrogen as Nutrient and
Sensor

Although the rhizosphere is confined in a small area (about 2 mm) between root and
soil, it is an important zone affecting nutrient dynamics influenced by a plethora of
microbial activities useful for improving crop uptake efficiency (Dakora and Phillips
2002). Different factors combine to determine the availability of nutrients in this
zone, such as soil chemistry, plant genotype, and nutrient supply (Jones et al. 2004).
The availability of nutrients depends on the activity of microorganisms, which in
turn are regulated by quantity and quality of the root exudates, thus creating different
local micro-ecosystem compared to the bulk soil (Neumann et al. 2009; Meena et al.
2018). Various plant mechanisms have been developed to cope nutrient-limited
conditions, but the exudation of organic acids and enzymes into the soil by roots
can enhance soil organic matter (SOM) decomposition thus releasing nutrients
making them available for plant uptake (Charholm et al. 2015). Some plant species
exhibit specific rhizosphere effects on the availability of nutrients, such as the
Solanaceae influencing phosphorus mobility in the soil (Safari and Rashidi 2012).
Grasses can produce phytosiderophores to increase iron availability by chelation of
the metal ion, particularly under Fe-limiting conditions (Ueno et al. (2007). From the
bulk soil to the root surface, the microorganism populations increase in quantity but
decrease in species diversity, thereby influencing the availability of nutrients. In the
rhizosphere, there is an equilibrium between the plant, soil, and microorganisms
which is usually characterized by low nutrient concentrations, where a constant
turnover can ensure a steady supply for roots (Shen et al. 2013). Considering
phosphorus, for example, it can be present in large amounts in the soil, but it is
totally unavailable for the plant as both organic and inorganic forms are insoluble
(Bhattacharyya and Jha 2012; Igual et al. 2001; Gyaneshwar et al. 2002). Applica-
tions of P fertilizers may not combat this limiting condition due to the phenomena of
precipitation occurring in the soil (Mckenzie and Roberts 1990). However, in the
rhizosphere, some microorganisms are defined as P-solubilizing, such as Azotobac-
ter, Burkholderia, Erwinia, Flavobacterium, and Serratia (Bhattacharyya and Jha
2012), and these have the ability to make this element soluble by synthesizing the
low molecular weight organic acids which dissolved the inorganic phosphorus
converting it to soluble forms (Zaidi et al. 2009) and therefore available for plant
uptake (Mehnaz and Lazarovits 2006).

N2 fixation is another important example of a microbe-plant interaction
(discussed in Sect. 5.1), and its significance is dictated by the role that this element
(N) has in plant physiology and is often limiting crop productivity. Among nutrients
affecting plant growth and development, N plays a pivotal role, and nitrate, which is
the main N-form in aerobic soils, can also be considered as a “signaling molecule.”
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Nitrate can act as a signal to regulate plant gene expression, metabolism, physiology,
growth, and development (Krouk et al. 2011; Vidal and Gutiérrez 2008). Although
the capacity of the plant to assimilate N depends from on carbon turnover, an
increase in biomass is principally limited by nitrogen uptake from the rhizosphere.
In plants grown using nitrate-free conditions, the presence of nitrate leads to the
modulation of enzymes responsible for assimilation, such as nitrate reductase (NR),
nitrite reductase (NiR), and glutamine synthetase (GS), which play fundamental
roles in crop production (Crawford 1995; Stitt 1999). In the last decades, genomics,
bioinformatics, and systematic have described a complex regulatory network at
transcriptional and posttranscriptional levels for the plant’s responses to nitrate
(Krouk et al. 2010). In Arabidopsis, nitrate and Nmetabolites regulate the expression
of numerous genes involving a wide range of processes. Studies of the effect of
nitrate supply on the quality and quantity of root exudates are missing, especially in
space and time. According to Scheible et al. (2004), who provided an illustration of
the signaling action of N in Arabidopsis grown in an N-free solution, nitrate
supply determines a massive reprograming of genome expression. Within 30 min,
the re-addition of nitrate induces gene expression involved in uptake, reduction of
nitrate, and organic acid skeleton production. On the other hand, after longer times
(about 3 h), the nitrate supply induces specific genes belonging to trehalose and
hormone metabolism, protein kinases and phosphatases, receptor kinases, and tran-
scription factors (Scheible et al. 2004), and some of these processes may be
important in root-rhizosphere interactions, thereby increasing or reducing the crop
nitrate uptake efficiency. As affirmed by Krouk et al. (2010), up to 10% of the
transcriptome is responsive to nitrate, and many genes are considered as signals, as
these genes are still nitrate-regulated in ArabidopsisNR-deficient mutants, where the
first enzyme of the nitrate assimilation pathway is missing (Wang et al. 2004; Kumar
et al. 2018).

Finally, the global nitrate signaling pathways show complex regulation either into
the plants by transcriptions factor or external to the plants by nitrate availability,
which in turn is strongly dependent on the rhizosphere activities. Thus, the rhizo-
sphere is the hotspot where both the concentration of microorganisms is very high
compared to bulk soil and the concomitant activity of roots and microorganisms
allows the creation of a microenvironment favoring mineralization (Parkin et al.
2002) and denitrification (Qian et al. 1997). Finally, little is known about the
mechanisms that microorganisms have on local nitrate signals in the rhizosphere.

3.2 Biotic Factors

3.2.1 Plant/Rhizosphere and Nutrient Use Efficiency

The current requirement in most agriculture is to reduce the inputs of fertilizers in
formulating management practices for more sustainable production. New strategies
for plant nutrition will require adequate consideration of rhizosphere processes for
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improving crop productivity (Shen et al. 2013; Zhang et al. 2017). Starting from a
general point of view and focusing on specific topics, strategies to maximize the
efficiency of rhizosphere processes related to plant nutrition can be assessed by
manipulating root growth patterns and targeted fertilizer applications (Zhang et al.
2010; Chen et al. 2011).

Nutrient use efficiency (NUE) is determined by two components: uptake effi-
ciency (UpE), or the root’s ability to take up nutrients from the soil, and utilization
efficiency (UtE), as the plant capacity to assimilate or utilize the nutrients (Good et
al. 2004; Xu et al. 2012; Lupini et al. 2017; Dadhich et al. 2015). In this context, as
rhizosphere is strictly in contact with the roots, UpE is the component most
influenced by the rhizosphere processes and on which it is possible to identify
strategies for improving NUE.

In legume species Rhizobium spp. accommodated in specialized nodule structures
can fix a considerable amount of N to supply the plant. Other microorganisms
increase in the availability of nutrients in nonlegumes (Boddey et al. 2003). There
are some microorganisms, such as Azospirillum spp., which can supply N to plants
(Assmus et al. 1995) increasing the NUE more specifically the UpE. Relationships
between the roots and microorganisms in the rhizosphere favor nutrient uptake: on
the one hand, there are the root exudates that provide organic compounds to
microorganisms (Parkin et al. 2002), and on the other side, they provide inorganic
compounds more easily taken up by the plant (Marschner 1995). Some types of
bacteria form a biofilm on the roots, thereby ensuring an improvement in nutrient
uptake (Beauregard et al. 2013) by providing a robust water contact between soil
particles and the root. Using PCR coupled with denaturing gradient gel electropho-
resis and fluorescence approaches, Briones et al. (2003) demonstrated a strong
correlation among ammonia-oxidizing bacteria and NUE of some rice cultivars
also underlining that the presence of these bacteria improved nitrate uptake. There-
fore, nutrient uptake may be improved through the selective production of root
exudates, which favor the association with specific bacteria and decreasing the
abundance of others. Nutrient availability in the rhizosphere is strongly regulated
by exudation, but the manipulation of high-affinity nutrient transport systems at
plasma membrane level is poorly studied, and increased chelating creates nutrient-
limited zones around the roots (George et al. 2005; Liu et al. 2005). Furthermore, the
selectivity of root exudates could be achieved through the molecular manipulation of
the transporters to improve both the mineralization processes and the numbers of
beneficial microorganisms in the rhizosphere. To date, few transporters involved in
plant/microbe rhizosphere cross talk were completely functionally characterized
(Kretzschmar et al. 2012; Rudrappa et al. 2008), and further studies are needed in
crop species. Some authors have demonstrated that plant roots secrete organic
compounds to inhibit nitrification (Subbarao et al. 2013) and denitrification (Cordero
and Datta 2016), which may be used in agriculture to improve NUE. Manipulating
these microbial processes in the rhizosphere can be used to develop crops with
higher NUE by decreasing N leaching losses.
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3.2.2 Plant Root as Main Trait to Improve NUE

The major limiting factors for the twenty-first-century crop production are the
scarcity of water and nutrients in the soil. The plant root system is fundamental for
acquiring nutrients and water which are primarily taken up from the soil. In this
context, different approaches may be used to improve NUE: (i) changing root
architecture to enhance nutrient acquisition especially in nutrient-limiting conditions
and (ii) managing the rhizosphere processes starting from root modifications. In fact,
it is now well established that root architecture plays a fundamental role in nutrient
use efficiency (Lynch 2011) and influencing microorganisms in the soil too (Wang
et al. 2011; Wu et al. 2012). Improving the capacity of the root to explore the soil by
modifying root architecture is a pivotal task. Thus, understanding internal and/or
external factors tuning the growth and development of this organ is an important
target to improve water and nutrient use efficiency. Among macroelements, N
(mostly nitrate) and phosphorus are the main limiting factors for plant growth and
development (Gojon et al. 2009), and plants have adopted strategies to improve
nutrient uptake efficiency by modifying root morphology and architecture. Nutrient
dynamics in the rhizosphere can lead to substantial and specific changes in roots.
Using varying N levels, it was possible to identify specific root adaptations regulated
by local or systemic signaling (Bellegarde et al. 2017; Yadav et al. 2017). At the
molecular level, genes, transcription factors, proteins, and miRNAs have all been
identified to have their role in root architecture and nutrient use efficiency.
Mlodzínga et al. (2015) showed the role of a gene (AHA2), a plasma membrane
H+-ATPase in root morphology and architecture of rice under N-limiting conditions.
Other molecular evidence was established in P-limiting conditions, as OsPHR2 gene
and theOsMYB2P-1 transcription factor influenced root hair development and root
architecture in rice (Wu and Wang 2008; Dai et al. 2012). QTLs were also associated
with root architecture in maize (Li et al. 2015), rice (Li et al. 2009), and bean (Cichy
et al. 2009). Of course, these results will be useful to use as molecular markers in
breeding programs to improve root architecture and consequently nutrient use
efficiency.

Root morphology is also a genetic factor modifying the rhizobiome. Diverse root
types can contribute differently to microorganism selection in the rhizosphere.
Recent publications point out how the microbe-community can change along roots
and among root types. Edwards et al. (2015) showed how the dynamics of the root-
associated microbes was strongly dependent on root niche in rice plants, whereas
other authors have underlined the bacterial variation among plants, depending on age
and genotypes (Lundberg et al. 2012) or different genotypes changing their ribotype
profile (16S rRNA gene sequence) depending on host cells (Bulgarelli et al. 2012).
Among different root zones, the highest number of bacteria is localized at the root
tip, which may be able to select for specific microbes. In wheat seedlings, De Angelis
et al. (2008), using high-density 16S rRNA microarray (PhyloChip), showed a
differing number of microorganisms with the following hierarchy, bulk soil < mature
root < root tips ¼ root hairs, whereas specific colonization by Bacillus subtilis was
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observed in the root elongation zone of Arabidopsis, suggesting a possible protec-
tion mechanism against root pathogens (Massalha et al. 2017). The mature root zone
included decomposers which may be associated with the degradation of cells from
older root parts (Jones et al. 2009). Distinct communities were also confirmed in
lateral roots as compared to tips and basal regions. In this respect, Brachypodium
distachyon was employed as a monocotyledon model, and the communities assayed
were dependent on root type (nodal or seminal) and root axis (Kawasaki et al. 2016a,
b). Thus, as the plant genotype and root system regulates rhizosphere microbiota,
more work in this field may be interesting for improving crop productivity. There is
an emerging need to evaluate the differences among plant populations within the
same species. Comparing wild and modern bean accessions, Pérez-Jaramillo et al.
(2017) showed a difference in bacterial numbers that was highly correlated with root
morphology. In conclusion, some authors affirm that root phenotype influences
rhizosphere colonization by differences in cell wall structure, surface area, and
exudate metabolic profiles (Pérez-Jaramillo et al. 2017; Saleem et al. 2016). Thus,
it may be important to consider factors modifying root morphology such as nutrient
and stresses to drive agronomic practices that optimize rhizosphere interactions.

4 Microbial Selection by Plants

The rhizosphere is where the plant and soil microbe communities are directly linked
to each other based on their nutrient requirements. It is well documented that plants
can shape their rhizobiome (rhizosphere microbial community), as plant genotype,
growth stage, and soil type significantly affect the abundance, composition, and
diversity of the rhizobiome (Berg and Smalla 2009; Philippot et al. 2013; Bulgarelli
et al. 2013a, b). Selection of the rhizobiome is directly related to the plant root
exudation pattern and other abiotic factors such as soil temperature, moisture,
chemistry, and physical structure (Pugnaire et al. 2004; Hartmann et al. 2009;
Bargett and van der Putten 2014). Recently, Burns et al. (2015) studied different
predictors which can affect the rhizosphere microbial community using statistical
methods, and they pointed out that plant species is the main determinant of the
rhizosphere microbiome, which suggests there is an active microbial selection by
plants. Plant-soil feedback strongly relies on plant species and rhizosphere microbe
association (Kulmatiskietal. 2008) which implicates plant-microbe coexistence and
community assembly (Bever et al. 2010). Furthermore, Burns et al. (2015) also
reported that spatial location is also a key predictor which shapes the microbial
community, and they also suggested that everything is not everywhere with localized
hotspots on the root surface for specific populations.

Since Smalla et al. (2001) first studied the rhizosphere bacterial community using
culture-independent techniques and suggested that each plant was colonized by their
own bacterial community, numerous studies have focused on how different plant
genotypes, plant growth period, and nutrient use efficiency have shaped or
influenced abundance, composition, diversity, and functions of rhizosphere
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microbial communities. Due to recent advances in sequencing technology, there is a
long list of studies on this topic, but here we will mainly focus on agriculturally
important plants such as wheat, rice, and maize and how these plants and their
genetic variation can influence the rhizosphere biome. Donn et al. (2014) studied the
rhizobiome of two different wheat lines and suggested that the plant growth stage
and level of adhesion of soil microbes to the root were main drivers of the bacterial
community. The authors found a tenfold enrichment in the abundance of Pseudo-
monas, Actinobacteria, copiotrophs, and oligotrophs in the loosely bound rhizo-
sphere soil during vegetative growth. Furthermore, Pseudomonas was highly
abundant in the Janz wheat line, whereas copiotrophs were more abundant in the
H45 line (Donn et al. 2014). Similar findings were observed by Kawasaki et al.
(2016a, b) who showed that the binding of soil microbes to a root and root structure
have a profound impact on the rhizobiome of Brachypodium distachyon (model
plant for wheat) and its rhizosphere community was enriched by Burkholderiales.
One recent study showed the intense effect of plant domestication and breeding on
exudation which has directly influenced rhizosphere metabolites in wheat lines
(Lannuci et al. 2017). Likewise, Liu et al. (2016) studied the effect of Jasmonic
acid (JA) signaling on the wheat rhizosphere microbiome and showed plant organ-
specific effects as JA signaling only had a significant impact on diversity and
composition of root endophytes but not shoot endophytes or the rhizosphere
community.

Lu et al. (2014) studied the rice rhizosphere microbiota using PLFA-based stable
isotope labeling and found the rice plant had significantly influenced the microbial
community through photosynthetic rhizodeposition. Breidenbach et al. (2016) stud-
ied the abundance and composition of the microbial community in the rice rhizo-
sphere soil and showed that the abundance of archaea and bacteria was significantly
higher (twofold) in the rhizosphere when compared with the bulk soil. Furthermore,
these authors found profound fluctuations in Proteobacteria, Gemmatimonadetes,
and Verrucomicrobia communities and showed their effect on functional groups
such as iron reducers and fermenters. One recent study showed the autonomous
behavior of rice plant in relation to the microbial community, as plants were grown
in different types of soil, had the same effect on the composition of rhizosphere
microbial community (Li et al. 2014). Similarly, the study of rice plants has showed
that plant domestication and genotype play key roles in shaping the rhizosphere
community (Lannuci et al. 2017; Shenton et al. 2016; Meena et al. 2015). Moreover,
the enrichment of different bacterial phyla Anaerolineae and Methanotrophs in the
wild and bred rice cultivars, respectively, were identified (Shenton et al. 2016).

Compared to other crops, there have been large numbers of studies on the maize
rhizobiome. This may be due to its unique phenotypic and molecular diversity; we
have discussed the more recent studies done on the maize rhizobiome. Cavaglieri et
al. (2009) studied maize rhizobiome using microbial culturing-dependent tech-
niques, and they reported that the plant growth stage has a significant influence on
the rhizoplane and endo-rhizosphere community with noteworthy enrichment in
some bacterial species such as Bacillus, Arthrobacter, Azotobacter, and Listeria
and fungi such as Aspergillus and Fusarium. García-Salamanca et al. (2013) studied
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the bacterial community of the maize rhizosphere in carbonate-rich soil and reported
a substantial enrichment of Gammaproteobacteria in rhizosphere soil which could
be due to the high availability of carbonate. The rhizosphere bacterial diversity of 27
different maize inbred lines which were grown in field condition showed a remark-
able influence of plant heredity on diversity and composition of rhizosphere bacterial
community (Pieffer et al. 2013). Li et al. (2014) also studied the maize rhizobiome
using a pyrosequencing approach, and they reported the preferential colonization of
some bacterial groups such as Proteobacteria, Bacteroidetes, and Actinobacteria in
rhizosphere. These authors also showed that the plant growth stage had a profound
effect on the bacterial community composition in rhizosphere soil; fluctuations were
mainly observed at the family, genus, and OTU level. Recently, few studies have
focused on how maize plant N use efficiency (NUE) could shape the totals and
functional diversity of rhizosphere soil microbes (Pathan et al. 2015a, b; Baraniya et
al. 2016). These authors showed that the Lo5 maize line with higher NUE had
stronger influence on the microbial community composition (bacteria and fungi).
Both the composition and diversity of bacterial β-glucosidase and protease genes in
rhizosphere soils were compared between Lo5 and T250 maize, a low NUE line. All
these findings suggest the plant and its different characteristics such as plant
heredity, growth stages, physiological traits, and plant nutrient requirements are
key factors which drive the formation and structure of the rhizosphere microbial
community. It should be noted that many of these studies have only been focused on
bacteria and very few of them have focused on the fungal or archaeal communities,
which suggests that future research should consider these other rhizosphere organ-
isms in different plants.

5 Plant-Microbe Interaction

5.1 N2-Fixing Bacteria

Nitrogen is a key nutrient for plant development, and it is usually a plant growth-
limiting factor. Although more than two thirds of the global atmosphere comprise
N2, plants are incapable of using this elemental form of N. On the other side, some
soil prokaryotes known as diazotrophs have a dinitrogenase enzyme which enables
these prokaryotes to convert N2 into ammonia followed by nitrite (ammonia oxi-
dizers) and nitrate (nitrite reductase), N forms used by plants (Lam et al. 1996;
Franche et al. 2009). Due to the plant’s large requirement for N, some have formed
beneficial symbiotic associations with these diazotrophs (N2-fixing bacteria). This
symbiotic association between plants and N2-fixing bacteria is a kind of mutualistic
symbiosis where the host plant directly consumes inorganic N such as ammonia or
nitrate from the soil which is fixed by the N2-fixing bacteria. In return the plant
provides sheltered environment and fixed carbon and other nutrients to the
diazotrophic prokaryotes. Legumes (Fabaceae family) are the foremost symbiotic
plants that associate with rhizobia (gram-negative), a member of
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Alphaproteobacteria (Oldroyd and Downie 2008). Legume-rhizobia interaction
instigates root nodule formation, which begins with the release of flavonoids by
the plant under N starvation conditions (Oldroyd et al. 2011; Mcnear 2013). Flavo-
noid signals are responsible for activating nod genes in rhizobia which encoded
lipochitooligosaccharides, known as nod factors (Mcnear 2013; Mus et al. 2016).
Nod factors are pivotal symbiotic signals as they induce invasion of bacteria into the
host plant and nodule formation where the bacteria ultimately are housed (Mcnear
2013; Mus et al. 2016). The structure of the nod factors such as the length of
backbone, size, and saturation of fatty acyl chain depend on the rhizobia species
(Mcnear 2013; Mus et al. 2016) which leads to host specificity during formation of
the plant-rhizobia association (Oldroyd and Downie 2008). Even though two differ-
ent species of rhizobium, etli and lati, carry identical nod factors, both species have
distinct host specificity (Phaseolus spp. and Lotus spp., respectively) (Cárdenas et al.
1995). Host plant selection specificity is astounding as out of millions of microbes;
only a tiny number are able to create efficacious symbiosis with host plants (Mcnear
2013). Only one nonlegume plant, called Parasponia species (Cannabaceae family),
is capable to form a symbiotic association with rhizobia (Sytsma et al. 2002).
Invasion of rhizobia occurs through crack entry into the host plant Parasponia
(Lancelle and Torrey 1985), which is different from legume plants, where the
rhizobia enter through root hair curling. Furthermore, the proliferation of rhizobia
and N fixation takes place after the formation of fixation threads, and these threads
branch all over the nodule cells; however, they still stay in contact with the apoplast
(Behm et al. 2014; Mus et al. 2016; Ashoka et al. 2017). Somehow, development of
the Parasponia-rhizobia association is quite young and is a primitive form of
nodulation. Behm et al. (2014) suggested that the Parasponia-rhizobia symbiosis
can be used as a model system to understand the control mechanisms which emerge
during the early stages of N2-fixing mutualism evolution.

Apart from rhizobia, members of the Actinobacteria phylum, Frankia sp. (gram-
positive), have been shown to nodulate (actinorhizas) with broad spectrum of woody
plants, called actinorhizal plants. Actinorhizal plants are distributed in 8 different
families, containing 17 genera and 150 species. Actinorhizal development processes
are very similar to legume nodules, but they are much larger in size and longer lived
compared to legume nodules. Actinorhizas have central vasculature and can fix the
same amount of N2 as rhizobia nodules (Mus et al. 2016). Another group of bacteria
called cyanobacteria, especially filamentous cyanobacteria (mainly Nosotc and
Scytonema), are able to fix N2 with cells which are known as heterocysts.
Cyanobacteria create this symbiotic association with a variety of higher and lower
plants, algae, and fungi (Merks and Elhai 2002). Moreover, there are some other N-
fixing bacteria, such as Azospirillum spp. and Azoarcus spp., that can colonize
nonlegume plants without any nodule formation (Elmerich and Newton 2007), and
these bacteria are known as N2-fixing endophytes (Döbereiner 1992; Baldani and
Baldani 2005). Consequently, it may be important to create more symbiotic associ-
ations between N2-fixing bacteria and nonlegume plants, especially in different
crops, thereby reducing the use of chemical N fertilizer and better manage green-
house gases fluxes.
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5.2 Plant Growth-Promoting Bacteria (PGPR)

Kloepper and Schroth (1978) were the first authors who coined the term “plant
growth-promoting rhizobacteria” (PGPR) for bacteria inoculated on seeds that
successfully colonized the plant root and promoted plant growth. Antoun and
Kloepper (2001) reported that only a few bacteria (1–2%) have an aptitude to
promote plant growth. PGPR are propitious free-living bacteria which can colonize
the rhizosphere and rhizoplane and within the root itself (Gray and Smith 2005).
Moreover, based on this colonization, PGPR can be divided into two subcategories:
(i) bacteria which colonized the rhizosphere or rhizoplane are called extracellular
PGPR (ePGPR) and (ii) those positioned inside root tissues are known as iPGPR
(intracellular PGPR) (Viveros et al. 2010). To date, several different bacterial genera
have been recognized as PGPR, many of them mainly belong to the Proteobacteria
and Firmicutes phyla (Lugtenberg and Kamilova 2009; Drouge et al. 2012), though
Bacillus spp. and Pseudomonas spp. are predominant (Podile and Kishore 2006).

PGPR can induce plant growth in two different ways, directly as biofertilizer or
indirectly as biopesticide/biocontrol. Direct plant growth induction includes
enhanced nutrient supply such as N, phosphorus, and potassium and increases in
Fe through the release of siderophore, etc. or by modulation of phytohormones such
as auxin and cytokinins (Arora et al. 2012; Bhardwaj et al. 2014). Indirect plant
growth promotion entails control over the inhibitory effect of phytopathogens by
producing antibiotics or trigger induced systemic resistance (Glick 1995; van Loon
et al. 1998; Van Loon 2007). Colonization of a microbial community on the root
surface was erratic, and interaction with roots occurred in various patches (McNear
2013). Nutrient availability and root surface physicochemical variations are key
factors that induce changes in the abundance and structure of microbial communities
(McNear 2013). Root exudation provides chemical compounds for microbes which
leads to the formation of microcolonies on the root surface. Danhorn and Fuqua
(2007) reported that root epidermal cell junctions, root hairs, axial grove, cap cells,
etc. are common sites for the formation of bacterial colonies. Furthermore,
microcolonies expand into larger bacterial biofilms which later become wrapped
into an exopolymeric matrix (McNear 2013). Rudrappa et al. (2008) showed that
bacterial abundance (PGPR) is one of the key factors controlling plant growth
promotion. During the plant growth promotion time course, microbial biofilms act
together performing quorum sensing and synchronize discharges of various com-
pounds that directly or indirectly promote plant growth (Mcnear 2013). Each plant
growth promotion mechanism and function (direct or indirect) have been discussed
in detail (Gupta et al. 2015; Vecheron et al. 2013). Some recent findings also suggest
that PGPR can also be used in the phytoremediation of contaminated soil (Zhuang et
al. 2007; Shukla et al. 2011; Tak et al. 2013; Meena and Yadav 2015), as some
PGPR enable improved plant resistance against abiotic factors, including heavy
metal contamination, and in some way help plants to enhance resistance to heavy
metals (Jing et al. 2007; Saharan and Nehra 2011; Tak et al. 2013).
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5.3 Mycorrhizal Fungi

Among all microbial associations, fungi form symbiotic associations with plants,
and between mycelial fungi and plants, the relationship is known as a mycorrhizal
association. These words are derived from the Greek word mikosmeaning fungi and
rhiza meaning roots. In contrast to legume-rhizobia association, mycorrhizal asso-
ciation is pervasive and indiscriminative, resulting in colonization of nearly 80% of
angiosperms and all gymnosperms. Mycorrhizal association is the earliest plant-
microbe association, it first occurred approximately 450 million years ago, and this
helps explain the pervasiveness of mycorrhiza overall the plant kingdom. Mainly the
mycorrhizal association is a mutualistic association, where fungi provide phospho-
rus, water, and other micronutrient acquisitions by increasing the root surface; in
return the fungi receive fixed carbon. Moreover, mycorrhizal fungi play a vital role
in the fitness of natural plants (Allen et al. 1995).

Based on anatomical aspects, the mycorrhizal association is divided into two
different subcategories, ectomycorrhizae and endomycorrhizae. In ectomycorrhizae
(ECM), fungi grow and are colonized within root intercellular spaces by forming a
hartig net around the root cortex (McNear 2013). In contrast, endomycorrhizae fungi
are colonized within root cortical cells and form highly branched structures, called
arbuscules (Harrison 2005). Moreover, endomycorrhizae fungi are subdivided into
three subcategories, orchid, ericoid, and arbuscular mycorrhiza (AM), AM associa-
tion being the most common occurring association. During association, fungal
hyphae (hartig net or arbuscule) provide nutrients to the plant through the horizontal
transfer and expanding the root surface area and exchanging photosynthetically fixed
carbon from plants. While ECM prefers to associate with woody plants, AM fungi
form a symbiotic association with various land plants, including many agricultural
crops (Garcia et al. 2015). In stress conditions such as under extreme rainfall, the
fungus can grow their hyphae outside soil nutrient-depleted zones, leading to
expanded contact with the soil surface or particles which help to reach out into the
soil for plant uptake (Barman et al. 2016; Datta et al. 2017). The mycorrhizal hyphal
network also significantly affects soil quality by promoting soil aggregation and
stability through various biochemical and biological mechanisms, which directly or
indirectly increase plant productivity (Rillig and Mummey 2006).

Unlike the rhizobia symbiosis, the chemical signaling processes of mycorrhizae
are less well understood. Much focus has been given to the ECM association since
both partners can be grown easily, while endomycorrhizae is difficult to grow in
vitro due to their obligate behavior (McNear 2013). Plant root exudates such as
various flavonoids (mainly rutin) (Lagrange et al. 2001), abietic acid (Fries 1987),
and strigolactones (only in AM fungus) (Akiyama et al. 2005) initiate the spore
germination and hyphal growth and branching of the fungus by activation of genes
in mycorrhiza fungus which produce lipochitooligosaccharides or short
chitooligosaccharides, known as Myc factors (Maillet et al. 2011; Genre et al.
2013). There is some resemblance between Myc factors and nod factors (produced
by rhizobia in the legume-rhizobia association) (McNear 2013), and this could
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explain the phenomena of “common symbiosis pathway” which originated in AM
symbiosis, later adopted by legume-rhizobia association (Garcia et al. 2015). Due to
these chemical dialogues, fungi interact with host plants and begin the hyphae
proliferation into host plant roots, called hyphopodium (in AM), or growth between
dermal cells (in ECM). Formation of arbuscules is the final step of the symbiotic
process, and through these arbuscules, fungi enter into the root cell cytoplasm.
Selosse et al. (2006) reported that two or more plants can share nutrients through
the same mycorrhizae associations as fungal hyphae can create a “common mycor-
rhizal network” (CMN). Similar phenomena may occur in the ECM symbiosis, but
more research is needed to understand the molecular mechanisms of ECM symbiotic
associations.

5.4 Pathogenic Microorganisms

In contrast to beneficial (symbiotic/naturalistic) associations with the rhizosphere
microbiota, plants can also interact with some soil microbes that inhibit plant growth
and health, commonly referred as pathogenic microbes or phytopathogens. These
can include fungi, bacteria, viruses, oomycetes, and nematodes. Phytopathogens are
one of the major constraints to global food production and security. While many of
soil-borne pathogens survive and grow into bulk soil, the rhizosphere is a key niche
where pathogenic microbes form parasitic associations with plant roots. Soil-borne
pathogens are more persistent when compared to pathogens associated with above-
ground parts of the plant (Bruehl 1987). While information has been available on
how root exudates modulate/regulate plant-symbiont association, the limited focus
has been given on how rhizodeposition can attract and activate the phytopathogens.
Agrios (2005) has divided plant pathogens into four main groups: virus, bacteria,
fungi, and nematodes. Among these four groups, fungi are the main soil-borne
pathogens compared to others. Bacteria and viruses need natural openings or
wounds to enter into plant tissues. Furthermore, the soil is not a suitable habitat
for nonspore-forming bacteria, while some filamentous bacteria such as Streptomy-
ces spp. can grow easily in soil and able to cause infection to host plants. Ralstonia
solanacearum (Pseudomonas) can colonize the xylem and cause wilt to a variety of
plants, mainly tomato (Genin and Boucher 2004), pepper, and eggplants. While
Agrobacterium tumefaciens is well known for causing crown gall (Nester et al.
2005), through the transmission of DNA (T-DNA), these two are the best-under-
stood examples of soil-borne pathogenic bacteria. Only a few viruses can infect plant
roots, as they required a vector for transmission and in soil nematodes (e.g.,
Nepoviruses; Brown et al. 1995), and some zoosporic fungi such as Olpidium
(Campbell 1996) are the main vectors for viral transmission. Nematodes can be
free-living worms that normally ingest other microbes such as bacteria or fungi or
other nematodes. However some can form parasitic relationships with host plants.
There are three main types of associations that nematodes form with host plants: (i)
ectoparasitic, in which nematodes contact with only the outer body of roots; (ii)
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endoparasitic, in which nematodes are able to reach out the inner body of plant roots;
and (iii) sedentary endoparasitic, in which nematodes persist in the inner body of
roots for reproduction process (Raaijamakers et al. 2009).

Fungi and oomycetes can be soil-borne phytopathogens. While oomycetes are
phylogenetically closer to blue algae, their morphological characteristics are identi-
cal to fungi, and their parasitism and diseases have similar symptoms to fungi
(Raaijamakers et al. 2009). Most of the soil pathogenic fungi and oomycetes are
necrotrophic, and only a few of them are biotrophic such as Plasmodiophora
brassicae (cause of cabbage “clubroot”) and Plasmopara halstedii (“downy mil-
dew” in sunflower, Friskop et al. 2009). Phytophthora sojae is semi-biotrophic and
causes powdery mildew and rusts, especially in soybean. Due to their generalist
behavior, necrotrophic pathogens have a wider selection of hosts and can easily
infect many plants. Fungi penetrate the host plants through the germ tubes or
zoospores and infect epidermal root cells (tips, hairs, etc.) or strike at emerging
shoots or seed radicles. Pythium, fast-growing and important soil-borne pathogen,
affects tree seedling production through attacking plant seeds even before they start
to emerge; the disease is called “damping off” (Vaartaja 1975; Weiland et al. 2013).
Fungi produce degrading enzymes or use hydrostatic pressure to enter into host root
cells (young or juvenile roots) and further colonized into the root cortex. After cortex
colonization, fungal mycelia still continue to spread to other parts of the plant and
sometimes grow externally and can also cause disease in adjoining plants. Fusarium
oxysporum and Verticillium dahlia and other fungi can spread into the plant vascular
tissues through the root endodermis and blocking water flow that causes wilting.
This fungal problem can infect many different plants including potato, cotton,
tomato, and eggplants and some tree species such as olive (Beckman 1987). A
number of different diseases are caused by a fungus such as decay, rot, damping off,
and wilt; among all of them, root rot is often the first stage. By infecting or
destroying plant roots, plant water and nutrient uptake capacity is decreased causing
nutrient deficiency symptoms, reduced size, and drought stress (Raaijamakers et al.
2009).

6 Concluding Remarks and Future Applications

The rhizosphere represents a plethora of interactions between plant-microbes, plant-
soil, microbe-soil, and microbe-microbe, and because this network is highly com-
plex, we can affirm that the study of this environment is still in its infancy (Zheng et
al. 2017; Berendesen et al. 2012; Sihag et al. 2015). A pivotal and strong link is
highlighted among soil-microorganism-plant, thereby creating a hotspot in which to
study and improve crop health and NUE. In the present work, we have discussed the
dynamic processes in the rhizosphere and especially how root exudates, as well as
the rhizobiota, are influenced by biotic and abiotic factors to understand and thus
improve nutrient use efficiency in the context of more sustainable agriculture.
Moreover, the emphasis was given to the role of the roots both in the selection of
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microbes and in the efficiency of use of resources focusing particularly on nitrate as
nutrient and signal.

Rhizosphere interaction studies include measurements of the microbiota, root
morphology, and rarely their interactions, especially in field condition. Our limited
knowledge is presented on how the plants control the microbe communities present
in the soil and how different root types influence the availability of nutrients and also
their absorption by rhizobiota. Furthermore, new omic technologies will contribute
to identifying new signaling compounds which allow us to set new strategies for
promoting plant growth and health.
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Biochar and Organic Amendments
for Sustainable Soil Carbon and Soil Health

G. K. M. Mustafizur Rahman, M. Mizanur Rahman, M. Saiful Alam,
M. Ziauddin Kamal, H. A. Mashuk, Rahul Datta, and Ram Swaroop Meena

Abstract Organic matter is the life of soil and vital to environmental quality and
sustainability. Intensive cultivation solely depending on inorganic fertilizers with
lesser quantity or no organic fertilizers resulted in lower carbon content in soils of
tropical and subtropical countries. This paper attempted to identify the best soil and
crop management practices which ensure slower microbial decomposition of organic
materials, cause a net buildup of carbon in soils, and potentially mitigate the negative
effect of global warming and climate change. Biochar and other organic materials
have been applied to soil as most valuable amendments for increasing carbon
sequestration, soil health improvement, and reduction of greenhouse gas emission
from soil. Being recalcitrant in nature, biochar is highly efficient in storing carbon in
soils. Biochar possesses a larger surface area and therefore is capable of holding and
exchanging cations in soils. Quantity and quality of biochar produced from different
organic materials are highly variable because of various production temperature and
meager oxygen control system. This review contributes to understanding details of
production technologies and performance mechanisms of biochar and other organic
amendments in soil. Biochar and organic materials improve soil bio-physicochem-
ical properties, serve as a sink of atmospheric CO2, and ensure ecological integrity
and environmental sustainability.
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Abbreviations

BSMRAU Bangabandhu Sheikh Mujibur Rahman Agricultural University
CEC Cation-exchange capacity
CFU Colony forming unit
DMBC Dairy manure biochar
EC Electrical conductivity
FRG Fertilizer recommendation guide
FYM Farmyard manure
GHG Greenhouse gas
NETL US National Energy Technology Laboratory
Pg C Petagram of carbon
RHBC Rice husk biochar
SOC Soil organic carbon
USDE United States Department of Education
WHC Water holding capacity

1 Introduction

The agricultural land has been declining every year by 1% due to the new establish-
ment of houses, industries, factories, and markets and road construction in many
Asian countries including Bangladesh and India. Worldwide, it is estimated that
feeding the world population will need 60% more yield by 2050 (Rosenstock et al.
2016). Such a massive increase in agricultural production needs to be accomplished
without jeopardizing soil and environment. Greenhouse gas (GHG) emission like
CH4, CO2, etc. from different agriculture practices have some notable effects on
climate change, but suitable management practices could improve soil fertility and
also mitigate the negative impact of climate change through sequestering the huge
amount of carbon in the soil (Rahman 2013; Rahman et al. 2016; Varma et al. 2017).
Appropriate use of organic materials is essential for organic amendments in the soil
to address and minimize such types of challenges. The maximum organic residues
remain available in the agricultural fields in stacked forms which are used as fuel by
the people for cooking or get discarded in the dumping places. A remarkable nutrient
loss like nitrogen, sulfur, etc. occurs as a result of burning the organic residues and
may lead to air pollution by emitting different GHG gases (Tipayarom and Oanh
2007; Chen et al. 2008).

A probable novel attempt to outline the limitation of soil fertility is the recycling
of different organic residues (Kamara et al. 2014). The quick decomposition of
organic materials occurs in soil due to the direct application or in the form of
compost. As a result, quick nutrient release and leaching loss occur from the organic
sources and also emit carbon dioxide gas into the atmosphere as GHG gases. It is not
a sustainable practice to conserve soil fertility because organic residues need to apply

46 G. K. M. M. Rahman et al.



every year repeatedly through this process. Biochar can be the substitute of organic
materials, and it is produced from any organic biomass. Biochar contains a huge
amount of organic carbon because it has been produced by heating organic biomass
through pyrolysis method at a high temperature under limited or no oxygen. Biochar
can be recycled as organic amendments in the soil (Singh et al. 2010; Lehmann et al.
2011). Biochar is a stable compound, and it can stay in the soil more than hundreds
of years based on its source, quality, manufacture methods, and temperature of
pyrolysis (Zimmerman 2010). Biochar is the stable carbon-rich product, and the
decomposition rate of biochar is very slow due to its resistant aromatic structure
which retards the degradation (Baldock and Smernik 2002; Antal and Grønli 2003).
Therefore, the effects of biochar on soil property improvement remain a long time
than other organic residues, manures, composts, etc. The application of biochar in
the soil can improve soil health (physical, chemical, and biological properties), and
the duration of this effect would be endless (Amonette and Joseph 2009; Atkinson et
al. 2010; Cornelissen et al. 2013; Liu et al. 2012; Meena et al. 2017a).

The agricultural soil can be amended by biochar that is the part of the crop or
environmental management (Sparkes and Stoutjesdijk 2011), and it has the potential
to become a new technological approach employed in agricultural systems because it
has the capacity to increase nutrient availability in various soils. Additionally,
biochar is the substitute of organic matter for various soils to improve soil health,
quality, and crop productivity. It has also a positive impact on crop productivity
when incorporated into acidic soils with low water holding capacity or low organic
matter (Biederman and Harpole 2013; Jeffery et al. 2011).

Therefore, biochar is a type of pyrolyzed organic material which can play an
important role in sustaining soil health and crop productivity for a long time. For this
reason, recently, biochar has been considered as one of the key research materials
worldwide for the academician, researchers, policy makers, and farmers.

2 Biochar

2.1 What Is Biochar?

The term “biochar” is comparatively new, but it becomes familiar day by day all
around the world. The word “biochar” comes from a combination of “bio-” means
“biomass” and “char”means “charcoal” (Schulz and Glaser 2012). Biochar is highly
porous fine-grained charcoal, which has been produced under limited oxygen con-
dition using organic biomass that optimizes certain special characteristics like large
surface area and porosity and ability to preserve in soils for a long time with very
little biological deterioration (Robertson 2014). As a result, it can be differentiated
from other charcoals because it can be used as a soil amendment. Due to the huge
surface area and porous characteristics of biochar, it is able to hold nutrients and
water and also enhance the soil microbial activities for the improvement of soil
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health as compared to other soil amendments (Lehmann and Rondon 2006; Glaser et
al. 2002; Warnock et al. 2007; Dadhich and Meena 2014).

One of the most fertile and productive soils has been found at Prairie of the USA
(west of the Mississippi River and east of the Rocky Mountains) because the soil of
that area is highly rich in naturally occurring biochar. Biochar has been using
historically for soil amendment which dates back at least 2000 years (O’Neill et al.
2009). The unusual fertile soils were created by ancient time in the Amazon Basin
known as Terra Preta and Terra Mulata due to extensive use of biochar through
indigenous cultures (Lehmann 2007). The soils of this region still remain fertile even
with centuries of leaching due to high rainfall in this tropical place. Biochar use in
the soil for better and safe agriculture production also has a long history in Australia
and some part of Asia particularly Japan, Korea, and China. But recently, keen
interest grew in other Asian countries like Bangladesh, India, and Malaysia to use
biochar as a soil amendment for sustainable crop productivity and remediation for
heavy metals and other toxic organic pollutants.

2.2 Preparation and Characterization

2.2.1 Biochar Preparation and Production

Different types of sun-dried organic materials (rice straw, rice husk, any other crop
residues, wood, grass, manure, and sewage sludge) can be used to produce biochar
through pyrolysis process at 400–550 �C in the absence of oxygen or limited oxygen
using biochar production stove. A modified two chambers containing pyrolysis stove
have been developed by the Department of Soil Science of Bangabandhu Sheikh
Mujibur Rahman Agricultural University (BSMRAU) to produce small-scale
biochar for doing research (Figs. 1 and 2). The organic materials are placed in the
outer chamber and put to the opposite direction to maintain limited oxygen, and then
heat is gradually increased using the gas flame burner in the bottom and middle of
the chamber up to 400–500 �C and held constant for 4–5 h. The produced hot
biochar after pyrolysis is allowed to cool at room temperature and then powdered,
weighed, and stored for the application in the agricultural field (Fig. 3). Rather than
this procedure, there are many methods explained by many other scientists to
produce biochar by heating plant biomass in the limited or no oxygen. The relative
quality as a soil amendment of different biochar is greatly affected by the sources of
organic materials and the conditions of biochar production (McClellan et al. 2007;
Chun et al. 2004; Yuan et al. 2011; Ashoka et al. 2017).

Biochar only can produce through pyrolysis of biomass. The production yield of
biochar depends on sources and pyrolysis temperature (Table 1). The important
organic biomasses for biochar production are animal manures, crop residues, and all
forestry wastes. Feedstock selection is the primary criteria for better and economical
biochar production. The rice husk, rice straw, cow dung, poultry manure, and
sawdust are the best for highest and economic yield and easily available biomass
sources for biochar production in Bangladesh. The other researchers have also
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reported that different types of organic biomass such as plant branches and wastes,
wood, magnolia leaves, other crop straw, etc. are good feedstock for biochar
production (Table 1) (Wu et al. 2012; Yuan and Xu 2011; Laghari et al. 2016;
Zhao et al. 2013; Kinney et al. 2012).

2.2.2 Chemical Characters of Biochar

The chemical properties of biochar derived from different organic materials are
presented in Table 2. It has been reviewed and found that most of the biochar
showed neutral to slightly alkaline in nature at a temperature range from 450 �C to
500 �C. But the pH of any biochar from any biomass source is independent, while it
is dependent on temperature. That means biochar pH is increasing with elevating

Fig. 1 Modified biochar preparation stove. (Developed by Department of Soil Science,
Bangabandhu Sheikh Mujibur Rahman Agricultural University (BSMRAU), Gazipur, Bangladesh)
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temperature (Table 2). On the other hand, the CEC of biochar is more dependent on
the biomass used rather than the temperature for pyrolysis. The process happened
due to higher pyrolysis temperature resulting in the loss of some acidic functional
groups from the surface of biochar (Zhao et al. 2013).

Fig. 2 Different biochar production by modified biochar preparation stove at the Department of
Soil Science, BSMRAU, Gazipur, Bangladesh

Collect organic 
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Rice Straw, 
Rice Husk, Saw 
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Poultry manure 

and other organic 
materials

Sundry or-
ganic materials

Place organic 
materials inside 

the pyrolysis 
chamber. Close 

and keep opposite 
for sealing

Now biochar
ready for soil
amendments

Characterize
of Biochar

Grind the car-
bonized organic 

materials

Biochar Pro-
duction

Increase tempera-
ture slowly upto 500oC

Fig. 3 Flowchart of biochar production
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Table 2 represents the cation exchange capacity (CEC) values of different
biochar. Usually, biochar encompasses high CEC, but pyrolysis temperature slightly
influences the CEC of biochar (Song and Guo 2012). The biochar from crop straw
demonstrates higher CEC than the biochar derived from manure (Table 2). It can be
concluded that during pyrolysis, some nutrients like Ca, Mg, K, Na, and P in the
organic residues promote to form O-containing functional groups on the surface of
biochar which can support to produce higher CEC of biochar (Agrafioti et al. 2013).

The rice straw-derived biochar contains remarkable amount of N (0.80%), P (0.07%),
S (0.005%), Ca (16.80 Cmolkg�1), Mg (4.86 Cmolkg�1), K (8.36 Cmolkg�1), Na (2.10
Cmolkg�1), and organic carbon content (44.5%). The higher pH (7.63) and CEC (32.12
Cmol kg�1 biochar) are also contained in rice straw biochar.

2.2.3 Biochar Potential as a Soil Amendment

Biochar can be used as soil amendments especially for acid soil correction because
most of the biochar contain high pH and also a higher number of basic cations with

Table 1 Effect of different biomass on biochar production yield at different pyrolysis temperature

Source of
biomass

Pyrolysis temperature
(�C)

Biochar production yield
(%) References

RS 450–500 35.6 Rahman (2018,
Unpublished)RH 46.1

MSD 53.3

PM 49.1

CD 48.5

RS 300 50.1 Wu et al. (2012)

400 42.8

500 39.0

600 36.3

700 36.5

CS 350 24.4 Yuan and Xu (2011)

RS 33.3

SS 32.5

PS 30.2

PS 400 55.0 Laghariet al. (2016)

SD 550 28.0 Zhao et al. (2013)

ML 300 61.6 Kinney et al. (2012)

AW 600 25.0

SGW 400 51.0

RS rice straw, RH rice husk, MSD mixed sawdust, PM poultry manure, CD cow dung, CS canola
straw, SS soybean straw, PS pea straw, SD sawdust, ML magnolia leaves, AW apple wood, SGW
spotted gum wood
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high CEC (Rahman 2018, Unpublished). Biochar has two parts: one is stable and the
other one is easily degradable. Thus, biochar can stay a long time varying from
hundreds to tens of thousands of years in the soil due to its stable properties (Yuan
and Xu 2012) and as a result, enrich carbon permanently in soil and reduce GHG
(CO2) (Lehmann 2007). The aromatic ring structure of biochar might be responsible
for the stability in soil. Rapid initial surface oxidation of fresh biochar occurs due to
abiotic processes rather than biotic processes (Cheng et al. 2006; Yadav et al. 2018).
The mineralization of biochar can be enhanced by this initial oxidation; conse-
quently, negatively charged surface areas increase the cation exchange capacity
and the cation retention which helps to improve soil fertility (Glaser et al. 2002;
Cheng et al. 2006; Liang et al. 2006). Most of the research indicated that biochar
application improved soil fertility and crop productivity in tropical forest soil and
acid soils with low active pH. Thus, biochar can be used as a liming material for
improving soil health of high aluminum toxic soil and strong acid to increase crop
productivity. Therefore, the response of the biochar amendment directly involves the
soil health and the crop productivity which remains dependent on the particular
characteristics of the soil. As a result, biochar application may or may not bring
positive effects on crop production based on the categories of soils. Chemical
fertilizer plus biochar using integrated nutrient management has shown better crop
yield. This might be due to the increasing soil CEC and microbial activity as a result
of carbon enrichment in the soil (Dutta and Raghavan 2014).

2.2.4 The Sorption Capacity of Biochar

The sorption capacity of heavy metal like Ni in the industrial polluted soil is shown
in Fig. 4. Application of different rates (1%, 5%, and 10%) of biochar shows a
positive effect on the reduction of available Ni than control soil (Fig. 4). The initial
amount of available Ni of the contaminated soil of the textile industry was
61.80 ppm (Fig. 4). After the end of the incubation period (90 days), the available
Ni content of textile industry soil reduced to 18.20%, 25.10%, and 29.94% at the rate
of 1%, 5%, and 10% biochar application, respectively (Fig. 4). Biochar contains
some alkaline substances due to high pH; thus, biochar incorporation increases soil
pH (Yuan et al. 2011) and accelerates the formation of heavy metal precipitation in
the soil. Biochar contains many functional groups on its surface, but dominant are
oxygen-containing functional groups (e.g., COOH and OH) (Lee et al. 2013), and
these functional groups along with heavy metals make the surface complexes, and
hence, the heavy metal adsorption increases on the surface of biochar-incorporated
soils. Therefore, abovementioned, both the mechanisms involve to increase heavy
metal immobilization in soil, and as a result, bioavailability and activity of heavy
metal decrease in biochar-amended the soil.
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2.2.5 Remediation of Polluted Soil for Improving Soil Fertility

Several established techniques such as physical ways, electrokinetic remediation,
biological remediation, and combined remediation technologies are involved in the
restoration of heavy metal pollution in the soil. But recently, biochar is popularly
used as adsorbents of heavy metals from soil. Different organic biomass can be used
to prepare such carbon-rich materials (biochar) through pyrolysis process at a high
temperature in limited or no oxygen, which contains large surface areas with
different active functional groups those are renowned as an effective tool to hold
contaminants for mitigation of heavy metal contaminants. Comparatively, biochar is
the best for the remediation of heavy metal contamination than any other organic
absorbents because it contains all categories of adsorptive properties like large
surface area, dynamic porous structure, and alkaline in nature and also contains
different functional groups especially oxygen-containing functional groups (Ahmad
et al. 2014; Meena and Meena 2017). Various mechanisms may play a role in
controlling heavy metal removal from aqueous solutions of soil using biochar.

Besides reducing heavy metal from the soil, it is also capable of improving
physical, chemical, and biological properties in soils due to its high organic carbon
content (Dutta and Raghavan 2014) and high surface area (Fig. 5) (Xu et al. 2013).
The maximum sorption capacity demonstrated by the dairy manure biochar (DMBC)
and the rice husk biochar (RHBC) based on the findings of Langmuir modeling
metals get reduced in the system of multi-metal. On the other hand, higher sorption
capacity is observed in the RHBC then DMBC (Xu et al. 2013). Biochar application
for soil amendment increases soil health including the soil physical, chemical, and
biological properties and enhances crop production through the essential nutrient
adsorption and supply to the plant (Houben et al. 2013).
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3 Organic Amendments

Soil organic matter is a key indicator of living force and soil fertility. Both anthro-
pogenic activities and climatic condition (high temperature and humidity) lead to
organic matter ruin ultimately accelerate soil degradation. Soil organic amendments
provide an unpaid solution for improving degraded land by improving soil physical,
chemical, and biological qualities. Any material of organic origin (plant or animal)
added to the soil to improve soil properties, designated as an organic amendment.
The organic amendments also become a tool for enhancing carbon stocks on low
organic matter enrich soil such as degraded tropical soil.

3.1 Sources of Organic Amendments

Organic amendments irrespective of origin or decomposing state add substantial
quantities of organic matter in the soil. Organic amendments usually originated from
suitable plant species that may be derived directly from the nature (peat soil, peat
moss, etc.) or may be obtained as by-products from food processing and agro-based
industries (sawdust, oil cake, sugarcane trash, bagasse, rice husk, brans, etc.) or
disposal of waste materials (different types of compost, bio-solids, processed sewage
sludge, etc.), crop residues, green manuring, etc. Moreover, it is also derived from
animal origin (poultry litter, cow dung, farmyard composts) and various worm
origins (e.g., vermicomposting). Reclamation organic amendments like biochar,
activated charcoal, gypsum, etc. are added in the degraded soil like heavy metal-
polluted and salinity-affected soil to convert productive soil. A brief description of
the commonly used organic amendments from various sources is given below:

Fig. 5 SEM photographs with elemental dot maps of (a) dairy manure biochar (DMBC) and (b)
rice husk biochar (RHBC) after metal sorption in the multi-metal system. (Scotti et al. 2013)
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3.1.1 Green Manure

A crop grown for the purpose of being plowed down in soil while green to improve
the soil characteristics instead of harvested for animal and human consumption is
known as green manure. To sustain the soil health, green manure is a popular
practice all over the world. Generally, leguminous plants such as pea (Pisum
sativum), cowpea (Vigna unguiculata), groundnut (Arachis hypogaea), black gram
(Vigna mungo), lentil (Lens culinaris), clover (Trifolium spp.), soybean (Glycine
max), mungbean (Vigna radiata), dhaincha (Sesbania aculeata and Sesbania
rostrata), sun hemp (Crotalaria juncea), etc. are commonly used to prepare the
green manures. Green manuring with legume plants is better than any other plants as
they provide a substantial amount of nitrogen to the soil through the process of
biological nitrogen fixation. Fresh leaves of the forest plants may also be used as the
green manure. Farmers collect green leaves and twigs from the forest plants and
incorporate into the soil (FRG 2012) to increase the soil organic matter status. This
practice is termed as green leaf manure.

3.1.2 Household Waste Compost

Household wastes are organic materials that generally contain kitchen and yard
wastes and wastes derived from food and wood materials. Household waste compost
is prepared from the degradable waste which is generated in day to day operations at
the household level. The major portion of household wastes comes in the form of
food products especially the nonconsumable portion of fruits and vegetables. Proper
management of household waste is necessary; otherwise, the environment may be
polluted. The utilization of household waste compost for crop production will
obviously reduce the dependency on synthetic chemical fertilizer application in the
agriculture sector which will reduce the production cost of agricultural products as
well as ensure the safe environment. Thus, the compost prepared from household
waste materials might be an attractive source of soil organic matter.

3.1.3 Compost

Compost is an important type of organic manure which is produced by the decom-
position of various plant and animal wastes. Good compost can be prepared from a
variety of refuse materials like plant leaves, kitchen waste, banana trashes, pineapple
trashes, weeds, water hyacinth, paper mill wastes, sugarcane trashes, straw, sawdust,
rice husk, animal slaughter waste, etc. Compost may also be prepared from munic-
ipal waste, garbage, and leather industry waste, but it should be free from heavy
metals and other toxic trace elements. At least, the harmful materials and pollutants
should be below the critical level so that safe crop production can be ensured. The
process of the preparation of compost through decomposition of organic materials is
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called composting. Compost is popularly known as black gold to the gardeners and
vegetable growers as it is highly beneficial to the growing plants.

3.1.4 Farmyard Manure (FYM)

Farmyard manure is a kind of organic manure that includes the solid and liquid
excreta of livestock, normally mixed with small amount of litter such as straw
(mainly rice straw) used for bedding of animals. It is a by-product consisting of
animal dung, urine, fodder residues, and animal bedding materials. It is one of the
oldest manures used by farmers to grow different crops especially the vegetables due
to its easy availability and the presence of most of the nutrients required by the crops.
Cattle urine is an important part of farmyard manure as it is rich in nitrogen (FRG
2012), but the major portion of urine is lost due to the soaking by the earthen floor of
the animal shed. Therefore, the animal shed should be cemented to overcome the
situation. In the case of earthen floor straw, sawdust, dry weeds, rice husk, etc. might
be used to reduce the urine from the cattle shed.

3.1.5 Vermicompost

Vermicompost is a kind of compost which is produced by different species of
earthworms. Earthworms frequently use different types of decomposable organic
wastes as their food of which only a little portion (5–10%) is absorbed by their body,
while the major portion of the consumed food is released from the body as excreta in
the form of pellets which is treated as vermicompost. The vermicompost contains not
only excreta but also earthworm cocoons and plant growth-promoting hormones like
auxins and gibberellins, enzymes, vitamins, beneficial microorganisms, etc.
Vermicompost provides plant nutrients in a readily available form which is easily
uptake by the plants. Moreover, the application of vermicompost in the soil improves
soil chemical, physical, and biological properties.

3.1.6 Poultry Manure

Poultry manure is one of the important traditional manures that has long been used in
the agricultural field for better crop production in many countries of the world. It is
the organic waste derived from the feces, urine, and bedding materials of the poultry
birds. To meet the increasing demand of a growing population, the number of
poultry bird is increasing every year all over the world leaving huge quantities of
poultry litter. It is essential to manage the poultry litter properly as early as possible.
Otherwise, it may create severe environmental pollution. Though poultry manure
has diverse use like biogas and electricity generation, fish feed, mushroom produc-
tion, etc. but the use as organic manure in the crop field is the most important.
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3.2 Preparation and Characterization

Preparation technique and nutritional composition of organic amendments vary from
one to another. This chapter briefly includes the preparation techniques of some
important organic amendments and their characteristics in terms of nutritional
composition.

3.2.1 Green Manure

It is better to select a quick growing plant to prepare the green manure. Green manure
can be prepared in two ways: First, by growing of the green manuring plants in the
original land where the green manure will apply. This practice is called in situ green
manuring. In this system, the crop especially the legume plant is grown in the field a
few weeks before the sowing/transplanting of the main crop. The growing plants
should be plowed down just before they flower or at the time of flowering. It will
take 1 or 2 weeks to decompose the green manure in soil properly, and after that, the
main crop can be grown in the field. Second, the green manure crop is grown in
another field where the main crop will not grow. Under this practice, the green
manure crop is harvested at maximum vegetative stage (just before flowering or just
at the time of first flowering), cut into pieces, and incorporated into the main field just
before 1–2 weeks of main crop sowing/planting. Depending on the types of the plant
species, 10–15ton fresh biomass could be obtained from a hectare of land which may
supply a substantial amount (60–120 kg) of nitrogen to the soil (FRG 2012). Nutrient
composition of green manure greatly depends on the plant species used to prepare
the manure. The data presented in Table 3 indicated that nitrogen content in Sesbania
green manure and sun hemp green manure is similar, but P content is higher in
Sesbania, while K content is higher in sun hemp.

3.2.2 Household Waste Compost

The composting of household waste generated from household level is a simple
process. To prepare the household compost at the individual farm level, it is needed
to dig an earthen pit in a suitable place nearby the homestead. The size of the
individual pit largely depends on the volume of the waste material, but the ideal size
might be 2 m� 1 m� 1 m. It is better to make a shed over the pit to protect the waste
materials from rainfall and excessive sunlight. The daily collected household wastes
like kitchen waste that includes peel of fruits, vegetable and fish wastes, yard
sweepings, etc. should be gathered simultaneously and spread over to the pit.
When the pit is about 30 cm deep with wastes, approximately 300 g of urea needs
to apply over the surface of the waste material to accelerate the microbial decom-
position of wastes, and then again, wastes should be placed into the pit, and the
practice needs to continue until the pit gets full. Finally, a thin layer of cow dung or
urea fertilizers is to be spread over the pit, covered with soils, and kept for about
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3–4 months. Three to 4 months later, the household waste compost is ready to use in
the field. The prepared compost supplies a considerable amount of essential (both
macro and micro) nutrients to the plants. However, the nutrient content may vary
with the variation of waste materials that are used to prepare the household waste
compost. Nutrient content in household waste compost may also be influenced by
the compost preparation techniques. However, research findings demonstrated that
household waste compost contains 3.32% total N, 0.61% total P, and 1.59% total K
(Smith and Jasim 2009).

3.2.3 Compost

The preparation of compost is almost the same as the preparation technique of
household waste compost. In the composting process, it is important to maintain a
suitable C:N ratio as decomposition of organic material is largely influenced by
proper C:N ratio. Microbial activity can be accelerated by maintaining a good C:N
ratio of the composting materials. The C:N ratio of 25:1–30:1 is suitable for better
composting of the materials. Proper aeration and sufficient moisture are needed for
rapid decomposition of the composting materials. The use of cellulolytic microor-
ganisms in the composting piles will fasten the decomposition process. It takes about
3–6 months to prepare the compost. Rapid decomposition is favored by high
temperature and high humidity. Addition of nitrogenous and phosphatic fertilizers
to the composting materials will also accelerate the rotting of slow decomposing
materials. The good-quality compost should have the following characteristics: dark
brown to black in color, loose and crumbly in structure, largely insoluble in water but
soluble in dilute alkali, pleasant earthy smell that doesn’t attract flies and that
maintain pH around neutral, and C:N ratio between 10:1 and 15:1. The nutrient
composition of compost mainly depends on the nature of the composting materials.
Normally, compost prepared from materials collected from urban areas contains
higher amounts of nutrients as compared to the compost prepared from the materials
collected from rural areas (Table 3). In general, compost contains 0.75–1.5% N,
0.35–0.6% P, and 0.48–1.5% K.

Table 3 Nutrient composition of commonly used organic manures

Name of the manure % N % P % K Reference

Vermicompost 0.51–1.61 0.19–1.02 0.15–0.73 Nagavallemma et al.
(2004)

Garden compost 0.80 0.35 0.48 Nagavallemma et al.
(2004)

Compost (rural) 0.75 0.60 1.00 FRG (2012)

Compost (urban) 1.50 0.60 1.50 FRG (2012)

Green manure (Sesbania) 0.70 0.40 0.40 FRG (2012)

Green manure (sun hemp) 0.70 0.12 0.50 FRG (2012)

Farmyard manure 0.53 0.22 0.59 Parihar et al. (2012)

Poultry manure
(decomposed)

1.25 0.70 0.95 FRG (2012)
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3.2.4 Farmyard Manure (FYM)

Dung obtained from domestic animals like cows, buffaloes, sheep, goats, horse, and
other animals along with urine, bedding materials, and fodder residues are collected
daily and placed in a pit or trench of desirable size. Depending on the number of
animals, the size of the pit might be 6–7 m � 1.5–2 m � 1 m. The pit should be
provided with a shed to protect the manure from rainfall and hot sun especially in the
summer and rainy season. If the dung is too dry, some water might be added. The
collected dung and other materials are added properly over the layer made a day
before. The manuring materials should be added to the pit until the height of the
added material is approximately 40–50 cm from the ground. Then the upper portion
of the stack should be coated with a mixture of mud and cattle dung. Farmyard
manure can also be prepared by heap method. In this method, the collected materials
from the animal shed are placed uniformly in a high land until the height of the heap
reached about 1 m above the ground level. The farmyard manure becomes ready to
apply in the field after 3–6 months.

The quality and quantity of farmyard manure depend on the types and the ages of
animals, the function of the animals, the types of animal feeds, and the care in
handling and preserving the materials used to prepare the manure. Farmyard manure
is used to grow different vegetables all over the world as it provides essential
nutrients to the growing plants. However, a good source of farmyard manure
contains 0.535 N, 0.22% P, and 0.59% K (Table 3).

3.2.5 Vermicompost

Vermicompost can be prepared using any type of biodegradable wastes including
vegetable waste, crop residues, weeds, agro-industry waste, dry leaves of crops and
trees, sugarcane trash, animal manures, dairy and poultry waste, etc. Though there
are more than 2000 earthworm species in the world, Eisenia fetida, Eisenia andrei,
and Lumbricus rubellus are considered as the best types of worms for vermicompost
preparation. For vermicomposting, it is essential to select a shady place having cool
weather and high humidity. After collection of the degradable wastes, a predigestion
of the materials for a month by heaping the materials along with cattle dung slurry is
recommended as the predigested material is suitable for earthworm’s consumption.
Vermicompost can be prepared by different methods, but it is easy to prepare the
compost in the containers or tanks of different materials. Earthen bowls can also
serve as containers to make the vermicompost. The predigested organic residues
along with animal dung are placed in the container, and then suitable species of
earthworms is released into the container. The container should be covered with
thick cloth or jute bag to maintain a dark environment which is suitable for
earthworm’s activity. Based on a suitable condition, it takes 2–3 months for
vermicompost preparation. After collection from the container, the compost should
be sieved to separate fully composted material. The partially composted material,
earthworms and their eggs, or cocoon should be placed in the container again for
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further compost preparation. Vermicompost contains a considerable amount of plant
nutrients. Moreover, it provides soil vitamins, antibiotics, enzymes, and plant growth
hormones (Molaei et al. 2017; Molaei et al. 2017a). Vermicompost also enhances
nitrogen fixation and phosphorus solubilization as it carries certain beneficial micro-
organisms. The nutritional composition of vermicompost mainly depends on the
type of waste material used to prepare the compost, earthworm species, preparation
method, etc. Generally, vermicompost contains 0.51–1.61% N, 0.19–1.02% P, and
0.15–0.73% K (Table 3).

3.2.6 Poultry Manure

The decomposition rate of fresh manure is very high, and nutritional quality deteri-
orates quickly. Therefore, poultry manure needs to be processed rapidly. Fresh
poultry manure should never be used in the standing crop field as it may damage
the growing plants. The common practice of poultry manure preparation includes
spreading the fresh poultry manure in a dry place for pile composting. But the open
stockpile causes nutrient losses and environmental pollution. Therefore, it is
suggested to make a shed over the manure pile or cover the stack by a plastic
sheet. Due to the lower C:N ratio of fresh poultry manure, it is better to add rice
husk or straw to achieve a wider C:N ratio which will ensure quality poultry manure
preparation. It may take 8–10 weeks for the composting of the poultry manure by
open piling method. The loss of nitrogen can be minimized by composting the fresh
poultry manures under anaerobic condition. In this method, fresh poultry manure
mixed with rice husk or straw is placed in a pit, sufficient water is added to maintain
adequate moisture, and finally, the pit is sealed with mud plaster. Under anaerobic
condition, it may take 10–12 weeks for composting of the poultry manure.

Nutritional quality of poultry manure depends on various factors including types
of birds, production techniques, quality of feeds, storage and handling methods,
climatic condition, age and moisture content of manures, etc. Decomposed poultry
manure contains a considerable amount of plant nutrients including 1.25% N, 0.7%
P, and 0.95% K (Table 3). In addition to NPK, poultry manure also contains a
considerable amount of micronutrients (Amanullah et al. 2010).

3.2.7 Crop Residue

Agricultural field residue includes the materials like stem, leaves, stalk, root, etc. that
are left after different management practices and harvesting activities in a field. The
residue can be encompassed in soil through plowing directly into the ground or
burning. Moreover, crop processing leaves several materials as an unusable product
like husks, unfilled grain, seeds, and root that can also be used as soil amendment.
Directly incorporation of such fibrous materials can improve soil physical properties
because they act as an energy source for soil microorganisms. Crop residues from
various sources contain a considerable amount of plant nutrients especially N, P, and
K (FRG 2012).
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3.2.8 Oil Cake

Oil cakes are milling by-products of oilseed crops (mustard, sesame, linseed, etc.) after
the oil has been extracted from an oilseed. Oil cake is a greater source of N and P. Oil
cake contains lower C:N ratio, but the higher mineralization rate in soil provides
quicker nutrient release. Oil cake normally contains 5.0–6.2% N, 1.4–2.0% P, and
1.20% K (FRG 2012).

3.3 Organic Amendments Influence on Soil Health

Organic matter status of soil greatly influences the soil quality and soil health. But
the decline of organic matter status in the soil due to intensive cropping with the
utilization of huge quantities of synthetic chemical fertilizers leads to the deteriora-
tion of soil fertility, a major concern of sustainable agriculture. Though it is very
difficult to recover and maintain the soil organic matter status up to a satisfactory
level, research findings indicated that organic amendments from various sources
improve the soil physical properties (Leroy et al. 2008), chemical properties (Scotti
et al. 2013) including recovery of soil organic C stock (Zhang et al. 2015; Sihag et al.
2015), and biological fertility of soil that ultimately improves the soil health.

3.3.1 Soil Chemical Properties

3.3.1.1 Soil pH

Soil pH is one of the vital chemical properties, which regulates the nutrient avail-
ability and crop productivity. The optimum pH range of a productive soil is 6.5–7.5
because such range hastens both macro- and micronutrient availability and ensures
higher microbial activity. Incorporation of organic amendment greatly influences the
soil reaction (Angelova et al. 2013). Variation of soil pH by addition of organic
amendment depends upon the organic residue type, application rate, inherent soil
condition, and buffering capacity of a soil. Amended substances initially increase
soil pH due to higher decomposition rate; later on, substantial inconsistency is
observed either above or below the inherent soil pH (Wong et al. 2000). It is
observed that the organic amendments lowered the buffering capacity of soil and
activated the disparity of soil pH (Neilsen et al. 1998). Several mechanisms could
explain the preliminary rise of soil pH, immediately after organic matter added
(Angelova et al. 2013). The regulating mechanisms include organic acid anion
oxidation, organic-N ammonification, organic molecule-specific absorption capac-
ity, and anaerobic reduction activity. The organic acid anion oxidation complies with
the lessening of H+ ions or the release of OH-ions during decomposition activity,
possibly playing a key role for immediate rise of soil pH (Sparling et al. 1999).
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Under anaerobic conditions, reduction of higher valence Mn oxides and/or Fe oxides
and hydrous oxides in soils is reduced and raised soil pH. Long-term addition of
organic manure or crop residue did not show a larger increase in soil pH (Van
Antwerpen and Meyer 1998). Soil pH varied with the type of organic amendment,
inherent soil pH, and proton budgeting.

3.3.1.2 Soil C:N Ratio

The soil C:N ratio is one of the important indicators that explain nutrient release
dynamics of added soil organic amendments. Heterotrophic microorganisms use
organic matter for their body intake and release amine group and different amino
acid in a fixed ratio (Datta et al. 2017c). The threshold C:N ratio for higher microbial
activity is ~25–30: 1. The addition of higher C:N ratio organic matter in the soil first
allows short-term N immobilization in microbial biomass and sudden drop in
nutrient availability. Thus, plants suffer nutrient deficiency and impair crop yield.
The lower C:N ratio in organic matter demonstrates higher mineralization rate.
Several reporters explain that organic waste with below 30:1 C:N ratio indicates
gross N mineralization, while above this level favor immobilization (Alexander
1977). The mineralization arises when the organic matter content in soil is more
than 2%; below this, immobilization occurs (Sivapalan et al. 1985). The C:N ratio of
organic matter varies according to the variety of sources. For example, the
composted organic amendment such as C:N ratio of poultry manure is 6.5:1, in
cereal residue 82:1, and in sawdust 664:1 (Huang et al. 2004). Moreover, different
organic materials having similar C:N ratio demonstrate different mineralization
behavior. The variation in decomposition rate of similar C:N ratio substance might
be due to its biochemical composition, for example, different lignin, cellulose, and
polyphenol content. Thus, in addition to C:N ratio, organic matter quality becomes a
key factor for amendment mineralization and nutrient release. Therefore, it is
essential to recognize proper quality organic amendment for ensuring sustainable
carbon stock and nutrient release.

3.3.1.3 Nutrient Cycling

Sustainable management of organic amendment in soil is essential to comprehend
the nutrient release pattern from organic residue. Several factors could enhance
nutrient dynamics in organic-amended soil, such as organic residue matrices, residue
mineralization mechanisms, sources, climate, soil properties, and management prac-
tices. Generally, organic matter contains different nutrient elements, including N, P,
and S, in a relatively constant amount. One ton of organic carbon addition through
organic amendment has the ability to release 8.3% N, 2.0% P and 1.4% S in soil
(Kirkby et al. 2011). The nutrient flux of soil depends on the decomposition rate of
the organic matter. This soil organic matter is considered as a source and sink of soil
nutrient cycling. Like, cereal crops intake nutrient through uptake mechanism, of
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which 1/4th N &P, 1/2 of P and 3/4th of K, are accumulated in crop residue. Thus,
incorporation of these residues can be an enormous source of nutrient for succeeding
crops. Nitrogen cycling is interlinked with the atmosphere, soil solution, organic
amendment, plant root system, and microbial activity. Organic material with high C:
N ratio encourages immobilization and ingestion of N in a heterotopic organism,
while a lower C:N ratio increases the mineralization rate. Submerge condition or
anaerobic mineralization of organic amendments will favor the denitrification pro-
cess. For a precise understanding of N budgeting and N cycling in the soil from the
organic amendment, consideration of the gross N transformation is essential.
Organic matter-amended 6-year experiment summarizes that farmyard composted
soil had a higher nitrification rate than the mineralization rate (approximately 10.2
and 5.7 g N ton�1 day�1, respectively); in contrast, opposite trends were seen in
liquid cattle-shed waste (approximately 1.6 and 2.9 g N ton�1 day�1, respectively).
Thus, nitrification rates of dairy wastes are higher than mineralization rate including
that repeated application enhances microbial activity and nitrification ability
(Habteselassie et al. 2006; Meena et al. 2017b). Organic matter shows a crucial
function in heightening the availability of soil phosphorus (Shen et al. 2011). In
general, depending on soil type, organic amendment contributes 20–80% of total soil
P. Organic amendment is also a good source of sulfur in the soil, although some soil
may contain a higher amount of inherent mineral S.

3.3.1.4 Cation Exchange Capacity (CEC)

Soil exhibits CEC mainly due to the negative charge of colloidal substances (clay
and humus). It is now a well-established fact that there is a strong positive correlation
between organic matter and CEC of soil. The influence of organic amendments on
CEC is largely interlinked with the soil texture and pH. A negative surface charge of
clay is linked with the isomorphous substitution of silica by aluminum in the clay
mineral permanently. In contrast, the decomposition of organic amendment releases
different organic acid; the dissociation of those organic acids causes a net negative
charge. The negative charge associated with fully decomposed organic matter, i.e.,
humus, is neutralized by cations in the soil. The CEC interrelated to the organic
amendment is termed as pH-associated CEC. Actual CEC of soil is significantly
influenced by soil pH. For example, the addition of the same amount of organic
matter from a specific source will provide higher CEC in a neutral soil (pH ~7) than a
soil with slight acidity. It is observed that the addition of organic amendment in
acidic soil (pH < 5.5) did not show a significant effect on CEC (Murphy 2015).
Higher CEC of a soil signifies the greater amount of organic matter or clay mineral
present in the soil indicating its higher fertility. The relationship between the soil
organic matter and CEC varies according to the soil textural class. An organic
amendment can contribute 4–50 times higher CEC than a given weight of the
clay. Depending on the organic residue reserve, the amendment increases CEC,
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first in the surface soil and subsequently in the subsurface soil. A 20-year long-term
experimental result indicated that surface addition of organic residue increased the
CEC of soil by 136 % (from 11 to 26 meq/100 g of soil) (Crovetto 1997).

3.3.1.5 Buffering Capacity

Globally, soil acidification is a great concern for sustainable soil management and
crop productivity. At low pH, availability of macronutrients gets decreased but tends
to increase micronutrient availability including several toxic elements. Buffering
capacity of soil can resist the extreme variation of soil pH. At present, it is well
established that organic amendment acts as a buffering agent against soil acidifica-
tion (Helyar et al. 1990). Buffering capacity of organic amendment depends on
several factors like source of organic residue, soil texture, clay content, CEC, and
soil reaction. For example, compost can be used as a buffering agent in acidic soil,
due to its higher CEC and release of nitrogen which helps to neutralize the
exchangeable acidity (Latifah et al. 2018; Verma et al. 2015b). The higher buffering
capacity might be associated with the higher release of exchangeable NH4

+ ions and
a humic acid fraction. In acidic condition, most of the humic fractions become
protonated and provide the basis for decreasing CEC. Moreover, at strongly acidic
(pH < 5) condition, microbial activity will slow down, thus reducing the decompo-
sition rate of organic amendment and subsequent reduction of buffering capacity. At
pH >5.5, the addition of organic matter can show its inherent buffering capacity
because of the enormous tendency of releasing H+ ions from humic acid and react
with hydroxyl (OH-) for neutralization. Thus, the addition of a judicious amount of
organic amendment containing inherent basic cations can actively enhance the
buffering capacity of the soil.

3.3.1.6 Electrical Conductivity (EC)

Intensive application of organic amendment enhances the salt concentration and
salinization. The organic amendment, more specifically composted manure,
enhances soil electrical conductivity of soil and thereby increases salinity and
sodicity of amended soil (Angelova et al. 2013). Organic amendment-induced
soil salinity might be due to the mineralization process of releasing soluble minerals
and solubilization of ions. The EC of the amended soil depends on the raw materials
used for composting their biochemical composition and mineralization process
(Atiyeh et al. 2002). Several reporters summarize slightly increase of EC due to
organic amendment, but the value remains below the threshold level of soil salinity
(4.0 dSm�1) (Bonanomi et al. 2014).
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3.3.2 Soil Physical Properties

3.3.2.1 Aggregate Stability

Structural stability is a vital property for maintaining soil health. Aggregate stability
of soil can improve other physical properties like pore space and thus accelerate gas
exchange, water retention capacity, and microbial activity of a soil (Van-Camp et al.
2004). Enrichment of organic matter can ensure higher aggregate stability and lower
erodibility of a stress-prone soil. Aggregate stability of soil is influenced by organic
amendment in three different ways. Organic materials act as binding agents of clay
particles through H-bonding and coordination with polyvalent cation. The functional
group of organic matter (i.e., COO) can neutralize the negative charge of the clay
surface that reduces the repulsion between clay particles. Moreover, organic matters
provide cementation and encapsulation surrounding the clay particles and reduce
hydrophobic nature and enhance stability. Fungal hyphen and microscopic plant
roots can also hold soil particles together. Amount and type of organic amendment
greatly influence the aggregate stability of the soil. The readily decomposable
organic amendment has a strong and a transitory effect on the aggregate stability,
while more stable lignin and cellulose-containing matter have less but consistent
effects. During the decomposition process of organic matter, microorganisms release
polysaccharides and raise aggregate stability by enhancing their inter-cohesion. In
converse, aggregate hydrophobicity can enhance by adding the more humic com-
pound to the clay minerals (Van-Camp et al. 2004). Mean weight and the diameter of
aggregate increased with the addition of more organic carbon in the soil (Haynes
2000). However, to preserve suitable aggregate stability in soil, it is necessary to
maintain a minimum of 2% SOC although the threshold level for structural ability is
3–3.5% SOC (Boix-Fayos et al. 2001). Long-term experimentation with organic
amendments (crop waste and manure) in rice-wheat cropping pattern showed higher
macroaggregates (Das et al. 2014). Source of the organic amendment also plays an
important role in enhancing structural stability. Among the plant species,
nonleguminous species exhibited greater aggregate stability, because of their higher
root mass and higher rhizospheric microbial biomass. Nonleguminous plant com-
post-treated plot showed higher soil structural stability (28.3%) as compared with
leguminous-composted one in 4-year study results (Tejada et al. 2009; Datta et al.
2017b).

3.3.2.2 Bulk Density

The bulk density is the dry weight of soil per unit bulk volume. Soil porosity,
cohesiveness, and structural development of soils as well as soil health are strongly
coordinated by the bulk density (Heard et al. 1988). Low values of bulk density
mean a porous soil and high values a soil with low porosity. Bulk density is an
integrated activity of soil solid composition (mineral and organic fraction). There is a
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strong negative relationship between soil organic amendment and bulk density.
Improvement of soil aggregation indicates the presence of higher colloidal sub-
stances and lower bulk density. The degrees of decomposition of organic matter
predominantly synchronize the bulk density of soil. A partially decomposed organic
matter such as fibrous material increases the porosity of soil and decreases its bulk
density. Moreover, the type of organic amendment and cropping pattern also con-
sidered as influencing factors for bulk density of soil. The application of organic
amendment influences the bulk density and macroporosity of sandy loam and clay
soil (Rivenshield and Bassuk 2007). In general, soil containing lower density aids
easy root penetration and root growth. Lower soil bulk density confirms higher water
holding capacity and nutrient use efficiency (Ikpe and Powell 2002). High bulk
density accelerates surface runoff and erosion losses of soil and nutrient because of
water movement through the soil restricted by compact soil. Thus, organic amend-
ment positively affects the bulk density of all soil types because it clearly increases
microporosity.

3.3.2.3 Particle Density

Particle density is used to estimate volume basis, total pore space, soil and water
viscosity, soil temperature attributes, and air and water retention in soil (Hillel 1998).
Several soil activities including mass flow and preservation of soil air and water, as
well as nutrient transportation system within the soil, are largely dependent on the
particle density-associated parameters. Organic matter is a part of the soil solid
portion and has a noteworthy impact particle density. An increase of soil organic
portion in soil signifies its higher particle density. Conversely, the lower ones with
similar texture contain higher particle density. The addition of organic amendment
decreases the particle density, mostly due to the increasing organic portion in soil,
and decreases the ratio of mineral and organic matter in soil solid (Hillel 1998).
There is a highly significant correlation between particle density and SOC. Depth
effect of SOC on particle density displays inconsistencies. For example, variations in
SOC concentration in the 0–10 cm depth explained notably larger variability in
particle density (ρs) (~ 75% change), while for the 10–20 cm, depth variability in ρs
was 54% and 45% for the 20–30 cm depth (Blanco-Canqui et al. 2006). Particle
density increases with depth because of the simultaneous decreasing trend of organic
matter content and increasing metal concentration. Soil organic matter and clay
content significantly influence the particle density of a soil (Schjønning et al.
2017; Kumar et al. 2018).

3.3.2.4 Soil Water Holding Capacity

Water holding capacity (WHC) can be described as the ability of a soil to preserve
water. Several soil properties like soil porosity, macro- and micropore number, the
specific surface areas of soils, surface crust, slaking tendency, and absorption
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capacity have primarily triggered the WHC of a soil. Organic amendment and its
composition significantly affect the major water retention factors, soil structure, and
adsorption behavior; thereby organic amendment plays a dominant role in water
retention in the soil. Higher organic matter content in soil increases aggregate
stability and decreases bulk density and increases porosity and the number of
micropore in soil (Haynes and Naidu 1998). Pore space provides key ways for
entering soil water and gases within the soil profile. WHC of a soil strongly
correlated with the soil structure and bulk density. The effect of the organic amend-
ment on WHC tends to be greater in coarse-textured compared with fine-textured
soils because WHC in heavy clay soils gets decreased with increasing SOC content.
Thus, there is a strong synergistic relationship among textural components, SOC
content, and WHC (Rawls et al. 2003). Plants can uptake readily available water
(water held between field capacity FC, at matric suction of �10 kPa), and the
unavailable ones were held between permanent wilting point PWP, at matric suction
of �1500 kPa. Soil organic carbon can improve available water content in the soil
(Haynes and Naidu 1998). An increase of 1% SOM can enhance 1.5% additional
moisture by volume at FC (Wolf and Snyder 2003). Again, each gram of SOC can
increase 50% water holding capacity of soil (Emerson and McGarry 2003). Organic
amendments release humic acid substances, which can enhance water retention,
available water content, and aggregate stability (Larney and Angers 2012). The
organic amendment covers the soil surface and thus protects the soil from sealing
and crusting by raindrop impact, thereby enhancing rainwater infiltration and reduc-
ing runoff. The short-term and long-term higher infiltration rate and cumulative
infiltration were observed in the decomposed organic residue than stable residue
(Mahmood-ul-Hassan et al. 2013).

3.3.2.5 Hydraulic Conductivity

Hydraulic conductivity describes the ease of movement of water through the pore
space. The combined activity of hydraulic conductivity and soil porosity regulates
soil water movement, soil aeration, and available water for the plant. Organic
amendment plays a vital role in improving structural stability, which enhances
macroporosity and then encourages hydraulic conductivity or water flow of a soil
(Tisdall and Oades 1982). Macropore can regulate the soil water movement, infil-
tration rate, and good tilth condition of soil (Boyle et al. 1989). Several studies
explained that the application of manure could raise soil structure and porosity,
thereby improving the saturated hydraulic conductivity (Ksat) and infiltration rate
(Benbi et al. 1998). It is observed that incorporation of organic amendment increased
Ksat at all pressure heads at rooting depth (Eusufzai and Fujii 2012; Meena et al.
2015). As compared to control, field-saturated conductivity was increased by 34.4%
due to the incorporation of compost while 15.9% for straw and sawdust-amended
soils. Thus, organic amendment improves the hydraulic conductivity of soil through
increasing the soil porosity.
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3.3.3 Soil Microbial Properties

Organic amendments from different sources not only influence the soil physical and
chemical properties but also greatly regulate the soil microbial properties. Soil
microbes are important drivers of various nutrient cycling, nitrogen fixation, and
nitrification process (Lynch and Bragg 1985; Lee and Pankhurst 1992; Tejada et al.
2009). Organic matter decomposition is one of the crucial roles of soil microorgan-
isms. Moreover, microbial communities in the soil have significant control on the
dynamics of soil carbon (Grandy et al. 2009) and ultimately influence the global
carbon cycle (Doran 2002). Different types of organic amendments potentially
increase soil organic matter (SOM) content (Seiter and Horwath 2004), a significant
component of soil health. Improvement of SOM content in soil is important because it
strongly influences the soil microbial community. The labile fractions of SOM
provide the primary carbon substrate for the soil microbial communities, especially
for the soil heterotrophic microorganisms. Organic amendments which increase the
growth and activity of soil microbial communities indicate a strong relationship
between microbial functioning and carbon content in soil (Chakraborty et al. 2011).
Research studies demonstrated that organic amendments in soil ensure higher soil
quality and higher biological activities including microbial populations, microbial
respiration, soil microbial biomass carbon, and nitrogen content as compared to the
traditional farming systems (Mäder et al. 2002; Girvan et al. 2004; Baaru et al. 2007).

3.3.3.1 Soil Biomass Carbon

Soil microbes are miracle creature in nature, while microbial biomass carbon is a
responsive index of soil fertility and biotic attribute. It plays a crucial role in
biogeochemical processes which are influenced by the addition of different organic
and inorganic fertilizers in soils (Cerny et al. 2008). Microbial biomass in soil is a
labile organic pool which unveils a quick output and acts as a regulatory dynamism
of cycles of different macronutrients in crop fields. Microbes constitute about one-
quarter of all living biomass on earth. The microbes perform a noble deed in the
breakdown of different organic fertilizers, while microbial biomass is used as an
early indicator of changing physical and chemical properties of soils because of
different soils and crop management practices.

Microbial populations in soils are highly diverse, while the relation between their
diversity and function influences soil structural stability and crop productivity. Soil
organic matter, nutrient and water contents, physical and chemical properties, and
climatic parameters influence microbial biomass in soils (Tomich et al. 2011). Soil
microbial communities are influenced by land use changes and management prac-
tices. Organic farming with compost amendment has been shown to favor soil biota
and provide better results in terms of biomass carbon and nitrogen compared to
intensive farming with inorganic fertilizers (Santos et al. 2012; Amaral and Abelho
2016). It is found that the application of different manures and crop residues,
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adoption of crop rotation, and tillage practices alter soil organic matter dynamics by
manipulating the soil environment and microbes hauling out C and N transforma-
tions (Anik et al. 2017; Zuber et al. 2018; Yadav et al. 2017a, b; Datta et al. 2014).
The application of poultry manure, cow dung, and rice straw along with inorganic
fertilizers contributed to higher biomass carbon compared to the sole application of
inorganic fertilizers and zero input control (Table 4). Irrespective of organic mate-
rials, biomass carbon contents in soils were increased with the advancement of rice-
growing periods, while the contribution of organic materials in the enrichment of
biomass carbon in soils followed the order poultry manure >cow dung> rice straw
(Table 4).

3.3.3.2 Soil Biomass Nitrogen

Like microbial biomass carbon in soils, biomass nitrogen is also a sensitive indicator
which maintains ecological stability and strength of the environment. It reveals the
soil quality in terms of soil fertility. Biomass nitrogen depends on soil physicochem-
ical properties, microbial diversity, and soil and crop management practices includ-
ing fertilizer application using organic and inorganic sources and climatic
conditions. Undisturbed forest soil generally contains high amount of biomass
nitrogen while lower in the grasslands and lowest in the agricultural soils
(Miechówka et al. 2011). The typical value of biomass nitrogen in agricultural
soils ranges from 10 to 60 g kg�1; however, it may vary from <2 to >30 g kg�1

(Anik et al. 2017). The higher the biomass nitrogen, the higher the soil fertility.
Different organic and inorganic fertilizers are applied to crop fields which determine
the intensity and diversity of microbial populations in soils and thereby depict the

Table 4 Microbial biomass carbon (mg kg�1) and nitrogen (mg kg�1) in soil under different
organic residues and chemical fertilizer management practices at different days after transplanting
(DAT) of rice (Anik et al. 2017)

Treatment

Biomass carbon and nitrogen (mg kg�1) at different DAT

0 30 60 90 120

Biomass carbon

Rice straw 32.48 47.52 67.53 182.11 304.92

Poultry manure 100.81 114.84 121.25 300.92 431.64

Cow dung 47.30 71.28 91.58 178.34 380.12

Inorganic fertilizer 73.35 140.73 110.88 166.80 328.68

Control 16.99 35.51 49.32 118.32 199.94

Biomass nitrogen

Rice straw 4.65 6.81 8.41 15.46 18.15

Poultry manure 5.01 13.39 13.81 18.72 31.60

Cow dung 4.70 6.99 11.55 14.37 27.18

Inorganic fertilizer 5.79 11.82 10.93 18.20 20.12

Control 3.25 6.43 6.01 11.52 9.88
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amount of biomass nitrogen. Inorganic nitrogen fertilizer application has a signifi-
cant effect on the transformation of biomass nitrogen (Table 4).

Different organic materials and their quality largely contribute in the biomass
nitrogen content in soils. The C:N ratio in soils plays a strategic role in the turn over
process of microbial biomass nitrogen. Research findings confirmed that the addition
of a readily decomposable organic material with a low C:N ratio did not contribute
greatly to the increase in the amount of soil microbial biomass N, while the addition
of a material with high carbon with nitrogen ratio (C:N) prompted the immobiliza-
tion of inorganic nitrogen and amplified the amount of microbial biomass N
(Aoyama and Nozawa 1993). Nevertheless, the biomass forms in such a situation
do not exist for a longer time period. After a certain period, immobilized N again
mineralizes and supplies mineral N to the soil for crops.

3.3.3.3 Soil Microbial Population

Microbial population is considered one of the most important indicators of soil
fertility which ultimately ensure the improvement of soil health. Amendment of
organic materials to soil stimulates soil microbial populations which enhances the
soil biological activities (Brady and Weil 1999). The increased number of microbial
population in organic matter applied soils might be due to the supply of sufficient
feed for the microorganisms from the organic amendments. It has also been hypoth-
esized that application of organic manure would increase the availability of second-
ary nutrients as well as micronutrients in the soil, which favors the increase of soil
microbial population (Krishnakumar et al. 2005). Investigation results of a long-term
experiment indicated higher microbial biomass under organic management practices
as compared to the traditional farming systems (Liu et al. 2007; Ram and Meena
2014). Addition of any organic manure either from plant or animal origin ensures the
higher input of organic carbon in soil, which enhances the microbial population.
Though it is very likely that organic amendments will enhance the microbial
population, the number of microorganisms may vary from one source of organic
amendments to another.

• Fungal population

Among the microbial communities in soil, bacteria and fungi are considered the
most important constituents of soil biological characteristics. Fungi play very vital
roles in organic matter build up, decomposition, mineralization, and cycling of
nutrients especially nitrogen and phosphorus in soil. Fungi greatly enhance crop
production through mycorrhizal associations. Fungi are also responsible for C
sequestration in soil particularly in forest soils (Clemmensen et al. 2013). Organic
carbon status of soil mostly enhances the soil fungal population (Girvan et al. 2004;
Marfo et al. 2015; Lojkova et al. 2015). In general, the fungal population is increased
in the organic manure-amended soil as compared to the control soil where no organic
manure is applied. Research findings indicated a higher number of fungal population
in organic manure-amended soil (13 � 104 CFU/g soil) as compared to the control
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(4 � 104 CFU/g soil) soil that received no organic manure (Narasimha 2013). The
higher fungal population in organic manure applied soil might be due to the
favorable soil pH and optimum organic carbon supply by the organic amendments.
Different sources of organic amendments greatly influence the fungal population. In
a 2-year experiment, it was observed that fungal population in the first year got the
significantly highest value of 25.23 � 103 CFU/g soil for vermicompost-amended
plots, while the significantly lowest value of 11.37� 103 CFU/g soil was recorded in
control plot (Das and Dkhar 2012). In another experiment, farmyard manure dem-
onstrated significantly higher fungal population among different organic amend-
ments (Swer et al. 2011), and fungal population for different treatments follows the
order as farmyard manure > plant compost > integrated compost >vermicompost>
control. In most cases, it is evident that organic amendments increase fungal
population, but there is also a report regarding no significant variation of the fungal
population due to different types of organic amendments. Research findings revealed
that the fungal population did not vary significantly due to different organic amend-
ments in the last year of a 2-year experiment (Das and Dkhar 2012; Dhakal et al.
2016).

• Bacterial population

The soil is the most important habitat of bacteria. Among all microbial commu-
nities in the soil, bacteria are the most populous, even though the weight of fungi
may exceed the weight of bacteria. One gram of soil can contain billions of bacteria.
Organic matter status of soil is crucial for the multiplication of soil bacteria. Some
bacteria may double their numbers within 30 min, especially when the soil contains
adequate amounts of organic residues. Most of the soil bacteria are heterotrophic in
nature and directly rely on soil organic matter as they receive their food and energy
from organic substances. Research findings indicated that organic amendments
commonly increase the bacterial population as compared to the no manure amend-
ments but bacterial population may be altered by different sources of organic
amendments too. Results of a long-term experiment that was managed for the last
29 years by the Department of Soil Science, BSMRAU, Gazipur, Bangladesh
revealed that organic amendments significantly influence the bacterial population.
Among the organic amendments, significantly the highest number of bacterial
population was enumerated from rice straw-treated plots (22 � 105 CFU/g soil),
and the lowest population (6 � 105 CFU/g soil) was observed in control (no organic
manures) treatment. The higher microbial population in soil due to the application of
organic residues might be due to higher organic carbon build up in soil and creation
of suitable soil properties. Among the organic amendments, vermicompost also
showed significant influence on soil bacterial population. The highest bacterial
population was enumerated in vermicompost-amended plots (55.19 �105 CFU/g
dry soil) followed by the amendment of farmyard manure (54.26 � 105 CFU/g dry
soil), whereas the lowest number was recorded in control treatment having a value of
30.89 � 105 CFU/g dry soil (Das and Dkhar 2011).

The rate of organic amendments is also crucial in regulating the bacterial popu-
lation. Research findings clearly demonstrated that the number of spore-forming
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bacteria is positively correlated with the dose of applied compost (Zaccardelli et al.
2013). Moreover, some reports illustrated the decline of bacterial population due to
organic amendments. Study results clearly illustrated that the addition of wheat straw
in soil decreased the bacterial population (Acea and Carballas 1996). This might be
due to the slow decomposition nature of the straw which resulted in lower availabil-
ity of organic carbon for the bacterial community. It is also reported that high doses
of organic amendments negatively influence the microbial biomass and enzyme
activities (Ouni et al. 2013; Datta et al. 2017a). This negative behavior might be
due to the toxic effect of the increased trace elements at a higher dose of organic
amendments (Crecchio et al. 2004).

4 Biochar and Organic Amendments for Carbon
Sequestration and Climate Change Mitigation

Carbon sequestration is a process of taking away of carbon from the atmosphere in a
solid material through biological or physical processes and storing in the natural
environment for an unlimited period. Plants naturally perform this function
converting atmospheric carbon dioxide (CO2) into organic carbon through the
process of photosynthesis and incorporated into living plant matter (Rice and
McVay 2002; Rahman 2010). The continuous falling off of branches and leaves
from vegetation increases fresh organic materials to soils and when plants die adds
more biomass which decays and becomes soil organic matter (SOM), and thus,
carbon is sequestered into the soil. The sequestration of organic carbon is a requisite
for soil health improvement, crop yield increment, and higher use efficiencies of
plant nutrients (Rahman 2013). Soil organic carbon is a dominant factor which
governs soil biological and physicochemical properties and ensures agricultural
and environmental sustainability. In the tropical and subtropical climatic regions,
high soil and air temperature coupled with high moisture content favors microbial
decomposition of different organic fertilizers like compost, manure, crop residues,
etc. added to soils, and thereby organic matter content reduces fast. Faster microbial
decomposition of leftover crop residues and added organic wastes resulted in lower
carbon content in soils (Rahman 2010; Agehara and Warncke 2005). Consequently,
the present carbon contents and carbon stocks in soils of many countries in the
tropical and subtropical climatic regions are declining at an alarming rate. It is a great
challenge and global concern to increase carbon content in soils. Resource conser-
vation strategies and best management practices are essentially required to sequester
carbon in soils. The sequestration of organic carbon is the result of the long-term
input-output budget, i.e., the balance between input as the addition of organic C
using various organic materials and output as losses from the soil as CO2 emission.
Continual soil disturbance through plowing and other soil and crop management
practices expedite microbial decomposition of organic matter, although a large
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amount of C is added to the soil through residues of different crops which ultimately
results in either a net stockpiling or a net reduction of soil carbon in soils.

The soil has enormous potential in storing carbon more than three times of the
terrestrial vegetation which depends on how we manage our soils. It is reported that
the world’s agricultural and degraded lands can potentially store carbon 50–66% of
the historic carbon loss of 42–78 giga tons (Lal 2004). The organic carbon stocks in
the world’s soils are 1550 Pg, while inorganic carbons are 950 Pg (Lal 2008). Soil
physical properties (texture and structure), climatic factors (rainfall and tempera-
ture), and soil and crop management practices manage the rate of soil organic carbon
sequestration. Carbon stock and sequestration in soils can be increased through
adoption of resource conservation strategies and best management practices like
zero tillage, minimum tillage, green manuring, cover crops, balanced and optimum
fertilization, manuring, sludge and compost application, and social forestry. Appli-
cation of different organic amendments including biochar can play a vital role to
replenish and conserve carbon in soils and ensure agricultural sustainability. Biochar
is a fine-grained, highly carbonaceous material which is persistent in nature and can
sequester carbon in the soil for a long time. It has also a significant contribution in
developing soil structure encompassing soil particles together, and thus biochar not
only sequester its own carbon but also protect inherent and applied carbon using
different sources. The mineralization of biochar is much slower than any other
organic materials. Research findings demonstrated a carbon mineralization rate of
1.5% in biochar-amended soils, while in the non-amended soil, it was 2.4%
(Hernandez-Soriano et al. 2016). The rate of carbon reduction in biochar-mixed
soils is restricted compared to cow dung and poultry manure mixed soils (Fig. 6).
Biochar is known as an inert matter which contributes to the soil recalcitrant organic
carbon pool which is resistant to high temperature and high moisture and to further
microbial decomposition. The rates of organic carbon sequestration of different
biochar in soils might be about 1 Pg C year�1 (Sohi et al. 2010). The half-life of
carbonized materials in biochar is about 1400 years (Kuzyakov et al. 2009). How-
ever, several estimates confirmed that carbon could remain in soils at least 100 years
through the application of biochar in agricultural lands if managed properly
(Shackley et al. 2009). The application of rice husk and corn stover biochar signif-
icantly improves soil aggregation and structural stability, increases carbon, and
improves soil health. A healthy soil containing high organic carbon is capable of
exchanging different cations and holding more water in soils and decreasing CO2

emission (Mohan et al. 2018).
Carbon added to the soil using different organic amendments and crop residues

undergoes a series of transformation from labile to recalcitrant forms. The labile C
upon decomposition releases CO2 to the atmosphere which favors the globe to
become warm. The labile pool of carbon in soils is vital for maintaining soil fertility,
its productive capacity, and ecosystem community, while the recalcitrant carbon
pool promises to sequester more carbon and inevitable for maintaining the structural
integrity of the soils and long-term sustainability of the environment. The organic
material that contains a higher amount of labile carbon sequesters less amount of
carbon in soils while releasing more carbon to the atmosphere as shown in Table 5
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(Rahman et al. 2016; Meena and Yadav 2014). The data presented in Table 5
revealed that among different organic materials, the highest amount of organic
carbon sequestered in poultry manure-treated soil is followed by cow dung, rice
straw, and inorganic fertilizer. Manure was found more powerful in building soil
carbon than straw, possibly because of the occurrence of more humified and
obstinate C forms in manure contrasted with rice straw.

Soil carbon content is influenced by tillage operations, fertility levels, cropping
systems, and cropping intensity. More tillage and intensive cultivation with high

Fig. 6 Reduction in carbon contents of organic materials added soils under different temperature
regimes: (a) cow dung, (b) vermicompost. (Source: Hossain et al. 2017); (c) rice husk biochar, and
(d) mixed timber biochar

Table 5 Effect of organic manures, rice straw, and inorganic fertilizers on carbon sequestration
and carbon loss in the soil after harvesting of five rice seasons where C was applied at 2000 kg ha�1

in each crop season (0–15 cm soil depth) (extracted from Rahman et al. 2016)

Treatment

Total C
input
(kg ha�1)

Labile C
(g kg�1)

Carbon
sequestration
(t ha�1)

%C
emission
loss

%C
sequestration

%C
unaccounted

Control – 2.92 �1.36 – – –

CD 10,000 5.70 3.03 36 30 34

PM 10,000 4.88 4.90 28 49 23

RS 10,000 6.98 1.04 37 10 53

STB – 3.78 0.04 – – –

Note: CD cow dung, PM poultry manure, RS rice straw, STB soil test-based fertilizer, C carbon
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levels of inorganic fertilization enhance the decomposition of inherent as well as
added organic materials in soils resulting in lower carbon in soils. The cropping
systems and soil and crop management practices that provide higher carbon input
might help in sustaining the carbon level and maintaining good soil health. Findings
of a research study revealed that minimum tillage in an uninterrupted monoculture of
cotton increased soil organic carbon by 24% compared to conventional tillage, while
crop rotation increased soil carbon contents by 28% in a cotton corn (Zeamays L.)
(Wright et al. 2008) rotation compared to continuous cotton. In another experiment,
it was found that minimum tillage in rice cultivation contributed to higher carbon
accumulation in soils compared to traditional tillage even though total carbon input
was low under minimum tillage (Table 6). Figure 7 revealed the carbon stock and
sequestration in soils of rice-fallow-rice cropping systems under different organic
management practices. It was found that poultry manure contained more stable
carbon and contributed to higher carbon stock as well as carbon sequestration
contrasted with cow dung and rice straw (Rahman 2010). Management practices
that ensure slower microbial decomposition of added residues are likely to increase
carbon content in soil and thus enhance carbon store in soils. Therefore, the
identification of such soil and crop management practices is the main concern for
building carbon in soils and sustaining crop productivity.

The organic matter content in soil is responsible for making the agricultural
system sustainable. The soil has an immense capacity to serve as an eventual sink
of atmospheric CO2. The concentration of CO2 and other GHGs in the atmosphere is
high enough to make the globe warmed and climate changed. During the last
century, the planet’s average surface temperature has increased by 1.1 �C which is
caused by the increased emission of CO2, CH4, N2O, and NO into the atmosphere.
The sequestration of carbon in soils can possibly alleviate the harmful effect of
global warming and climate change on crop cultivation. Different soil and crop
management practices and organic materials including biochar increase soil carbon

10

C
ar

bo
n 

st
ro

ck
 &

 s
eq

 in
 s

ol
i (

t/h
a)

C
ar

bo
n 

st
ro

ck
 &

 s
eq

 in
 s

ol
i (

t/h
a)

9
8
7
6
5
4
3
2
1
0 0

5

10

15

20

25

30

35

40

45

PM CD

Initial C Final C C sequestration Initial C Final C C sequestration

Management practices Management practices

(b) 0-30 cm soli depth(a) 0-5 cm soli depth

RS PM CD RS

Fig. 7 Carbon stock and sequestration (t ha�1) in soils under different management practices in
rice-fallow-rice cropping systems in Bangladesh. (Rahman 2010), PM poultry manure, CD cow
dung, RS rice straw

76 G. K. M. M. Rahman et al.



stock, and thus soil health is improved which makes it capable of acting against the
negative effects of climate change (Soderstorm et al. 2014). Different management
practices like diversified cropping systems, application of wastes/compost, and
tillage operation coupled with balanced fertilization using organic and inorganic
sources have high potential to increase carbon content in soils. Organic debris and
plant residues added to soil convert into more steady humic substances and contrib-
ute in the development of various organomineral compounds and microaggregates
which safeguard soil carbon from mineralization and thus help to enhance C
sequestration (Lal 2016). Carbon sequestration prevents CO2 emissions produced
by human activities and remove it from the atmosphere in different ways and stores it
in soils. Carbon sequestration increases with enhancing plant physiology and rate of
photosynthesis which ultimately results in higher plant biomass (Lal 2004). It is
found that 1 ton of carbon increases in soils can increase yields of maize, wheat, and
cowpeas by 10–20, 20–40, and 0.5–1 kg ha�1, respectively, while such augmenta-
tion in carbon can possibly relieve 5–15% of the worldwide emission from fossil fuel
burning (Lal 2004; Verma et al. 2015).

Capturing CO2 from large point sources such as fossil fuel power plants and
enduringly storing it in different reservoirs away from the atmosphere is a process to
lessen global warming (USDE & NETL 2007). It is reported that the use of organic
amendments like manures, composts, biochar-compost mixtures, etc. can be the
better option for the improvement of soil fertility, restoration of degraded land, and
mitigation of emissions of greenhouse gases from agricultural practices and land use
changes (Agegnehu et al. 2017). It is understood that the application of organic
amendments to agricultural lands ensures a continuous supply of carbon pool which
might reduce the emission of greenhouse gases from soil, and thus it helps in the
mitigation of global warming and climate change (Rahman et al. 2016; Lehmann and
Joseph 2015). Biochar releases less emission compared to fresh organic materials.
Carbon dioxide emissions in chicken manure, rice straw, vermicompost, cow dung,
and rice husk biochar were 19.69, 18.60, 12.16, 12.01, and 7.96%, respectively
(Hossain et al. 2017). It was also reported that biochar produced from poultry
manure releases more greenhouse gas compared to biochar from sugarcane straw.
However, both can considerably reduce the CO2eq emission (Novais et al. 2017).

5 Conclusion

Intensive cultivation coupled with high temperature and high moisture content
favored faster decomposition of organic matter in soils. The resultant effect of faster
mineralization of organic matter is declining soil fertility and increasing greenhouse
gas emission. Biochar and other organic amendments potentially can sequester
carbon in soil and reduce carbon dioxide emission to the atmosphere. The applica-
tion of such materials improves soil health through developing soil aggregates,
increasing soil nutrient and water contents, exchanging cations, easing hydraulic
conductivity, and enhancing microbial activity, biomass carbon, and nitrogen while
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maintaining soil pH and bulk density to a favorable level for crop production.
Resource conservation strategies and continuous supply of organic materials help
to increase and maintain carbon content as well as the fertility of soil where biochar
appeared as a promising amendment for storing carbon in the soil and mitigating
global warming.
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Arbuscular Mycorrhizal Fungi
and Nutrient Cycling in Cropping Systems

Sergio Saia, Elisabeth Tamayo, Calogero Schillaci, and Pasquale De Vita

Abstract Soil nutrient cycling in the soil-plant system of crops relies on the effects
of the agronomical practices on soil conditions, especially soil microbial population
mediating soil carbon transformation (either mineralization or stabilization), nitro-
gen cycle including soil nitrogen transformation, uptake and return from plants, and
nitrogen losses, and the fate of other elements mediating these trade-offs, including
phosphorous.

Arbuscular mycorrhizal fungi (AMF) are widespread, soil-borne microbes living
in an obligate symbiotic status with most of the land plants. Such symbiosis can
bring considerable benefits to plant growth, uptake of nutrients, and soil conditions.
However, such benefits are not frequently seen in the field since the agronomical
practices, especially tillage and use of fungicides, impair its development, which can
partly be overcome by inoculation. Also, the increase of CO2 concentration with
climate change and nitrogen fertilization could negatively affect the AM benefit for
the plant in the short term and increase the carbon cost for the plant when aggressive
AMF are used. For such a reason, there is a need for long-term studies from the
agronomical point of view on the role of field inoculation with AMF on both plant
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yield and soil conditions. Soil could be improved by the AMF inoculation in terms of
redistribution of nutrients, augmented aggregation status, increase unstable soil
organic carbon content, and reduction in carbon and nitrogen losses. In the present
chapter, we will show the main agronomical benefit of inoculating AMF in cropped
soils, along with results from field experiment and hints on the functioning of the
plant-AMF symbiosis under field conditions. Perspectives of the use of and research
on the arbuscular mycorrhizal technology under field conditions are also given.

Keywords Field crops · Horticultural crops · Beneficial microbe inoculation ·
Fertilization · Management

Abbreviations

Al Aluminum
AM Arbuscular mycorrhizal
AMF Arbuscular mycorrhizal fungi
C Carbon
Ca Calcium
DB Dry biomass
EMF Ectomycorrhizal fungi
ERM Extra-radical mycelium
Fe Iron
IRM Intra-radical mycelium
K Potassium
N Nitrogen
Na+ Sodium
NFB N2-fixing bacteria
O Oxygen
P Phosphorus
PGPR Plant growth-promoting rhizobacteria
Pi Inorganic phosphorus
Po Organic phosphorus
S Sulfur
SOC Soil organic carbon
SOM Soil organic matter

1 Introduction

Agriculture is moving toward sustainable production strategies, which include the
integration of the microbial technology in cropping systems. Strategies of sustain-
able intensification primarily foster to increase yield and quality per unit input and
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long-term sustainability and to reduce energy input in agroecosystems through an
optimization of the turnover of the elements and improved biological control of
stresses (Godfray and Garnett 2014). Achieving such goals implies the establishment
of focus at the regional, water basin, ecosystem, and plot management level (Loos
et al. 2014), which should meet at one time the social expectations of food quality,
security, health, and environmental protection. Among these strategies, sustainable
intensification should rely on the magnification of the positive relationships among
species in the stand (including plants, animals, and microbes) and components of the
ecosystems (including living organisms, soil, atmosphere, etc.) (Tittonell 2014).

The importance of soil biodiversity and the potential of the soil microbial
population to sustain plant yield while maintaining or reducing the environmental
footprint of cultivation are known for a long time (Karlen et al. 1997; Brussaard et al.
2007; Wurzburger et al. 2017), but frequently neglected. Such a measure of increas-
ing biodiversity, with special emphasis on soil biodiversity, is strongly needed for
arable lands (Rüdisser et al. 2015; Buragohain et al. 2017). In these systems, soil-
living communities are frequently threatened by long fallow and soil tillage (Roger-
Estrade et al. 2010; Spurgeon et al. 2013), the latter of which also consists in a
disturbance of SOC accumulation that is pivotal to foster soil biodiversity and
building fertility.

In sustainable agroecosystems, soil microflora and soil fauna are of key impor-
tance to control soil-borne diseases and determine species fitness, yields and quality
due to their roles in the biogeochemical cycle of elements and ecological niche (Rillig
et al. 2019). For such reasons, scientific research shows a growing interest to delve
into biodiversity, dynamic and significance of microbial populations in soil, and the
mechanisms that rule their biological activity (Bowen and Rovira 1999).

In the soil microbial survey, mycorrhizal fungi and N2-fixing bacteria (NFB) play
a major role as symbionts of cultivated crops because of their ability to solubilize and
take up nutrients, to derive nitrogen from the atmosphere, to protect the plant from
abiotic and biotic stresses, and to regulate ecosystem functioning (van der Heijden
et al. 1998; Barea et al. 2005; Smith and Read 2008).

Mycorrhizal fungi [Greek: μύκης (mykes)¼ fungus; ρίζα(rhiza) ¼ roots] are a
variegated group of fungi from various fungal clades with the common feature of the
ability to interact with plants in a mutualistic relationship. This symbiosis has several
implications for both the plant and the fungus, the most common of which implies
the facilitation of the uptake of nutrients from the fungus to the plant and the direct or
indirect delivery of photosynthates from the plant to the fungus. The mycorrhizal
symbiosis appeared on earth about 460 million years ago and helped plants during
the early colonization of lands (Smith and Read 2008). Given its ancestral occur-
rence, this association can be found in the 80% of plant species, and it is involved in
major nutrient fluxes in the soil-plant system.

The ability to interact or being colonized by mycorrhizal fungi varies with the
plant species. Usually, some forest trees, legumes, and C4 species are likely to
strictly engage a relationship with mycorrhizas. Some plant species seem to be
completely dependent on mycorrhizas for their nutrient uptake, and others do not
form mycorrhizal associations. The non-mycorrhizal-host traits of some species
(mainly in the families Juncaceae, Cruciferae, Chenopodiaceae, Cyperaceae, and

Arbuscular Mycorrhizal Fungi and Nutrient Cycling in Cropping Systems 89



Caryophyllaceae) might be a derived trait and the outcome of specialization regard-
ing, e.g., the plant habitat (Wang and Qiu 2006; Datta et al. 2017). Mycorrhizal
symbioses can be divided into seven groups basing on histological and genetic traits
(Table 1).

The most frequent groups include the arbuscular mycorrhizal fungi (AMF) and
ectomycorrhizal fungi (EMF). AMF and EMF have a wide range of hosts. Other
kinds of mycorrhizal symbioses have a certain specificity between some fungi taxa
and plant families and have minor importance for crops grown in the field.

EMF is distinguished by a dense mycelium sheath around the roots and an
intercellular hyphal invasion of the plant root cortex forming the Hartig net. From
both structures, an intricate hyphal net web spreads in the surrounding soil.

AMF are polynucleate haploid organisms with an obligate symbiotic status. They
are characterized by an active penetration into the root cortex and the formation of
arbuscules into the root cells. Arbuscules are tree stem-like shaped organs, which set
an extended surface area for nutrient exchanges between the fungus and the cell
cytoplasm.

Table 1 Table summarizing key differences between mycorrhizal association types

Type AMF* EMF* Ectendo- Arbutoid Monotropoid Ericoid Orchid

Septate 
hyphae - (+)* ± ± + + + +

Hyphae in 
cells + - + + + + +

Hyphal coils ± - - - - + +
Arbuscules + - - - - - -
Mantle - + (-) + (-) + + - -
Hartig net - + + + + - -
Vesicles ± - - - - - -

Classification
Mucoromycota,

Glomeromycotina
(Syn.

Glomeromycota)

Most basid-,  some ascomycetes Asco-
(basid-) Basid-

Symbionts of 
these plant 
taxa

Vascular plants Gymnosperm 
and Angiosperm

Ericales, 
Arbutoid

eae

'Orchidaceae;
Ericales, 

Monotropoid
eae

Ericales Orchid
aceae

Host with 
Chlorophyll + + + ± - + ±**

Modified after Smith and Read (2008)
*AMF arbuscular mycorrhizal fungi, EMF ectomycorrhizal fungi; � absent; + present; values in
brackets are sometimes present or absent; Basid basidiomycetes, Asco ascomycetes
**Plants in the family Orchidaceae have no chlorophyll in the early stages and sometimes in the
adult stages, too
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The phylogeny of AMF is under debate. Presently, all AMF species are members
of the phylum Glomeromycota or subphylum Glomeromycotina (Spatafora et al.
2016). AMF can be found in various environments ranging from deserts to
rainforests, aquatic environments, and areas subjected to various abiotic stresses
(high salinity, sodicity, pollution, etc.). From a morphological and histological point
of view, AMF can form spores, resistant reproduction structures. However, there is a
lack of information about the number of AMF species not forming spores (termed
“cryptic species”) and their physiological traits. In addition, AMF from both an intra-
radical (IRM) and an extra-radical (ERM) mycelium spread into the roots and in the
soil, respectively. Some AMF species are also able to form vesicles, lipid-rich
structures into the roots. AMF spores can have various flushes of germination
depending on their size and species. When a spore and/or a hypha comes nearby
of living host roots, development of mycelium starts with a reciprocal signaling
pathway between the host plant and the AMF, and this leads in a few weeks in the
penetration into the root and further formation of the IRM. When the IRM reaches
the inner cortex layer, it starts growing and branching throughout the apoplast, and
some hyphal branches can penetrate the inner cortical cells and, by repeated dichot-
omous branching, initiate the synthesis of a characteristic treelike structure, the
arbuscule. The amount of arbuscules per unit length or weight of roots depends on
various conditions that include the AMF, the host plant species, and environmental
conditions for both the plant and the AMF. Arbuscules are responsible for direct
nutrient exchange between the symbionts.

AMF spreading into the soil have a high ability to scavenge soil nutrients,
especially those with low mobility such as P, thanks to the reduced size of the
ERM, secretion of AM exoenzymes and other compounds efficient in or favoring the
degradation of some organic compounds and the solubilizing of nutrients. Nutrients
taken up by the ERM are then actively and passively transported into the IRM and
the arbuscules, where part of which can be exchanged with the plant in turn of
organic carbon. The amount, percentage, and rate of the exchange and form of
nutrients exchanged depend on several factors that include the availability of these
nutrients into the soil, their forms, the existence of stresses for the plants, the AMF
and plant genotypes, etc. Also, AMF can synthesize organic compounds which have
a hormone-like activity and thus modify the plant physiology irrespective of any
benefit for the uptake of nutrients. Lastly, AMF can interact with soil and other
microbes (including pathogens) directly by secreting allelochemical compounds, by
a competition for space and indirectly by modifying nutrient availability in the soil,
including the form of organic C. The activity of the AMF in the soil can also lead to
soil modification that is irrespective of the benefit for the host plants. Such modifi-
cation strongly regards the AM effects on soil structure and aggregate stability
(Rillig and Mummey 2006) and soil-water relationship. These effects depend on
the AMF direct role on aggregate size and secretion of a highly stable glycoprotein,
glomalin, with a range of properties related to soil water holding capacity and
sequestration of toxic elements (Rillig et al. 2002; González-Chávez et al. 2004).
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2 Arbuscular Mycorrhizal Fungi in Cropped Field
and Their Interaction with Bacteria

The relationship between plants and AMF has been mostly studied in controlled
conditions involving the use of sterilized soil or growing media in which the AM
fungus, frequently as a single species or strain, is inoculated and compared to an
uninoculated control. Such setups are very far from field conditions since soil
sterilization implies changes in nutrient availability, microbial activity, and soil
organic structures (Thompson 1990; Trevors 1996; Berns et al. 2008). Such changes
were sometimes balanced by adding a soil filtrate (discarding the AM structures,
especially spores), which can reintroduce only part of the native microbial consor-
tium. In addition, the composition of the microbial population in the filtrate can
differ from those of the native soil, and lastly, microbes after filtrate addition do not
easily and rapidly recolonize the same soil structures as in the native soils. None-
theless, studies under controlled conditions have been (and still are) crucial to
attribute the results to the presence of the AM symbiosis. Berns et al. (2008) also
showed that soil sterilization could strongly and negatively affect soil aggregation,
which trait can be strongly improved by AMF. Also, benefits of the inoculation of
sterilized growing media with AMF can also indirectly depend on a plant growth
depression due to the sterilization (Smith and Smitht 1981; Koide and Li 1989;
Lekberg and Koide 2014), though such an effect can vary with many soils, AMF,
and plant traits (Miransari et al. 2009). Lastly, the effects of AMF on plants grown in
pot under controlled conditions can depend on a range of factors that depends on pot
size, plant density, actual availability of nutrients per plant, and effect of pot shape
and size on plant morphology (Bååth and Hayman 1984; Poorter et al. 2012; Yadav
et al. 2017a), and on homogeneity of the growing media.

Under field conditions, plants and soil microbes live in patchy conditions (per
aggregate size and distribution, presence and kind of the SOM fractions, etc.) and
interact with several soil conditions including uneven distribution of water and
nutrients and presence of a wide community of microbes, animals, and plants. In
such conditions, AM symbioses are not constantly beneficial to the crop, and it is
accepted that an AM benefit for the plants occurs when the cost of the AM symbiosis
is lower than its potential benefit (Johnson et al. 1997). This directly implies that the
AM symbiosis can benefit the plant when the activity of AMF consists in the
alleviation of any stress for the plant, irrespective of the nutrient concentration in
the soil. Under controlled conditions, it has been seen that AMF respond differently
to the availability and ratio among nutrients (Nouri et al. 2014; Johnson et al. 2015).
Nonetheless, differences in the availability and ratios among nutrients (including C
for both fungi and bacteria) also occur under field conditions due to
non-homogeneity of soil conditions, and AMF can have contrasting effects on
plant growth, nutrient uptake, and relationship with other microbes at varying soil
patchiness (Hodge et al. 2000; Saia et al. 2014b).

In cultivated soils, AMF amount and activity can be strongly depressed by the soil
and crop management. Such depression depends on various management traits, the
most important of which are very likely:
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• the effects of soil tillage that, on the one hand, disrupts the ERM and thus the
inoculum potential (Kabir 2005) and on the other hand reduces the total SOC
content, which is crucial to increase the mycorrhizal benefit (Hodge 2014);

• the effects of fertilization, especially with P, that usually decrease the plant
dependence on, and thus the plant feeding to, the AMF (Treseder 2004);

• and indeed, the use of fungicides and other active ingredients (a.i.) negatively
affecting some aspects of the AM physiology (such as the synthesis of chitin,
which is negatively affected by some insecticides and nematocides).

The abovementioned traits are responsible for the usually higher AM benefit for
cultivated plants under organic cropping systems (Gosling et al. 2006), in which
there is frequently less availability of nutrients in nonorganic systems, more SOM
and organic residues, no use of synthetic a.i., and transient effects of the natural
a.i. (Lekberg and Koide 2005).

Despite these potential benefits that were seen in many conditions, application of
AMF or microbial inoculate containing AMF has led to contrasting results
(Mcgonigle 1988; Lekberg and Koide 2005; Hoeksema et al. 2010; Pellegrino
et al. 2015) on the AM benefit for plants, despite they were very rarely seen acting
as parasitic. Such lack of constant benefit for plant growth and commercial yield is
also stimulating a debate on the agronomical reward and the potential environmental
risk of the introduction of exotic microbial strains in the ecosystem (Hart et al. 2018;
Rillig et al. 2019), although such strains are presently considered potentially bene-
ficial for the crops.

Inoculation with microbial consortia containing AMF to the soil in cropping
systems is, however, a way to increase AMF colonization of the plant root (Lekberg
and Koide 2005; Pellegrino et al. 2011, 2012, 2015, Saia et al. 2014a, 2015a, b),
which is strongly related to the AM benefit for plants. Such an increase leads to
direct and indirect effects on plant growth and soil behavior.

Studies on various plant species grown under field conditions yielded valuable
results of the benefit of the soil inoculation with AMF (Table 2). In wheat (both
bread and durum), Pellegrino et al. (2015) collected the results of 333 comparisons
of inoculation compared to a non-inoculated control. They showed that hay and
grain yield increased by 20% and 5% on average and that such increases were
relatively constant among conditions. They also found that, on average, grain P and
N uptake increased by 20% and 31% on average and that the inoculation effect on
hay biomass and nutrient content was similar, despite at a lesser degree. Similar
results were found in other cereals (Hamel and Smith 1991; Saia et al. 2012; Berta
et al. 2014). In legumes, the effect of soil inoculation in the field on grain yield is
more variable than in cereals (Kaschuk et al. 2009; Schütz et al. 2018), and positive
results were seen for the biomass of forage legumes (Azcón-Aguilar et al. 1986;
Barea et al. 1987; Pellegrino et al. 2011; Saia et al. 2012, 2014a, b; Shamina et al.
2018). Yield was also seen to increase after field inoculation also in a range of
horticultural crops (Becagli et al. 2013; Lazzara et al. 2017; Schütz et al. 2018;
Verma et al. 2015), for which pot cultivation is also applied for commercial
purposes.
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Apart from the benefits for the aboveground plant growth, and any eventual
benefit for plant yield, AMF inoculation can also have positive effects on
agroecosystems. These effects deal with nutrient (including C) transformation or
transient stabilization in the soil, amount of residual plant (from aboveground or
root) biomass returned to the soil, and relationships with soil microbes, especially
bacteria. These are important components to build soil fertility. Also, it has been
recently argued a direct involvement of the AM symbiosis on the greenhouse gasses
released from soil. Such effect is still understudied and likely to depend on the AM
uptake of inorganic nitrogen or indirectly by affecting soil water status (Lazcano
et al. 2014; Storer et al. 2017) and soil pH or controlling bacterial growth (Bender
et al. 2015; Bowles et al. 2016).

2.1 Interactions Between AMF and Bacteria

Bacteria are pivotal components of the C and N turnover in soil. AMF can interact
with soil bacteria both directly, via a trophic and physiological dialogue, and
indirectly, by modifying the environment in which bacteria live (Barea et al. 2002;
Johansson et al. 2004; Toljander et al. 2007; Bonfante and Anca 2009). Also, some
AMF have AM-associated bacteria living in its ERM (Bonfante and Desirò 2017;
Meena et al. 2016).

Many bacteria live in the (myco)-rhizosphere and attach to the AM hyphae, which
thus help them spread into the soil and into the raw organic patches. The net of AM
extra-radical hyphae represents an ecological niche for bacteria. It was shown that
some bacterial strains specifically respond to some AMF (Andrade et al. 1997;
Artursson et al. 2005). In turn, it has been shown that plant growth-promoting
rhizobacteria (PGPR) can have a stimulatory effect on growth of AMF (Azcón
1987). In addition, Medicago truncatula showed a common gene expression in
response to a fluorescent Pseudomonas and an AM fungus (Sanchez et al. 2004),
suggesting a potential coevolutionary trait of plant-AMF and plant-bacteria
relationships.

Role of the AMF on community composition of soil bacteria is however multiple
and strongly depends on indirect effects on the environment. Such effects include the
modification of the aggregation status, mycorrhizosphere pH, competition for nutri-
ents, alteration of root exudate amount and composition, and turnover of the
mycorrhizal structures in the soil, which can be used as pabulum by the bacteria.

AMF can also directly and indirectly interact with NFB involved in the symbiotic
nitrogen fixation with legumes. The symbiosis between legumes and AMF displays
several similarities to the NFB-legume symbiosis by a genetic and ecophysiological
point of view. Interaction among legumes, AMF and NFB is usually beneficial due
to a range of factors:

• the ability of the ERM to scavenge soil for P and microelements essential for the
functioning of the N2-fixing machinery;
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• the ability of the NFB symbiosis of deriving large amounts of N that is strongly
needed by the AMF;

• the plant provision of photosynthates to sustain the microbial symbionts (Lum
and Hirsch 2003; Chalk et al. 2006; Chang et al. 2017).

3 Transformation of Nutrients by the AMF in the Soil-Plant
System: Direct and Indirect Effect

AMF and AM symbiosis can affect the nutrient amount, kind, and transformation in
the soil through various direct and indirect mechanisms. At the plot level, these
mechanisms include:

• the modification of the total, and especially the root, biomass of the plants;
• the modification of the above- to below-ground biomass ratio of the plants;
• the modification of the nutrient status of the plant residues;
• the direct inflow of C from photosynthesis and N from legume NFB into the soil

as AMF structures;
• the direct effects of the AMF on the transformation of the SOM fractions, organic

and inorganic N forms in the soil, and soil P forms;
• the indirect effects on soil microbial activity mediating C, N, and P cycles.

At the ecosystem level, AMF can also influence plant assemblage (Horn et al.
2017) and thus the traits of the plant residues that have direct implications for C and
N turnover (Badagliacca et al. 2017). Such influence has a certain importance in
cropped soils, where AMF can shift the competition between weeds and crop, and
this particularly occurs when weeds are non-mycorrhizal species (Vatovec et al.
2005; Daisog et al. 2011), although crop residues are usually more than weed
biomass. In turn, weed control can positively or negatively affect the mycorrhizal
status of the plant and AMF persistence in the soil (Feldmann and Boyle 1999;
Baumgartner et al. 2005). This implies that proper weed management by retaining
weeds below their damage threshold and increasing their diversity can have indirect
effects on soil nutrient turnover due to both the nutrient uptake from weeds and
maintenance of the soil AMF community.

In general, the AM symbiosis enhances both plant above ground and root biomass
(Saia et al. 2014a); thanks to the improved mineral nutrition, this implies that one
main effect of the AMF on SOC content is mediated by the enhanced C fixation by
the plant and likely higher amount of plant residues. Such AM benefit, especially for
root biomass, is crucial for C stabilization in the soil since most of the stable SOC
likely derive from root C (Rasse et al. 2005) and it is stored in aggregates (Six and
Paustian 2014). However, it has been seen that AM symbiosis can increase the host
shoot to root ratio (Veresoglou et al. 2011) irrespective of the effect on total plant
biomass and that the effect of AMF inoculation in the field on plant root biomass can
be null (Cheeke et al. 2013). Growth, especially root, depression in AM plants due to
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the AM symbiosis is a rare event mostly seen in pot conditions or when the plant
could autonomously satisfy its nutrient needs (Fitter 1977; Buwalda and Goh 1982;
Koide 1985; Koide and Li 1989; Peng et al. 1993; Graham and Abbott 2000; Li et al.
2008; Grace et al. 2009). In addition, the modification induced by the AMF to root
morphology and especially the size distribution of roots can indirectly affect the root
C transformation (Berta et al. 2002; Langer et al. 2010; Fan et al. 2011). Irrespective
of the effect of the AMF on plant biomass and especially root growth and morphol-
ogy, an indirect effect of AMF on the fate of such residual biomass toward miner-
alization or stabilization deals with the AM effect on plant C and N (and likely also P
and other nutrients) concentration. Indeed, SOC stabilization depends on C and N
availabilities and C-N ratio and thus requires given amounts of N per unit C of the
residues other than the soil and that both plant microbes (and likely other organisms)
satisfy their N demand. The strong need of N by AMF (but see Sect. 3.1) could thus
reduce the stabilization potential of organic matter in the soil. On such aspects, an
open debate is standing (Wurzburger et al. 2017; van Groenigen et al. 2017).

The role of AMF on plant C and N concentrations can be variable. As seen above,
AMF can increase plant N concentration when helping to overcome stress for the
plant. Nonetheless, the high N demand by the AMF has direct and strong implica-
tions for both N and C cycles in the soil-plant system (Hodge and Fitter 2010). This
may lead to both increases and decreases of the aboveground and root N concentra-
tion (Hodge et al. 2010; Barrett et al. 2011; Cavagnaro et al. 2011; Saia et al. 2012,
2015a, b; Karasawa et al. 2012; Guo et al. 2013; Rivero et al. 2015; Meena and
Yadav 2014).

An additional indirect effect of the AMF on C and N turnover deals with the
modification of the plant root exudation. Plant exudates (in terms of amount and
composition) vary with environmental conditions and can lead to a massive inflow of
C into the soil (part of which can be recaptured by the plant) and modification of the
bacterial activity in the rhizosphere. Root AM colonization alters the metabolism of
both the leaf and the root to the formation of nonprotein amino acids and other
compounds (Laparre et al. 2014; Saia et al. 2015b; Rivero et al. 2015). This is likely
to alter the pattern of root exudation (Jones et al. 2004; Del-Saz et al. 2017) and
directly affects the plant-bacteria relationship, as previously mentioned.

Direct effect of AMF on soil C and N turnover regards the interaction between the
ERM and the soil and soil biota. AMF can drain up to a quarter of the plant
photosynthates, of which, a wide part is likely ERM (Sylvia 1992; Olsson et al.
1999). Quantification of the weight of the ERM biomass in a cropped soil is hard. It
has been shown that AMF can have up to some tens of meters of ERM per cm3,
which may correspond to few hundreds of external hyphal dry weights per unit soil
volume (as μg hypha cm�3 soil) (Miller et al. 1995; Leake et al. 2004). The amount
of ERM found from the latter authors in the pasture and tallgrass soils would
correspond to around 700–900 kg ha�1 in the first 20 cm of soil. However, this
amount is likely dramatically lower in cultivated soils, due to disturbance from
tillage and planting. Previous reports indicated amounts of hyphae lower than
16 mg�1 soil or 40 μg cm�3 that would correspond to less than 80 kg ha�1 in the
first 20 cm of soil (Pacovsky and Bethlenfalvay 1982; Bethlenfalvay and Ames
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1987; Schubert et al. 1987). Again, 80 kg ha�1 in the first 20 cm of soil could still be
a strong overestimation of the amount of ERM in the soil due to difficulties in the
estimation of the total ERM length, the ERM specific mass per unit length, the total
ERM amount depending on soil conditions, and the ERM decay rate depending on
the AM and plant species (Pacovsky and Bethlenfalvay 1982; Schnepf et al. 2008;
Jeske et al. 2018). Nonetheless, the tiny average diameter of the ERM hyphae
(3–7 μm compared to the diameter of the finest root hair around 5–20 μm) (Datta
et al. 2011) and release of AM exudates (Sato et al. 2015) imply that AMF can
change the distribution in the soil of the fixed C. In addition, ERM hyphae spread
into the soil toward nutrient-rich and organic patch sites (Cavagnaro et al. 2011),
which implies the transportation of the bacterial community in these sites and thus
the favoring of their activity.

3.1 Effects on N Transformation and Uptake

AMF play a direct role in N dynamics in the soil. It has been showed that AMF are
capable of taking up large amounts of N in both inorganic and organic forms
(Hawkins et al. 2000; Miller and Cramer 2005; Fitter et al. 2011; Nuccio et al.
2013; Saia et al. 2014b). Part of this N is then transferred to the plant depending on
various conditions, among them the form of N taken by the AMF (Kiers et al. 2011;
Fellbaum et al. 2012a, b). This consisted in contrasting N benefit for the host plant
depending on the total N availability and N forms in the soil (Saia et al. 2015a). It has
been shown that AMF possess at least part of the machinery for a direct N uptake
from organic sources (Cappellazzo et al. 2008; Tian et al. 2010), but there is still
doubt on the amount of N taken as inorganic forms by the AMF and delivered
(as either organic or not) to the plant (Hodge et al. 2000; Leigh et al. 2009; Atul-
Nayyar et al. 2009; Barrett et al. 2011; Miransari 2011; Belmondo et al. 2014; Saia
et al. 2014b). In addition, competition between bacteria and AMF for resources has
implications for the N cycle in the soil (Leigh et al. 2011; Svenningsen et al. 2018;
Dhakal et al. 2016). The high ability of AMF to take up N from the soil, including the
organic forms, implies that AMF can indirectly alter soil N cycling by subtracting the
pabulum to some specific functional groups of bacteria and especially ammonia
oxidizers. Also, such uptake of ammonium by the AMF and the AM induction of N
transporters in the plant (Kobae et al. 2010; Pérez-Tienda et al. 2014; Drechsler et al.
2018) could imply that plants would be forced to take up more N as both ammonium
and nitrate and this could reduce the activity of the denitrifiers. In various pot studies,
such effects of the AMF on soil bacterial functional groups were seen, including
actinomycetes and phosphate-solubilizing bacteria (Secilia and Bagyaraj 1987; Toro
et al. 1997), ammonia oxidizers, and ammonifier and nitrifier bacteria (Amora-
Lazcano et al. 1998).
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3.2 Effects on P Transformation and Uptake

In the AM symbiosis, the plant transfers C to the AMF, and there is a reciprocal
movement of mineral nutrients (mainly P, but also N, S, K, and various microele-
ments) from fungus to plant (Casieri et al. 2013; Ferrol et al. 2016). P is essential for
a correct growth and functioning of every organism, but in natural and especially
cropping conditions, P supply or availability is often limited. This is partially due
since the main form of soil inorganic P (Pi) is orthophosphate, which is rapidly
sequestered by soil cations such as Fe, Al, and Ca, so that up to 80% of P in soil can
be in unavailable forms, organic or insoluble, to plants. Mobility of those salts
formed with soil cations is very low, so that the P depletion zone around roots is
usually lower than 1 or 2 mm. For such reasons, plants in cropping systems usually
respond strongly to the Pi fertilization. AMF are particularly efficient in taking up P
from the soil and deliver it to the plant. Such benefit depends on various issues,
including the low size and C cost per unit length of ERM hyphae, which can thus
explore a larger volume of soil compared to roots and root hairs; the ability of AMF
to take P in organic forms, which increases the actual P supply for the AM
symbiosis; and the efficiency of the AMF exoenzymes and transporter system.
These mechanisms and the more rapid decay of the ERM compared to the root
systems can also affect soil pH in the microsites where the ERM is growing.

The sum of these aspects has direct implications for P transformation and
mobilization in the soil and soil-plant system. In particular, two pathways contribute
to Pi uptake from the soil in AM plants: the direct pathway by root epidermal cells
and the mycorrhizal pathway, via AMF (Bucher 2007; Smith and Smith 2012;
Kumar et al. 2017) (Fig. 1), the latter of which also operates for N and some
micronutrients (Ferrol et al. 2016). Radiotracer experiments have made possible to
assess the relative amount of Pi that enters a plant via the AMF and by the direct
pathway. These studies have shown that depending on the plant and fungal species
involved in the association, the mycorrhizal pathway can be responsible for
20–100% of the plant P uptake and this can occur irrespective of a plant biomass
response to the inoculation (Smith et al. 2003, 2004; Facelli et al. 2010). Such uptake
plays a role in the plant metabolism and potential yield. For example, there is
evidence in support of a major impact of the mycorrhizal P uptake pathway on the
productivity of maize under field and controlled conditions (Willmann et al. 2013).

The fungal transcripts of the Pi:H+ transporters were shown to be predominantly
expressed in ERM, and their expression was increased by low P availability
(Maldonado-Mendoza et al. 2001). This implies that an indirect effect of the AMF
in soil lacking P is the P redistribution after ERM decay, in addition to the P uptake
enhancement for the plants. Moreover, the identification of three putative Pi:Na+

transporters, despite still with questionable function, in the genome of the model
AMF Rhizophagus irregularis (formerly Glomus intraradices) (Tisserant et al.
2013; Lin et al. 2014; Chen et al. 2018) could also imply a redistribution of the
Na+ along with Pi.
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Such as for N, after P uptake by the ERM, AMF first satisfy its own P demand,
whereas the extra Pi is rapidly transported into the fungal vacuoles and condensed
into polyphosphate (polyP), which is the largest P storage and mediator of long-
distance P translocation in AMF (Hijikata et al. 2010). Once in the intra-radical
mycelium, the polyP is hydrolyzed in Pi and transferred to the plant in the
periarbuscular membrane. Several AM-induced P transporters have been identified
in many plants from various families (Garcia et al. 2016), while activation of the
mycorrhizal Pi uptake pathway produces downregulation of the plant Pht1 trans-
porters located in epidermal root cells and, therefore, the direct pathway.

Besides the low level of available free Pi, soils can contain high amounts of
organic P (Po), thus linked to C-containing compounds. The majority of Po is
present as phosphate esters (C-O-P bonds) together with small quantities of
phosphonates (C-P bonds) (Turner et al. 2005). To be used by plants and soil
microorganisms, the P group of Po compounds has to be released by phosphatases,
of which AMF are strong producers, along with organic acids, which catalyze the
release of P from organic complexes.

Fig. 1 Nutrient uptake pathways in arbuscular mycorrhizal plants (Modified from Smith et al.
(2010))
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In addition, it was suggested that AMF might activate part of the plant systems
which respond to low P, giving rise to hydrolyzation of Po and salvaging P esters
leaked from the root cell for P recycling (Li et al. 2012). Increase of P availability for
the plants by the AMF has implications for both the expression of the plant yield
potential and the relationship with the AMF. Garcia et al. (2016) suggested that the
inhibition of the AMF by the high P content in the soil could be restored by a
deficiency in other nutrients. Other authors showed that P is indeed the main soil
nutrient controlling the AM symbiosis, but some microelements, and especially their
ratio with P, can play an important role in the establishment and behavior of the AM
symbiosis (Nouri et al. 2014; Johnson et al. 2015; Meena et al. 2017). In addition, it
was seen that under high N fertilization, C cost for the plant per unit of P acquired by
the AMF increased irrespective of P availability and induced a biomass decrease in
the host plant (Williams et al. 2017; Treseder et al. 2018). This can explain the low
AM benefit frequently found in the field when high mineral N fertilization is made.
Nonetheless, benefit of the P uptake by the AMF can increase at the light of the
increased CO2 concentration in the atmosphere, which on the one hand would
increase the amount of C that the plant can allocate to the AM counterpart and, on
the other hand, the amount of P needed by the plants (Jakobsen et al. 2016).

4 Perspective of the Use of the Mycorrhizal Technology
to Increase Plant Nutrient Uptake and Soil Nutrient
Transformation in the Short and Long Term

A main aim of the present agriculture is increasing yield while preserving or
enhancing the environment quality. AMF and other microbes are clearly beneficial
for plants under field conditions (Schütz et al. 2018), but a few information is
available about any inadvertent introduction of potentially invasive microbes in
the agroecosystems (Hart et al. 2018). Nonetheless, it has been shown that exotic
AMF are less persistent than native species (Piotrowski and Rillig 2008; Pellegrino
et al. 2011, 2012; Yadav et al. 2018) and this reduces the chances of introducing
invasive, potentially harmful microbial species. Also, proper management of culti-
vated plant could further reduce the chances of introducing invasive species, as
shown when the relationship among plant community, soil properties, and the native
AM community was studied in a mine spoil (Krüger et al. 2017). In addition, the
structuring of the AM communities in cultivated soils should also consider the
fertilization strategy (Yang et al. 2018) and genetic aspects of the plant species
(De Vita et al. 2018).

Soil inoculation with symbiotic microbes is rarely made with single species and
strains and usually includes microbes from various reigns including bacteria and
fungi. Such inocula show a range of species, strains, concentration of the propagules,
and sometimes the addition of organic compounds and inorganic elements. Such
traits imply that the AM effect on the crop depends not solely on the addition of the

Arbuscular Mycorrhizal Fungi and Nutrient Cycling in Cropping Systems 103



AMF or the whole inoculum per se but also on the agronomical practices affecting
the relationship among these microbes, among those in the inoculum and soil, and
lastly between the microbes in the inoculum and soil conditions. In particular, it was
shown that AMF could strongly affect the bacterial composition during organic
matter decay (Gui et al. 2017) and that organic matter is pivotal to foster the AM
benefit for the plant (Thirkell et al. 2016) and enhances AM activity and growth in
the soil (Yang et al. 2018).

A clear understanding of the use of beneficial inocula under field conditions is
still needed (Berruti et al. 2016). Nonetheless, AM inocula showed promising effects
on plant yield and quality and had been evaluated in several conditions that include
both field and horticultural crops (Pellegrino et al. 2015; Schütz et al. 2018).
However, the majority of studies about the effects of AM inoculation on plant
performances or environmental conditions under field conditions comes from
short-time studies, and there is a scarcity of information about the long-term effect
of the one-time or repeated inoculation.

With regard to short-term studies, inoculation of AMF is likely to increase plant
yield, especially when aiding the crop in overcoming stresses, either as nutrient lack
or unavailability or other abiotic or biotic stresses. Also, studies on the relationship
between SOC or carbon from plant residues and AMF were mostly conducted in pot,
where plants can easily colonize the soil volume and roots can suffer from high-
temperature stress or by preventing the access to the nutrient to the roots, which is
not a condition standing in the authentic field environment. Indeed, this kind of
studies yields invaluable information about the AMF role in plant nutrient uptake,
but they are hardly transferable to the common cropping conditions, even for
horticultural crops grown in pots.

Studies on the persistence of the introduced AMF are rare and mostly point to a
short-term persistence (Harinikumar and Bagyaraj 1996; Hart et al. 2001; Farmer
et al. 2007; Pellegrino et al. 2012; Verbruggen et al. 2013; Nicolás et al. 2015;
Imperiali et al. 2017; Ashoka et al. 2017), which does not imply that persistent AMF
also have persistent effects on plant yield and soil quality. In addition, the potentially
positive but transient effects of soil inoculation must be managed according to the
other agronomical management strategies applied and their effects on crop yield
(Verzeaux et al. 2017; Rillig and Lehmann 2019). Among these strategies, tuning the
actual amount of inoculum per unit area or weight of soil could be important to
achieve significant yield responses (Imperiali et al. 2017), since most of the field
experiments use a high amount of inoculum (Al-Karaki et al. 2004; Saia et al. 2015a)
that is presently far from being used by farmers.

It is very likely that the positive effects of AMF inoculation in the field seen in the
short time correspond to long-term benefits for the crops, the soil, and the whole
environment (Wilson et al. 2009). Such environmental benefits could be enhanced
by the augmented plant tolerance to stresses after AM inoculation, since high stress
for the plants limits at one time the net primary production, SOM accumulation, and
sequestration, which is the primary component of soil fertility and positively inter-
acts with AMF to sustain plant yield. However, future climate change scenarios
could turn the AM benefit for the environment over if C and N losses from the soil
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will exceed the accumulation of plant biomass, SOM, and stabilization of nutrients
(Cheng et al. 2012; Lazcano et al. 2014; Jakobsen et al. 2016; Storer et al. 2017).
Such balancing, especially if considering that reduction of N losses could strongly
overcome the damage of the potential increase of C losses, calls for life-cycle
assessments scaled in the long term for the use of the microbial inocula, including
an estimation of their effects to the native soil microbes and conditions.

5 Conclusions

In conclusion, field experiments aimed at evaluating the role and effects of the
inoculation of AMF are needed and should be conducted under common
agronomical conditions. Furthermore, long-term field experiments of AMF inocu-
lation (either once or repeated) in agricultural soils should also be conducted to
achieve information on the long-term benefits of the AMF.

Apart from some agronomical management practices that can impair the AM
activity (soil tillage, fertilization, and use of active ingredients) (Yadav et al. 2017b),
while indeed increasing plant yield by removing other limitation to the expression of
the yield potential, practices that should be considered and investigated to increase
the AM benefit of the plants include:

– the concentration of the inoculum in the soil and the intimacy between the
inoculum and plant roots, since a limit of the establishment of the inoculation
in the short-cycle crops is that the complete establishment of the AM symbiosis
can take a wide part of the early growth of the plants, when the root system is not
well developed and relying on AMF;

– the relationship between the inoculum and soil conditions and especially the need
of sustaining the early growth of the AMF (e.g., with the addition of organic
residues) which in turn would increase the AM benefit for the plant;

– the availability of AMF strains resistant to the fungicides or with high growth rate
after germination and, at the same time, an acceptable benefit for the plant;

– the relationship between plant genotypes and AMF and the breeding for high AM
benefits (Singh et al. 2012; Ellouze et al. 2016; De Vita et al. 2018);

– the availability in the market of pure inocula of single taxa and strains (e.g., AMF,
or bacteria, or other fungi) to be mixed according to the main limitation for the
crop growth (e.g., uptake of P in the early phases, uptake of microelements during
flowering, etc.). Such a perspective is very far to be reached and would require the
knowledge of the effects and/or behavior of every inoculum or strain in the field
at varying environmental conditions (Treseder et al. 2018), the availability in the
market of each of such inocula, and the expertise of the farmer in their use.
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Using Traditional and Simulation Methods
for C and N Cycling Studies with Additional
Periods of Human Civilisation: Replicating
the Procedures at Regional Levels Advocate

Paul Ola Igboji

Abstract Carbon and nitrogen cycling are two essential processes in soil health and
ecosystem stability. Many researchers and scholars have supported these processes
as immensely vital for continued life on the planet earth. Not just their cycling but
carbon and nitrogen sink are needed in the era of greenhouse gases emissions,
associated global warming and climate change. The sinking of nitrogen naturally
and through the activities of nitrogen fixers is also a panacea to nitrogen mobility,
accumulated losses and constant replenishment with costly and environment-
damaging inorganic fertilisers. An English experience may give clue to global action
plan on enhancing soil carbon and nitrogen sink for various periods of human
civilisation. These periods were grouped into prehistoric, historical and agricultural
revolution, post-agricultural revolution, Green Planet and Post Green Planet.
Besides, several types of land management were compared with reference to effec-
tive and efficient carbon sequestration, namely, grassland under permanent pasture
on 5-year ley prior to grazing, grassland under permanent pasture sown with red
clover prior to grazing, arable land under barley and deciduous woodland. By the aid
of modelling, simulated data was generated for over 8500 years of English agricul-
ture and compared with field data. The study showed that all these land management
practices sequester little or no carbon but required integrated approaches. Neverthe-
less, the practices if continued were found to be sustainable, as serious changes that
may require other sustainable options were forecasted over subsequent 25–30 years.
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Abbreviations

ANOVA Analysis of Variance
AR Agricultural revolution
ATP Adenosine triphosphate
BD Bulk density
CEC Cation exchange capacity
CHCl3 Chloroform
CMC Carboxyl methyl cellulose
COOH Carboxylic
CPMAS Cross polarisation magic angle spinning
Cult Cultivation
Cv Coefficient of variation
DMSO Dimethylsulphoxide
DOC Dissolved organic carbon
DOY Day of the year
E(df) Error degree of freedom
ECL Chemiluminescence
EF Electrostatic factor
EMBRACE Earth Model Bias Reduction and Assessing Abrupt Climate Change
ESR Electronic spin resonance
Fa Aromaticity fraction
FA Fulvic acid
FACE Free-air carbon dioxide enrichment
FLSD Fisher’s least significant difference
FTIR Fourier transform infrared spectroscopy
FYM Farmyard manure
GP Green Planet
GPP Gross primary productivity
H+ Hydrogen ion
HÁ Humic acid
HA Prehistoric agriculture
HÁg Historic agriculture
HS Humic substances
K2S2O8 Potassium silicate
K2SO4 Potassium sulphate
KCl Potassium chloride
KD Kilo Dalton
MBC Microbial carbon
MRT Mean residence time
MUB Modified universal buffer
MW Molecular weight
N2H2 Hydrazine
NMR Nuclear magnetic resonance
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OD Above Datum
OH� Hydroxyl
OM Organic matter
PAR Post-agricultural revolution
PD Particle density
PGP Post Green Planet
PHAg Prehistoric agriculture
PNP р-Nitrophenyl Phosphate
POM Particulate organic matter
R2 Coefficient of determination
RPM Resistant plant material
Rpm Revolution per minute
RQ Respiratory quotient
RT Research time
Se Standard error
SIR Substrate-induced respiration
SOC Soil organic carbon
SOM Soil organic matter
SOMNET Soil Organic Matter Network
SON Soil organic nitrogen
SWC Soil water content
WFPS Water-filled pore space
WHC Water holding capacity
XAD-8 Polymethylmethacrylate resin

1 C-Cycle

Micro-organisms drive C and nutrient cycling in the soils. Soils play a dual role of
source and sink for greenhouse gases, particularly CO2, CH4 and N2O. Figure 1
shows the global C cycle (Pidwimy 2005; RCEP 1996; Houghton et al. 1995).
Globally, soils are the main reservoir of C. EE (1993) gave the amount of C in
decomposing plant litter, and soil organic matter (SOM) is likely to have exceeded
the quantity in living biomass by more than a factor of 2 or 3. Besides, the scientists
estimated 9322 Mt C in English soils, peat and litter and 114 Mt C in English
vegetation (with 80% of this value in forests and woodlands).

The release of CO2 is a natural process by the oxidation of SOM and organic litter
by the microbial populations. According to RCEP (1996) the rate of CO2 evolved is
dependent on soil management, with quick losses when forests or grasslands are
turned into arable land. Similarly, C dominate in soil changed from arable land to
grassland or forests. But, the building of soil C following upgrading to pasture takes
over ten times longer than when the pasture land has been ploughed (RCEP 1996).
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It has been observed that C builds much more slowly when an arable piece of land
converts into pasture. Often, 49 t C ha�1 may be added over 275 years, and half of
this in the first 38 years (RCEP 1996; Cannell et al. 1994). The activities of man on
natural C cycle releases CO2 to the atmosphere, especially those deposited as chalk,
limestone and fossil fuels (RCEP 1996).

Some scientist like Durán et al. (2017) worked on climate effects of the northern
hardwood forests of North America. In their findings, they projected warmer envi-
ronment in the few decades arising from increases in soil temperature, decreases in
the availability of water and the rapid changes in winter snow pack and soil frost.

These events, according to the authors are bound to affect C and N cycling. For
them, more attention of the researchers has been on the tides of climate change on
soil properties, primarily on the upper-organic part of the soil profile, e.g. forest
floor, with little known about the deeper mineral soil horizons. They worked
extensively on the landscape gradient of the Hubbard Brook Experimental Forest
in New Hampshire, USA, on the effects of climate change and expected scenarios for
the next 50–100 years, with attendant C and N cycling. In their study, lower

Fig. 1 Simplified diagram of the global carbon cycle. Numbers denote reservoir mass, also called
“carbon stocks”, in Pg C (1 Pg C ¼ 10 15 g C) and annual carbon exchange fluxes (in Pg C year�1)
between the atmosphere and its two major sinks, the land and ocean. Black numbers and arrows
indicate reservoir mass and exchange fluxes estimated for the time before the Industrial Era, about
1750. Red arrows and numbers indicate annual “anthropogenic” fluxes averaged over the
2000–2009 time period. These fluxes are a perturbation of the carbon cycle during the Industrial
Era post 1750. Red numbers in the reservoirs represent cumulative changes of anthropogenic
carbon over the Industrial Period 1750–2011. (The diagram model is taken from Sarmiento and
Gruber (2002), and all numbers of stocks and fluxes are reproduced from Ciais et al. (2014))
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elevation, soil temperature, soil freeze and thaw reduced soil inorganic N and lower
N mineralization and vice versa. According to Durán et al. (2017), the difference in
N pools and fluxes were consistent for all soil horizons investigated, while sensitivity
to climate change varied with soil depth. Hence, for accuracy of findings, the authors
recommended inclusion of climate change on soil profile investigations. The authors
observed that N cycling was more reactive to climate change than N cycling
processes, which implies decoupling of C and N cycles in coming decades, with
attendant consequences for ecosystem function. A further search by the authors
revealed that climate sensitivity was more in summer than spring and during the
warmer and less snowy years, which is clear evidence of climate change arising from
increases in temperatures and drop in water availability over the coming decades.

1.1 C-Sequestration

C-sequestration is simply the ability of the ecosystem to trap and safely store C in soil
or water medium, instead of allowing it to remain or escape to the atmosphere (FAO
2000; Pretty and Ball 2001). The whole scientific community believes in/relay on the
impacts of the greenhouse gases such as CH4, N oxides and water vapour, with
considerable opinion and debates on international policies for mitigating greenhouse
gases and controversial climate change (Körner 2003; Ogunseitan 2005).

Globally, C sink goes with the reduction of CO2 primary sources like the use of
fossil fuel with cleaner technologies like solar energy, wind energy, tidal power and
hydropower. Another suggested method is the role of micro-organisms in C sink for
terrestrial and marine ecosystems that includes ocean fertilisation (Ogunseitan
2005). The process of ocean fertilisation involves augmenting the natural ocean
levels of iron and other trace elements such as manganese to trigger phytoplankton
productivity. For experts, it is believed that fertilising the Antarctic Ocean with iron
can permit the phytoplankton to convert all the available nutrients into new organic
matter (up to 1.7–2.8 billion t of C), with more than 5% of that C sequestered in deep
waters (Ogunseitan 2005; Lackner 2003).

Generally, other scientists (Post and Kwon 2000; Paul et al. 2003) have supported
the accumulation and turnover of SOM as a major factor in soil fertility studies and
proper functioning of the ecosystem. This helps to establish whether soils are the real
asset for C sink or sources in the global C cycle. For Sollins et al. (1999) and Paul
et al. (2001), the dynamic complexes of SOM involve a wide array of organic
constituents with the various mean residence time (MRT) that vary over space
and time.

Johnson et al. (2003) also reported the role of soil in balancing fossil fuel CO2

emissions. Nevertheless, the potential of sols for C-sequestration is highly contro-
versial. While some scientists believe it is possible under a proper management,
others are sceptical (Lal et al. 1998; Johson et al. 2003; Post and Kwon 2000;
Schlesinger 1977, 1990). These are based on field evidences with conflicting reports,
like conversion of forest or grassland to agriculture that is known to cause massive
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losses in soil C (Mann 1986; Post and Kwon 2000), and returning the land to native
vegetation reaccumulates C in soils (Jenkinson 1991; Johnson et al. 2003). Other
authors like Compton and Boone (2000), Compton et al. (1998) and Richter et al.
(1999) found little or no reaccumulations, while Post and Kwon (2000) found large
differences in other agricultural practices which included both positive and negative
changes. They gave average values of 0.33–0.34 Mg C ha�1 year�1 C accumulation
of C, which is equivalent to rates noted by Schlesinger (1990); he contended that the
potential for C accumulation on a global scale is low. Other scientists such as Pretty
and Ball (2001) assessed the loss of SOM and C during intensive land cultivation
covering long experiments in both Europe and North America where higher equi-
libria rose with sustainable management practices. The most significant gain comes
from converting an arable piece of land into agroforestry, with increased woody
biomass above the ground from increased SOM. Pretty and Ball (2001) assessed
grassland within rotations, zero tillage or no-till farming, green manures, amend-
ments of straw and manures to sustain agricultural systems up to 0.3–0.6 t C ha�1,
increasing to several tonnes per hectare under tree intercrop and grazing systems.

Johnson and Curtis (2001) observed that forest harvesting followed by refores-
tation caused little or no change in soil C, irrespective of the intensity of harvest.
Other authors like Turner and Lambert (2000) recorded large net to large net gains
(Johnson and Todd 1988), even over a relatively short period of time (Knoepp and
Swank 1997).

Several studies in tropical dryland ecosystem (Farage et al. 2005) used data from
India, Kenya, Nigeria and Argentina to model changes in soil C based on farm
practices and native technologies. References were made to pre-cultivation C stocks
and the amounts lost in the course of continuous cultivation. The authors discovered
that additions of OM to such soils by using different quantities of farmyard manures,
green manures, legumes in rotations and vermicompost and the use of fallows in
rotations increased soil C and agricultural yields. Similarly, when trees were used as
part of agroforestry, C stocks were increased, while addition of inorganic fertiliser
alone leads to a decrease in the soil C stock in all systems assessed but increased a
little when used with zero tillage. On the other hand, zero tillage alone increased
soil C, especially when OM was added to the soil.

2 N Cycle and N-Fixation

Nitrogen is essential for growth and reproduction of all organisms. Figure 2 has
presented the principal processes within the terrestrial ecosystem. Globally, N is
estimated to be distributed as follows: atmosphere (3,800,000 billion tonnes), plant
biomass on land (12 billion tonnes), plant biomass in oceans (0.3 billion tonnes) and
dead OM in oceans (550 billion tonnes).

Major factors govern fixation of gaseous N, including lightning and high-
temperature combustion which produces oxides of N or steps in the manufacture
of nitrogenous fertilisers. Globally, over 276 billion N are fixed per year, out of
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which over 85% is fixed biologically (with over 140 million tonnes fixed on
terrestrial ecosystem and 100 million tonnes in the aquatic ecosystem), while around
15% comes from industrial processes (RCEP 1996). The N cycle is, however,
modified by inputs of N compounds (fixed N) from human activities principally
the application to soil of fertilisers containing NO3, NH4 and NH4-forming sub-
stances such as urea and the wet and dry deposition on soil of airborne N compounds
from industrial and other combustion sources (principally as NO3, N oxides and
HNO3) and from livestock production (as NH3

+ and NH4) (Ogunseitan 2005; Levia
and Frost 2003; Newman and Banfield 2002; Weinberg 1997; Imbert and Blondeau
1998; Sellers et al. 1989; Falkowski 1994; Falkowski et al. 1998, 2000; Lovelock
1995; RCEP 1996; Benjamin and Honeyman 1992; Schlesinger 1991).

The imbalances in biogeochemical cycles lead to various environmental prob-
lems such as NO3 leaching from soils. This leads to eutrophication of aquatic
ecosystem and subsequent pollution of water bodies. Eutrophication leads to
N-limitation in marine ecosystem and P-limitation in freshwater ecosystem. Simi-
larly, acidification of soils and water has attributed to industrial deposition of N and
S compounds, especially in the industrialised world.

2.1 Openness of the Nitrogen Cycle

A new subject of attention is the “openness of the nitrogen cycle”. This topic is
important for scientists exploring how N cycling varies at large scale. This is what

Fig. 2 The global nitrogen cycle in the twenty-first century. (Adapted from Fowler et al. 2013)

Using Traditional and Simulation Methods for C and N Cycling Studies. . . 123



Stocker et al. (2016) described as “openness of the nitrogen cycle”. They described it
as the process of quantifying the ratio between N inputs and total internal N cycling.

According to Stocker et al. (2016), even though consensus appears to suggest an
increase in N cycle openness from boreal to tropical and savannah ecosystem
(Cleveland et al. 1999), any models and empirical estimates differ on the strength
of the gradient (Sonke Zaehle MPI-BCG, Germany). The argument/augment lies
partly on the estimates of biological N-fixation, with recent statistics giving the
global rate of 58 Tg N year�1 (Vitousek et al. 2013), which is much lower than the
quote provided by Cleveland et al. (1999) of 100–290 Tg N year�1. Further results
by Sullivan et al. (2014) confirm this downward correction. Nevertheless, huge
uncertainties still remain (Stocker et al. 2016). For example, Reed et al. (2011)
added surprising varieties of N-fixing organisms that are peculiar to certain habitats,
with their high variability in fixation rates, especially in the tropical forests
(Batterman et al. 2013).

In Stocker et al. (2016), scientists pointed to remaining challenges in measuring
N-fixation rates in the field, especially the likely underestimation of free-living
N-fixation in the recent estimates. For example, while Elbert et al. (2012) gave
N-fixation in cryptogamic covers as 49 Tg N year�1, many others differ, with
Stocker et al. (2016) recommending model approaches to the actual quantification
of the magnitude of N-fixation flux, in addition to studies geared towards under-
standing its controls and energetic C cost. Indeed, according to the researchers,
mechanisms have been identified that imply a limited plant control over N-fixation
rates (Menge and Hedin 2009), including labile C exports by plants to free-living
N-fixing heterotrophs (Reed et al. 2011). There are also debates on physiological
processes of N-fixation. While some scientists hold atmospheric deposition of N to
be underestimated, others are of the view that deposition of organic N has been
ignored but can be substantial in remote areas due to their longer atmospheric
lifetimes and transport ranges compared to NOx (Neff et al. 2002). Many scientists
are of the view that the reassessment of N cycle openness in the boreal system is long
overdue (Stocker et al. 2016).

One important scenario is the global mineralisation rates compared with fractions
of total gross primary productivity (GPP) allocated to below ground. The derived
pattern reveals a high C cost of P acquisition but a low apparent C cost of N
acquisition in the tropics, consistent with open N cycling (Stocker et al. 2016). By
contrast, low biomass production efficiency (ratio of biomass production to GPP in
tropical forests tends to reflect C costs of nutrient acquisition (Stocker et al. 2016)).
The spatial scale of the studies varies substantially, and various possibilities exist to
explain this discrepancy (higher rates of autotrophic respiration among others). Even
as additional research has been recommended to reconcile many of these unan-
swered questions (Stocker et al. 2016), their findings suggest a large-scale gradient
of N cycle openness, total belowground allocation and biomass production effi-
ciency as prime benchmarks for a new generation of C-N models. The summary of
these findings is presented in (Fig. 3).
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2.2 Nitrogen Constraints on Plant CO2 Responses

Many pieces/types of researches on elevated (high) CO2 effect on leaf level photo-
synthesis have been attributed to variations in the balance of supply and demand of C
and N (Stocker et al. 2016). For Zaehle et al. (2014), most available C-N models
have concentrated on measuring free-air CO2 enrichment (FACE) experiments, with
positions of enhanced net primary productivity (NPP) by the increase of C-N at the
tissue level. These scientists noted the failure of the models to capture the measured
movement towards below ground C accumulation, with subsequent N-uptake.
Again, the leaf N-concentration across noted European forests has given more
information on their phylogeny and wide differences within plant species which
even though is sometimes large is yet temporal with regard to changes in environ-
mental variables (Zaehle et al. 2014).

These differences call for monitoring of their changes in different plant tissues
and their response to atmospheric CO2 vis-a-vis soil nutrient availability. This way
monitoring of environmental changes in different plant tissues will guide model
developers in adding the role of mycorrhizas (Phillips et al. 2013) and rhizosphere
plant-interface factors (Finzi et al. 2015). Thus happens because mycorrihizal
associations limit N-availabilty under low N availability due to immobilization
factors, that affect negatively C-fertility (Franklin et al. 2014).

Other pieces of researches have shown low N and positive biomass accumulation
under elevated high CO2 in ectomycorrhizal fungi, absolving arbuscular
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Fig. 3 Summary of findings and research priorities emerging from the workshop “Terrestrial
nitrogen cycling in Earth system models”. The thickness of arrows qualitatively illustrates the
relative magnitude of fluxes. N cycle openness is illustrated by the relative flux magnitudes of losses
or inputs (arrows for N deposition, symbiotic N-fixation and free-living N-fixation vs internal
cycling (circles), soil organic matter. (Source: Stocker et al. 2016))
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mycorrhizas plants (Stocker et al. 2016), suggesting similar activities for N-fixing
species, while Larmola et al. (2014) described sustained C buildup with low N
deposition in peatlands.

Similarly, Meyerholt et al. (2016) and Stocker et al. (2016) reveal N-fixation and
implications for rising CO2 stressing the need to ratify N-fixation controls over the
global land C balance, as this may be related to C-N models that have differentiated
the impacts of soil inorganic N pool and the way N pool and N loss can be simulated
based on pool size with the absence of N-fixation extrapolation (Walker et al. 2015).
Hence, the C costs for N fixation remains a subsiding rhizosphere activity and
Therefore, mycorrihizas, it has been suggested can successfully model C allocation
and guide the estimation of environmental changes (Stocker et al. 2016). Based on
these findings, it has been suggested (Franklin et al. 2012) that more simple models
that can confidently optimise principles and practices of C-N cycling be developed
as such data will help in extrapolating individual processes and set off constraints in
resource availability and trade-offs arising from physiological limitations (Stocker
et al. 2016).

2.3 The Representation of Soil Nitrogen Cycling in Models

The CENTURY modelling approaches to transformations of C and N are very basic
in the understanding of terrestrial nitrogen and carbon cycling in the earth systems.
These modelling approaches have stood the test of time, especially for monitoring
effects of land use changes on soil C nutrient dynamics. Many researchers (Janssens
et al. 2010) have observed responses to N deposition and subsequent reduction of
heterotrophic respiration relative to NPP, opposite to what CENTURY-type models
predict and consistent with reduced respiration, with increasing N availability.

Attention has also been drawn to the C-use efficiency of microbes that tend to
decrease with subsequent increase in organic matter C-N. Hence, the use of micro-
bial functions has been suggested in understanding the activities of these soil
microbes. This will buttress plant-soil associations. This phenomenon can be cap-
tured by models, making data required for evaluation to be more simple and unique.
This will increase understanding of such ecosystem processes (Stocker et al. 2016).

3 Biological Properties That Govern C and N Cycling

3.1 Whole Ecosystem and Soil Respiration

All living cells require a regular source of energy. For heterotrophic microflora,
energy is got in the course of transformation of organic materials such as cellulose,
proteins, nucleotides and humic compounds. Energy is derived through cell redox
reactions when electrons are transferred from the donor to the recipient. During
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aerobic respiration, organic matter is oxidised by micro-organisms. In this scenario,
oxygen acts as a terminal acceptor of the electrons. Hence, the index for measuring
CO2 production (Alef 1995; Nannipieri et al. 1990) is proxy to the evaluation of O2

consumption.
Soil respiration is one of the traditional and most often used indexes for measur-

ing microbial activities in soils (Kieft and Rosacker 1991). Basal respiration is done
in absence of organic substrate to the soil, while substrate-induced respiration (SIR)
involves the addition of organic substrates to the soil such as glucose. Respiration is
not only restricted to micro-organisms, but it is also carried out by other organisms
inhabiting the soils. Like other metabolic activities, respiration depends on the
physiological state of the cells and is governed by other factors (Alef 1995). Such
factors include soil moisture, temperature, the availability of nutrients, soil structure
and tillage. It has been observed that air-drying drastically reduces soil respiration,
while remoistened soils, however, show very high initial activities, probably as a
result of the high concentrations of easily degradable organic compounds such as
amino and organic acids caused by chemical and physical processes at the moisten-
ing of dry soils (Clark and Kemper 1967; Anderson and Slinger 1975; Wilson and
Griffin 1975, Kowalenko and Ivarson 1978; Kroeckel and Stolp 1986; Kieft 1987;
Datta et al. 2017b).

When air-dried soil containing carbonate is remoistened, there is a release of CO2.
In this case, it is recommended that O2 consumption is to be measured (Anderson
1982; Kieft 1987). Researchers have also reported decreases in soil respiration with
the depth of soil and increases with soil organic matter and microbial biomass (Stotzky
1965; Thalmann 1968; Parkinson et al. 1971; Alexander 1977; Gray and Williams
1977; Anderson and Domsch 1978a, b; Domsch et al. 1979; Sparling 1981a, b; Alef
and Kleiner 1987; Alef et al. 1988; Suttner and Alef 1988; Alef 1990).

Researchers have shown effects of cultivation methods, agrochemicals, pesticides
and heavy metals on soil respiration (Jaggi 1976; Anderson et al. 1984; Malkomes
1985; Carlisle and Trevors 1986; Domsch and Schroder 1986; Wilke 1986; Somer-
ville and Greaves 1987; Schlosser 1988; Schuster 1988).

Traditionally, basal soil respiration can be followed for long periods of time. The
changes in the composition of aerobic microflora occur during long-term incubation.
In the case of the SIR method, a change in population is expected when the
incubation period is longer than 4–6 h (Anderson and Domsch 1978b). The incuba-
tion temperature used to vary between 20 and 30 �C along with the water holding
capacity ranging between 50 and 70%. The pH value of the measurement is usually
that of the soil in water (Alef 1995). A summary of methods used in estimating
whole ecosystem and soil respiration is presented in Table 1.

3.2 Microbial Biomass

Microbial biomass is the portion of the organic matter that consists of living micro-
organisms that are smaller than 5–10 μm3. These living micro-organisms are
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Table 1 Methods of estimating whole ecosystem and soil respiration

Condition of
measurement Methods of determination Remarks References

Soil respira-
tion in the
laboratory

1. Incubation of soils in jars,
closed petri dishes or differ-
ent types of flask

CO2 is usually
adsorbed in NaOH and
determined by HCl
titration

Isermeyer (1952),
Pochon and Tardieux
(1962), Jaggi (1976),
and Rowell (1994)

2. Electrical conductivity of
the NaOH solution follow-
ing incubation of soil
samples

Anderson and
DOMSCH (1978a) and
Cheng and Coleman
(1989)

3. Use of gas
chromatography

Brookes and Paul
(1987) and Trevors
(1985)

4. Infrared spectroscopy Heinemeyer et al.
(1989)

5. Use of labelled CO2

(14CO2)
This is following the
decomposition of spe-
cific organic com-
pounds in the soil

Nakas and Klein
(1981)

6. Use of Warburg apparatus Measures the O2 con-
sumption in incubated
soils

Domsch (1962) and
Stotzky (1965)

7. Use of
electrorespirometer

Birch and Melville
(1969) and Kroeckel
and Stolp (1986)

Soil respira-
tion in the
field

1. Placing of NaOH solution
in an open glass jar above
the soil surface and covering
the area to be measured with
a metal cylinder closed at the
upper end

Used for determining
CO2 evolved from
undisturbed soils

Anderson (1982)

2. Use of gas
chromatography

Measures CO2 and O2

concentrations at vari-
ous soil depths

Richter (1972) and
Anderson (1982)

3. Automated monitoring of
biological trace gas produc-
tion and consumption

Estimates gas concen-
tration under field
conditions in a cov-
ered soil

Brumme and Beese
(1995)

Whole eco-
system and
soil respira-
tion in the
field

1. Micrometeorological
technique

Franzluebbers et al.
(2002), Verma (1990),
and Norman et al.
(1992)

2. Static chamber with alkali
absorption method

Nocturnal trial Franzluebbers et al.
(2002), and Zibilske
(1994)

3. Portable environmental
gas monitor linked to soil
respiration chamber

Sowerby et al. (2000),
and Ball et al. (2000)
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generally expressed in mg C kg�1 soil or μg C g�1 dry weight, ranging from 1% to
5% of SOM (Smith et al. 1990). Table 2 summarises the various methods used in its
determination.

3.3 Enzyme Activities

Enzymes are substances produced by living organisms which act as catalyst to bring
about a specific biochemical reaction without being used up. They show extreme
specificity in catalysing biological reactions. There is a systematic classification of
enzymes based on the recommendation of the International Enzyme Commission.
The new system has divided enzymes into six principal classes further classifying
each class into four categories according to the type of reaction each group is capable
of catalysing. For example, the recommended name, systematic name and classifi-
cation name, for phosphodiesterase is phosphoric diester hydrolase while its classi-
fication number is EC 3.1.4 (Alef and Nannipieri 1998).

Researches into soil enzymes are traditional, with many activities linked with
biotic and abiotic factors that contribute to the overall efficiency and effectiveness of
soil enzymes. According to Burns (1982), an enzyme may be involved physically
with proliferating animal and microbial and plant cells, and it can also be found in
the cytoplasm (within the periplasm of gram-negative bacteria or sometimes attached
to the outer surface of cells). They have also been reported in non-proliferating cells
(e.g. microbial spores or protozoan cysts), in entirely dead cells or cell debris. Many
enzymes are found as an extracellular soluble molecule. They are sometimes tem-
porarily associated in enzyme-substrate complexes, adsorbed to clay minerals or
associated with humic colloids (Datta et al. 2017). Some of these categories
according to Alef and Nannipieri (1998) may represent various stages in the life of
an enzyme. An intracellular enzyme may still function after the cell dies and thus it
becomes associated with cell debris. It may be released in the aqueous phase and
may eventually be adsorbed in an active form by the soil colloids. In enzyme-clay
and enzyme-organic polymer molecules, there are remarkable resistance to proteo-
lytic and thermal denaturation (Sarkar et al. 1980; Burns 1982, 1986; Trasar-Cepeda
and Gil-Sotres 1987, 1988; Nannipieri et al. 1988).

Several methods exist for the measurement of enzyme activities. These are
summarised in Table 3 (Burns 1982; Nannipieri et al. 1990; Nannipieri 1994).

Alef and Nannipieri (1995) cautioned about the interpretation of results arising
from the measurement of soil enzyme activities. According to these authors, these
measurements represent the maximum potential because the incubation conditions
for enzyme assays are chosen to ensure optimum rates of catalysis. Hence, the
concentration of substrate is sometimes is in excess, with the optimum values of
pH and temperature selected to ensure the highest rate of enzyme activity. Similarly,
the volume of the reaction mix is important to allow free diffusion of substrate.
Hence, Nannipieri (1994) warned researchers to avoid concluding the fact that
enzyme assays have no significance in ecological and agricultural matters.
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Table 2 Methods used in determining soil microbial biomass

Parameter
Method of
determination Remarks References

Soil
microbial
biomass

1. Staining and
counting of microbial
biomass

Babiuk and Paul (1970),
Trolldenier (1973),
Anderson and Slinger
(1975), Paul and Johnson
(1977), Söderström
(1977), Torsvik and
Goksoyr (1978),
Lundgren (1981), Sparling
and West (1990),
Jenkinson (1988), Kaiser
et al. (1992) and van de
Werf and Verstraete
(1987)

2. Use of physiological
parameters such as ATP
content, respiration and
heat output

3. The fumigation
-incubation technique

1. Soil fumigation only kills
the microbial biomass and
does not affect nonliving
OM

Shen et al. (1984),
Brookes et al. (1985),
Vance et al. (1987a, b, c),
Joergensen et al. (1990),
Martens (1985) and
Mueller et al. (1992)

2. The flush in respiration
exclusively derives from
the microbial biomass

3. The number of organ-
isms killed in the
unfumigated soil is negli-
gible compared with that in
fumigated soil

4. The fraction of dead
microbial biomass carbon
mineralised over a given
period does not differ in
different soils

5.The method is not
recommended for acidic
soils (H2O < 4.5) because
soil inoculation can be
difficult

6. The method is
unsuitable for soils
recently treated with OM,
because the large micro-
flora of the unfumigated
soil decomposes the sub-
strate more effectively than
the smaller microflora of
the fumigated soil

7. This method cannot be
used when fresh roots are
present in soil because cell
membranes of young

(continued)
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Scientists have established that enzyme measurements do answer qualitative
questions about specific metabolic processes and in combination with other mea-
surements (ATP, AEC, CO2 evolution) may increase the understanding of the effect
of agrochemicals, cultivation practices and environmental and climatic factors on the
microbiological activity of the soil (Skujiņš 1978; Nannipieri 1994; Alef and

Table 2 (continued)

Parameter
Method of
determination Remarks References

living roots are affected by
CHCl3

4.Modified fumigation
incubation procedure

1. Suitable for determining
microbial biomass N for
waterlogged soil

Inubushi et al. (1984)

2. In calcareous soils, low
in OM, errors can occur
due to the decomposition
of HCO3

�. This is reduced
by placing beakers with
soda lime in desiccators
holding fumigated and
unfumigated soils

5.Colourimetric Chaussod et al. (1986)

6.Gas chromatography Martens (1985) and
Chaussod and Nicolardot
(1982)

7.Fumigation-
extraction

Vance et al. (1987c) and
Kaiser et al. (1992)

8.Dichromate oxidation OM is oxidised and Cr
(+VI) reduced to Cr(+III).
Amount of dichromate left
is back titrated

Vance et al. (1987c)

9.Ultraviolet
persulphate oxidation

Extracted OC is oxidised by
UV light to CO2, which can
be measured by IR or
photospectrometry

Wu et al. (1990)

10.Ninhydrin nitrogen
reaction

Ninhydrin forms a purple
complex with molecules
containing AA, peptides
and proteins

Moore and Stein (1948)
and Lamothe and McCor-
mick (1973)

11. SIR O2 uptake or CO2 evolution
immediately after the
amendment with quantities
of glucose

Sparling and West (1990)

12. Respiration-
simulation method

Based on continuous moni-
toring of O2 uptake by soil
supplied with readily
degradable OM in a
respirator

Van de Werf et al. (1995)
and van de Werf and
Verstraete (1987)
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Table 3 Major soil enzymes and methods of determination

Enzyme Activity Method of assay Remarks References

Urease Catalyses the
hydrolysis of
urea to CO2 and
NH3, with the
formation of car-
bamate as an
intermediate
product

1.Determination of
NH3 liberated on
incubation of
toluene-treated soil
with buffered urea
solution

1. Widely distrib-
uted in nature

Bremner and
Mulvaney (1978),
Gosewinkel and
Broadbent
(1984), Kandeler
and Gerber
(1988), McCarty
et al. (1989),
Skujiņš and
McLaren (1969),
Douglas and
Bremner (1970),
Bremner and
Mulvaney (1978),
Mulvaney and
Bremner (1979),
Hoffman and
Schmidt (1953),
Tabatabai and
Bremner (1972),
Zantua and
Bremner (1975),
Frankenberger
and Johanson
(1986), Kandeler
and Gerber
(1988), Kissel and
Cabrera (1988),
Moyo et al.
(1989),
Nannipieri et al.
(1978),
Nannipieri et al.
(1974) and Burns
et al. (1972)

2. Estimation of
the rate of urea
hydrolysis in soils
by residual urea or
14CO2 liberated
after incubation

2.Catalyses the
hydrolysis of
hydroxyurea,
dihydroxyurea
and
semicarbazide

3. Use of buffer to
control pH, or
addition of toluene
to inhibit microbial
proliferation

3.Denatured at
70 �C
4. Incubation
temperature of
assay ranges from
15 to 42 �C
5. Urease
extracted from
soil is resistant to
thermal and pro-
teolytic
denaturation

Phosphatase Catalyses the
hydrolysis of
phosphate esters

1. Enzymes with
relatively broad
specificity, capable
of acting on a
number of differ-
ent structurally
related substrates,
but at widely dif-
ferent rates

Florkin and Stotz
(1964), Beck
(1973), Burns
(1978), Chhonkar
and Tarafdar
(1981), Dick et al.
(1983), Tarafdar
and Jungk (1987),
Alef et al. (1995),
Speir and Ross
(1978), Eivazi
and Tabatabai
(1977) and
Nannipieri et al.
(1988)

2. Acid phospha-
tase is predomi-
nant in acid soils,
alkaline phospha-
tase in alkaline
soils

(continued)
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Table 3 (continued)

Enzyme Activity Method of assay Remarks References

3. Assays carried
out at neutral pH
(6.5–7)

4. Optimum tem-
perature for
assays (40–60 �C)
5. Activity
affected also by
OM content, soil
moisture and
anaerobiosis

Cellulase Catalyses the
hydrolysis of
cellulose to
Ŋ-glucose

Based on the
determination of
either released
sugars or evolved
14CO2, using cot-
ton strips, radio-
isotope-labelled
cellulose and car-
boxyl methyl cel-
lulose (CMC)

Enzymatic hydro-
lysis of cellulose
depends on degree
of crystallinity, the
nature of associ-
ated substances
and surface area

Lee and Fan
(1980), Eriksson
and Wood (1985),
Sinsabaugh and
Linkins (1989),
Alef and
Nannipieri
(1995), Hayano
(1986), Hunt
(1977), Schröder
and Gewehr
(1977), Schröder
and Urban (1985),
Sinsabaugh and
Linkins (1988),
Tateno (1988),
Kshattriya et al.
(1992), Speir and
Ross (1981),
Benefield (1971),
Hope and Burns
(1987), Kiss et al.
(1978), Clarke
and Stone (1965),
Yamane et al.
(1970), Hayano
(1986), Rhee et al.
(1987),
Stutzenberger
(1972), Gott-
schalk et al.
(1981), Joliff
et al. (1989),
Benefield (1971),
Isbister et al.
(1980), Sato
(1981) and
Schinner and
vonMersi (1990)
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Nannipieri 1995). For example, Curci et al. (1997) discovered that enzyme activity
was higher in the uppermost 20 cm of soil in plots tilled by shallow ploughing, as
against the situation in soils tilled by deep ploughing.

3.4 Humic Matter in Soils: Influence of Environment
and Agriculture

Organic matter in soils is commonly grouped into humic and non-humic substances.
Humic substances are organic materials derived principally from the decaying plant
remains but with the (average) plant components considerably altered by the soil
animal and microbial populations. Abiological chemical reactions also alter the
entire process giving rise to a complex mixture of macromolecules whose compo-
sition is dependent on the site, more especially vegetation and pedogenic processes
(Anderson et al. 1984).

Humic substances have been tested with different isolation, purification and
fractionation techniques. It was in 1982 that the International Humic Substances
Society published methodologies for their extraction, purification and fractionation
(from both soils and water) (Anderson et al. 1984). These scientists gave details of
the levels of humic fluvic and hydrophilic acids in soil and water. Another reliable
method is the use of cross polarisation magic angle spinning (CPMAS) 13C nuclear
magnetic resonance (NMR) spectroscopy. From sugar and amino acid analysis of
humic substances, it has been found that each humic component in each environment
possesses an individuality that distinguishes it from other components in the same
environment and from the same humic components in different environments
(Hayes 1991).

3.4.1 Origins, Compositions and Structures of Humic Substances

There is no evidence on genetic or biological control of the synthesis of humic
substances. Hence, there is a lack of regularity in the manner in which the molecules
that aggregate the macromolecules are sequenced. There is evidence of intramolec-
ular and intermolecular interactions that give unique secondary and tertiary structure
(Hayes 1991). However, there are no rigid regularities between such interactions and
associations. Even though interactions and associations can form between humic
substances and other organic and inorganic molecules, they are seldom random and
do not constitute part of any biological functions attributed to humic substances.
Hence humic substances do not meet any of the criteria for a structure as they apply
for proteins (Hayes 1991).

134 P. O. Igboji



There are two biological processes that give rise to humic substances. One is
“degradative” which involves biological transformations of the organic macromol-
ecules that are refractory in nature, namely, lignins, paraffinic substances, cutins,
melanins and suberins (Nip et al. 1986; Hayes 1991).

The other are polysaccharides and proteins which form readily available sub-
strates for micro-organisms, which eventually give rise to humic substances, even
though the origins of such substances are more likely to be from the micro-organisms
which proliferate on the labile substrates, rather than from the substrates themselves
(Hayes 1991). Another possibility is that of amino acids and peptides released from
proteins and sugars, as well as oligosaccharides released from polysaccharides
which undergo “browning” reactions to give rise to humic substances. Another
account is from quinones (from oxidised phenols) which are also known to give
rise to humic-type substances. Such pathways are part of the second or synthetic
process, for the genesis of humic substances (Hayes 1991).

To understand this, Hayes (1985) clarified the “browning” reaction or the
“melanoidin” theory, when he observed that monomeric reducing sugars, such as
glucose, could condense with amino acids such as glycine to form brown macromol-
ecule substances. Similarly, polycondensation reactions between glycine and
2-oxopropanal (methyl glyoxal) were considered by Enders et al. (1948) to provide
plausible processes for the formation of humic substances. By regulating the ratios of
the reactants, the macromolecular substances produced can have elemental contents
and charge and other characteristics similar to soil humic acids (Schuffelen and Bolt
1962). More recently there has been an emphasis on the role of quinines from di- and
polyhydroxybenzene structures with –OH groups in the 1,2- and 1,4- ring positions
on the synthesis of humic substances (Flaig 1988). Researchers have also discovered
that lignins can give rise to the appropriate phenols, and, again, fungi are known also
to synthesise phenols (many of which are components of melanins), the coloured
secondary metabolites formed during fungal degradation of saccharides (Martin et al.
1980; Datta et al. 2017a). Likewise, Aiken et al. (1985), considered humic substances
to be a “general category of naturally occurring biogenic heterogeneous organic
substances that can generally be characterised as being yellow to black in colour, of
high molecular weight and refractory”. Similarly, Hayes and Swift (1978) based on
proposals by Kononova and Somne (1966) considered humic substances to be the
amorphous, macromolecular, brown-coloured components of SOM which bear no
morphological resemblances to plant or animal tissues from which they were derived
and which can be differentiated into broad general classes on the basis of solubility
differences in aqueous acids and bases. According to these authors, humic acids are
the components of humic substances precipitated when extracts in dilute aqueous
alkali are acidified to pH 1. Fulvic acids are the components which are soluble in
aqueous acids and base; humin is the term applied to the components which are
insoluble in aqueous acids and bases. However, these three categories (humic, fulvic
and humin acids) referring to gross mixtures and the elemental composition of these
mixtures and their chemical and physicochemical properties can vary with their
origins and with the environments in which they are formed (Hayes 1991).
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3.4.2 Isolation of Humic Substances from Soil

The properties used for the isolation of humic substances from the soil and the
processes of the dissolution of the macromolecules in various solvent systems were
described by Hayes (1985). The author’s findings reveal that humic substances are
mostly ionised at pH of most agricultural soils, leading to negative charges of the
conjugated bases in the acid groups being balanced by divalent and polyvalent
cations. Table 4 shows the data relating to the successive extraction of humic
substances from the soil (Hayes et al. 1975; Swift 1985).

3.4.3 Purification and Fractionation of Extracts

Humic acid is extracted using organic and aqueous solvents. These give rise to
mixtures containing humic and non-humic molecules. To facilitate the extraction,
purification and fractionation of extracts, water scientists have developed a resin
treatment process that separates the hydrophilic substances from the humic sub-
stances in waters. This is known as the poly (methylmethacrylate) resin, XAD-8. It
binds the H+-exchanged humic substances, but it allows salts and small molecules
and macromolecules organic substances (such as polysaccharides) to pass through
the resin column. The humic substances are recovered by raising the pH causing the
acidic groups to ionise and the macromolecules to desorb from the resins (Hayes
1991). This procedure is followed for both the fulvic acid fraction that is in the
supernatant, whenever any aqueous alkaline extracts are precipitated at pH 1. Thus,
the substances retained, when this fraction is applied under acidic conditions to
XAD-8 resins and subsequently eluted when the pH of the solvent is raised, are true
fulvic acids (Hayes 1991).

Nevertheless, according to Hayes (1991), humic acid precipitates cannot be
applied directly to resins. Rather, these acids can be dissolved in DMSO and passed
into XAD-8 resin columns, followed by subsequent elution with acidified water
(pH 1–2) which removes the DMSO and polar substances. Then, the humic acids are
subsequently eluted as the pH is raised. According to the author, the procedure
allows the fractionation of the humic acids using a pH gradient system. It also allows

Table 4 Methodologies for successive extraction of humic substances from a soil [Yield (% of
total OM)]

Extractant Humic acid Fulvic acid Cumulative total pH value of extractant

Water 0.0 2.8 2.8 –

DMF 15.0 2.2 20.0 6.8

Sulfolane 4.1 1.0 25.1 3.7

DMSO 0.7 0.2 26.0 5.9

Pyridine 14.8 0.6 41.4 11.6

EDA 23.2 6.3 70.9 13.0
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humic substances to be recovered from the acidified DMSO extracts of soils. While
these extracts are applied to XAD-8 columns, the DMSO is eventually removed,
followed by the humic substances recovery (Hayes 1991).

Furthermore, fractionations of the humic substances on the basis of molecular
size differences are most frequently used to analyse the humic substances further.
The procedures generally involve uses of gel permeation chromatography (Swift
1989; DeNobilli et al. 1989), ultrafiltration or centrifugation (Hayes 1991). For gel
permeation and ultrafiltration procedures to be effective, it is recommended that the
humic substances should not interact (either adsorb to or be rejected by the gel or
membrane) with the media used (Hayes 1991).

The methods used by Appelqvist (1990) in fractionating sodium humate prepa-
rations were remarkable. The author used ultrafiltration (Sartorius membranes of
pore sizes and nominal molecular size exclusion values of 5000, 20,000 and 100,000
daltons) and gel chromatography (Sephacryl S-200 gel, with cross-linked dextran
from Pharmacia). The scientist observed differences between the samples excluded
by the gel (MW > 150,000) and those retained by the membranes which nominally
kept the materials of 100,000 MW and above (>100,000), 20,000 and above
(100,000–20,000 MW fraction) and 5000 and above (20,000–5000). As the molec-
ular sizes decreased, the carbon contents also decreased (52.5%, 51.6%, 49.2%,
47.4%), and the E4/E6 ratios increased. The E4 (solvent mixture absorbance at
465nm) and E6 (solvent mixture absorbance at 665nm) are indicators of differences
in solution conformations. It aids comparison of humic substances in different
solvent systems. Hence, such data support the concept of greater aromaticity, for
the higher molecular weight materials (Chen et al. 1977). This is in keeping with the
concept of greater numbers of aromatic carboxylic acids, in the higher molecular
weight substances. Further use of Fourier transform infrared spectroscopy (FTIR)
indicated increased aliphatic characteristics for the lower molecular weight compo-
nents, while Nip et al. (1986) proposed a procedure that generated H-NMR spectra
for the high molecular weight materials and confirmed that phenols were present in
the aromatic structures. This substantiated the data from most potentiometric titra-
tions (Nip et al. 1986).

There were also differences between the >150,000 MW (obtained by gel filtra-
tion) and the >100,000 MW (obtained by ultrafiltration) fractions; no major differ-
ences from further examinations of the titration data were found. Other differences,
the workers attributed to the amino acid content of the high molecular weight
materials isolated by ultrafiltration and gel filtration (43.24 and 38.25 nmol mg�1,
respectively). The scientists gave the corresponding values for the total sugars as
20.6 and 25.7 μg mg�1. Prior to all analyses, the humic acids (which were isolated in
0.1 M NaOH from a sapric histosol) were dissolved in DMSO-HCl (1% v/v) and
adsorbed on and recovered (by back elution with 0.1 M NaOH) from XAD-8 resin.
The resin treatment had separated the humic acid fraction sugar and the amino acid
containing residues which were not covalently bonded to the humic acid “core” or
“backbone” structures.
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Therefore, the most useful of the physicochemical procedures for studying the
structures of humic substances has focused on molecular size and shape and charge
characteristics (Hayes 1991). For such studies it has been desirable to work with
molecules that are relatively homogeneous with respect to sizes and shapes.

Details of these procedures in the study of humic substances of liquid and solid-
state NMR have been detailed by Wershaw (1985), Malcolm (1989), Wilson (1989)
and Steelink et al. (1989). Hence, advances in the use of liquid and solid-state NMR
analyses now make it possible to obtain reasonably quantitative and well-resolved
spectra for humic substances. The access to cross polarisation magic angle spinning
(CPMAS) 13C NMR has done much to improve resolution and applications of this
procedure to the study of humic substances in the solid state (Hayes 1991).

3.4.4 Impact on Agriculture and the Environment

The role of SOM on the soil structure and fertility is very important. Many scientists
have used humic substances to access the bioavailability of elements and chemical
compounds in the environment. Their findings are diverse. Some believe that the
slow degradation of humic substances may support the fact of not being the major
source of nutrients (C, N, P and S) for soil biota, except for some highly specialised
organisms, mainly fungi, which can utilise humic substances as a source of energy.
However, the release of the above nutrients has been recognised to be more
important in aquatic systems where humic substances are likely to be transformed
more rapidly due to processes such as photoalteration (Hayes 1991).

4 Simulation of C and N Cycling

Modelling helps to understand the principal mechanisms affecting ecosystem func-
tioning and the causes of disturbances to them. They are essential for long-term
predictions and in making recommendations aimed at reducing harmful effects and
preventing environmental disturbances. Many authors have demonstrated the bene-
fits of using computer models in agriculture (Farage et al. 2005; Paul et al. 2003;
Webb et al. 2003; Pumpanen et al. 2003; Qian et al. 2003; Smith et al. 1996, 1997).

Although mechanistic soil-crop models are increasingly accepted as valuable tools
in analysing agronomical or environmental issues, potential users are faced with an
equally increasing number of available models (Gabrielle et al. 2002; Plentinger and
Penning de Vries 1995; Farage et al. 2005; Paul et al. 2003; Webb et al. 2003;
Pumpanen et al. 2003; Qian et al. 2003; Smith et al. 1996, 1997). Besides little
information is given as to the validity, limits and potential applications of these
models, which would provide some guidance in the selection of the most appropriate
package. As a result, models are chosen based on practical criteria such as code
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accessibility or the existence of user-friendly interfaces rather than the scientific
assessment of their expected performance (Gabrielle et al. 2002). Again, although
testing the models over long timescales may not be possible in all cases, the
description of processes in the model can be validated. The most important data for
such research are long-term experiments with a duration of more than 20 years, with
information available about SOM pool dynamics during the experimental period.

Among the models that have been tested in various ecosystems and cropping
systems are the CENTURY 4.0, RothC, CERES, NCSOIL, SNDIAL and STICS.
These have been evaluated in the domain of carbon and nitrogen cycling and
sequestration (Gabrielle et al. 2002; Plentinger and Penning de Vries 1995; Farage
et al. 2005; Paul et al. 2003; Webb et al. 2003; Pumpanen et al. 2003; Qian et al.
2003; Smith et al. 1996, 1997). Century 5 is a research version of the CENTURY
Model that has not been extensively tested or validated. For that reason, it has not
released for public download except on special request (Ojima 2006).

RothC 26.3 model was developed with data from the long-term Broadbalk
experiment at Rothamsted for monitoring the turnover of carbon in
non-waterlogged topsoils that allows for the effects of soil type, temperature,
moisture content and plant cover on the turnover process. It needs few inputs, and
those it needs are easily obtainable (it needs a few inputs which are easily obtainable)
(Coleman and Jenkinson 2005). It uses a monthly time step to calculate total organic
carbon, microbial carbon and Δ 14C (from which the equivalent radiocarbon age of
the soil can be calculated) on year to century timescale. It is an extension of the
earlier model described by Hart (1984). A version replacing the monthly time steps
by continuous processes has been published by Parshotam (1996), while King et al.
(1997) incorporated Roth C into a much larger model for the global C cycling.

The CENTURY 4.0 AgroecosystemModel manual by Parton et al. (1993) describes
the best understanding to date of the biogeochemistry of C, N, P and S (Parton et al.
1993). The primary purposes of the model are to provide a tool for ecosystem analysis,
to test the consistency of data and to evaluate the effects of changes in management and
climate on ecosystems. It was developed to deal with a wide range of cropping system
rotations and tillage practices and for the systematic analysis of the effects of manage-
ment, global change on productivity and sustainability of agroecosystems (grasslands,
forest, crops and savannahs). This version 4.0 integrates the effects of climate- and soil-
driven variables including agricultural management in the simulation of C, N and H2O
dynamics in the soil-plant system. Simulation of complex agricultural management
systems, including crop rotations, tillage practices, fertilisation, irrigation, grazing and
harvest methodologies, is now possible in this enhanced release of the model (Parton
et al. 1993; Metherell 1992; Parton et al. 1983), Parton et al. 1987). CENTURY operates
on a monthly time step and is adequate for simulation of medium- to long-term (10 to
>10,000 y) changes in soil total C and other ecosystem parameters in response to the
changes in climate, land use and management. It also has the advantage of additional
sub-models (Parton et al. 1993).
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4.1 CENTURY Model Overall Structure

The soil organic matter sub-model simulates the flow of C, N, P and S through plant
litter and the different inorganic and organic pools in the soil. The model runs using
the following major inputs:

• Monthly average maximum and minimum air temperature
• Monthly precipitation
• Lignin content of plant material
• Plant N, P and S content
• Soil texture
• Atmospheric and soil N inputs and
• Initial soil C, N, P and S levels

The input variables are available for most natural and agricultural ecosystems and
can be generally estimated from existing literature (Parton et al. 1993). The follow-
ing description is mainly taken from Parton et al. (1993).

4.2 CENTURY Key Model Processes and Assumptions

In CENTURY Model, there are three types of organic matter, namely, active, slow
and passive, with various rates of decomposition. The belowground litter accumu-
lation also differs with the various microbial communities that facilitate the decom-
position of the surface litter. The pools and flows of C are illustrated in Fig. 4. The
belowground and organic animal excreta belowground biomass consist of two types,
namely, structural pool and metabolic pool, based on the lignin to N ratio in the
residue. There are also slow decompositions of structural residue pool. While the
structural pool residue has slower decomposition rates, the metabolic ones have
higher rates of decomposition. On the other hand, the structural pool contains all the
plant lignin. Again, the plant residues and SOM are broken down by soil microbes
during respiration leading to loss of CO2, which increases with soil and sand level,
with three products of SOM pools with defined characteristics and decomposition
rates.

The overall decomposition rate is dependent on soil moisture and temperature.
The overall decomposition rate rises with different cultivation activities. The model
uses soil temperature at the surface layer, and soil moisture is worked out from the
soil water at the 0–30 cm soil depth, with the addition of current month evapotrans-
piration. The level of decomposition of structural materials is dependent on the
fraction of the structural material lignin concentration; while the lignin fraction of the
plant material is assumed to directly identify the slow C pools as the structural plant
material decomposes. The soil microbes and microbial products are the active pool
with a turnover time of months to a few years based on environmental condition and
sand level. The soil texture also influences the turnover rate of the soil SOM. This is
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higher for sandy soils, while clay soils have higher stabilisation rates and higher
efficiency in restructuring active SOM.

On the other hand, soil surface microbial pool is not dependent on soil texture
because it transfers materials openly into the slow SOM pool, while the structural
pool is composed of resistant materials from the active and surface microbial pools
with the average turnover time of 20–50 years. The other passive pools which are
resistant to breakdown cover the physical and chemical SOM with the turnover time
of 400–2000 years. The model runs on the assumption of different levels of
decomposition products which pass through the passive pool and which rise with
clay content, while other fraction of the active pool is lost via leaching as organic
matter. Leaching is also based on the rate of the decomposition of soil SOM, as well
as the clay level of the soil. Hence, less loss for clay soils occurs especially where
drainage of water falls below the 30 cm soil depth.

The CENTURY Model has N, P and S pools which symbolise the C pools, with
each pool having different levels of C to various element ratios that are calculated
based on the method described by McGill and Cole (1981) model. Again, N is
assumed to be linked with C, as C-N ratios are limitedly small, as ester bonds of P
and S permit C-P and C-S ratios of wide variations. While the ratios of the structural
pool are fixed at higher rates, that of metabolic pool is configured to permit nutrient
dynamics in line with plant debris.

Leaf
(C. N)

Fine
roots
(C, N)

Root
residue
(C, N)

Surface
residue
(C, N)

Fine
branches
(C, N)

Dead fine
branches
(C, N)

Large
wood
(C, N)

Dead
Large wood
(C, N)

Coarse
roots
(C, N)

Dead
coarse roots
(C, N)

N availability

SOM model

Plant
production

Climate Forest model

Slow

Active

Metabolic C, N
Above and
below ground

Structural C, N
Above and
below ground

Fig. 4 Compartment diagram for the forest CENTURY Model (soil organic matter component).
(Adapted from Ryan 1996)
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Each material that is moving into SOM phase is directly related to the rate of each
element in the mobile inorganic mineral pool surrounding the surface soil layers. The
low nutrient rates in the mobile pools result into high C ratios in the different SOM
pools. There is a flow of N, P and S between SOM pools and various C movements,
with the quantity of each element flowing out of a given pool being the same with the
product of C flow plus the element to C ratio of the pool. The process of
mineralisation and immobilisation of N, P and S continues to take place in order
to balance the nutrient ratios. In the English case studies, soil total carbon and soil
microbial respiration associated with decomposing surface litter (0–20 cm) depth
were simulated.

The model simulates a wide variety of crops and grasslands by altering a number
of crop- specific parameters. In the English case study, the model was configured
using arable land under barley, grassland under permanent pasture (one on 5-year ley
before grazing and the second sown with red clover before grazing) and deciduous
woodland. Other cropping practices from historical records such as wheat (Triticum
aestivum L.), maize (Zea mays L.), potato (Solanum tuberosum L.) and soybean
(Glycine max L.) were also included. Hence in amending the crop/tree file using
File.100 CENTURY updating facility, the Geescroft_Wilderness_Rothamsted_UK
(succession) for woodland vegetation, Grass_Clover_Pasture Geescroft for the clo-
ver plot, Rothamsted_Grass for the 5-year ley plot and Brly_ V1 for the barley plot
were used. The parameterization values for these crops/trees were obtained from
Rothamsted data archive as described by Farage et al. (2005). The values are
replicated in Tables 5 and 6.

The CENTURY Model makes certain assumptions, namely, that plant available
soil N will be preferred by the crop, taking into account the limitations by P and S,
before determining the symbiotic N2 fixation. This has to do with the permanent
pasture sown with red clover in the English scenario. On the other hand, fertiliser
addition is normally by fixed amounts or calculated automatically according to the
crop requirements. There is automatic option in the model that considers the quantity
required to sustain crop growth given a given productivity index (with minimum and
maximum levels). The OM is specified in a special file (omad.100 file) which is part
of CENTURY file.100 updating facility (Table 7). The fertiliser file (Table 8) was
amended using the fert.100 file. The entire fertiliser type and rates used at Writtle
English scenario except potassium fertiliser that is not supported by the model were
included in this amendment.

In CENTURY 4.0 Agroecosystem Model configuration is done based on several
yardsticks. When grains are harvested, the model takes into consideration the
removal of grain and notes the live shoots that are transferable to what is called
standing dead or surface residue. The genetic maximum and moisture limitations
during the months of flowering and filling of grains are established by harvest index.
It also includes the limited moisture derived from normal potential transpiration for
defined months. The proportion of aboveground N, P and S in a given grain remains
crop-specific constants. This is calculated using the square root of the moisture
limitation term, hence defining the higher grain nutrient level, particularly when
harvest index has been reduced as a result of moisture limitations. It is also assumed
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Table 5 Crop parameters values used in updating crop/tree file using file. 100 CENTURY
updating utility in line with Writtle English agroecosystem

Crop
parameter Description

Wheat
medium
harvest
index Potato

Standard
maize Soybean

Prdx (1) Potential aboveground monthly pro-
duction for crops – g C m2

300 150.0 360.0 300

ppdf(1) Optimum temperature for production
for parameterization of a Poisson
density function curve to simulate
temperature effect on growth

18 17.0 30.0 27

ppdf(2) Maximum temperature for produc-
tion for parameterization of a Poisson
density function curve to simulate
temperature effect on growth

35 5.0 45.0 40

ppdf(3) Left curve shape for parameterization
of a Poisson density function curve to
simulate temperature effect on
growth

0.7 1.2 1.0 1.0

Ppdf(4) Right curve shape for parameteriza-
tion of a Poisson density function
curve to simulate temperature on
growth

5.0 5.0 2.5 2.5

Bioflg Flag indicating whether production
should be reduced by physical
obstruction ¼ 0 production should be
reduced ¼ 1 production should be
reduced

0 0.0 0.0 0.0

biok5 Level of aboveground standing dead
+10% struck (1) at which production
is reduced to half maximum due to
physical obstruction by dead material
(g m2)

1800 1800.0 1800.0 1800

Pltmrf Planting month reduction factor to
limit seeding growth; set to 1.0 for
grass

0.4 0.4 0.5 0.5

Fulcan Value of aglivc at full canopy cover,
above which potential production is
not reduced

150 150.0 150.0 150

frtc(1) Initial fraction of C allocated to roots;
for Great Plains equation based on
precipitation, set to 0

0.6 0.6 0.5 0.5

frtc(2) Final fraction of C allocated to roots 0.1 0.8 0.1 0.1

frtc(3) Time after planting (months with soil
temperature greater than rtdtmp) at
which the final value is reached

3.0 2.0 3.0 3

biomax Biomass level (g biomass m�2)
above which the minimum and max-
imum C/E ratios of new shoot

600 600.0 650.0 800

(continued)

Using Traditional and Simulation Methods for C and N Cycling Studies. . . 143



Table 5 (continued)

Crop
parameter Description

Wheat
medium
harvest
index Potato

Standard
maize Soybean

increments equal pramn (*,2) and
pramx(*,2), respectively

pramn
(3,1)

Minimum C/E ratio with zero bio-
mass; (1,1) ¼ N; (2,1) ¼ P and
(3,1) ¼ S

100 100.0 190.0 150

pramn
(3,2)

Minimum C/E ratio with biomass
greater than or equal to biomax;
(1,2) ¼ N; (2,2) ¼ P and (3,2) ¼ S

200 200.0 150.0 150

pramx
(3,1)

Maximum C/E ratio with zero bio-
mass; (1,1) ¼ N; (2,1) ¼ P; (3,1) ¼ S

230 230.0 230.0 230

pramx
(3,2)

Maximum C/E ratio with biomass
greater than or equal to biomax;
(1,2) ¼ 1; (2,2) ¼ P and (3,2) ¼ S

270 270.0 230.0 230

prbmn
(3,2)

Parameters for computing minimum
C-N ratio for belowground matter as
a linear function of annual precipita-
tion; (1,1) ¼ N, intercept; (2,1) ¼ P,
intercept; (3,1) ¼ S, intercept;
(1,2) ¼ N, slope; (2,2) ¼ P, slope;
(3,2) ¼ S, slope

0.0 0.0 0.0 0.0

prbmx
(3,2)

Parameters for computing maximum
C-N ratio for belowground matter as
a linear of annual precipitation;
(1,1) ¼ N, intercept; (2,1) ¼ P,
intercept; (3,1)¼ S, slope; (1,2)¼ N,
slope; (2,2) ¼ P, slope; (3,2) ¼ S,
slope

0.0 0.0 0.0 0.0

fligni
(1,1)

Intercept for equation to predict lig-
nin content fraction based on annual
rainfall for aboveground material

0.15 0.2 0.1 0.1

fligni
(2,1)

Slope for equation to predict lignin
content fraction based on annual
rainfall for aboveground material.
For crops, set to 0

0.0 0.0 0.0 0

fligni
(1,2)

Intercept for equation to predict lig-
nin content fraction based on annual
rainfall for aboveground material

0.06 0.1 0.1 0.1

fligni
(2,2)

Slope for equation to predict lignin
content fraction based on annual
rainfall for belowground material.
For crops, set to 0

0.0 0.0 0.0 0

Himax Harvest index maximum (fraction of
aboveground live C in grain)

0.35 0.4 0.38 0.3

Hiwsf 0.5 0.0 0.0 0.0

(continued)
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Table 5 (continued)

Crop
parameter Description

Wheat
medium
harvest
index Potato

Standard
maize Soybean

Harvest index water stress factor ¼ 0
no effect of water stress;¼ 1 no grain
yield with maximum water stress

himon(1) Number of months prior to harvest to
which to begin accumulating water
stress effect on harvest index

1 1.0 3.0 2

himon(2) Number of months prior to harvest in
which to stop accumulating water
stress effect on harvest index

0 1.0 2.0 1

Efrgrn(3) Fraction of the aboveground E which
goes to grain; (1)¼N (2)¼ P (3)¼ S

0.6 0.6 0.6 0.6

Vlossp Fraction of aboveground plant N
which is volatilised (occurs only at
harvest)

0.04 0.1 0.1 0.1

fsdeth(1) Maximum shoot death rate at very
dry soil conditions (fraction/month);
for getting the monthly shoot death
rate, this fraction is multiplied times a
reduction factor depending on the
soil water status

0.0 0.0 0.0 0

fsdeth(2) Fraction of shoots which die during
senescence month; must be greater
than or equal to 0.4

0.0 0.0 0.0 0

fsdeth(3) Additional fraction of shoots which
die when aboveground live C is
greater than fsdeth(4)

0.0 0.0 0.0 0

fsdeth(4) The level of aboveground C above
which shading occurs and shoot
senescence increases

200 200.0 500.0 500

Fallrt Fall rate (fraction of standing dead
which falls each month)

0.12 0.1 0.1 0.1

Rdr Maximum root death rate at very dry
soil conditions (fraction/month); for
getting the monthly root death rate,
this fraction is multiplied times a
reduction factor depending on the
soil water status

0.05 0.0 0.1 0.1

Rtdtmp Physiological shutdown temperature
for root death and change in shoot/
root ratio

2.0 2.0 2.0 2.0

crprtf(3) Fraction of E translocated from grass/
crop at death (1) ¼ N (2) ¼ P (3) ¼ S

0.0 0.0 0.0 0

snfxmx
(1)

Symbiotic N-fixation maximum for
grass/crop (Gn fixed/Gc new growth)

0.0 0.0 0.0 0

(continued)
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that certain level of the aboveground nitrogen is lost to volatilisation at harvest. The
crop harvest index allows for the harvest of roots and hay crops or straw removal
after grain harvest. The crop may be killed at harvest as for cereal crops, with a
fraction of roots and shoots deemed to be unaffected by harvest operations, and this
can stimulate the growth of stubbles.

The model also gives provisions for the death of shoots and roots during the
growing season, where shoot and roots are directly related to available water in the
entire soil profile and root zone, respectively. These are subject to multiplicative
effects of crop-specific maximum death rates. The shoot death rates are increased
through shading effects of live biomass, especially at critical levels, while the root
death is provided for to cover physiologically active roots, which are subject to soil
temperature being greater than 2 Celsius. In the months of senescence, the shoot
death rate is set to fixed fraction of the live biomass, withstanding the dead material
transferred to the surface litter based on crop-specific fall rate. In the Writtle English
scenario, grain harvest index was calculated based on 50% straw removal and 50%
standing on the field.

The effects of grazing on plant production were fully described by Holland et al.
(1992) and Ojima et al. (1990). These scientists also specified the effects of grazing

Table 5 (continued)

Crop
parameter Description

Wheat
medium
harvest
index Potato

Standard
maize Soybean

del 13C Delta 13C value for stable isotope
labelling

�27 �27.0 �15.0 �27.0

CO2ipr
(1)

In grass/crop system, the effect on
plant production ratio of doubling the
atmospheric CO2 concentration from
350 ppm to 700 ppm

1.2 1.3 1.2 1.2

CO2itr(1) In grass/crop system, the effect on
transpiration rate of doubling the
atmospheric CO2 concentration from
350 ppm to 700 ppm

0.8 0.8 0.8 0.8

CO2ice
(1,2,3)

In grass/crop system, the effect on
C/E ratios of doubling the atmo-
spheric CO2 concentration from
350 ppm to 700 ppm; (1,1,1) ¼mini-
mum C-N; (1,2,1) ¼ maximum C-N;
(1,1,2) ¼ minimum C-P;
(1,2,2) ¼ maximum C-P;
(1,1,3) ¼ minimum C-S;
(1,2,3) ¼ maximum C-S

0 1.0 1.0 1.0

CO2irs(1) In grass/crop system, the effect on
root-shoot ratio of doubling the
atmospheric CO2 concentration from
350 ppm to 700 ppm

1.0 1.0 1.0 1.0

Adapted from Farage et al. (2005)
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Table 6 Other categories of crop and vegetation parameter whose values were used in updating
crop/tree file by aid of the file. 100 CENTURY updating utility in line with Writtle English
agroecosystem. Details of parameter symbols are in Parton et al. (1993)

Crop/tree
parameter

Geescroft
Wilderness
Rothamsted

Successional
understory
(Geescroft)

Grass clover
pasture
(Geescroft)

Rothamsted
grass

Barley
(Brly
V1).

UK succession
(woodland
vegetation)

DECID 1 PRDX (1) 200 350 270 300

PRDX(2) 800 PPDF (1) 27 22 18 17

PRDX(3) 500 PPDF (2) 45 35 35 35

PPDF(1) 25 PPDF (3) 1 0.8 1.2 0.5

PPDF(2) 45 PPDF (4) 3 3.5 3 5.0

PPDF(3) 1 BIOFLG 1 1 1 0

PPDF(4) 3 BIOK5 1800 200 60 1800

CERFOR
(1,1,1)

25 PLTMRF 0.2 0.5 1 0.4

CERFOR
(1,1,2)

150 FULCAN 100 150 100 150

CERFOR
(1,1,3)

300 FRTC (1) 0.2 0.5 0 0.6

CERFOR
(1,2,1)

40 FRTC (2) 0.1 0.5 0 0.1

CERFOR
(1,2,2)

200 FRTC (3) 1 1 0 3.0

CERFOR
(1,2,3)

250 BIOMAX 400 400 400 600

CERFOR
(1,3,1)

100 PRAMN
(1,1)

13 8.5 10 12.0

CERFOR
(1,3,2)

400 PRAMN
(2,1)

390 100 390 100

CERFOR
(1,3,3)

1100 PRAMN
(3,1)

340 125 340 100

CERFOR
(1,4,1)

150 PRAMN
(1,2)

15 8.5 15 57

CERFOR
(1,4,3)

4000 PRAMN
(2,2)

390 100 390 160

CERFOR
(1,5,1)

150 PRAMN
(3,2)

340 125 340 200

CERFOR
(1,5,2)

500 PRAMX
(1,1)

20 11 20 25

CERFOR
(1,5,3)

4000 PRAMX
(2,1)

440 133 440 200

CERFOR
(2,1,1)

30 PRAMX
(3,1)

440 160 440 230

CERFOR
(2,1,2)

500 PRAMX
(1,2)

25 11 40 125

(continued)
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Table 6 (continued)

Crop/tree
parameter

Geescroft
Wilderness
Rothamsted

Successional
understory
(Geescroft)

Grass clover
pasture
(Geescroft)

Rothamsted
grass

Barley
(Brly
V1).

UK succession
(woodland
vegetation)

CERFOR
(2,1,3)

300 PRAMX
(2,2)

440 133 440 260

CERFOR
(2,2,1)

60 PRAMX
(3,2)

440 160 440 270

CERFOR
(2,2,2)

600 PRBMN
(1,1)

20 17 30 45

CERFOR
(2,2,3)

250 PRBMN
(2,1)

390 100 390 390

CERFOR
(2,3,1)

200 PRBMN
(3,1)

340 125 340 340

CERFOR
(2,3,2)

2000 PRBMN
(1,2)

0 0 0 0

CERFOR
(2,3,3)

1100 PRBMN
(2,2)

0 0 0 0.0

CERFOR
(2,4,1)

500 PRBMN
(3,2)

0 0 0 0.0

CERFOR
(2,4,2)

2500 PRBMX
(1,1)

30 22 40 60.0

CERFOR
(2,4,3)

4000 PRBMX
(2,1)

420 133 420 420.0

CERFOR
(2,5,1)

500 PRBMX
(3,1)

420 160 420 420.0

CERFOR
(2,5,2)

2000 PRBMX
(1,2)

0 0 0 0.0

CERFOR
(2,5,3)

4000 PRBMX
(2,2)

0 0 0 0.0

CERFOR
(3,1,1)

25 PRBMX
(3,2)

0 0 0 0.0

CERFOR
(3,1,2)

150 FLIGNI
(1,1)

0.05 0.04 0.02 0.15

CERFOR
(3,1,3)

300 FLIGNI
(2,1)

0 0 0.01 0.0

CERFOR
(3,2,1)

46.9 FLIGNI
(1,2)

0.06 0.12 0.26 0.06

CERFOR
(3,2,2)

250 FLIGNI
(2,2)

0.1 0 �0.0015 0.0

CERFOR
(3,2,3)

250 HIMAX 0 0 0 0.35

CERFOR
(3,3,1)

130 HIWSF 0 0 0 0.25

CERFOR
(3,3,2)

1100 HIMON
(1)

2 2 2 1

(continued)
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Table 6 (continued)

Crop/tree
parameter

Geescroft
Wilderness
Rothamsted

Successional
understory
(Geescroft)

Grass clover
pasture
(Geescroft)

Rothamsted
grass

Barley
(Brly
V1).

UK succession
(woodland
vegetation)

CERFOR
(3,3,3)

1100 HIMON
(2)

1 1 1 1

CERFOR
(3,4,1)

557 EFRGRN
(1)

0 0 0 0.6

CERFOR
(3,4,2)

4000 EFRGRN
(2)

0 0 0 0.6

CERFOR
(3,4,3)

4000 EFRGRN
(3)

0 0 0 0.6

CERFOR
(3,5,1)

450 VLOSSP 0.15 0.02 0.15 0.04

CERFOR
(3,5,2)

4000 FSDETH
(1)

0.2 0.3 0.2 0.0

CERFOR
(3,5,3)

4000 FSDETH
(2)

0.95 0.4 0.95 0.0

DECW(1) 0.2 FSDETH
(3)

0.2 0.1 0.2 0.0

DECW(2) 0.01 FSDETH
(4)

150 500 150 200

DECW(3) 0.04 FALLRT 0.18 0.5 0.15 0.12

FCFRAC
(1,1)

0.23 RDR 0.05 0.6 0.25 0.05

FCFRAC
(2,1)

0.27 RTDTMP 2 2 2 2.0

FCFRAC
(3,1)

0.15 CRPRTF
(1)

0 0 0 0.0

FCFRAC
(4,1)

0.25 CRPRTF
(2)

0 0 0 0.0

FCFRAC
(5,1)

0.1 CRPRTF
(3)

0 0 0 0.0

FCFRAC
(1,2)

0.23 SNFXMX
(1)

0 0.04 0 0.0

FCFRAC
(2,2)

0.27 DEL13C �18 �27 �24 �27

FCFRAC
(3,2)

0.15 CO2IPR 0.25 0 0 1.20

FCFRAC
(4,2)

0.25 CO2ITR 0.77 0 0 0.80

FCFRAC
(5,2)

0.1 CO2ICE
(1,1,1)

1 0 0 1

LEAFDR
(1)

0 CO2ICE
(1,1,2)

1 0 0 1

(continued)
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Table 6 (continued)

Crop/tree
parameter

Geescroft
Wilderness
Rothamsted

Successional
understory
(Geescroft)

Grass clover
pasture
(Geescroft)

Rothamsted
grass

Barley
(Brly
V1).

UK succession
(woodland
vegetation)

LEAFDR
(2)

0 CO2ICE
(1,1,3)

1 0 0 1

LEAFDR
(3)

0 CO2ICE
(1,2,1)

0.75 0 0 1.3

LEAFDR
(4)

0 CO2ICE
(1,2,2)

1 0 0 1

LEAFDR
(5)

0 CO2ICE
(1,2,3)

1 0 0 1

LEAFDR
(6)

0 CO2IRS 1 0 0 1.00

LEAFDR
(7)

0

LEAFDR
(8)

0

LEAFDR
(9)

0.5

LEAFDR
(10)

0.8

LEAFDR
(11)

1

LEAFDR
(12)

0

BTOLAI 0.01

KLAI 1000

LAITOP �0.47

MAXLAI 6

MAXLDR 0

FORRTF
(1)

0.5

FORTF (2) 0.5

FORRTF
(3)

0

SAPK 1500

SWOLD 6

WDLIG (1) 0.15

WDLIG (2) 0.2

(continued)
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Table 6 (continued)

Crop/tree
parameter

Geescroft
Wilderness
Rothamsted

Successional
understory
(Geescroft)

Grass clover
pasture
(Geescroft)

Rothamsted
grass

Barley
(Brly
V1).

UK succession
(woodland
vegetation)

WDLIG (3) 0.22

WDLIG (4) 0.22

WDLIG (5) 0.22

WOODDR
(1)

0.95

WOODDR
(2)

0.4

WOODDR
(3)

0.07

WOODDR
(4)

0.01

WOODDR
(5)

0.01

SNFXMX
(2)

0

DEL13C 0

CO2IPR 0

CO2ITR 0

CO2ICE
(1,1,1)

0

CO2ICE
(1,1,2)

0

CO2ICE
(1,1,3)

0

CO2ICE
(1,2,1)

0

CO2ICE
(1,2,2)

0

CO2ICE
(1,2,3)

0

CO2IRS 0

BASFC2 2

BASFCT 100

SITPOT 2600

Adapted from Farage et al. (2005)
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on the removal of vegetation. This returns mineral nutrients to the soil and changes
the root-shoot ratio while increasing the nitrogen content of the live shoots and roots.
The model depends on three options for describing the effect of grazing on plant
productivity (except the removal of vegetation or the return of plant nutrients by the
livestock). In option 2, there is a light grazing effect (Holland et al. 1992), and this
includes a constant root to shoot ratio which does not change with grazing and which
establishes a linear decrease in potential plant productivity with increased grazing
capacity. Option 3 is heavy grazing (Holland et al. 1992), which comprises of
complicated grazing optimum where the aboveground plant productivity increases
for moderate grazing and decreases for heavy grazing (the assumption is that over
40% are removed each month). Another thing that is made constant is the root to
shoot ratio especially for low to moderate grazing. This decreases for heavy grazing.

Table 7 Details of CENTURY environment files

Name of
file Description

Century.bat Batch file used to run CENTURY and view

Centurym.
exe

The CENTURY executable model

Centurym.
tab

Table file generated by the TIME-ZERO™ to handle I/O

Centurym.
dat

Master list of all variables used in CENTURY, not to be modified by the user

Temp.sav File required by VIEW

Centuryx.
exe

The stand-alone CENTURY executable model

Fix.100 File with fixed parameters primarily relating to organic matter decomposition and
not normally adjusted between runs

<site>.100 Site-specific parameters such as precipitation and soil texture and the initial
conditions for soil organic matter; the name of the file is provided by the user

Crop.100 Crop option file

Cult.100 Cultivation option file

Fert.100 Fertilisation option file

Fire.100 Fire option file

Graz.100 Grazing option file

Harv.100 Harvest option file

Irrig.100 Irrigation option file

Omad.100 Organic matter addition option file

Tree.100 Tree option file

Trem.100 Tree removal option file

*Def For each *.100 file, there is a corresponding “.def” file which contains the defini-
tions of each parameter needed for each option; the format of these ASCII files
should not be modified by the user

Sample.wth Sample weather file

C14data Sample 14C data file

152 P. O. Igboji



Regarding the three options, it is assumed that nutrient content of new shoot will
increase with reference to the residual biomass.

In the Writtle English scenario, option 2 (light grazing) was in practice during the
research period, and this was assumed up to 2055, while other options (medium to
high grazing) were featured in most sites in the past. This information was included
in the events schedule for most of these sites (Tables 11, 12, 13, 14, 15, 16 and 17).

The CENTURY Model uses different cultivation practices based on the well-
established levels of shoots, roots, standing dead and surface litter that is standing
dead or surface and soil litter pools (whichever is more important). The second
scenario is where cultivation practices like ploughing, sweep tillage, thinning activ-
ities and herbicide are used. For this option, each cultivation practice considers
parameters of multiple soil effects based on the disturbance as a result of cultivation
or organic matter decomposition rates especially for structural, active, slow and
passive pools. The values for these parameters range from 1.0 to about 1.6 with the
actual value being dependent on the degree of soil stirring and disruption caused by
each implement. In the Writtle English scenario, only one aspect of cultivation

Table 8 A typical Fert.100 file as amended using CENTURY file.100 updating utility

Symbol Description

A Automatic_maintain_production_at_minimum_concentrations

A90 Automatic_maintain_production_at_90%_of_maximum

A80 Automatic_maintain_production_at_80%_of_maximum

A75 Automatic_maintain_production_at_75%_of_maximum

MAX Automatic_fertilizer_to_achieve_maximum_plant_nutrient_concentration

MED Automatic_medium_nutrient_concentrations

N5 5 g N m�2

N100 10 g N m�2

N85 8.5 g N m�2

N63 6.3 g N m�2

N10 10 g N m�2 7 g P m�2

N5P25 5 g N_2.5 g P m�2

N3P8 3.3 g N_8 g P m�2

N0P35 0 g N_3.5 g P m�2

N12 12 g N m�2

N45 4.5_g N m�2

N3 3_g N m�2

N1 1_g N m�2

PS1 Superphosphate_125 kg ha�1

PS2 Superphosphate_250_kg ha�1

PS3 Superphosphate_188_kg ha�1

P12 1.2 g P m�2

P35 3.5 g P m�2

PS4 Superphosphate_376 kg ha�1

PS5 Superphosphate_564 kg ha�1
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(ploughing or drilling) per time was chosen during events scheduling (Tables 11, 12,
13, 14, 15, 16 and 17) as supported by the model even when more than one
cultivation activity took place on the same land per time (Parton et al. 1987).

4.3 CENTURY Inputs Requirement, Weather
and Management Information

The weather information required for the configuration of the CENTURY 4.0
Agroecosystem Model includes monthly minimum and maximum temperature. By
the aid of EVENT 100 tool, the user selects four options for weather information,
namely, an average value for each month of the year in each block of simulation,
while the second chooses the mean monthly temperature for each year and then
generates precipitation from skewed distribution (Nicks 1974). In the absence of
skewness, the user chooses a normal distribution (even though this is likely to
increase the mean precipitation, especially when the coefficient of variation for the
precipitation is high.) In the third option, the monthly values for precipitation and
minimum and maximum temperatures are chosen from the start of the weather file, to
enable the fourth option to read from the same file without going back. In the Writtle
English scenario, the geographical, weather and soil information used in updating
the site.100 file was based on Writtle record for 35 years (Writtle 2004). This is
presented in Table 9. Other inputs made use of model default values.

4.4 The CENTURY Environment

With the aid of VIEW output programme and two utilities, we are able to run the
CENTURY 4.0 Agroecosystem Model as fully described by Parton et al. (1993).
FILE 100 programme works by assisting the user to create and update the 12 files
that make up the CENTURY. There is another programme known as EVENT
100 that helps the users to establish schedules for various events surrounding
agricultural crops and activities that will take place during the simulation. The
12 data files supply the CENTURY Model the various input values required, with
each file containing sub-number of variables, namely, Cult.100 file, which includes
the values related to cultivation practices.

Again, within each file, there are several options which define the variables for
several variations of the same given event or scenario, e.g. ploughing or rod-weeder.
Each given option defines variables to be used in the simulation of that same option,
with each data input file bearing the extension 100 to confirm it as a CENTURY file.
All these files are updated, with the addition of new options using the FILE
100 programme. With reference to time variables and schedules of events during
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the simulation, the extension file used is the one marked with the extension name
“sch”. That file is created and updated using the EVENT 100 programme.

To run the CENTURY Model, the user has to instal the programme on the
computer, followed by using the FILE 100 programme to update values or create
as many options as possible using the various .100 data files, and then the EVENT
100 programme stimulates the time and schedules events which will occur. Then the
user runs the model based on the procedure described by Parton et al. (1993). The
model environment showing the relationship between programmes and the file
structure is shown in Fig. 5, while the details of the century environment are
shown in Table 7. The units of major parameters are:

• Time step (1 month) or 1/12 years or 0.083333
• Minimum time (year)
• Soil organic matter (grammes C, N, P or S m�2)
• Plant material (grammes C, N, P or S m�2)
• Mineral pools (grammes N, P or S m�2)
• Temperature (degree centigrade)
• Precipitation (centimetres per month)

The above files and procedure were used in amending necessary files and creating
events scenarios in the Writtle English scenario.

4.5 CENTURY Parameterisation and Events Scheduling

There is a procedure for parameterisation and events scheduling (schedule). This is
based on the procedure described by Parton et al. (1993). The model has provisions

EVENT100

Schedule crops and 
events

SCH

File

CENTURY

Soil Organic Matter
Model

PLT

File

VIEW

Plots and Lists

FILE100

File 
Manager

CROP CULT FERT

100100100

FIRE

100

GRAZ

100

HARV

100

IRRI

100

OMAD

100

TREE

100

TREM

100

FIX

100

.100

WTHC14DATA

Fig. 5 The CENTURYModel environment showing the relationship between programmes and the
file structure
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for estimating the steady state of soil C and N levels in the grassland systems as
developed for the US Great Plains. The parameterisation of the model simulates
SOM dynamics in the top 20 cm of the soil. Hence, any depth or parameterisation of
depth above that will be of no effect. The scientists have made provision for filling
the teething part of the model parameterisation in terms of calculating C, N, P and S
levels for varying soil fractions.

The active soil fraction comprises of the live soil microbes and microbial prod-
ucts, which can only be determined by using the microbial fumigation methods as
described by Jenkinson and Rayner (1977). After the estimation of the microbial
biomass, its doubling takes care of the microbial products. For Parton et al. (1993),
soil-active organic matter is up to two or three times the live microbial biomass,
while in most soils, the fraction is composed of two to four percent of soil total C.

Scientists describe the part known as slow SOM fraction built up in the model as
part of lignin-derived plant materials which stabilise the microbial products. Hence,
these fractions are about 55% of total SOM and based on their recent findings (Elliott
and Cambardella 1991) they have discovered that 40% of soil total SOM is lignin-
derived plant material. The authors also compared the different sizes of the pool of
the C simulated against measured values of SOM, which show that such pool is 1.6
times the level of particulate organic matter (POM) (Metherell et al. 1993).

In the Writtle English scenario, four sites under the following land management,
arable land under barley and grassland under permanent pasture, were sown with red
clover a year to stocking and grassland under permanent pasture on 5-year ley to
stocking, and deciduous woodlands were scheduled according to tillage, cropping,
fertilisation, pasture and general management as detailed for seven periods of
English agriculture and as derived from the following authors: Chambers and
Mingay (1966), Thirsk (1991, 2000), Cantor (1987), Holderness and Turner
(1991), Perry (1973), Pretty (2002) and Wormel (1999; Table 10). The sites before
simulation were forest, with Geescroft_Wilderness Rothamsted_UK (succession)
for woodland vegetation used to initialize the lignin values of the forest system
(Farage et al. 2005). The output period was monthly (Jan–Dec) for all periods, while
the output interval was 100 years between 6000–5000 BC and 4998 BC to 964 AD.
For the periods 965–1514 AD and 1515–1734 AD, the output interval was 20 years
each, and for other periods up to 2054 AD, it was a year each.

4.6 Criteria Used in Selecting or Grouping Periods of Human
Civilisation in the English Experience

Prehistoric agriculture was the time when predominantly all English land was
regarded as pristine woodland. Historic agriculture was the period dominated by
traditional shepherds and husbandmen whose activities included returning of wheat
straw to the land during seedbed preparation and trying of certain innovations like
the use of red clover seeds imported from Holland to enrich the soil fertility.
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Agricultural revolution was the time marked by the use of agricultural equipment
like plough, harrow and thresher, chemical fertiliser and soil drainage technology,
which improved seed in intensive and extensive arable and pastoral farming. Post-
agricultural revolution was the period marked by the enclosure of open fields,
common lands, meadows, and wastes, conversion of land to more profitable uses,
example laying of old arable land to permanent pasture or long leys, ploughing and
putting under suitable rotation common and rough hills, overgrown with weeds, or
that was bare through overgrazing. Green Planet is the time marked by environmen-
tal movements (Earth First, Greenpeace, Green Party) and national and international
treaties as well as the code of conduct for the protection and preservation of air, water
and soil resources. Post Green Planet is the period where some environmental

Table 10 Criteria used in selecting or grouping periods of human civilisation in the English
experience

Period Time Years Features

Prehistoric
agriculture

6000 BC to
1200 AD

7200 The time when predominantly all English land was
regarded as pristine woodland

Historic
agriculture

1201–1699 498 This period was dominated by traditional shepherds and
husbandmen whose activities included returning of
wheat straw to the land during seedbed preparation and
trying of certain innovations like the use of red clover
seeds imported from Holland to enrich soil fertility

Agricultural
revolution

1700–1904 204 This time was marked by the use of agricultural equip-
ment like plough, harrow and thresher, chemical
fertiliser and soil drainage technology, which improved
seeds in intensive and extensive arable and pastoral
farming

Post-agricul-
tural revolution

1905–1986 81 This period was marked by the enclosure of open fields,
common lands, meadows, and wastes, conversion of
land to more profitable uses, example laying of old
arable land to permanent pasture or long leys, ploughing
and putting under suitable rotation common and rough
hills, overgrown with weeds, or that was bare through
overgrazing

Green Planet 1987–2025 38 This time is marked by environmental movements
(Earth First, Greenpeace, Green Party) and national and
international treaties, as well as code of conduct for the
protection and preservation of air, water and soil
resources

Post Green
Planet

2026–2055 29 This is a period where some environmental problems are
envisaged, ranging from higher greenhouse gases sce-
nario and climatic change

Research time 2002–2004 2 This is the time when the permanent pasture evaluated
had low stocking density and when some practices like
the use of legumes to enrich pasture were practised. It is
also a period which saw the use of arable land for winter
barley, together with inorganic fertiliser and
agrochemicals
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problems are envisaged, ranging from higher greenhouse gases scenario and climatic
change. Research time was the time when the permanent pasture evaluated had low
stocking density and when some practices like the use of legumes to enrich pasture
were practised. It is also a period which saw the use of arable land for winter barley,
together with inorganic fertiliser and agrochemicals. The years of coverage of this
grouping is presented in Table 10 (Igboji 2006; Igboji et al. 2015; RCEP 1996;
Briggs and Courtney 1985; Davis et al. 1992; Fowler 1983; Dent and Russell 1966;
Simmons and Tooley 1981; Chambers and Mingay 1966; Thirsk 1991, 2000; Cantor
1987 Holderness and Turner 1991; Perry 1973; Pretty 2002; Holderness and Turner
1991; Wormel 1999; Grenville and Grant 1988 Writtle 2004).

4.7 A Typical Scheduling of Arable Land Under Barley
for English Experience

The arable land under barley was assumed under GWRS (Geescroft Wilderness
Rothamsted Succession for woodland vegetation) from 6000 to 964. Cropping and
management activities (historic and prehistoric) started from 965 to 1954 and
1955–2054, respectively. Altogether 12 blocks with various types of cropping and
soil management were scheduled as below (Table 11). The details are presented in
Table 12.

Table 11 Events schedule for site 1 (arable land under barley) using the CENTURY 4.0 model

Block
Start
Year

End
Year Rept.

Output
Year

Output
Month

Output
Interval

Weather
Type

Field
Comment

1 �6000 �5000 1 �6000 1 100 M GWRS
forest

2 �4999 �4999 1 �4999 1 1 M GWRS
forest

3 �4998 964 1 �4998 1 100 M GWRS
forest

4 965 1514 1 965 1 20 M Pasture

5 1515 1734 1 1515 1 20 M Wheat

6 1735 1954 1 1735 1 1 M Wheat

7 1955 1964 10 1955 1 1 M Barley

8 1965 1974 10 1965 1 1 M Barley

9 1975 1984 10 1975 1 1 M Wheat

10 1985 1994 10 1985 1 1 M Wheat

11 1995 2004 10 1995 1 1 M Barley

12 2005 2054 1 2005 1 1 M Barley

Rept. (Number of years), GWRS (Geescroft Wilderness Rothamsted Succession for woodland
vegetation, M (mean values), Block header information (Arable land under barley)
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4.8 Scheduling of Grassland Under Permanent Pasture Sown
with Red Clover a Year Before Stocking for English
Experience

This site was assumed under GWRS (Geescroft_Wilderness_Rothamsted_Succession
for woodland vegetation) from 6000–964. Cropping and management activities
(historic and prehistoric) started from 965 to 1954 and 1955–2054, respectively.
Altogether 12 blocks with various types of cropping and soil management were
scheduled as below (Table 13). The details are presented in Table 14.

4.9 Scheduling of Grassland Under Permanent Pasture
on 5 Year Ley Before Stocking for English Experience

This site was assumed under GWRS (Geescroft_Wilderness_Rothamsted_Succession
for woodland vegetation) from 6000–964. Cropping and management activities
(historic and prehistoric) started from 965 to 1954 and 1955–2054, respectively.
Altogether 12 blocks with various types of cropping and soil management were
scheduled as below (Table 15). The details are presented in Table 16.

Table 12 Details of scheduled scenario in blocks 4–12 of arable land under barley

Scheduled
block Period Month Activities

Block 4 965–1514 April–
October

Moderate rough grazing

Block 5–6 1515–1954 1. April 1. Spring wheat with OM (wheat straw) addition during
seedbed preparation (1515–1734)

2. April 2. Spring wheat with 125 kg ha�1 superphosphate
fertiliser top-dressing (1735–1954)

3.
September

3. Harvesting of grain with 50% straw removal
(1515–1954)

Block 7–8 1955–1974 1. April 1. Spring barley with 125 kg ha�1 superphosphate
fertiliser top-dressing

2.
September

2. Harvesting of grain with 50% straw removal

Block
9–10

1975–1994 1. April 1. Spring wheat with 125 kg ha�1 superphosphate
fertiliser top-dressing

2.
September

2. Harvesting of grain with 50% straw removal

Blocks
11–12

1995–2054 1. October 1. Winter barley with 125 kg ha�1 superphosphate
seedbed fertiliser

2. April 2. Top-dressing with 3 g N m�2 fertiliser

3.
September

3. Harvesting of grain with 50% straw removal
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4.10 Scheduling of Deciduous Woodland for English
Experience

This site was assumed under GWRS (Geescroft_Wilderness_Rothamsted_Succession
for woodland vegetation) from 8000 BC to 2054 AD. Only three blocks were
scheduled (Table 17).

5 Measured Versus Simulated Soil Total Carbon

A comparison was made between measured and simulated soil total C for the various
land management. The simulated results were in agreement with the field measure-
ments similar to the results found in the deciduous woodland, while the differences
in the other sites were based on land management (Fig. 6a). Further relationship was
established between measured and simulated soil total carbon
(MSTC ¼ 20.2 + 0.6SSTC g kg�1, R2 ¼ 0.68 and MSTC ¼ 18.9 + 0.6SSTC
g kg�1, R2 ¼ 0.72)- Fig. 5d (Igboji et al. 2015; Igboji 2006).

Table 13 Events schedule for grassland under permanent pasture that was sown with red clover a
year before stocking using the CENTURY 4.0 model

Block header information (grassland under permanent pasture sown with red clover)

Block
Start
year

End
year Rept.

Output
year

Output
month

Output
interval

Weather
type

Field
comment

1 �6000 �5000 1 �6000 1 100 M GWRS
forest

2 �4999 �4999 1 �4999 1 1 M GWRS
forest

3 �4998 964 1 �4998 1 20 M GWRS
forest

4 965 1514 1 965 1 20 M Pasture

5 1515 1734 1 1515 1 20 M Wheat

6 1735 1954 1 1735 1 20 M Wheat

7 1955 1964 10 1955 1 1 M Pasture

8 1965 1974 10 1965 1 1 M Ley/
pasture

9 1975 1984 10 1975 1 1 M Ley/
pasture

10 1985 1994 10 1985 1 1 M Ley/
pasture

11 1995 2004 10 1995 1 1 M Clover/
pasture

12 2005 2054 1 2005 1 1 M Clover/
pasture

Rept. (Number of years), GWRS (Geescroft_Wilderness_Rothamsted_Succession for woodland
vegetation, M (mean values)
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Table 14 Details of scheduled scenario in blocks 4–12 of grassland under permanent pasture sown
with red clover a year before stocking

Scheduled
block Period Month Activities

Block 4 965–1514 April–October Moderate rough grazing

Blocks
5–6

1515–1954 1. April 1. Spring wheat with OM (wheat straw) addition
during seedbed preparation (1515–1734)

2. April 2. Spring wheat with 125 kg ha�1 superphos-
phate fertiliser top-dressing (1735–1954)

3. September 3. Harvesting of grain with 50% straw removal

Block 7 1955–1964 1. September (1st
year)

1. Seeding of rye grass seeds

2. April (2nd
year)

2. Top-dressing with 1.2 g m�2 of phosphorus

3. June (2nd
year)

3. Harvesting of hay

4. April (3rd
year)

4. Top-dressing of grass established last y with
1.2 g m�2 of phosphorus

5. March–
October (4th to
5th year)

5. Low grazing of grass

6. March–
October (6th
year)

6. Rejuvenation of grass with rye seeds

7. March–
October (7th–8th
year)

7. Low grazing of grass

Block 8 1965–1974 1. March–
October (1st–4th
year)

1. Rejuvenation of grass with rye grass seeds,
with fertiliser top-dressing at the rate of 0 g
N_3.5 g P m�2; 3.5 g P m�2; 1.2 g P m�2; and
3.3 g N_8 g P m�2 in years 5, 6, 7 and 9, as well
as 3.5 g P m�2; 0 g N_3.5 g P m�2; 1.2 g P m�2

in years 6, 7 and 8, respectively

2. March–
October (5th–
10 year)

2. Low grazing of grass

Block
9–10

1975–1994 1. September (1st
year)

1. Seeding of rye grass seeds

2. April (2nd
year)

2. Top-dressing with 1.2 g P m�2 fertiliser

3. March–
October (3rd–8th
year)

3. Low grazing of grass

4. September (9th
year)

4. Rejuvenation of grass with red clover

5. April (10th
year)

5. Top-dressing with 1.2 g P m�2 fertiliser

6. June (10th
year)

6. Harvesting of hay

(continued)
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Table 14 (continued)

Scheduled
block Period Month Activities

Block 11 1995–2004 1. March–
October (1s –2nd
year)

1. Low grazing of grass

2. March–
October (3rd–8th
year)

2. Rejuvenation of rye grass with red clover

3. March–
October (9th–
10th year)

3. Low grazing of grass

Block 12 2005–2054 March–October
(1st–10th year)

Low grazed grassland under permanent pasture
was assumed

Table 15 Events schedule for grassland under permanent pasture that was on 5-year ley before
stocking using the CENTURY 4.0 model

Block
Start
year

End
year Rept.

Output
year

Output
month

Output
interval

Weather
type

Field
comment

1 �6000 �5000 1 �6000 1 100 M GWRS
forest

2 �4999 �4999 1 �4999 1 1 M GWRS
forest

3 �4998 964 1 �4998 1 20 M GWRS
forest

4 965 1514 1 965 1 20 M Pasture

5 1515 1734 1 1515 1 20 M Wheat

6 1735 1954 1 1735 1 20 M Wheat

7 1955 1964 10 1955 1 1 M Pasture

8 1965 1974 10 1965 1 1 M Ley/
pasture

9 1975 1984 10 1975 1 1 M Ley/
pasture

10 1985 1994 10 1985 1 1 M Ley/
pasture

11 1995 2004 10 1995 1 1 M Ley/
pasture

12 2005 2054 1 2005 1 1 M Ley/
pasture

Rept. (Number of years), GWRS (Geescroft Wilderness Rothamsted Succession for woodland
vegetation), M (mean values), Block header information (Grassland under permanent pasture,
5-year ley)
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Table 16 Details of scheduled scenario in blocks 4–12 of grassland under permanent pasture that
was on 5-year ley before stocking

Scheduled
block Period Month Activities

Block 4 965–1514 April to October Moderate rough grazing

Blocks
5–6

1515–1954 1. April 1. Spring wheat, with OM (wheat straw) addition
during seedbed preparation (1515–1734)

2. May 2. Spring wheat, with 125 kg ha�1 superphos-
phate fertiliser top-dressing (1735–1954)

3. September 3. Harvesting of grain with 50% straw removal

Block 7 1955 to
1964

1.September (1st
year)

1. Seeding of rye grass seeds

2. April (2nd
year)

2. Top-dressing with 1.2 g m�2 of phosphorus

3. June (2nd
year)

3. Harvesting of hay

4. April (3rd
year)

4. Top-dressing of grass established last y with
1.2 g m�2 of phosphorus

5. March–
October (4th to
5th year)

5. Low grazing of grass

6. March–
October (6th
year)

6. Rejuvenation of grass with rye seeds

7. March–
October (7th–8th
year)

7. Low grazing of grass

Block 8 1965–1974 1. March–
October (1st–4th
year)

1. Rejuvenation of grass with rye grass seeds,
with fertiliser top-dressing at the rate of 0 g
N_3.5 g P m�2; 3.5 g P m�2; 1.2 g P m�2; and
3.3 g N_8 g P m�2 in years 5, 6, 7 and 9, as well
as 3.5 g P m�2; 0 g N_3.5 g P m�2; and
1.2 g P m�2 in years 6, 7 and 8, respectively

2. March–
October (5th–
10 year)

2. Low grazing of grass

Block 9 1975–1984 1. September (1st
year)

1. Seeding of rye grass seeds

2. April (2nd
year)

2. Top-dressing with 1.2 g P m�2 fertiliser

3. March–
October (3rd–8th
year)

3. Low grazing of grass

4. September (9th
year)

4. Rejuvenation of grass with rye grass seeds

5. April (10th
year)

5. Top-dressing with 1.2 g P m�2 fertiliser

6. June (10th
year)

6. Harvesting of hay

(continued)
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5.1 Simulated Soil Total Carbon from Historic Agriculture
to 2055 AD

5.1.1 Arable Land Under Barley

This site was under barley during the model period, but previously it was under
different cropping and nutrient management system for the past 40 years and was
assumed to be in model time management up to 2055 as indicated in the schedule
(Tables 11 and 12). The changes in simulated soil total carbon from 1942 to 2055 on
39–40-year basis are shown in (Fig. 6b). The decline in soil total carbon was rapid
between 1942 and 1948 (from 21.5 t ha�1 to 9.5 t ha�1) arising from conventional
tillage practices and crop rotations (where some crops depleted soil nutrients faster
than others) during the post-agricultural revolution; after which it remained more
stable up to the end of 1981 (a period that witnessed conversion of some arable land
to pasture or long leys). The rate of turnover in simulated soil total carbon between
1982 and 2021 was not >10 t ha�1 and between 2022 and 2055 remained at nearly
7 t ha�1 (Igboji et al. 2015; Igboji 2006).

Table 16 (continued)

Scheduled
block Period Month Activities

Block 11 1995–2004 1. March–
October (1st–2nd
year)

1. Low grazing of grass

2. March–
October (3rd–8th
year)

2. Rejuvenation of grass with various types and
levels of seedbed and top-dressing fertilisers,
namely, 5 g N_2.5 g P m�2; 0 g N_3.5 g P m�2;
and 3.3 g N_8 g P m�2 seedbed fertilisers in
years 4, 5 and 7; 3.5 g P m�2; 1.2 g P m�2; 6.3 g
N_2.3 g P m�2; and 5 g N_2.5 g P m�2

top-dressing fertilisers in years 4–7

3. March–
October (9th–
10th year)

3. Low grazing of grass

Block 12 2005–2054 March–October
(1st–10th year)

Low grazed grassland under permanent pasture
was assumed

Table 17 Events schedule for deciduous woodland using the CENTURY 4.0 model

Block
Start
year

End
year Rept.

Output
year

Output
month

Output
interval

Weather
type

Field
comment

1 �6000 �5000 1 �6000 1 100 M GWRS
forest

2 �4999 �4999 1 �4999 1 1 M GWRS
forest

3 �4998 2054 1 �4998 1 1 M GWRS
forest

Rept. (Number of years), GWRS (Geescroft Wilderness Rothamsted Succession for woodland
vegetation, M (mean values), Block header information (deciduous woodland)
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5.1.2 Grassland Under Permanent Pasture Sown with Red Clover
a Year Before Stocking

This site was sown with red clover as a part of rye grass rejuvenation before stocking
during the model period, but previously it was under various cropping/nutrient and
pasture management for the past 40 years and was assumed to be in model time
management up to 2055 as indicated in the schedule (Tables 13 and 14). Figure 6d
shows changes in simulated soil total carbon in this site from 1933 to 2052 on
39–40 years basis. The rate in decline in soil carbon was nearly uniform between
1933 and 1958 (< 10 t ha�1) based on the conventional tillage and fertilisation
practices at the agricultural revolution period. However, the amount of soil total
carbon recorded between 1973 and 2012 was >15 t ha�1 due to long leys, and the
greatest stability in soil total carbon at higher levels compared to other periods was
between 2013 and 2052 based on the red clover introduced as a part of rye grass
rejuvenation coupled with low grazing at the Green and Post Green Planet time
(Igboji et al. 2015; Igboji 2006).

0

10

20

30

40

50

60

1 2 3 4
Land management

2002 (measured)
2002 (simulated)
2003 (measured)
2003 (simulated)

y = 0.555x + 20.186
R2 = 0.6782

y = 0.6175x + 18.926
R2 = 0.7241

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20 25 30 35 40 45 50

Simulated soil total C (t ha-1)

2002
2003
Linear (2002)
Linear (2003)

0

5

10

So
il 

to
ta

l c
ar

bo
n 

(t 
ha

-1
)

So
il 

to
ta

l C
 (t

 h
a-1

)

So
il 

to
ta

l C
 (t

 h
a-1

)
M

ea
su

re
d 

so
il 

to
ta

l C
 (t

 h
a-1

)

15

20

25

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Number of years

1933 - 1972
1973 - 2012
2013 - 2052

0

5

10

15

20

25

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Number of years

1942 - 1981
1982 - 2021
2022 - 2055

a b

c d

Fig. 6 (a) Measured versus simulated SOC; (b) arable land under barley; (c) regression of
measured versus simulated SOC; (d) grassland under permanent pasture sown with red clover a
year before stocking: 1, arable land under barley; 2, grassland under permanent pasture sown with
red clover before grazing; 3, grassland under permanent pasture on 5-year ley before grazing;
4, deciduous woodland
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5.1.3 Grassland Under Permanent Pasture on 5-Year Ley Before
Stocking

This site was on 5-year ley in the course of rye grass rejuvenation before stocking
during the model period but previously under various cropping/nutrient and pasture
management for the past 40 years and was assumed to be in model time management
up to 2055 as indicated in the schedule (Tables 15 and 16). The changes in the
simulated soil total carbon in this site from 1933 to 2052 were analysed on 39–40-
year basis (Fig. 7a). The trend reveals higher carbon level between 1973 and 2012
(5–7.5 t ha�1) based on low grazing and intermittent ley in rye grass rejuvenation
(Igboji et al. 2015; Igboji 2006).

5.1.4 Deciduous Woodland

This site was deciduous woodland during the model period. It had been the same for
the past 40 years and assumed to remain so up to 2055 (Table 17). The changes in the
simulated soil total C on 39–40-year basis are shown in Fig. 7b. This site did not vary
to any significant proportion in simulated soil total carbon from 1933 to 2055 (from
48.2 t ha�1 to 48.4 t ha�1) based on no-tillage or nutrient management (Igboji et al.
2015; Igboji 2006).
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Fig. 7 (a) Grassland under permanent pasture on 5 year ley before grazing; (b) Deciduous
woodland; 1 ¼ Arable land under barley; 2 ¼ Grassland under permanent pasture sown with red
clover before grazing; 3 ¼ Grassland under permanent pasture on 5 year ley before grazing; 4 ¼
Deciduous woodland
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5.2 The Effects of Time and Land Management
on C-Sequestration

The simulated soil total carbon in all the sites at the inception of prehistoric agricul-
ture (6000 BC) was 61.5 t ha�1. By the end of this period (1200 AD), it stood at
15 t ha�1 in the three sites (arable land under barley, grassland under permanent
pasture sown with red clover a year before stocking and grassland under permanent
pasture on 5-year ley before stocking). The change in soil C within this period
(7200 years) across the three sites was �46.5 t ha�1 with no C sequestered. It is
only in the site 4 (deciduous woodland) that soil total C ended with 47.1 t ha�1 by
1200 AD, which is a change of�14.4 t ha�1 with no C sequestered (Fig. 8). These are
effects of moderate rough grazing practised in the three out of four sites at this period
(Tables 11, 12, 13, 14, 15 and 16), while SOM decomposition might have influenced
the deciduous woodland results (Igboji et al. 2015; Igboji 2006).

During the historic agriculture (1201–1699), simulated soil total C started with
15 t ha�1 in three sites apart from the deciduous woodland, increasing to 20.9 t ha�1

in the site 1 (arable land under barley), 20.5 t ha�1 in site 2 (clover pasture) and
20.6 t ha�1 in the site 3 (ley pasture). These correspond to changes of 5.9, 5.5 and
5.6 t ha�1, respectively, for these 498 years and C-sequestration of 0.01 t ha�1

year�1 in the three sites. In the site 4 (deciduous woodland), simulated soil total C
started with 47 t ha�1 in 1201 AD ending with 47.3 t ha�1 by 1699 AD which is a
change of 0.3 t ha�1 and C-sequestration of 0.001 t ha�1 year�1 (Fig. 8). This is the
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Fig. 8 Simulated C-sequestration (t ha�1 year�1) of a soil under four types of management: arable
land under barley (site 1), grassland under permanent pasture sown with red clover a year before
stocking (site 2), grassland under permanent pasture on 5 year ley before stocking (site 3),
deciduous woodland (site 4). Prehistoric agriculture (7200 years), historic agriculture (498 years),
agricultural revolution (204 years), post-agricultural revolution (81 years), Green Planet (38 years),
Post Green Planet (29 years), research time (2 years)
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aftermath of soil organic matter restoration (like the inclusion of wheat straw during
seedbed preparation (Igboji et al. 2015; Igboji 2006).

During the agricultural revolution (1700–1904), simulated soil total C started
with 20.9, 20.5, 20.6 and 47.3 t ha�1 in site 1 (arable land under barley), site 2 (clover
pasture), site 3 (ley pasture) and site 4 (deciduous woodland), respectively. By the
end of this period (1904), simulated soil total C fell to 8.5 t ha�1 in site 1, 8.3 t ha�1

in site 2 and 8.2 t ha�1 in site 3 and increased to 47.5 t ha�1 in site 4. This represents
soil total C of �12.4, �12.2, �12.4 and 0.1 t ha�1 and no C-sequestration in three
sites but 0.001 t ha�1 year�1 in site 4 for these 204 years, respectively (Fig. 8). All
the sites, except the deciduous woodland (site 4), were under different cropping and
nutrient management as scheduled (Tables 11, 12, 13, 14, 15 and 16). These
cropping and nutrient management coupled with tillage practices depleted soil C
in three sites except the deciduous woodland (Igboji et al. 2015; Igboji 2006).

During the post-agricultural revolution (1905–1986), simulated soil total C
started with 8.5, 8.3, 8.2 and 47.4 t ha�1 in sites 1–4, respectively, decreasing to
8.2 t ha�1 in site 1 (arable land under barley) but increasing to 17.3, 8.7 and
47.5 t ha�1 in site 2 (clover pasture), site 3 (ley pasture) and site 4 (deciduous
woodland), respectively. These are changes of �0.3, 9, 0.5 and 0.1 t ha�1 and
C-sequestration of 0.11, 0.01 and 0.001 t ha�1 year�1 in sites 2, 3 and 4 for these
81 years, respectively (Fig. 8). The introduction of red clover in site 2 and ley in site
3 as part of rye grass rejuvenation (Tables 11, 12, 13, 14, 15 and 16) led to
increments in soil C. Soil total C was further depleted in site 1 (arable land under
barley) due to constant pulverisation and crop uptake, while it increased a little in
deciduous woodland (Igboji et al. 2015; Igboji 2006).

Within the Green Planet (1987–2025), simulated soil total C started with 8.2,
17.3, 8.7 and 47.4 t ha�1 in the sites 1–4, started decreasing to 6.9 and 8.2 t ha�1 in
the sites 1 and 3 but kept increasing to 18 and 47.5 t ha�1 in sites 2 and 4, respec-
tively. The changes in the simulated soil total C over these 38 years were � 1.3, 0.7,
�0.5 and 0.1 t ha�1 in sites 1–4, respectively, while the C-sequestration in sites
2 and 4 were 0.02 and 0.003 t ha�1 year�1, respectively. The order of cropping,
nutrient management and tillage practices as detailed in Tables 11, 12, 13, 14, 15 and
16 influenced these results. Nevertheless, apart from the arable and ley plots where
there were depletion of soil total C arising from continuous cropping and grazing, the
clover pasture and woodland retained soil C (Igboji et al. 2015; Igboji 2006).

During the Post Green Planet (2026–2055), simulated soil total C started with 6.9,
18, 8.2 and 47.5 t ha�1 in sites 1–4, respectively and kept decreasing to 6.5, 17.7,
6.6 t ha�1 in sites 1–3, respectively but retained at 47.5 t ha�1 in site 4 (deciduous
woodland). For these 29 years the soil C turnovers were �0.4, �0.3, �1.6 and
0 t ha�1 and no C-sequestration. This will be the aftermath of retaining current land
management practices without returning the arable and pasture lands to occasional
leys or without the use of legumes like red clover in rye grass rejuvenation
(Tables 11, 12, 13, 14, 15 and 16) (Igboji et al. 2015, Igboji 2006).

At the research time (2002–2004), simulated soil total C started with 8.3, 19.4,
11.4 and 47.4 t ha�1 in sites 1–4, respectively, and decreased to 4.6 and 18.8 t ha�1

in sites 1 and 2 but increased to 12.5 t ha�1 in site 3 and remained at 47.4 t ha�1 in
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site 4 (deciduous woodland). The soil C turnover over these 2 years was� 3.7,�0.6,
1.1 and 0 t ha�1 and C-sequestration of 0.55 t ha�1 year�1 in site 3 only (Fig. 8). The
long ley (Tables 15 and 16) enhanced C turnover in the grassland under permanent
pasture on 5-year ley before stocking, just as the deciduous woodland (Table 17)
remained at steady state, while arable land under barley (Tables 11 and 12) depleted
soil C. The loss in soil C over this period in the red clover plot (Tables 13 and 14)
regained over the Green Planet time but lost again just as in the long ley as from 2026
to 2055 suggesting when the review of the current management options will be
necessary (Igboji et al. 2015; Igboji 2006).

5.2.1 The Effects of LandManagement onMeasured and Simulated Soil
Total C

The data fit of measured to simulated soil total C (Fig. 6a) and that of measured to
simulated soil microbial respiration (Fig. 6c) to no significant difference especially
in the deciduous woodland shows the reliability of this prediction. Similarly, the
measured and simulated soil total C and soil microbial respiration in the remaining
sites are in line with the changes in management. For example, the incorporation of
organic matter (wheat straw) during seedbed preparation before the agricultural
revolution increased simulated soil total C (as in arable land under barley)
(Fig. 6b) and simulated soil microbial respiration (as in grassland under permanent
pasture sown with red clover a year before stocking) during post-agricultural revo-
lution (Fig. 6a), while the monocrop of barley, straw removal during harvest and
constant tillage as seen during the research time in the arable piece of land depleted
the soil organic carbon. In this same plot, constant pulverisation, together with the
incorporation of straw left behind during harvesting, raised the soil total porosity and
enhanced both the measured and simulated soil microbial respiration. It was in the
deciduous woodland that the greatest stability in measured and simulated soil total C
and microbial respiration was achieved due to lack of management (Fig. 6b) (Igboji
et al. 2015; Igboji 2006).

In Foereid et al. (2004), simulated soil respiration were in fairly good agreement
with these observed values (18–70 μg CO2 g�1 soil day�1 that is
2.6 � 10�10 μmol m�2 s�1 or 9.2 � 10�8 μmol m�2 h�1) using CENTURY 4.0
model, in grass soil with and without roots and Miscanthus soil of 11 and 18 years
(all with and without added nitrogen). In their simulation only the treated soil
overestimated respiration. According to these workers, the model accounted suffi-
ciently for the changes in CO2 production.

Therefore, one of the principal factors that affect simulated soil total C and
microbial respiration is land management. Others include model parameterization
and configuration. For example, the current work was based on the available data
(such as minimum and maximum monthly air temperature, monthly precipitation,
soil texture, bulk density). Other pieces of information made use of default values.
Secondly, the simulation made use of model fitted moisture function which can vary
over ecosystems. For example, Pumpanen et al. (2003) investigated the importance
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of soil moisture on predicted CO2 efflux by running a model with and without a
moisture function. When the model was run without the moisture factor, the
predicted CO2 effluxes were significantly overestimated. The addition of the mois-
ture function improved the accuracy of the model prediction. However, when
applied with the moisture function, the model tended to slightly underestimate
high CO2 effluxes and overestimated low effluxes. The underestimation of high
effluxes was mainly caused by the parameterization. In their model respiration was
restricted to the O-horizon which was already at a volumetric water content of
0.35 m3 m3. Similarly, the effects of fine root respiration, moisture and temperature
on the soil respiration have been studied. For example, Widén and Majdi (2001)
found soil water content as low as 0.01 m3 m3 not to affect fine root respiration,
while Pumpanen et al. (2003) attributed some of the differences between measured
and predicted CO2 effluxes during autumn and spring to seasonal variation in the
proportion of root respiration as well as temperature response. In Igboji et al. (2015)
and Igboji (2006), the assumption is that soil microbial respiration is a combination
of root and soil respiration and that soil temperature and moisture influence mea-
sured and simulated results.

In Durán et al. (2017), studies of climate of the northern hardwood forests of
North America projected it will become significantly warmer in the coming decades.
(It was projected that climate will become significantly warmer in the coming
decades.) The reasons included associated increases in the soil temperature,
decreases in water availability and changes in the winter snow pack and the soil
frost. These are likely to affect soil carbon (C) and nitrogen (N) cycling. According
to these scientists, most studies of the effects of climate change on soil function have
focused on the upper-organic part of the soil profile (e.g. forest floor), and little is
known about the effects on deeper mineral soil horizons. They exploited an eleva-
tion/orientation gradient at the Hubbard Brook Experimental Forest (New Hamp-
shire, USA) to evaluate how variation in climate, similar to that projected to occur
over the next 50–100 years, affects soil C and N pools and transformation rates in the
different soil horizons of northern hardwood forests. Lower elevation, south-facing
plots with higher soil temperature, less soil moisture and snow and increased
frequency of soil freeze/thaw events had less soil inorganic N content and lower
potential net N mineralization rates compared to higher elevation, north-facing plots.
These differences in N pools and fluxes were consistent for all soil horizons, but
sensitivity to climate variation increased with soil depth, confirming that assessments
of climate change effects that do not consider variation throughout the soil profile are
likely to be incomplete and potentially inaccurate. The researchers noted that
nitrogen cycling processes were more sensitive to climate variation than C cycling
processes, suggesting a decoupling of C and N cycles in coming decades, with
important implications for ecosystem function. Since soil processes showed greater
sensitivity to climate variation in summer than in spring, and in the warmer and less
snowy year of sampling, the effects of climate change might become more pro-
nounced as temperatures increase and snow fall and water availability decrease in the
coming decades (Durán et al. 2017).
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Similarly, understanding the degree to which N availability limits C uptake under
global environmental change has been reported as an unresolved challenge (Stocker
et al. 2016). First, according to these authors, generation C only vegetation models,
lacking explicit representation of N cycling, projected a substantial and increasing
land C sink under rising atmospheric CO2 concentrations. This prediction is cur-
rently being questioned for not taking into account the potentially limiting effect of
N availability, which is necessary for the plant growth (Hungate et al. 2003). More
recent global models include coupled C and N cycles in land ecosystems (C-N
models) and are widely assumed to be more realistic (Stocker et al. 2016). However,
the inclusion of more processes has not consistently improved their performance in
capturing the observed responses of the global C cycle (Wenzel et al. 2014). With the
advent of a new generation of global models, including coupled C, N and P cycling,
model complexity is sure to increase; but reliability may not, unless greater attention
is paid to the correspondence of model process representations and empirical
evidence (Stocker et al. 2016). It was in this context that the Nitrogen Cycle
Workshop at Dartington Hall, Devon, UK, was held on 1–5 February, 2016 (Stocker
et al. 2016). Organised by I. Colin Prentice and Benjamin D Stocker (Imperial
College, London, UK), the workshop was funded by the European Research Coun-
cil, Project Earth Model Bias Reduction and Assessing Abrupt Climate Change
(EMBRACE). These scientists gathered ecologists and ecosystem modellers to
identify key uncertainties in terrestrial C-N cycling and to discuss processes that
are missing or poorly represented in current models. They recommended that future
experiments should be specifically designed to identify constraints set by resource
availability and trade-offs caused by intrinsic physiological limitations.

6 Conclusion

If the English experience is replicated in all the regions of the world, based on
recommendations of Stocker et al. (2016), there will be enough database to anchor
on past, present and future C and N cycling. In tropical Nigeria, Igboji is attempting
collating data and information of 8500–10,000 years to replicate the English expe-
rience and the recommendations of Stocker et al. (2016), but the limitation of the
author has been a lack of data and record keeping as available in civilised nations of
the world. But the current book Sustainable C and N Cycling is an awakening call for
collective action all over the world including Nigeria.

Many scientists have contributed immensely to the study of C and N cycling as
mentioned in this chapter. These great men and women have shaped the face of
world agriculture and the environment. They are continuously modifying and
developing new skills and methods (including potable instrumentation) that make
researches and sciences much easier. Most of these technologies trickle down to
developing world when the methods and ideas are nearly obsolete in the developed
world. But, it still pays to use any available methods and techniques (including those
ones chronicled in this chapter) to address continuously world problems (including
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the controversial issues of C and N cycling) and associated greenhouse gas emis-
sions, global warming and climate change. Civilisation has come with problems that
demand constant attention and solution. Hence, the periods of human civilisation
(so named periods of English agriculture) call for more investigations and debate and
replication all over the world (according to their various periods of civilisation), in
view of the fact that civilisation to political, social, economic, religious and cultural
scientists are too broad to be covered in environmental and agricultural contexts.
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Small Farmers and Sustainable N and P
Management: Implications and Potential
Under Changing Climate
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Sajid Fiaz, Mohammed A. Basahi, Waqas Ahmed, and Wei Ma

Abstract The use of inorganic fertilizers has been an efficient way to increase
agricultural production. Ever-increasing global population threatening food security,
risks of changing climate affecting plant productivity, and the need for environment-
friendly agriculture are all requiring the rational use of fertilizers to improve their use
efficiencies. The increase in agricultural production in the recent past and in the
future is associated with intensified (many folds) use of nitrogen (N) fertilizers,
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whose irrational use threatens the neighboring micro- and macro-environments by
polluting them (e.g., eutrophication) and thus affecting the functioning of nearby
animal and plant ecosystems. Therefore, this chapter critically focuses on these
challenges faced by the small farmers with persistence farming in managing the
precise use of nitrogenous and phosphorus (P) fertilizers. A highlight is given on the
socioeconomic features of this persistence farming, which are the key drivers for
decision-making in all the agricultural activities of this type of farming. In addition,
the interaction of fertilizer management and crop production is provided with respect
to small farms, and the review on management strategies for rational use of fertilizers
proposed by esteemed international organizations and agencies is described and
analyzed with respect to scientific achievements. Best management practices for N
and P fertilizers and their significance in agricultural production and plant function-
ing are proposed also. In last, the management of these two agriculturally important
nutrients (N and P) is concluded for sustainable productivity on small farms, and the
major players involved in this regard are highlighted.

Keywords Sustainable productivity · Small farmers · Subsistence farming ·
Nitrogen · Phosphorus · Best management practices

Abbreviations
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1 Smallholding Farms in a Bigger Picture

Agriculture is facing multifaceted pressures from the ever-increasing world popula-
tion. While on one side, the production of food to meet the needs of the increasing
population is one challenge – even if the current resources remain as such – the
resource allocation to agriculture is on the downfall. The nature of challenges might
differ across regions, but the intensity of risks associated is everywhere. For exam-
ple, the availability of land resources under increased urbanization can be the most
challenging scenario in developed and rapidly developing countries in contrast to
land-abundant or least developed countries. However, least developed countries
have their own problems such as low productivity and low efficiencies in resource
utilization. Then come the sustainability and climate change issues. Agriculture
doesn’t only play a major role in anthropogenic climate change but is also the
most vulnerable sector affected by the changing climate. And the gravest issue is
that the impacts of climate change on agriculture are more serious in the least
developed countries, putting more pressure on such nations.

Agriculture contributes to greenhouse gas emissions directly from agricultural
activities as well as indirectly through the manufacturing of synthetic fertilizers.
Green Revolution, characterized by input-responsive cultivars, resulted in more and
more use of fertilizers and other inputs. Scientists are continuously working to
improve fertilizer use efficiencies either by improving crop productivity potentials
or soil productivity and fertilizer management through bettering and innovating
agricultural practices. Although much efforts have been made to increase the
efficiency of inputs used, the task is still continuing. Another aspect is the dissem-
ination of these improved practices and their adoption by farmers. The success of
any new technology or practice –whether linked to sustainability, climate change, or
resource use efficiency – depends on how it is perceived by farmers in context to
their targets. Here come the prevailing socioeconomic conditions in which farmers
have to make these decisions. These include the economic conditions of farmers, the
purpose of farming, the scale of farming, and much more. In short, a sustainable
fertilizer management practice may not be as much welcomed by a subsistence
smallholder farmer in South Asia as it could be by a commercial farm in Australia.

The scale of farming and the purpose of farming are two important drivers in the
decision-making process at the farm. Small farmers are generally less interested in
those practices which do not produce immediate benefits in terms of production. As
most of the small farmers are practicing subsistence farming, they are least interested
in environmental costs associated with agricultural practices. Nevertheless, they are
exposed to the same risks associated with climate change and may be at a high-risk
intensity. Scale and distribution of these smallholder farms are not the same all over
the world, yet the importance of such farms is significant in facing challenges of food
security, climate change, and sustainability.
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1.1 Farm Size and Distribution

Though there has always been a consensus on the importance of small farms in
agriculture, clear picture of landholdings and area operated by smallholders is
missing. There are many sources which provide such information, but most of the
times they either lack documentation or are outdated. One major constraint in this
regard is lack of clarity in defining the terms such as small farms and family farms
which are most of the times used interchangeably or in combination. Other terms
with which small-scale farming is often confused are resource-poor, subsistence,
low-input, low-income, or low-technology farming (Abele and Frohberg 2003).
However, even if these terms can be used interchangeably in some contexts, they
don’t mean the same all the time. Also, what is a small farm in one country may not
fall in the same category in another country. A report by High-Level Panel of Experts
of the Committee on Food Security (HLPE), while surveying definitions of small-
holders, acknowledged the relativity of the concept of small and its dependence on
agroecological as well as socioeconomic considerations (Bosc et al. 2013). The most
common approach adopted in many sources is defining small farms on the basis of
the size of landholding (or livestock number). Having many pros such as availability
of internationally comparable empirical data, this approach, however, fails to con-
sider the quality of resources, cropping systems, disparities across regions, and many
other factors that have significant impacts on the state of farm’s productivity and
efficiency (Nagayets 2005).

Going through literature, we find that average farm sizes and trends in changes in
average farm sizes over time, land distribution, and distribution of small farms vary
across countries and regions. Some of the findings of different authors are given in
Table 1. Although Africa is considered as a land-abundant region (Deininger and
Byerlee 2011), the distribution of this arable but uncultivated land is not even across
the region but concentrated in a few countries. And the decrease in average farm size
was found in all land-constrained African countries in contrast to land-abundant
countries from 1980 to 2000 (Jayne et al. (2014)). In general, it can be said that
developing countries saw a decrease in average farm size compared to developed
countries where average farm size has increased. And high-income countries have
unequal farmland distribution than that in developing regions.

Recently, Lowder et al. (2016) reported comprehensive estimates for a total
number of farms worldwide, as well as the trends of changes in average farm size
and distribution of different farms by using agricultural censuses data from 167 coun-
tries. They also analyzed the data at global and regional scale and compared
countries by income. The 167 countries of which they used data comprise 90% of
world farmland, and 97% of the population is active in agriculture which is 96% of
total world population, so their estimates were derived from well-representative data.
The reported lower-bound estimate for a total number of farms worldwide is
570 million farms, and they expected that the actual figure is more considering
various limitations during data analyses. Region-wise, Asia is ranked first by
accounting for 74% of these 570 million farms, followed by sub-Saharan Africa
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(9%), Europe and Central Asia (7%), Latin America and the Caribbean (4%), and the
Middle East and North Africa (Teeling et al. 2005). Among countries, China (35%)
and India (24%) are leading the tables for share in total farms worldwide (Table 2).
These two countries contribute largely in the share of upper-middle- and lower-
middle-income countries, i.e., respectively, 47% and 36% of total farms worldwide

Table 1 Land distribution and distribution of small farms vary across countries

Author, year Data used
Geographical
coverage Time Findings

Eastwood
et al. (2010)

Agricultural
censuses

Global 1930–1990 Log of average farm size
increased in North America and
Europe and decreased in Asia
and Africa

FAO (2013) Agricultural
censuses

Global 1930–2000 Decrease in average farm size for
most regions except Europe.
Decrease from 1960 to 1980
followed by a slight increase in
Africa. Increase in Australia,
New Zealand, the United States,
Canada, Argentina, and Uruguay

Bosc et al.
(2013)

Agricultural
censuses

Global 1930–2000 Decrease in average farm size for
Africa as a whole as well as in
China. Farmland distribution: as
per 2000 round, 73% of farms
are smaller than 1 ha, and 85%
are smaller than 2 ha. On average
for 14 African countries, 80% of
holdings are smaller than 2 ha in
size; they operate about 25% of
the agricultural land. In the
European Union, 50% of farms
are smaller than 2 ha in size and
operate only about 2% of the
agricultural land

Masters et al.
(2013)

Rural and
urban popu-
lation data

Africa and
Asia

1950–2050 Since 1950 average farm sizes
have been decreasing for Africa
and Asia as a whole, but in
recent years they have begun
increasing for Asia as a whole,
while they will continue to
decrease in Africa for quite some
time

Adamopoulos
and Restuccia
(2014)

Agricultural
censuses

Global 1990 Average farm size is larger in
countries with higher average
per capita GDP. Farmland dis-
tribution: in countries with high
average incomes, farms larger
than 20 ha operate 70% of the
land, while in the poorest coun-
tries, 70% of the land is operated
by farms smaller than 5 ha
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(China in former and India in the latter group). Low-income and high-income
countries have, respectively, 13% and 4% of total farms worldwide.

It is generally perceived that average farm size has increased in developed
countries in contrast to developing countries. However, categorizing countries on
an income basis, i.e., low-income, lower-middle-income, upper-middle-income, and
high-income, provides some varying trends in these categories. Average farm size
has decreased in most of the countries belonging to the first two categories, whereas
an increase in most countries belonging to third and a clear increase in the fourth
category are found.

1.2 Significance in Agriculture

Agriculture is considered as a potential sector to invest in to cope with poverty and
hunger especially in regions where a larger share of the population is directly or
indirectly linked to agriculture (World Bank 2007; FAO 2012). However, it is
debated that what scale and type of farming are appropriate to promote in achieving
these targets (Larson et al. 2013). Many claims are being made about the importance
of small farmers in agriculture production and food security. These claims range
from the importance in national or regional scenarios to a global level. Some pro-
ponents claim that small farmers contribute a major share in global food production
(International 2013), while others are more moderate by claiming that most of the
food consumed in Africa and Asia comes from small farms (Bosc et al. 2013; IFAD
2013). Looking at global farmland distribution among farm size classes, Lowder
et al. (2016) conclude that its implausible that small farms (<2 ha) operating 12% of
global farmland are responsible for producing major share in global food production;
however, the study acknowledges their share in regional and/or national food
production.

Wiggins et al. (2010) highlighted three important aspects while discussing the
significance of small farms, i.e., the productivity and efficiency of these farms, their
potential in reducing poverty, and the fate of small farms in changing agrarian
structures and development. Until now there has been a considerable consensus

Table 2 World’s top share of agricultural and farmland holdings

Agricultural holdings (in millions) Farmland (in a million ha)

Top 5 countries
Share of the world’s total
(%) Top 5 countries

The share of the world’s total
(%)

China 35 China 11

India 24 Australia 9

Indonesia 4 United States 8

Russian
Federation

4 Brazil 5

Bangladesh 3 Russian
Federation

4
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that small farms produce more yield per hectare than their larger counterparts
(Barrett et al. 2010; Cornia 1985; Eastwood et al. 2010; FAO 2014b; Heltberg
1998; Larson et al. 2013; Meena et al. 2018); however, it still remains unclear
how the productivity of small farms will shape up under changing technologies
and access to inputs as well as output supply chains. Some factors for this higher
productivity at small farms are family labor, motivation to work, self-supervision,
and flexibility in farm operation management because most of the small farms also
practice subsistence agriculture and economy of household heavily depends on
farming. Recently, agriculture has come under limelight after policy-makers realized
the potential of agriculture in coping poverty and the fact that it has been neglected
previously in favor of industrialization.

While efficiency and equity can be advocated as grounds to bring small farms at
the center of agricultural development (Hazell et al. 2010), some experts argue that
case of small farmers is worsening in prevailing contemporary challenges (Ellis
2005; Maxwell 2005). Many of these challenges identified by different researches
may not come under the scope of this chapter. However, few important challenges
impacting small farms are changing production methods, environmental degrada-
tion, climate change, and changes in agricultural research. Small farms are suffering
more by issues like climate change and environmental or soil degradation. On the
other hand, apparently less research is focused on improving production technolo-
gies specifically for small farms. And most of the practices recommended to improve
production, sustainability, and resource use efficiencies and mitigation strategies
either lack of applicability at small farms or are not adopted by small farms due to
neglected focus on dissemination of these technologies and/or lack of conducive
socioeconomic environment. In short, considering the share of small farms in total
global farms and the share of world population directly or indirectly involved with
these farms, it is of immense importance that small farms must not be neglected in
the face of challenges such as climate change. Small farms should be focused on
innovative and sustainable agricultural practices under these challenging scenarios,
and proper policies should be developed to ensure the adoption of these practices at
these farms.

1.3 Soil Microbes: Role in Soil Health and Plant Productivity

Fertile soils with high organic matter are usually rich in soil microbes which include
bacteria, actinomycetes, fungi, soil algae, and cyanobacteria. These microbes are not
only present in thousands to millions in numbers per unit of soil but also diverse in
their structures and functions (Alexander 1977). Microbial communities in the soils
excrete diverse types of gluey compounds, i.e., mucilages, polysaccharides, etc.,
which help in cementing the soil aggregates and maintaining soil structures. Except
for excretions, hairlike structures called “hyphae” spread like net below the soil
surface and aggregate the soil particles like a hairnet, thus helping in stabilizing soil
structures (Alexander 1977; Schadt and Classen 2007). Generally, the activity and
functionality of soil microbes, as well as microbial population dynamics, normally
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depend on soil moisture, temperature, pH, aeration, minerals/inorganic nutrients, and
the available substrate. The favorable soil conditions would definitely lead to
increased activities of soil microbes (Stotzky and Norman 1961). Besides the role
of soil microbes in improving soil structures, these microbes are also involved in the
cycling of various nutrients like carbon (C), nitrogen (N), phosphorus (P), and sulfur
(S) actively. Microbes are specialized enough in their functions that they not only
involved the transformation processes of one element to another (e.g., ammonium N
(NH4

+) to nitrate N (NO3
�)) but also control the amounts of these nutrients available

to the plants. Hence, conversions of the nonavailable form of plant nutrients to
available form, recycling of nutrients, and degradation/decomposition processes are
the paramount contributions of soil microbes to the agroecosystem (Paul 2014;
Sylvia et al. 2005). Furthermore, biological nitrogen fixation is exclusively governed
by soil microbes/N-fixers that transform the inert N2 into available N to the plants.
Soil microbes, e.g., Rhizobium spp., make symbiotic relationships with some plants
(esp. Leguminosae family), while some are free-living, e.g., Azotobacter spp. are
promising microbes with significant contribution in nitrogen fixation and its avail-
ability to the plants (Rodelas et al. 1999).

Soil microbes are among the factors that affect nutrient availability to the plants.
The soil-plant interrelationships are potentially governed by microorganisms present
in the rhizosphere, while their presence as an individual and/or in communities may
have far-reaching effects on soil health and plant productivities directly or indirectly
(Chaparro et al. 2012). Soil microbes often have mutual relationships with plants
which enable them to coexist in the intimate vicinity of the plant roots (Nihorimbere
et al. 2011). Plant interactions with the communities of microbes present in the
rhizosphere are complex enough that the individual plant-microbe interaction is
difficult to probe (Mendes et al. 2011). The soil microbes can be pathogenic and
beneficial as well. However, plants change the composition of root exudates
according to the external stimuli with the root proximity (De-la-Peña et al. 2010;
Flores 1999). The beneficial microbial community can also be artificially developed
in the root zone by adding externally into the soil to improve soil fertility, nutrient
availability, and plant growth (Guiñazú et al. 2009; Kirankumar et al. 2010). Once
applied, these microbes develop communities in the soil and sustain themselves with
developing symbiotic and/or nonsymbiotic relationships with the plants, hence
avoiding the attack of other pathogens (Lucas 2010). The presence of beneficial
soil microbes helps in the mineralization process within the soil and the nutrients
available for plants. For example, application of plant growth-promoting
rhizobacteria (PGPRs) in the soil improved the microbial biomass and hence the
soil fertility status (Fließbach et al. 2009).

Seed inoculation with PGPRs is the best way to develop beneficial microbial
communities within the rhizosphere to achieve better yields. For instance,
Adesemoye et al. (2009) obtained better yields of tomato in plants applied with
PGPRs with lower doses of N compared to no PGPRs with full N dose. Hence,
PGPRs colonize themselves rapidly with enhanced mineralization processes at lower
initial N, P, and K levels than higher (that could affect the efficiency of microbes)
(Shaharoona et al. 2008). Seed inoculation of alfalfa with different strains of
phosphate-solubilizing bacteria was studied by Guiñazú et al. (2009) and found
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that Bacillus and Pseudomonas spp. have promising effects on the root/shoot length,
dry biomass, and symbiotic characteristics of alfalfa plants. The morphological
growth and grain yield of lentil as well as P use efficiency were higher when the
seed was inoculated with phosphate-solubilizing bacteria than no-inoculation (Smith
et al. 2007). Similarly, mycorrhizal fungi have a substantial role in improving growth
and nutrient use especially in nutrient-depleted soils (Zaidi et al. 2003). Application
of arbuscular mycorrhizal fungi in the growing medium could also promote the
growth and yield of plants along with the nutrient use efficiencies (Heidari and
Karami 2014). The increased nutrient uptake, i.e., N, P, K, Ca, and Mg, was reported
in maize and soybean grown under mycorrhizal-supplemented medium than
non-mycorrhizal conditions (Khalil et al. 1994). Agronomic and/or crop manage-
ment practices also largely affect soil microbiome; hence the use of organic fertil-
izers/manures and/or plant-derived decomposed materials and less intensive farming
with minimum disturbance of soil could improve the soil structures and microbial
populations in the soil (Crowder et al. 2010; Liu et al. 2007; Reeve et al. 2010).

2 Fertilizer Management and Crop Production

The environment, soils, and crop systems which are frequently in use by farmers of
small farms of Asia and sub-Saharan Africa encounter different challenges for
fertilizer management and application (Masso et al. 2017). Management plans
should not only produce agronomic crops economically but also protect our water
resources (Vanlauwe et al. 2015). Best management practices must include achiev-
able management options and must be research-proven. Management plans are
depending on past and current soil management, climate, specific site, operator
expertise, and crops grown. Modern apprehensions about plant nutrients in the
landscape have amplified interest in environmentally sustainable and economically
sound fertilizer management. For fertilizer management, the fertilizer industry
mainly focuses on four Rs: right rate, right fertilizer source, right place, and right
time (Njoroge and Zingore 2015).

Fertilizer management has three prime goals:

(a) Match crop nutrient requirements to fertilizer nutrients.
(b) Cope fertilizer applications intelligently.
(c) Abate the nutrient transport from fields to water bodies.

All these three prime goals are discussed below:

2.1 Match Fertilizer Nutrients to Crop Nutrient Requirements

Soil testing: Fields should be analyzed for nutrients including N, P, K, and pH at
least every 3 years and preferably more often. A soil having pH ranging from 6.5 to
7.0 is ideal for the majority of agronomic crops, but pH of soil less or greater than
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this not only affects nutrient availability but also leads to toxicity (Table 3). Proper
management of the soil pH exploits the effectiveness of the nutrients including N,
P, K, etc. in the soil under practice (Hochmuth et al. 2014). Few examples include:

• Availability of potassium, phosphorus, and nitrogen is optimum at 6.5–7.5.
• At pH levels, less than 6.0, availability of phosphorus decreases due to iron and

aluminum tie-up.
• Phosphorus availability declines again at pH levels greater than 7.5, due to

calcium tie-up.
• Manganese and aluminum become toxic to plants at pH values of soil less than

5.0.
• At pH values of soil greater than 7.5, iron, manganese, copper, and zinc become

unavailable and insoluble; this may lead to micronutrient deficiencies.

Nutrient Budgeting Manure analysis, soil testing, nutrient removal, and nutrient
uptake data account for sources and outflows of all nutrients (Matheyarasu et al.
2017). Information in this regard makes it possible to calculate fertilizer application
rates, specifically if animal manures are applied, and allows “what-if” analysis of
different scenarios of fertilizer application rate (Matheyarasu et al. 2017).

Plant Nutrient Analysis Soil testing along with chemical analysis of different
concentrations of plant nutrient in tissue may appraise the nutrient availability and
soil fertility program (Marles 2017; Roe et al. 2015). Thus, it is valuable when “bad”
and “good” sections of a field under evaluation can be contrasted.

2.2 Manage Fertilizer Applications Wisely

Soil Test-Based Recommendations Result of each soil test relevant to potash and
phosphate is rated with index or category. Africa uses five soil tests which includes
very low, low, medium, high, and very high (Tamene et al. 2017). The category
compares the fertilizer amount present in the soil to the amount required by the plants
(Solanki et al. 2017).

Table 3 pH ranges for
common crops

Sl. no Crop pH range

1. Alfalfa 6.5–8.5

2. Barley 5.5–8.5

3. Blueberry 4.0–6.0

4. Corn 6.0–7.5

5. Cotton 5.5–8.5

6. Clovers 6.0–7.5

7. Potato 5.5–6.5

8. Soybeans 6.0–7.5

9. Sugar beet 6.5–8.5
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Using the Right Fertilizer for the Situation Usually, different fertilizer sources for
the same nutrient seem to work differently; it is due to inherent differences between
the fertilizer materials which are usually not taken into consideration. Plants cannot
differentiate between sources of the specific nutrient. Nutrient ions, for instance,
nitrate or phosphate, when present in the soil in the form of the solution are the same,
no matter what their source is. Nitrogen (N) fertilizer efficiency particularly depends
on the product along with managing practice (Lu and Tian 2017).

Proper Placement of Fertilizers Correct fertilizer placement is critical for effi-
ciency. UAN solutions in the form of broadcast sprays must be avoided on hot or
dry days unless the plant material is cultivated in irrigated condition or rain is
imminent. Incorporation of fertilizers in the form of animal manure helps to prevent
their immediate movement in the landscape.

Proper Application Timing Fertilizer application timing is crucial because the
availability of nutrient to the plants is reduced over time. Nitrogen should be applied
at the time of uptake by crop (Wu et al. 2017). Too early application of N fertilizer
results in its leaching, and also the application of fertilizer as a supplement at the late
growing stage is crucial. Application of inorganic phosphorus fertilizers in the fall
before a spring-sown crop, as P is not mobile in the soil. Though phosphorus fixation
in soils is common. Thus phosphorus is not very efficient because it mainly does not
depend on application time (Khabarov and Obersteiner 2017).

Equipment Maintenance and Calibration Efficient nutrient applications can be
achieved through equipment calibration and maintenance. Know the correct appli-
cation width for the equipment and the material being applied; avoid overlaps within
the field and onto field borders.

Precision Technology Precision technologies may allow more efficient fertilizer
management of nutrient-deficient, acidic, or more responsive soil areas.

2.3 Minimize the Potential Transport of Nutrients from Fields
to Water Bodies

Conservation Tillage Some nutrients, such as P ions, are closely bound to soil
particles, so soil management that minimizes erosion also minimizes movement of
those nutrients (Carr 2017). These management practices include strip-tillage, mulch
tillage, no-tillage, or ridge-tillage (Carr 2017).

Proper Storage of Animal By-products Proper storage of poultry litter is important.
Many poultry growers have dry stack sheds to store litter, but farmers are acquiring
litter may need to store it temporarily.
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Control Water Flow on and off Fields Controlling water flow with surface and
subsurface drainage management reduces nutrient, pathogen, and pesticide runoff
into downstream waters.

Maintain Buffers Sediment delivery to nearby water bodies along with rill and sheet
erosion can be reduced by planting buffers between nutrient applications. Nutrients
that move from planted areas are absorbed by planted buffer thus preventing their
entry into surface waters (Datta et al. 2017a).

Use Cover Crops as a Nutrient Scavenger and Erosion Control Erosion can be
reduced through crop residue and cover crops. Cover crops play a vital role in N
movement reduction in the landscape by “N scavenging” left in the soil by the
preceding crop.

2.4 Food for Food (Significance of Fertilizers in Crop
Production)

Crop productivity mainly depends on phosphorous (P) and nitrogen (N) fertilization.
Inefficient use of nutrients by plants results in environmental pollution, as green-
house gases are released into the atmosphere and soluble forms of nitrogen (N),
phosphorus (P), and carbon (C) leached into watercourses. Improvement in nutrient
use efficiencies in agriculture is necessary for the development of sustainable
agriculture, more efficient use of mineral fertilizers, nutrient management strategies,
increased recovery and recycling of waste nutrients and better exploitation of the
substantial organic and inorganic reserves of nutrients (Zahoor et al. 2014).

2.4.1 Nitrogen

Tisdale et al. (1993) comprehensively reviewed the nitrogen requirement of crops.
Nitrogen is one of the indispensably important plant nutrients (Bandaogo et al. 2014;
Liu et al. 2015; Wu et al. 2017). Nitrogen is a major yield-determining factor in
maize production; its availability in adequate amount is essential throughout the
growing season (Noor 2017; Sun et al. 2017). Nitrogen present in the decomposing
organic matter is converted into N4H

+ by soil microorganisms including fungi and
bacteria through the mineralization process (Pidwirny 2002).

When nitrogen is supplied in adequate amount, then it will lead to a dark green
color with vigorous vegetative growth. But an imbalance of nitrogen or its excess in
relation to other nutrients including P, K, Mn, Zn, and S not only prolongs the
growing period but also delays crop maturity (Fig. 1) (Gojon 2017). Nitrogen
deficiency in plants leads to stunted growth and yellowing of leaves. This chlorosis
or yellowing is usually spotted on the lower leaves first, while upper leaves remain
green. Severe shortage of N will turn leaves brown (Gojon 2017).
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2.4.2 Phosphorous

Phosphorus being a second important nutrient after nitrogen limits the agricultural
production in various regions of the globe (Kogbe and Adediran 2003; Souza et al.
2014). Phosphorus is the structural component of RNA and DNA, the two genetic
entities which are crucial in a living organism for growth and reproduction. Both
humans and plants derive their internal energy from P-based compounds, i.e., ADP
(adenosine diphosphate) and ATP (adenosine triphosphate). This implies that an
inadequate phosphorus supply will result in reduced RNA synthesis (the protein
maker) leading to abnormal growth (Freitas et al. 2013). Phosphorus (P) deficiency
in plants results in stunted growth, thin stems, and a limited root system. In some
plants, older leaves turn to purple due to anthocyanins or purple pigment accumu-
lation. Some crops produce small ear containing smaller and fewer kernels than
usual due to phosphorus deficiency. In addition, grain yield is also severely affected
(Jones et al. 2003). Phosphorus is usually concentrated in the seed in most plants,
which is ultimately harvested (Fig. 2).

Fig. 1 The maize ear
phenotypes in GS1-deficient
mutants and overexpressing
lines are from N conditions
which are suboptimal (N+)
or limiting (N�): (a) wild-
type (WT), gln1.4, gln1.3,
and gln1.3/gln1.4 mutants;
(b) WT null segregants and
T4 transgenic lines 1 and
9 overexpressing Gln1-3
cDNA (cited from Hirel
et al. 2007)
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2.5 Why Food (Fertilizer) Must Not Be Wasted

Fertilizer wastage hypothetically impacts various environmental components such as
soil landscape, land resources, air, water, human health, and biodiversity (Savci
2012; Meena and Yadav 2014). Land resources are impacted which include changes
in land use, for instance, grasslands, croplands, forests’ habitat, marginal croplands,
and water resources are changed (Savci 2012).

2.5.1 Environmental Cost for Manufacturing

Different processes of fertilizer production which are abating emissions up to some
extent do not release harmful quantities of wastes to the atmosphere. The following
emissions have a negative impact on the environment:

• Acidic fumes and ammonia maybe created in the surrounding areas of plants
ultimately damaging the vegetation.

• Fluoride emissions not only damage the vegetation but are also harmful for
livestock that consumes affected vegetation.

• Excessive release of dust in the atmosphere may cause damage to vegetation,
particularly to pine forests.

• The release of excessive plant nutrients to the aquatic environment from the
runoff water or scrubber system may result in eutrophication of water resources,
particularly in closed reservoirs and lakes.

2.5.1.1 Global Warming

In different developing countries, including Pakistan, India, Bangladesh, etc., grain
production mainly depends on fertilizer use, primarily nitrogenous fertilizers which
increase up to many folds due to industrialization to fulfill increased food production

Fig. 2 Cob size severely
reduced due to P
deficiency (Source: http://
bit.ly/Yara_UK)

198 M. A. Noor et al.



demand. Excessive N fertilizer use alters the global N cycle and thus results in the
decline of total factor productivity ultimately decreasing NUE (nitrogen use effi-
ciency). The N cycle is the transformation or conversion of N2 (molecular nitrogen)
into other reactive forms of N and then back to the original state of N. The nitrogen
cycle mainly consists of five different steps including nitrogen fixation, nitrification,
assimilation, ammonification, and denitrification (Pathak et al. 2016). As N2O is a
potent greenhouse gas, it has a direct contribution to global warming. Nitrogen
fertilizer contributes 70% of the total N2O emission and 77% of the total NO3-(nitrous
oxide) emission from agricultural soils of Africa (Fig. 3) (Pathak et al. 2010).

Nitrogen application in the form of fertilizer to agricultural soils not only affects
nitrogenous compound emission, but it also affects the uptake and emission of
methane (CH4) and carbon dioxide (CO2) from soils. Aerobic soils serve as a
major sink of atmospheric CH4 (methane), and CH4 oxidation by the MOB
(methane-oxidizing bacteria) is one of the significant methane removal processes.

2.5.1.2 Deteriorating Soil Health

According to different studies and researches, the chemical fertilizers’ effects on the
soil are not instantaneously obvious, as soils have a strong power of buffering due to
their constituents. Over time, the pollution, soil degradation reactions occurring in
the soil, and deterioration of soil fertility lead to deterioration of the current element
balance. Besides this, toxic substances which accumulate within different vegetables
ultimately affect animals and humans in a negative way.

Fig. 3 Greenhouse gas
emission from different
sources
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2.5.1.3 Pollution

When fertilizer is applied in an inadequate amount, it may cause a loss in production
and quality of important agronomic crops. But too much application of fertilizer
causes air pollution through emission of nitrogen oxides such N2O, NO, and NO2. At
the present time, some gases in the atmosphere such as carbon dioxide (CO2),
hydrogen sulfide (H2S), and methane (CH4), with chlorofluorohydrocarbons which
are associated with halogen compounds, are present in the tropospheric ozone
layer and contribute to the greenhouse effect. At the global level, atmospheric
nitrogen oxide (N2O) increases from 0.2 to 0.3% every year (Atılgan et al. 2007).

2.5.2 Economical Costs

The production of inorganic fertilizer hinges on the mining of two essential ele-
ments: K (potassium) and P (phosphorus). Chemical/inorganic fertilizers have been
artificially manufactured that contain nutrients’ indefinite quantities. Natural fertil-
izers are less expensive and are almost free compared to commercial chemical
fertilizers. The latter contains components that may be toxic to the respiratory system
and skin. Organic sources, rocks, and petroleum products are utilized during the
manufacturing process of these fertilizers. Chemical fertilizers reduce soil fertility
with the passage of time, while organic fertilizers not only improve but also sustain
the soil fertility.

2.5.2.1 More Food (Fertilizer Application) for Less Food (Crop)

Farmers of developing countries especially in Africa and Asia do not have knowl-
edge of optimum doses, fertilizer placement methods, and time of fertilizer applica-
tion due to which they misleadingly use high fertilizer doses to maximize yield.
Environmental, soil, and economic problems are created due to excessive supply of
fertilizers. Some of the disadvantages of the excessive use of fertilizer are mentioned
below.

• Their cost is relatively higher compared to organic fertilizers.
• Salts and other compounds are also constituents of chemical fertilizer besides

essential nutrients for plant growth compared to organic fertilizer like manure.
These salts and compounds cannot be absorbed by plants and remain on the soil
surface. With the passage of time, these salts and compounds build up in the soil
ultimately changing the soil chemistry.

• Application of too much fertilizer inclines to burn the plant.
• In cases of overwatering or heavy rains, the nutrients, salts, and other compounds

drain into proximate water bodies. They not only pollute but also render them
unhealthy for human or livestock consumption.
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• Frequent fertilizer application not only causes an interruption in the natural biotic
environment but also affects the structure and texture of the soil. Consistent
inorganic fertilizers’ application is a serious threat to the survival of soil
organisms.

2.5.3 Indirect Impacts

2.5.3.1 Less Cleaner Agriculture

Fertilizers have indirect effects on environment and nature though these effects may
be not that much clear on agriculture as it alters the biology of water bodies, depletes
soil quality, and also affects human health. The main reason for the excessive use of
fertilizer is demanding to achieve the goal of global food security. Some key points
defining the side effects of excessive use of fertilizers on nature and environment are
mentioned below.

Depletes the Quality of the Soil It is ironic to know that excessive use of chemical
fertilizer results in an increment of acid levels in the soil, thus altering the fertility of
the soil. Due to this reason, it is suggested to test soil at least once in every 3 years so
that you can keep track whether you are using the right amount of fertilizers.

Biology of Water Bodies The use of too much chemical fertilizers in soil ultimately
leads to eutrophication. Nitrates and phosphates being constituents of fertilizers are
flooded into streams, lakes, rivers, and oceans through sewage and rain. As these
substances are proven to be toxic for the aquatic life, thus it results in excessive algal
growth in the water bodies, forming blooms and decreasing the oxygen levels.

Human Health Groundwater and drinking water are badly affected by nitrogen and
other chemical constituents present in fertilizer. Contamination in drinking water
results in the development of blue baby syndrome in infants (oxygen starvation in
skin tissues), due to which their skin appears to be purplish or blue in color.
Additionally, the use of pesticides and lawn fertilizers can cause health risks like
chronic diseases in humans including cancer, especially in children.

2.5.3.2 Global Warming

Due to fertilizer overload, soil microbes unexpectedly belch high nitrous oxide
levels, resulting in the emission of greenhouse gas with 300 times more heat-
trapping power compared to carbon dioxide (Shcherbak et al. 2014). Soil microbes
are known to involve in the conversion of nitrogen-rich fertilizers, including syn-
thetic fertilizers and manure, into nitrous oxide (Fig. 4). Based on approximately
1000 field experiments, in the mid-2000s, the climate scientists are able to calculate
that the dirt dwellers spew almost 1 kg of the greenhouse gas for every 100 kg of
fertilizer, or roughly 1% (Mole 2014).
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2.5.3.3 Further Reduced Efficiency

Improving the fertilizer quality frequently used in Africa and South Asia is precar-
ious from all perspectives such as social, environmental, and agronomic. The factors
which affect this fertilizer in multiple dimensions cover a range of issues associated
with diverse stages of fertilization. These can be classified into three groups:
economic, technological and physical, and institutional factors (Raju 1989):

Economic factors:

• Fertilizer prices
• Other input prices
• Output prices

Technological and physical factors:

• Soil quality
• Other inputs’ availability
• Climate
• Fertilizer use management
• Unstable use of various fertilizer nutrients
• Range of micronutrient deficiency

Institutional factors:

• Insufficient credit availability for not only farmers but also dealers
• Inadequate extension activities
• Insufficient infrastructures such as transportation and roads
• Scanty distribution facilities

Fig. 4 Diagrammatical presentation of global warming due to fertilizers (Source: FAO 2014b)
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• Ineffective domestic production
• Unavailability of quality fertilizers

All the abovementioned factors influence fertilizer use pattern in one or other way in
different countries of Africa and South Asia through their comparative importance
which varies crosswise the countries along with different regions, farmer groups,
seasons, and site-specific characteristics of individual countries.

3 Nitrogen Management

3.1 Importance of Nitrogen for Crop Production

To meet the basic necessities, i.e., food and energy for increasing population, it is
important to improve NUE in cereal crops at a low supply of fertilizer (White and
Brown 2010). Cereal crops require a large amount of nitrogen to attain maximum
production and yield and for which NUE is calculated, and its availability is >50%
(Raun and Johnson 1999; Zhu 2000). Plants use nitrogen in the form of ammonium
and nitrate, and as compared to other nutrients, N is taken up by the plants in the
largest amount. To improve NUE in cereals, some basic strategies need to apply, for
example, N management, plant breeding, and genetics (Table 4).

In preliminary studies, it is reported that before anthesis in wheat, 60–95% N
comes from the remobilization of N stored in young roots and shoots (Palta and
Fillery 1995). Post-flowering N uptake and N translocation to the grain are available
in a very less quantity. Under N-deficient conditions, the size and the N content of
the grain are significantly decreased (Dupont and Altenbach 2003). Until tillering,
the soil supplies nitrogen to the plant. For nitrogen application, three applications are
generally recommended: one at tillering, one at the beginning of stem elongation,
and one at the second node stage (50–80 kg ha�1, around 50 kg ha�1, 40–50 kg h�1,
respectively). SPAD meter is mostly used for predicting grain N requirements in

Table 4 Typical inputs and cost for ammonia production

Inputs
Conventional
reforming

Excess air
reforming

Partial
oxidation

Total energy of which inputs are used
(Gj/TNH3)

a
32–35 32–35 39–45

Feedstock 24 26 32

Fuel 8–10 6–8 –

Water (t/t NH3)
b 0.7–1.5 0.7–1.5 1.2

Air (t/t NH3)
c 1.1 1.6 4

aHigh heat value (HHV). Total energy consumption is less
bCooling water not included, variable from site to site
cCooling air not included, variable from site to site
Source (UNEP et al. 1998)
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cereals (Lopez-Bellido et al. 2004). In other cereals, i.e., rice crop, the same N
management strategies are used, but the plant mostly uses ammonium instead of
nitrate, and vegetative organs use the remobilized N 70–90% of the total panicle N
(Tabuchi et al. 2005; Vonk and Shackelford 2012; Datta et al. 2017b).

3.2 Typical Inputs and Cost of Production for Nitrogenous
Fertilizers

The inputs and products of every fertilizer industry are different, and for the
manufacturing of the product, there are different production procedures (Holzhaider
et al. 2011). Fertilizer production industries include much input such as the major
raw materials, i.e., energy, mineral phosphate, potassium salts, and sulfur, interme-
diate products such as ammonia and acids, and blending mixtures, and there are
many small companies which purchase primary inputs to make mixtures, blends, and
compounds to make fertilizers. In some minerals, i.e., phosphate, potassium salts,
and ammonia, their production process is very difficult, so these minerals are used in
the soil directly, so that one company input may be another company product
(Table 5).

3.2.1 Typical Inputs and Cost for Nitric Acid Production

Apart from air and water, ammonia is the only external input, at a typical rate of
150–190 kg NH3/t of fertilizer grade nitric acid. The commonest energy system
involves initial start-up steam and power, energy recovery from tail gas in a gas
turbine, electric pumps, and a condensing steam turbine to drive the compressors
(UNEP et al. 1998).

Table 5 Typical inputs and cost for modern urea production

Inputs CO2 stripping
NH3

stripping ACES process IDR process

NH3 (t) 0.570 0.567 0.570 0.570

CO2 (t) 0.750 0.735 0.740 0.740

Steam (t) 0.770 (ST), 0.800
(E)

0.760 (ST) 0.700 (ST), 0.570
(E)

0.760 (ST), 0.600
(E)

Cooling water
(m3)

60–70 80 51–60 60–75

Electricity (MJ) 54–396 76 108–436 72–432

Source (UNEP et al. 1998)
E electrometer, ST steam turbine
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3.2.2 Typical Inputs and Cost for Ammonium Nitrate
(AN) and Calcium Ammonium Nitrate (CAN) Production

For the production, AN’s mostly used inputs are 0.21 t NH3, 0.78 t 100% HNO3, and
25–40 kWh of power, and much larger amounts of power are needed to attain BAT
standards for the production of AN. Steam requirements depend on the product
concentration from the evaporator, so the net steam requirement may vary from 0 to
50 kg/t (UNEP et al. 1998).

3.3 A Major Player in Plant Nutrition: Soil

The soil is the key factor affecting nitrogen use efficiency which depends upon the
capacity of the plant to extract inorganic nitrogen, assimilate nitrate and ammonium,
and recycle organic nitrogen. Hodge and his coworkers (2000) reported that uptake
of nitrogen by plant roots depends on soil conditions, microenvironment, and plant
species, and estimated losses of nitrogen from soils are 50–70%. It is the need of the
hour to develop agriculture on a sustainable basis to increase nutrient use efficiency
by checking losses of nitrogen from the soil and therefore require minimum fertil-
izer. To achieve these goals, we need to make collaborative efforts by combining
plant physiology, crop uptake ability, plant metabolism, and soil physical and
chemical properties as a subject of interest.

Nitrogen mineralization and NO3 levels in soil (being components of total
nitrogen budget) are measured in the start of crop season (Koukoulakis and
Papadopoulos 2001). Bolger and his team (2003) explained that organic content
and soil texture determine the rate of nitrogen mineralization in soil. Mostly, in
agricultural soils very less amount of plant-available nitrogen is present, so heavy
doses of fertilizers are applied per annum to feed the plants for proper production.
Most agricultural soils contain too little naturally occurring plant-available nitrogen
to meet the needs of a crop throughout the growing season. Supplementary nitrogen
applications are normally made each year to meet crop demand.

3.3.1 Important Soil Properties

Soil properties (geophysical, chemical, biological, etc.) define the productivity of
soils. These including pH, organic contents, texture, structure, depth, and water
holding capacity all boost soil fertility.

Soil Texture Precise application of fertilizer and lime depends on the understanding
of the soil traits in each field. Consideration of topsoil texture is crucial to find out
lime requirement.
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Soil Structure Roots are the site of the first contact of any kind of nutrient and water
for plant uptake. Better root growth is necessary for economical yield. It is, therefore,
essential to sustain good soil structure, so that root development is not adversely
affected by poor physical soil conditions, such as compaction.

Soil Organic Matter Plants use organic matter in soil as a major nitrogen source. It
is composed of stable product humus, collected over a long period of time. Simply
decayed portions of organic material vanish quickly, leaving at the back residues
more resistant to decay. It has key agricultural, environmental, and ecological
advantages, e.g., reduction in fertilizer requirement and improvement of soil condi-
tions and biological activities.

Nitrogen Loss from the Soil System Leaching and runoff are two major processes
for nitrogen loss in the environment (Follett and Delgado 2002; Meisinger and
Delgado 2002), although ammonia volatilization is a source of a significant amount
of NH3-N loss if susceptible sources of N volatilization are used without following
suggested BMPs (Meisinger and Randall 1991). In anaerobic conditions, denitrifi-
cation is also a major source of nitrogen loss (Mosier et al. 2002; Meisinger and
Randall 1991; Peoples et al. 1995). Ample amount of research has been done to
prove that leaching, nitrification, and denitrification are key sources of nitrogen
losses (Delgado and Follett 2010; Follett et al. 1991; Meisinger and Delgado
2002; Mosier et al. 2002).

Denitrification is activated in the existence of reactive carbon, including residue
carbon, and a small oxygen concentration in the soil. Ammonia losses occurred in
alkaline conditions where human and livestock feces are applied.

Soil Quality and NUE Quality of agricultural soil depends on efficient cycling of
nutrients, either direct uptake of nutrients to assimilate them or retain them ready to
uptake in available form or in some way by prevailing the productivity and
harvestability of crops (Brussaard et al. 2007; Giller et al. 1997; Harris et al. 2011;
Keesstra et al. 2016). Schulte et al. (2014) explained soil quality is the ability of soil
to prolong primary production, to regulate water availability, to decrease and adjust
the emission of greenhouse gases, and to maintain biodiversity on a sustainable basis
by efficient nutrient cycling. Coyle et al. (2016) endorsed their concept of soil
quality. Schulte et al. (2014) identified five key functions as “ecosystem services”
(Haines-Young and Potschin-Young 2018) interact with the other functions, e.g.,
quality, health, or fertility of the soil.

Consequently, approved site-specific management practices and evaluation
methods of soil properties need considerations because the plasticity of functions
changes with respect to time and place.

• Assess the effects of management scenarios on N dynamics and losses (Delgado
et al. 2006; Shaffer and Delgado 2002).

• Develop and conduct national workshops to train technical personnel in nitrogen
management techniques and procedures that protect soil quality.
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• Develop and implement the concept of a national nitrogen trading tool (Delgado
et al. 2008).

• Apply the concept of a tiered approach, as described by Shaffer and
Delgado (2002).

3.4 The Growing Challenges in Nitrogen Management
(Nutrient Management Challenges)

• Sustainable production of food to feed the ever-increasing population of the
world is a big challenge for the agriculture sector by keeping the
environment safe.

• Resources (soil, water, and air) for agricultural production are diminishing and
face huge challenges of drought and flood due to a rapidly changing climate.

• Best nutrient management (especially N) using a durable approach is part of a
sustainable agricultural system that is tough to meteorological change.

• Limited inorganic nitrogen sources are available and need ample amount of
energy to produce fertilizers, so alternate sources and making organic matter
available for plant production are big challenges in agricultural soils that make it
the efficient beneficiary of resources on an economic basis.

• A nutrient gap occurs when the crop is removed from the field at harvesting time;
that gap can be minimized by vigilant application of organic and inorganic
fertilizer. Optimizations of nutrient uptake capacity of plants minimize the losses
of nitrogen in the air, water, and soil.

• Interest in nonfood crops like biomass and biofuel crops is increasing for
nonfarming purposes.

BMPs (best management practices) are particular cultural practices that endeavor
maximum crop productivity by minimizing nutrient demand and losses. For nitrogen
improving efficiency, the following points should be considered: (1) time of appli-
cation; (2) timing and possibility of N loss; (3) crop stage-specific application of
nitrogen; (4) application of N fertilizer in fall season; (5) application dose and rate;
(6) sources of fertilizer; (7) site-specific placement method; (8) consistency in
application with topography; (9) fortification of fertilizer to reduce losses;
(10) organic nitrogen managements, e.g., manure; and (11) particular considerations
to boost uptake of nutrients by plants.

3.4.1 Site-Specific Agricultural Soil Management

• Overapplication of nutrient is checked based on recommendations made on the
specific soil conditions of each field parcel.

• Public health safety can be ensured because products are produced meeting the
requirements for nitrate levels in plant tissue.
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• The environment can be protected because growers are advised to follow the
least. Reduced polluting fertilization practice can be used to protect the environ-
ment from nitrate pollution of underground water, minimize eutrophication of
surface waters, and augment the competitiveness of the agricultural foodstuffs.

3.4.2 Basis of the Recommendations

Provided there are sufficient supplies of water and another nutrient, N generally has a
large impact on crop growth, yield, and quality. Figure 5 explained a typical nitrogen
response curve. Applying nitrogen amplifies yield, but overdose application can
reduce yield by creating problems such as lodging, foliar infections, and poor silage
fermentation. When excessive nitrogen is applied, a larger proportion is unused by
the crop. This causes an increase in financial cost and can also increase the risk of
nitrogen losses.

Recommendations:

• Encourage efficient and environmentally safe management of crop nutrients.
• The unbiased and proficient use of plant nutrients from both organic N and

inorganic N sources, at the farm and community levels, should be emphasized;
use of local organic nitrogen sources should be encouraged.

• Inventive approaches to support and promote integrated plant nutrient manage-
ment should be promoted.

Fig. 5 Typical nitrogen response curve
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• A comprehensive database desires to be developed for all inorganic and organic
bases of nutrients, counting their amount, composition, processing techniques,
their economic value, and their accessibility.

• The effects of micro- and macroeconomic policies on plant nutrient management
should be evaluated.

• Maintain essential measures to lower expenses, reuse urban waste, protect land
tenure, and augment production capacity.

• All measures should be required to lower the cost of fertilizers at farm-gate and to
shrink the farmers’ perception of the risk in the use of fertilizers by:

1. Investing in distribution infrastructure
2. Researching modern ways to share risks and to provide investment
3. Cheering subregional cooperation for country-level fertilizer production facil-

ities and/or procurement
4. Improving dialogue between different sectors and agencies to arrive at a

common approach to improve plant nutrition

Nitrogen management for intensification of cereals is a widely researched topic
across the globe. Excellent papers and monographs are published regularly in
international peer-reviewed journals. Besides those resources, readers may explore
the following institutions for further information on nutrient management research
trends or for collaboration opportunities:

• International Maize and Wheat Improvement Center www.cimmyt.org
• International Plant Nutrition Institute www.ipni.net
• International Institute of Tropical Agriculture www.iita.org
• Food and Agriculture Organization of the United Nations www.fao.org.
• United Nations Environment Programme Industry and the Environment www.

unep.org
• United Nations Industrial Development Organization www.unido.org

4 Phosphorus Management: Focusing on Small Farmers

Phosphorus (P) exists in the Earth’s crust in the form of phosphate rock containing
around 5–10 Mt. of P, and it is only through the processes of weathering and
leaching that P is mobilized into terrestrial systems (Suh and Yee 2011). The most
abundant of the phosphate minerals is apatite, which is the most common naturally
occurring P-containing mineral in the Earth’s crust (over 95% of P) (Smil 2000).
Phosphorus use exploded in the 1940s and 1950s, supported by the development of
the modern phosphate industry. It has only been over the last 50 years that the human
mobilization of P increased dramatically in order to cope with the unprecedented
increase in the demand for food by rapidly growing global population (Tilman 2001;
Datta et al. 2017c).
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4.1 What Is P Management?

Phosphorus management is the process used to handle the application of P in the
form of manure or fertilizers to crops, including their quantity, form, placement, and
timing. On most farms, the nutrients predominantly come from manure and com-
mercial fertilizer, but other sources, such as compost, can also be important. The
purpose of nutrient management is to supply sufficient plant nutrients for optimum
forage and crop yields and thus prevent excess applications that can contaminate
water quality. A nutrient management plan (NMP) documents the source, rate,
method, and timing of nutrient applications.

In 2009 the ENSET (Efficient Nutrient Supply in East Africa) project was
implemented in Ethiopia and Kenya. The present report refers to the achievements
made in Ethiopia. It evaluates nutrient management strategies for smallholder farms in
Holetta (high-potential cereal-livestock mixed system) and Melkassa (semiarid
low-potential area) in the central highlands of Ethiopia. In general, nutrient flow rates
were higher in Holetta compared to Melkassa, but this was not reflected in the overall
nutrient balances at the farm level, which was about�35 kg N/ha/season for both sites.

The 4R Nutrient Stewardship guidelines were developed by the fertilizer industry
as a process to guide fertilizer best management practices (BMPs) in all regions of
the world. Given that farmers purchase fertilizers at world prices in most regions, and
these prices have been steadily increasing over time, most users are very cautious
about the rates of nutrients they apply. To avoid unnecessary policy intervention by
governments, the fertilizer industry needs to be unified in their promotion of BMPs
that support improved nutrient use efficiency and environmental sustainability while
supporting the farmer’s profitability. Finally, some fertilizer products are preferred to
others based on soil properties, like pH. Right rate means matching the fertilizer
applied to the crop need – simple as that. Right place means making every effort to
keep nutrients where crops can use them. This is an issue which poses the greatest
challenge in smallholder agricultural systems, where most fertilizer is broadcast-
applied, and in many cases without incorporation. Research indicates that fertilizer
placement can not only improve crop response but also improve fertilizer use
efficiency significantly by lowering nutrient application rates (Johnston and
Bruulsema 2014; Meena et al. 2017).

The principles of nutrient management on small farms are similar to those of large
farms. However, small farms may have a greater challenge when it comes to
managing manure nutrients because of (1) the different characteristics of manure
from the multiple animal species they keep, (2) the limited land area available to
apply manure, and/or (3) a lack of equipment for manure management and spread-
ing. The purpose of this publication is to outline how to quantify and determine the
use of manure nutrients in small farms as a crop fertilizer in order to prevent
environmental damage that may be caused by nutrient losses.

The sustainability of small-scale farming systems on marginal lands is still a topic
of debate in scientific and institutional communities (Fig. 6). Global food security is
a priority for the future development agenda of the United Nations. Given the high
dependence of the modern global food production system on the continuous supply
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of commercial phosphorus (P) fertilizers, the goal of achieving global food security
could be hampered by any form of the paucity of the global P resource. P is a finite,
non-substitutable, nonrenewable, and geographically restricted resource. The
anthropogenic influences on this critical resource are likely to pose a number of
challenges to its sustainability.

Small farm systems are dependent on following the traditional P management
practices. Nonetheless, due to the increase in population and poverty, these systems
seem to be not viable and sustainable and eventually lead to soil and environment
degradation. Among the main biophysical constraints to food production in tradi-
tional small farms is P deficiency caused by various factors, e.g., low level of
inherent available P and low input of P fertilizer in highly weathered and acidic
soils. It is estimated that 95% of acid soils in Asia, tropical Africa, America,
Australia, and the Pacific Islands are deficient of P (Fairhust 1999).

4.2 Why P Management Is Important?

Demand for food is growing, while land and water resources are becoming ever
more scarce and degraded. Climate change will make these challenges yet more
difficult. Over the coming decades, farmers need to produce significantly larger
amounts of food, mostly on land already in production. The large gaps between
actual and potential yields for major crops show that there is significant scope for
increased production through productivity growth on family farms. This can be
achieved by developing new technologies and practices or through overcoming
barriers and constraints to the adaptation and adoption of existing technologies and
practices.

Fig. 6 Share of world’s farms by region country or group. (Source: FAO 2013)
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4.2.1 Sustainable Productivity on Small Farming Through P
Management

Smaller family farms tend to rely on tried and trusted methods because one wrong
decision can jeopardize an entire growing season, but they readily adopt new
technologies and practices that they perceive to be beneficial in their specific
circumstances. Nevertheless, several obstacles often stand in the way of farmers
adopting innovative practices that combine productivity increases with the preser-
vation and improvement of natural resources. Key impediments include the absence
of physical and marketing infrastructure, financial and risk management instruments,
and secure property rights. Farmers often face high initial costs and long payoff
periods when making improvements. This can prove to be a prohibitive disincentive,
especially in the absence of secure land rights and of access to financing and credit.
Farmers are also unlikely to undertake costly activities and practices that generate
public goods (such as environmental conservation) without compensation or local
collective action. Furthermore, improved farm practices and technologies often only
work well in the agroecological and social contexts for which they were designed,
and if solutions are not adapted to local conditions, this can be a serious impediment
to adoption. Local institutions, such as producers’ organizations, cooperatives, and
other community-based organizations, have a key role to play in overcoming some
of these barriers (FAO 2014a).

4.3 Major Players Involved

• Agricultural research and advisory services generate public goods.
• Productivity, improved sustainability, lower food prices, poverty reduction, etc.
• Calling for strong government involvement.
• Local institutions, such as producers’ organizations, cooperatives, and other

community-based organizations, have a key role to play in overcoming some of
these barriers.

• The effective functioning of local institutions and their coordination with the
public and private sectors and with farmers themselves, both men and women,
can determine whether or not small family farms can introduce innovative,
sustainable improvements suited to their needs and local conditions.

4.4 Advances in P Management

P-Recycling Phosphorus recycling is addressed in detail as a key route to improving
phosphorus sustainability, covering both agriculture reuse of sewage biosolids and
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manure through more technical P-recovery process routes. Success factors for
P-recovery pathways are identified:

• The product should be familiar with the market and offer reliable quality and
performance.

• Operational and investment costs should be competitive.
• Maximize P-recovery rates and ensure environmentally compatible operation, in

order to ensure social acceptance.
• Preferably, the recovery process should be compatible with existing infrastructure

to facilitate rollout.

5R Strategy Recently, several reviews (Crowther et al. 2016; Withers et al. 2015)
have examined the P management issue from a holistic perspective. For instance, the
5R strategy (realign P inputs, reduce P losses, recycle P in bioresources, recover P in
wastes, and redefine P in food systems) proposed by Withers et al. (2015) embraces
aspects from the technical management of P resources on fields including manage-
ment of the P soil legacy to the redesign of P use in society and agro-food systems,
while Crowther et al. (2016) outlined how the biophysical management and behav-
ioral factors should be taken into account in order to better utilize the soil legacy P as
part of a more sustainable management. The analysis and assessment of P manage-
ment are more often addressed from a system perspective at the global or national
and regional.

Use of Cropping Sequences Cropping sequences are a primary factor impacting
phosphorus management. Judicious implementation of crop rotations can improve
soil P resources, efficiency of crop P use, and crop yield and yield stability
(Łukowiak et al. 2016).

5 Challenges and Opportunities

Intensified agriculture scenario is requiring a need for holistic approach, looking at
the full range of drivers and issues, as indicated above. This should include cost-
effectiveness comparisons between phosphorus recycling or efficiency measures and
resource import dependency. Perhaps the most critical and challenging way of
initiating real and lasting changes in agricultural production and nutrient imbalances
is to focus on consumer-driven programs and education rather than on farm produc-
tion. Farmers are at the bottom of the food chain, and their decisions often are
influenced by regional and even global economic pressures over which they have
little or no control. Therefore, we have to look at new ways of using incentives to
help farmers implement innovative measures to minimize on-farm nutrient sur-
pluses. The challenge is to recognize how social policy and economic factors
influence the nutrient management agenda. Equally important is that everyone is
affected by and can contribute to a resolution of nutrient-related concerns. Extension
and advisory services should focus on closing yield gaps and raising the labor
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productivity of small- and medium-sized farmers. Partnering with producers’ orga-
nizations can help ensure that R&D and extension services are inclusive and
responsive to farmers’ needs.
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Metal Toxicity and Nitrogen Metabolism
in Plants: An Overview
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Hafiz Athar Hussain, Sadam Hussain, Tariq Shah, and Tariq Mehmood

Abstract Heavy metal pollution has emerged as a severe threat to the environment
as well as global food security. Exposure of plants to the heavy metals could cause
perturbations in various physiological, biochemical, and metabolic processes includ-
ing nitrogen (N) uptake and assimilation. Here, we discussed the effects of metal
toxicity on N uptake, N forms, mechanism of metal toxicity, and nitrogen assimila-
tion in plants. We provided a detailed description on the behavior of various
enzymes including nitrate reductase (NR), nitrite reductase (NiR), glutamine syn-
thetase (GS), glutamate synthase (GOGAT), and glutamate dehydrogenase (GDH)
under metal toxicity. We highlighted the response of various nitrogenous com-
pounds and their special role under metal toxicity. In addition, we discussed the
effects of excess metals on N fixation in plants and provided the guidelines for
further studies.
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Abbreviations

As Arsenic
Cd Cadmium
Cu Copper
Fe Iron
GB Glycine betaine
GDH Glutamate dehydrogenase
Gln Glutamine
Glu Glutamate
GOGAT Glutamate synthase
GS Glutamine synthetase
Hg Mercury
MDA Malondialdehyde
Mn Manganese
Mo Molybdenum
N Nitrogen
NH4

+ Ammonium
Ni Nickel
NiR Nitrite reductase
NO3

� Nitrate
NR Nitrate reductase
Pb Lead
ROS Reactive oxygen species
SH Sulfhydryl
V Vanadium
Zn Zinc

1 Introduction

Heavy metal toxicity has become a serious environmental threat because of rapid
industrialization, technological advancement, and disturbance of natural ecosystem
due to a rapid increase in human population (Sarwar et al. 2010; Anjum et al. 2017;
Ayangbenro and Babalola 2017). Heavy metals enter the agroecosystem by natural
(such as erosion, volcanic eruptions, weathering of minerals, comets, etc.) and
anthropogenic (such as coating, biosolids, alloy production, atmospheric deposi-
tions, pesticides, etc.) processes (Ayangbenro and Babalola 2017; Sarwar et al.
2017; Meena et al. 2017). Some types of soils inherit these heavy metals from parent
material they are being originated having a high concentration of some of these
metals which are hazardous to plants. Anthropogenic sources include sewage sludge,
phosphate fertilizers, urban traffic, anthropogenic emissions from power stations,
battery production, explosive manufacturing, cement industries, smelting, improper
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stacking of industrial solid waste, etc. (Wu et al. 2004; Sarwar et al. 2017;
Ayangbenro and Babalola 2017; Marfo et al. 2015; Lojkova et al. 2015). These
sources result in the buildup of higher concentrations of heavy metals in the
agricultural soils.

Keeping in view their functions, heavy metals are categorized into two groups,
essential and nonessential. Essential metals include zinc (Zn), manganese (Mn),
copper (Cu), iron (Fe), and nickel (Ni) which have important roles in physiochemical
and metabolic processes of living organism, such as in electron-transferring proteins
and functioning as cofactors for some enzymes (Fageria et al. 2009; Chaffai and
Koyama 2011; Fashola et al. 2016), while nonessential metals (like cadmium (Cd),
mercury (Hg), and lead (Pb)) are not needed by plants for any biological functions
(Dabonne et al. 2010). Plants exposed to high concentrations of heavy metals
respond by altering the cellular metabolic process and gene expression (Hussain
et al. 2004; Chaffai and Koyama 2011; Choppala et al. 2014). Heavy metals can
cause the growth reduction in plants by decreasing photosynthetic activity and
hindering the chlorophyll synthesis (Fig. 1; Gumpu et al. 2015). Heavy metals
may cause hazardous effects in plants by disturbing essential groups of enzymes,
blocking of essential functional groups and damaging the stability of important
biomolecules, and disrupting the antioxidative defense mechanism as a result of
higher generations of reactive oxygen species (ROS) (Chaffai and Koyama 2011;
Choppala et al. 2014; Sarwar et al. 2015; Anjum et al. 2016; Ashraf et al. 2017).

Nitrogen (N) is among the most abundant essential macronutrients on earth
(Cesco et al. 2010), and it is the critical limiting element for plant growth due to
its unavailability (Graham and Vance 2000; Hussain et al. 2016). Plants can acquire
N from different molecules (like nitrate, ammonium, urea, and amino acids) and
utilized for different metabolic purposes, including the production of proteins,
nucleic acids, as well as storage and signaling molecules (McAllister et al. 2012).
Nitrate (NO3

�) and ammonium (NH4
+) are the major N sources for plants, and

optimum conditions for activities of enzymes involved in the conversion of inor-
ganic N into organic N are pivotal to plant biomass accumulation, growth, and final
productivity. In plants, NO3

� being readily mobile can be stored in the vacuole and
is the main source of N under well-aerated aerobic soil conditions. However, it must
be reduced to NH4

+ for the synthesis of proteins and other organic compounds in
plants (Garnett et al. 2009). Nitrate reductase (NR) converts NO3

� into nitrite in the
non-organelle portions of the cytoplasm. All the living plant cells have the ability to
reduce NO3

� to nitrite, using the energy and reductant (NADH, NADPH) of
photosynthesis and/or respiration in green tissues and of respiration in nongreen
tissues and roots. Ammonium is the only reduced form of N available to plant for
assimilation into N-carrying amino acids such as glutamate (Glu), glutamine (Gln),
aspartate, and asparagine (Ireland and Lea 1999; Antunes et al. 2008; Dadhich and
Meena 2014). For the biosynthesis of these N-containing amino acids, various
enzymes such as Glu synthase, Gln synthetase (GS), glutamate dehydrogenase
(GDH), alanine amino transferase, aspartate amino transferase, and asparagine
synthetase are important (Garnett et al. 2009).
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Heavy metals severely hamper the N metabolism by reducing the NO3
� uptake

and altering the enzyme activity. In the past, the effect of Cd, Pb, Hg, Cu (copper), Ni
(nickel), Mo (molybdenum), and V (vanadium) on N metabolism in different plant
species has been reported; however, the effects of heavy metals on N assimilatory
enzymes vary with the sensitivity level of enzymes and their localization in the cells/
organs, mobility of metals, metal concentration in soil, and time of plant exposure to
metal toxicity. Heavy metals can alter the activity of various N assimilatory enzymes
by binding to the vital sulfhydryl (SH) groups (Prasad and Strzalka 2013). The
metal-induced decrease in N assimilation process can also reveal the disruption of
the general homeostasis of metabolic activities in plants. Heavy metals that induce
the alterations in plant water status (Belimov et al. 2015); uptake, transfer, and

Fig. 1 Morphophysiological responses of plants to metal toxicity in soil
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supply of essential nutrients (Zia-ur-Rehman et al. 2015; Sarwar et al. 2015);
photosynthesis (Emamverdian et al. 2018); and generation of ROS (Malar et al.
2016; Riaz et al. 2018b) ultimately affect the N metabolism in plant.

In the present article, we synthesized the effects of heavy metal on N uptake, N
forms, mechanism of metal toxicity, and nitrogen assimilation. We provided a
detailed description on the behavior of various enzymes including NR, nitrite
reductase, Glu synthase, GS, and GDH under heavy metal stresses. We also
highlighted the response of various nitrogenous compounds and their special role
under metal toxicity. In addition, we discussed the effects of excess metals on N
fixation in plants and provided future guidelines for further studies.

2 Heavy Metals in the Environment: Challenge for Plants

Heavy metals are pollutants in the environment, and their higher concentration
creates the problems for ecological, evolutionary, nutritional, and environmental
reasons. Although some metals (Zn, Cu, Fe, and Ni) are essential micronutrients and
are required for normal growth and development of plants (Verkleij et al. 2009;
Fageria et al. 2009; Imran et al. 2015), nevertheless, these metals are harmful to
plants at higher levels and may lead to soil quality deterioration, plant growth
inhibition, significant yield reduction, and poor quality of food (Ayangbenro and
Babalola 2017), while some metals and metalloids (intermediate between metals and
nonmetals) such as Cd, Cr, Pb, Se, As, and Hg have no known biological functions
in living organisms (Seth 2012; Ayangbenro and Babalola 2017; Datta et al. 2017b).

Metal uptake from soil is carried out by cortical root tissues because of their
resemblance with some essential micronutrients and transfer to the aerial plant parts
via xylem vessels (Ali et al. 2013; Sarwar et al. 2017). Heavy metals disrupt several
physiological, biochemical, and molecular processes in plant and could inhibit plant
growth, disrupt the cellular functions, and ultimately cause cell death (Fig. 1; Xu
et al. 2009; Fashola et al. 2016; Ashraf et al. 2017; Riaz et al. 2018a, b, c). Metal-
induced growth inhibition might be explained on the basis of damage cell mem-
brane, decreased synthesis of metabolites, photosynthetic rate, and chlorophyll
content (Chibuike and Obiora 2014; Anjum et al. 2016; Ashraf et al. 2017). In
some plants, metal toxicity may also cause drought stress because of significant
decreases in stomatal conductivity, transpiration, and leaf relative water contents
owing to less number of xylem vessels and poor cell enlargement (Saifullah et al.
2014). Metal-induced toxicity can cause cell membrane damage and destruction of
biomolecules (like proteins and lipids) and cellular organelles in plants due to
increase in the production of reactive oxygen species (ROS) under stress (Ekmekci
et al. 2008; Ashraf et al. 2017). Moreover, nonessential heavy metals inhibit various
biological mechanisms by altering the structure of biomolecules and important stress
regulatory proteins (Sarwar et al. 2010).
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3 Nitrogen Nutrition in Plants: No Alternative Lies

Even though N is among the most abundant elements on earth (about 80% of the
earth’s atmosphere), it is the critical limiting element for the growth of plants
(Greenwood and Earnshaw 2012; Wang et al. 2017; Li et al. 2018). In plants, N is
required in huge amount, as it constitutes 1.5–2.0% total dry matter of plants (Frink
et al. 1999; Xiong et al. 2006a). In most agricultural soils, NO3

� is the major form of
the inorganic N available to the plants (Xiong et al. 2006a). Uptake of N followed by
N reduction and N assimilation in plants is the only way through which plants may
convert inorganic N into organic N form. The available N forms vary with organic
(urea, amino acids, etc.) and inorganic (NH4

+, NO3
�, dinitrogen) compounds and the

habitat of the plant. Nitrogen is a key constituent of proteins, amino acids, enzymes,
alkaloids, vitamins, and some growth hormones. Increased NO3

� concentration in
plants has a beneficial impact as it regulates the synthesis of proteins and amino
acids, while the excess NH4

+ content can be toxic as it promotes the formation of
amides (Britto and Kronzucker 2002; Ram and Meena 2014). Geiger et al. (1999)
studied the effects of different concentrations of ammonium nitrate and potassium
nitrate on tobacco and reported that alanine, aspartate, Gln, arginine, and serine were
increased considerably at higher N inputs. Terce´-Laforgue et al. (2004) also exam-
ined the influence of N fertilization (NO3

�, NH4
+, and low nitrogen) on the amino

acid profile in tobacco leaves and concluded that Glu and total amino acids were
increased from the old to young leaves under low N supply.

4 Interplay of Nitrogen Uptake and Heavy Metal Stress

Nitrogen (N) is mainly taken up by the plants in the organic form (NO3
� and NH4

+)
from the soil solution. The plant’s preference to uptake either N form depends on
various factors, including the plant species, the concentrations of NO3

� and NH4
+ in

soil, and the soil pH (Perkins et al. 2011; Miller 2016; Aziz et al. 2018). The soil N
pool is driven mainly through mineralization, nitrification, and ammonification,
which are believed to be influenced by soil microbiota. However, among the various
abiotic stresses affecting the overall N cycle in the soil, heavy metal stress is
considered to influence the nitrification and ammonification processes through
modulating the activities of microbiota (Kapoor et al. 2015). Soil moisture, aeration,
temperature, and the pH are the key drivers controlling these nitrifying agents and
the respective processes, and therefore the applied N source in the soil fluctuates
widely the pH of soil which in turn regulates the net proton extrusion rates.
Generally, the NO3

� fertilizer source is preferred over the NH4
+ due to its readily

available form for direct adsorption by plant roots (no need to undergo any further
conservation) and due to its less volatile nature. Therefore, the soil pH is crucial in
determining the availability of heavy metals for plant uptake (Bravo et al. 2017;
Datta et al. 2017a). NO3

� source decreases the soil acidification, and it prevents the
accumulation and uptake of heavy metals by plants, while this case is opposite for
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NH4
+ nutrition. Here we discussed the synergistic effects of both the N source and

the heavy metal stress influencing the plant uptake mechanism.

4.1 Nitrate Uptake

Soil type (structure and texture) is the key determinant of the N fertilizer source to be
applied, which is readily available for plant uptake in the rhizosphere (Li et al. 2018;
Aziz et al. 2018). Nitrate is believed to be the best source in well-aerated agricultural
soils as compared to NH4

+. Nitrification is the process in which ammonia is
converted to NO3

� through biological oxidation, and these conversion steps are
mediated by aerobic nitrifying bacteria requiring sufficient soil aeration and oxygen
for the oxidation process. Therefore, the oxidation of NH4

+ is restricted in water-
logged soils (Ma et al. 2016). Established reports have indicated that the NO3

�

absorption process by the plant is the active process, as the NO3
� influx to plant

roots is proton-coupled depending upon the H+ pumping (Miller and Smith 1996;
Zhou et al. 2016). The presence of the excessive heavy metals in soil affects the
NO3

� uptake by root cells (Fig. 1). Among these heavy metals, Cd is considered the
most effective NO3

� inhibitor which is reported to repress the NO3
� absorption

process very sharply even at very low Cd level (Boussama et al. 1999a; Gouia et al.
2000b; Huang and Xiong 2009). It was observed that excluding Cd from the uptake
solution lasted its impact of NO3

� inhibition till 96 h (Gouia et al. 2000b). However,
this inhibitory effect was observed for several plant species. One vital reason for the
reduced NO3

� uptake is the damaged plasma membrane in roots due to excessive
membrane leakage and the MDA contents (Huang and Xiong 2009). Such reduced
NO3

� contents were observed more for roots versus shoot. Wang et al. (2008)
observed better shoot growth under high Cd stress, but the NO3

� concentrations
were much decreased for Solanum nigrum. Similarly, besides the Cd stress, nitrate
uptake is also limited by Pb excess in plant uptake solution (Singh et al. 2017).
Aluminum (Al) is the third most abundant metal known to cause the inhibitory
effects upon NO3

� uptake by plant roots (Schmitt et al. 2016; Riaz et al. 2018a, b).
But the extent of Al toxicity depends upon the ionic form, its concentration, and the
plant exposure to stress. Acceleratory effect of short-term Al exposure to plants
(barley, cucumber) had been observed with increased nitrate uptake (Nichol et al.
1993; Jerzykiewicz 2001). However, higher external Al inputs had decreased dra-
matically the net NO3

� uptake in Vigna unguiculata upon prolonged plant exposure
to imposed stress (Cruz et al. 2014).

4.2 Ammonium Uptake

Ammonium ion is an intermediary during the N metabolism in plants, which is
produced several times during NO3

� assimilation, deamination of amino acids, and
photorespiration (Andrews et al. 2013). NH4

+ may accumulate in the soil, when this
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conversion process of N is limited or completely stopped due to any of the soil
conditions, viz., low soil pH, lack of soil oxygen due to waterlogging, lack of
organic matter for carbon stick, dry soils, and low soil temperature, affecting
microbiota activity (Mengel and Kirkby 1987; Cheng et al. 2013; Ashoka et al.
2017). Therefore, all these features may affect the soil microclimate to enhance or
depress the soil microorganism activities determining the NH4

+ concentration in soil
varying from micromolar to hundreds of millimolar. The optimum level nitrification
process is attained at 20–40 �C, while this is 50–70 �C for optimum ammonification
(Myers 1975; Yao et al. 2013). Hence, in tropical region soils, NH4

+ may accumulate
in the soil even under neutral pH conditions (Mengel and Kirkby 1987). As the NH4

+

transport in plants is considered to be passive as well as active uptake depending
upon the NH4

+ availability in the soil solution (Wang et al. 1993; Cheng et al. 2018),
studies on the restricted NH4

+ uptake due to heavy metals stress suggested signifi-
cantly decreased uptake of NH4

+ by plant roots in various crops, mainly due to the
perturbations in active uptake process of ATPase (Weber et al. 1991). Relatively
decreased or suppressive NH4

+ uptake was seen in Silene vulgaris at the presence of
Cu (Weber et al. 1991). Toxicity of other heavy metals (Cd2+, Pb2+, and Fe2+) was
also observed with the reduced or diminished uptake of NH4

+ in cucumber seedlings
(Burzynski and Buczek 1998). Several other stress agents including Pb, Cd, Ni, Zn,
and Mn are also reported to influence the uptake of NH4

+ in different plant species.
However, Cu-dependent alterations are known to affect the NH4

+ uptake to the
greatest extent as compared to other metal ions (Kubik-Dobosz et al. 2001).

4.3 Mechanisms of Metal Action on the N Uptake

Heavy metal stress is considered to induce several alterations, either direct or
indirect, during the active as well as passive uptake of both inorganic forms of
N. Physiological studies suggest that metal toxicity affects the NO3

� and NH4
+

uptake through disrupting constitutive and the inductive components of NO3
�

transportation system (Burzynski and Buczek 1994; Shruti and Dubey 2006). This
effect was observed for metal toxicity with Cd, Pb, Cu, and Ni in cucumber seedlings
which inhibited the NO3

� transporters with higher affinities (Burzynski and Buczek
1994; Ashraf et al. 2015). The similar effect was also observed for inhibition of high-
affinity NH4

+ transporters (Burzynski and Buczek 1998). The explanations for
restricted N absorption could be the direct interaction of metal ions and the NH4

+

and NO3
� transporter proteins of both low and high affinities (Shruti and Dubey

2006). Besides this direct interaction of metals and proteins, heavy metal alterations
in these transporter regions are due to the downregulation of NRT and AMTl genes
(Quesada et al. 1997, Krapp et al. 1998; Singh et al. 2008). This diminishing effect is
attributed due to the lowered intercellular nitrates and the enhanced amino acids.
Plants treated with external Cd inputs showed fluctuations in the NO3

� as well as
NH4

+ and amino acid tissue content (Hernandez et al. 1996, 1997; Gouia et al.
2000b). Other effects of metal stress include the Cu and Fe bonding with phosphate
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residues of nucleic acids thus damaging DNA (Lloyd and Phillips 1999). Further-
more, heavy metals including Cu, Cd, and Ni are reported to accelerate the free
radical generation, thus oxidizing several vital organic molecules (Shaw et al. 2004;
Michalak 2006).

Among the indirect effects of heavy metal stress on ion uptake in plants, some key
metal ions, viz., Cu, Pb, Hg, Cd, Ni, and Zn, are believed to interact with membrane
components thus affecting the net ion transport system in plant body (Devi and
Prasad 1999; Michalak 2006; Riaz et al. 2018c). This membrane interaction includes
altered membrane lipids, total lipid amount, and their composition and saturation; in
this process, the main damage is associated with the lipid peroxidation (Demidchik
et al. 1997; Hernandez et al. 1997; Singh et al. 2008; Meena et al. 2018). Besides
this, heavy metals especially Cu, Hg, Cd, Zn, and Al also induce the potassium
leakage leading to increased cell membrane permeability (Demidchik et al. 1997;
Hall 2002; Riaz et al. 2018c). Therefore, it is evident that the indirect influence of
heavy metal stress during the NO3

� and NH4
+ uptake is the alteration in membrane

permeability. In addition, metal ions also interact with the plasma membrane proton
pump by affecting the activity of H+ ATPase activity (Rengel et al. 2016).

5 Mineral Nitrogen Assimilation and Heavy Metals

Nitrogen assimilation is an important plant metabolic process, which not only
controls plant growth and development but also plays an important role in plant
survival under stress conditions. For plants, NH4

+ and NO3
� are major nitrogen

sources and are required during different metabolic processes (Burger and Jackson
2003). Nitrate is converted into NH4

+ via two-step process; during the first step,
NO3

� is converted into nitrite with the action of nitrate reductase, and, in the second
step, nitrite is converted into NH4

+ with the action of nitrite reductase. Nitrate
reductase is located in the cytoplasm, while nitrite reductase is located in chloroplast
and uses energy and some reductants such as NADH or NADPH from photosyn-
thesis or respiration process to carry out such NO3

� to NH4
+ conversion reaction

(Pérez-Tienda et al. 2014). Moreover, the first step of this reaction occurs in the
cytosol, while the second step takes place in the plastid. Following NH4

+ production,
it has to be incorporated in carbon skeleton, and this process takes place primarily via
GOGAT cycle. Moreover, there are two isoforms of GOGAT and GS, and their
localization has been found in a tissue-specific manner, e.g., in roots, NADH-
GOGAT and GS1 are primarily involved in nitrogen assimilation, while in leaves,
reduced ferredoxin GOGAT and GS2 are predominantly involved in nitrogen
assimilation (Mevel and Prieur 2000). Heavy metal toxicity significantly reduces
nitrogen assimilation process (Fig. 2). However, the level of reduction depends on
the localization and sensitivity of enzymes to heavy metal toxicity. Moreover,
duration, concentration, and mobility of heavy metal ions in growth medium further
aggravate alterations in nitrogen assimilation process. In this section, heavy metal-
induced alterations in mineral nitrogen assimilation and associated enzymes have
been discussed.

Metal Toxicity and Nitrogen Metabolism in Plants: An Overview 229



5.1 Nitrate Reductase Activity

Nitrate reductase (NR) enzyme is a very important enzyme and controls the initiation
of NO3

� assimilation process in plants (Silveira et al. 2001). NR enzyme activity is
severely affected by numerous environmental factors including hyperaccumulation
of heavy metal ions in soil or in plant tissues (Silveira et al. 2001; Sharma and Dubey
2005). It has been shown that heavy metal stress reduces NR activity by altering
numerous associated physiological processes. Sharma and Dubey (2005) showed
that inhibition of NR activity under Al toxicity was due to the direct interaction of Al
with functional SH groups present in the active sites of NR. Contrarily, Huang and
Xiong (2009) noted that the reduction in NR activity under Cd stress was due to
alteration in sugar metabolism and declined photosynthetic activity. According to
Barroso et al. (2006), reduction in photosynthesis can induce indirect effects of Cd
toxicity on NR activity. However, Vajpayee et al. (2000) reported that under Cr
stress, NR activity was decreased because of reduced chlorophyll biosynthesis,
which led to lower photosynthesis and poor supply of photosynthates. Similarly,
in pea plants, Cd toxicity not only inhibited NO3

� uptake and transportation but also
detrimentally affected the activity of NR and increased endogenous NH4

+ level
through deamination of free amino acids and other N forms (Hernandez et al.
1997; Datta et al. 2017c). An in vitro examination of Cd toxicity on NR activity
showed that decline in NR activity was associated with the reduction of 80% in the
production of NR protein and alteration in the molybdenum cofactor-binding
domain of NR (Gouia et al. 2000a). In tomato, Chaffei et al. (2004) also reported
similar results that Cd toxicity significantly reduced NR activity. Wang et al. (2008)

Fig. 2 Possible mechanisms of heavy metal-induced reductions in N assimilation
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found that NR activity could also be influenced by Cd-induced reduction in NO3
�

concentration.
Similarly, the detrimental effects of other heavy metals on NR activity have also

been reported elsewhere. Xiong et al. (2006b) showed that NR activity was reduced
by 106% due to Pb stress, and this was mainly due to Pb-induced reduction in the
shoot NO3

� concentration (71–80%) and free amino acid (81–82%). Similarly, Cu
stress-induced decline in NR activity was suggested as a direct effect of Cu on NR by
attaching Cu2+ to SH groups, with subsequent inactivation of NR enzyme (Xiong
et al. 2006a). Similarly, Kevrešan et al. (2001) studied the effects of Ni, Cd, Pb, and
Mo (applied at various concentrations) on N metabolism in pea plants. They found
that all the concentrations of Ni, Cd, and Pb caused a significant decrease in the
activity of NR, and the highest decrease in NR activity was observed in the presence
of Cd followed by Pb and Ni. However, the presence of Mo results in increased
activity of the NR. The NR activity was less dependent on NO3

� contents present in
the cell and to a greater extent on the intensity of uptake and transport of NO3

� to the
sites of their reduction (Carillo et al. 2005; Varma et al. 2017). Moreover, a high
concentration of heavy metals in the growth medium causes dehydration in plant
tissues thus reduces NR synthesis process (Chaffei et al. 2004).

Heavy metal-induced oxidative stress (Khan et al. 2018; Shahzad et al. 2018) and
enhanced lipid peroxidation may also influence the NR activity in plants. In a study,
Jha and Dubey (2004) showed that As decreased NR activity by decreasing the
enzyme affinity toward their substrate, thus resulting in considerable reduction in
NR activity and N assimilation rate in rice. Likewise, Gajewska and Skłodowska
(2009) substantiated that under Ni stress, NO3

� contents were decreased with the
subsequent reduction of 40% in NR activity in wheat seedlings. Rai et al. (2004)
investigated the toxic effects of Cr on Ocimum tenuiflorum and found that excess Cr
in the growing media severely reduced the NR activity through impaired substrate
utilization. Hg stress has been reported as the most toxic stress in reducing NR
activity as Hg can inactivate NR enzyme by binding to a thiol group (Sharma and
Subhadra 2010; Meena and Meena 2017). Similar results have been found in maize
under Hg stress that Hg not only competes with thiol group but also disturbs the
production of cysteine (Pandey and Srivastava 1993). Thus it can be inferred from
above results that heavy metal stress reduces NR activity by altering cysteine
production, by increasing ROS production, by disturbing the balance between the
substrate for NR reaction, and by affecting sugar metabolism and photosynthesis.

5.2 Nitrite Reductase Activity

Nitrite enters into plastids or chloroplast and reduced to NH4
+ by the action of NiR—

a nuclear-encoded enzyme (Shah and Dubey 2003). In general, NiR is more resistant
to stress conditions than NR. As this enzyme is localized in plastids, therefore,
metals have less access to NiR, compared with cytoplasmic NR. The NiR has not
been reported to limit the N assimilation in plants. Therefore, the studies regarding
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the effect of heavy metals on NiR activity are rare. However, studies showed that
NiR decreases under heavy metals stress. Ghosh et al. (2013) showed that exposure
of arsenate to wheat seedling significantly reduced NiR activity, and this was
associated with a reduction in NR activity and total nitrite contents, which is the
first primary reason (Llorens et al. 2000). Heavy metals can also influence the NO3

�

uptake and NO3
� homeostasis in the plant cell. Therefore, NO3

� also induces the
expression of NiR genes along with NR genes (Stitt 1999). Therefore, the regulation
of NiR genes’ expression by NO3

� could be the main reason of NiR inhibition by
heavy metals. In a study, Dinakar et al. (2009) showed that Cd stress reduced NiR
activity up to 75%, and this was due to a significant reduction in NR activity.

5.3 Glutamine Synthetase and Glutamate Synthase Activities

In higher plants, NH4
+ is assimilated into nontoxic glutamine and glutamate, and this

reaction is carried out by glutamine synthetase (GS) and glutamate synthase
(GOGAT) (Lam et al. 1996). The effects of metal toxicity on GS and GOGAT are
often regarded as a mean of the effect of metal on all isoenzymes of GS or GOGAT
localized either in the root or shoot. The decrease of one form of the enzyme may
trigger the other. Therefore, the variations recorded in the activities of enzymes after
metal exposure are different and sometimes difficult to infer. In the past, reductions
in activities of GS and GOGAT were found after the exposure of plants to Cu
(Yu et al. 2005), Cd (Chaffei et al. 2004), Al and Se (Ruiz et al. 2007), and As (Jha
and Dubey 2004) toxicities by different researchers.

Heavy metals are known to disturb the NO3
� absorption by the plants. Intracel-

lular NO3
� level affects the gene expression of GS and GOGAT along with NR and

NiR (Oaks 1994; Stitt 1999). Possibly, this dependence of GS and GOGAT genes on
NO3

� is the cause of metal-induced inhibitions in the activities of these enzymes
along with the direct metal action on the SH groups of enzyme proteins. Huang and
Xiong (2009) reported that NH4

+ content in shoot and root of rice seedlings was
significantly increased, while GS activity was decreased after Cd stress. Chien and
Kao (2000) also reported that the NH4

+ accumulation in shoot and root was ascribed
to the decline in GS and GOGAT activities in rice. Likewise, Cd reduced the
activities of GS and GOGAT and consequently increased the level of NH4

+ in
maize seedlings (Boussama et al. 1999a). Chugh et al. (1992) studied the effect of
Cd on GS and GOGAT activities in pea seedlings and reported that GS activity in
leaves was practically unchanged; however, it was markedly reduced in the roots.
Both GOGAT and GS were suppressed by the Cd toxicity in leaves of barley
(Boussama et al. 1999b) and bean seedlings (Gouia et al. 2000a). In cucumber, Cd
and Pb treatment for 24 or 48 h decreased the GS activity in roots but did not alter GS
activity in the cotyledons (Burzynski 1990). He further reported considerable
increases in the activity of GOGAT-NADH activity in the cotyledons under Pb as
well as Cd toxicity (Burzynski 1990). Application of 100 μMCu/Cd/Fe and 500 μM
Pb to cucumber seedlings for 1 h decreased the activity of GS in the root (Burzynski
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and Buczek 1998). In the in vitro experiments, metals only reduced the enzyme
activity at high concentrations, Cu at 1000 μM, Cd at 500 μM, and Fe at 1000 μM,
while Pb was even detrimental at 10 μM (Burzynski and Buczek 1997), and the
minor effect of Cu, Cd, and Fe on GS activity indicated the indirect action on
enzyme activity. Correspondingly, high concentrations (500–1000 μM) of Co, Ni,
Cd, Zn, and Cu repressed both GS forms in triticale seedlings (Bielawski 1994). A
study on Chlamydomonas reinhardtii by Domínguez et al. (2003) demonstrated that
the 24 h exposure to 150 μMCd did not inhibit the NO3

� uptake but reduced the GS
activity by 45%, which enhanced the intracellular accumulation of NH4

+.
Kevrešan et al. (2001) stated that the exposure of Cd, Ni, Mo, and Pb to young

pea plants significantly decreased the GS activity at all the concentrations used,
especially at the highest level, and the metal-induced reductions were in the order of
Cd > Pb > Ni > Mo. The presence of Cd in the medium strongly inhibited (about
78%) the GS activity in young pea plants than the other metals (Kevrešan et al.
2001). Likewise, Popović et al. (1996) reported a complete inhibition of GS enzyme
in the young sugar beet plants under Cd toxicity. Gajewska and Skłodowska (2009)
found that Ni application did not significantly change the GS activity in wheat
shoots. However, a significant decline in GS activity was reported in the leaves of
Ni-stressed sugar beet (Kevrešan et al. 1998). Miflin et al. (1980) stated that the
presence of Cu, Hg, Cd, Zn, Ni, and Fe resulted in a pronounced inhibition of GS in
rice. However, Hg was more toxic for GS even at 10 μM. Orzechowski and
Bielawski (1997) studied the effects of Cd, Zn, and Pb toxicity on NH4

+ assimilation
in Triticale crop and reported that the metal sensitivity of GS varied in root and
shoot. Cd and Zn toxicity reduced the GS activity in shoots but increased in root
compared with control. Gajewska and Skłodowska (2009) concluded that a decrease
in the activities of both GOGAT and GS in metal-stressed plants was because of
alterations in the oxidative metabolism of plants (Balestrasse et al. 2006). As metal
toxicity leads to the overproduction of ROS in a plant cell, thus decrease in both GS
and GOGAT activities might be related, at least partly, to oxidative destruction of
these enzymes.

5.4 Glutamate Dehydrogenase Activity

In higher plants, GS/GOGAT is the main pathway of NH4
+ assimilation under

normal conditions; nevertheless, with the increase in endogenous NH4
+ concentra-

tion, an alternate pathway, controlled by glutamate dehydrogenase (GDH), contrib-
utes in decreasing this internal NH4

+ concentration. The exact role of alternate GDH
pathway is still poorly understood in plants. The up- or downregulation of enzyme
often varies depending on the species, cultivars, tested tissue, and intensity and
duration of metal exposure in plants (Miflin and Habash 2002). Masclaux-Daubresse
et al. (2002) stated that Glu is synthesized by the combined action of GOGAT and
GS in both young and old leaves of tobacco, while GDH is responsible for deam-
ination of Glu. GDH is mainly located in mitochondria, occasionally in the
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cytoplasm, within the phloem companion cells of the shoot (Terce´-Laforgue et al.
2004; Fontaine et al. 2006). Till date, controversy exists as to the role of the enzyme
GDH in higher plants. It has been suggested that GDH has a role in NH4

+

reassimilation under stress conditions (Gouia et al. 2000a, 2003). Skopelitis et al.
(2006) reported that the formation of ROS under stress induced the synthesis of the
a-subunit of GDH, when GS was inhibited. For instance, it has been reported that the
GDH was induced under Cd stress (Miflin and Habash 2002; Astolfi et al. 2004;
Yadav et al. 2017). Chaffei et al. (2003) also stated that GDH has a major role in
cellular NH4

+ detoxification. They noted that deaminating activity of GDH was
inhibited by Cd (due to a direct action of Cd on the enzymatic protein or to a
retroinhibitory effect of ammonia), while the reducing aminating activity of GDH
was enhanced. Lee et al. (1976) found the decreased activity of GDH and low NO3

–

contents in soybean plants under Pb toxicity, whereas, malate dehydrogenase activ-
ity remained unaffected by Pb. Mittal and Sawhney (1990) reported that Pb retarded
the utilization of N reserves from cotyledons and decreased the activity of GDH in
germinating pea seeds compared with control, which disturbed the respiratory
activity because of restricted generation of organic acids from amino acids. Gouia
et al. (2000a) reported that under Cd stress, GDH fulfills the Glu pool required for
synthesis of Cd-binding peptides and detoxify the recycling of the high NH4

+

originating from a decline in the GS/GOGAT activities. Higher GDH-NADH
activity in root and shoot of triticale under Cd, Zn, and Pb toxicity was also recorded
by Orzechowski et al. (1997). A short-term (1 h) exposure of cucumber plants to Cd,
Cu, Pb, and Fe inhibited the NADH-GDH activity in root because NH4

+ in tissues
was in excess (Burzynski and Buczek 1997, 1998). However, Cd or Pb toxicity
significantly increased the root NADH-GDH activity after 24 and 48 h. Gouia et al.
(2003) reported that Cd stress triggered the activity of GDH in bean seedling
concomitant with the dramatic buildup of an NH4

+ pool. The Cd-induced enhance-
ment in GDH activity has also been reported in maize (Boussama et al. 1999a) and
pea (Chugh et al. 1992), which were attributed to de novo synthesis and/or activation
of specific isoenzymes that eliminate excess NH4

+ (Syntichaki et al. 1996;
Loulakakis and Loulakakis-Roubelakis 1996). Boussama et al. (1999a) have dem-
onstrated that in Cd-stressed maize plants, Cd treatment triggered the NADH-GDH
activity. Even though the role of GDH in higher plants is controversial, GDH
isoenzymes are known to remove, in part, the excess of NH4

+ under Cd toxicity.
Exposure of Ni or Cd enhanced the activity of GDH in the shoot of Silene italica

(Mattioni et al. 1997). Van Assche et al. (1988) reported that toxicity of Zn or Cd
beyond threshold level increased the GDH activity in Phaseolus vulgaris leaves,
while Domínguez et al. (2003) reported that aminating GDH activity was increased
by 75% in Chlamydomonas reinhardtii after 24 h exposure to 150 μM Cd and
suggested that aminating GDH activity could support the biosynthesis rate of the Glu
in Cd-treated plants.

While studying the effects of Cu on N metabolism in grapevines, Llorens et al.
(2000) observed dramatic changes especially in the root system and found that
NADH-GDH was active to keep the root function. Gajewska and Skłodowskahe
(2009) found that activity of NADH- and NAD-GDH in wheat shoots increased after
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7 days of Ni exposure to wheat seedlings. They further stated that under unfavorable
environmental conditions like Ni toxicity, GDH could play an important role in
detoxification of NH4

+ released in response to stress as well as in the replenishment
of Glu pool (Jha and Dubey 2004). Jha and Dubey (2004) reported that the activities
of aminating and deaminating GDH increased at moderately toxic level (25 μM) of
As2O3, whereas a higher As level of 50 μM was inhibitory to the enzymes. They
suggested that under As toxicity, GDHs play an important role by helping in NH4

+

assimilation and sustaining general C metabolism.

6 Accumulation of Nitrogenous Compounds in Metal-
Stressed Plants

As an adaptive mechanism, plant accumulates numerous nitrogenous compounds
such as proline or polyamines to protect the plant from detrimental effects of heavy
metals (Alcázar et al. 2006; Anjum et al. 2017). These compounds exhibit a specific
role in numerous metabolic processes and also vary in response to plant tissue, heavy
metal concentration, and plant species. There are different soluble nitrogenous
compounds which can significantly accumulate in the plant under heavy metal stress
to alleviate heavy metal stress-induced adversities in plants. These soluble com-
pounds include amino acids, polyamines, proline, or glycine betaine. Generally,
these compounds regulate osmotic potential in plant cells and thus improve heavy
metal stress tolerance (Wang et al. 2008). The following sections provide a brief
discussion on the behavior of some important nitrogenous compounds in response to
heavy metals.

6.1 Proline and Glycine Betaine Accumulation Under Heavy
Metal Stress

Proline is a very important amino acid with multiple roles in different metabolic
processes. Generally, under heavy metal stress, proline accumulation increases, thus
improving stress tolerance in plants (Szabados and Savoure 2010). Higher accumu-
lation of proline and its role in stress alleviation can be partially explained by its
unique chemical properties as compared with other amino acids: proline being a
water-soluble amino acid exists as in a zwitterionic state having both positive charge
and weak negative charge in N groups and carboxylic acid, respectively (Lehmann
et al. 2010). Proline also plays a key role as an osmolyte, electron sink, radical
scavenger, component of the cell wall, and stabilizer of macromolecules (Matysik
et al. 2002; Yancey 2005; Kumar et al. 2017). Significant accumulation of proline
was noted under Cd stress in brassica (Singh and Tewari 2003). Similarly, Dinakar
et al. (2008) showed that under Cd stress, proline accumulation increased by 160%,
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and this was accompanied with high glutathione reductase and NR activity. This can
be supported with the findings of Sharma et al. (1998) who reported that proline
protects NR and glucose-6-phosphate dehydrogenase against the Zn and Cd toxicity,
and such protection occurs due to a reduction of the free metal ion activity owing to
the formation of proline-metal complexes. Under Pb stress, Yang et al. (2011)
showed that Pb tolerance in two wheat cultivars was associated with higher proline
contents. Likewise, detrimental effects of Ni toxicity were mediated by higher
proline accumulation in wheat (Parlak 2016). Under Cd toxicity, upregulation of
proline biosynthesis resulted in higher Cd tolerance associated with higher
GSH/GSSG ratio and higher glutathione S-transferase accumulation.

Glycine betaine (GB, the trimethylglycine) is a common osmolyte and N-based
compound that accrues in plants under drought and salinity stresses (Sharma and
Dietz 2006). It not only protects membranes and proteins but also reduces stress-
induced alteration in enzymes (Ashraf and Foolad 2007). Moreover, GB helps in
ROS scavenging, thus regulating redox regulation under stress conditions (Chen
et al. 2006). Betaine has been regarded as the most promising osmolyte in protecting
plant metabolism from Cd toxicity (Islam et al. 2010). Bharwana et al. (2014)
showed that exogenous GB application protected cotton seedling from Pb-induced
oxidative damage by increasing antioxidant defense system.

6.2 Polyamine Accumulation and Heavy Metal Tolerance

Besides the protective role of proline and glycine betaine, some other nitrogenous
compounds such as amino acids and polyamines also play an important role in heavy
metal stress alleviation and tolerance in plants. Polyamines such as spermine or
spermidine or putrescine reduce heavy metal-induced adversities in the plant (espe-
cially N metabolism) by playing a multifaceted role in different physiological and
biochemical processes (Kakkar and Sawhney 2002). In a study, it was found that
spermine application increased Cd stress tolerance in mung bean by increasing
glutathione S-transferase, glutathione reductase, and glutathione contents. Generally,
levels of polyamines increase in different plant tissues under heavy metals stress;
however, it has also been seen that different polyamines showed different responses
under different heavy meal stresses in different plant species. For instance, Groppa
et al. (2007) also showed that spermidine content was not affected by Cd and Cu,
while spermine was significantly reduced. They also noted that putrescene was
increased under Cd and Cu stress in wheat. Similarly, it has been seen that
spermidine increased Al toxicity by increasing photosystem II D1 protein gene
and glutathione reductase activity, thus improving photosynthesis and N metabolism
(Sen et al. 2014). In another study, Mandal et al. (2013) documented that putrescene
can reduce Al toxicity by downregulating H+-ATPase activity and by increasing
flavonoid production.

Under metal stress, the specific role of polyamines in plants is poorly known.
However, these may effectively protect and stabilize the membranes against the
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toxicity of metal ions especially the redox active metals. Shi and Chan (2014)
reported that polyamines enhance the plant stress tolerance by improving antioxidant
production and osmolyte production (especially amino acids). In a study, it was
found that spermidine improves Al stress tolerance by increasing GSH pool and Gly
II activity. Besides activating defense system in plants, polyamines also increase NR
activity. Rosales et al. (2012) showed that putrescence could increase NR activity by
63%, while spermine or spermidine can increase NR activity by 114%. Thus these
results are clearly highlighting the protective role of polyamines in improving N
metabolism under heavy metal stress conditions.

7 Nitrogen Fixation and Heavy Metal Toxicity

Nitrogen fixation is a very important process in plants (especially legumes), which
helps in fixing molecular nitrogen into organic nitrogen via symbiosis process.
Biological nitrogen fixation accounts for about 70% in fixing elemental N and is
very crucial for plant growth (Matiru and Dakora 2004; Meena and Yadav 2015).
Heavy metals considerably reduce the nitrogen fixation process. However some
metalloids are beneficial in low concentration and promote growth and activity of
different Rhizobium and Bradyrhizobium strains. The presence of high concentra-
tions of heavy metal ions in soil restricts nitrogen fixation by reducing infection
process, growth of Rhizobium, nodule development, or host plant growth (Broos
et al. 2005); however it was found that the extent of reduction depends on heavy
metal and plant species. For instance, Athar and Ahmad (2002b) found that Cd is
more toxic to Bradyrhizobium and Rhizobium as compared with Ni, Zn, or
Co. Similarly, Kalyanaraman and Sivagurunathan (1993) also noted that Cd is
more toxic than Zn and reduces nitrogen fixation process significantly. In another
study, it was found that a number of free-living Azotobacter chroococcum cells were
severely influenced by Cd as compared with Zn, Ni, Cr, and Pb (Athar and Ahmad
2002a). Moreover, Paudyal et al. (2007) tested the growth and N2 fixation process by
two strains of Rhizobium in response to Al, Fe, and Mo toxicity and found that Al
was the most lethal heavy metal for them, while Fe promoted the growth of both
strains. Some other studies also reported toxic effects on different heavy metals such
as Th, Ni, As, Cd, and Cu on the growth and morphology of numerous symbiotic
N2-fixing organisms including R. leguminosarum, Sinorhizobium, and
Mesorhizobium ciceri (Santamarı’a et al. 2003; Wani 2008; Arora et al. 2010; Stan
et al. 2011; Bianucci et al. 2011). All these studies suggested that differential toxicity
levels of different heavy metals on nitrogen-fixing organisms were due to experi-
mental conditions, heavy metal ion concentration, plant species, and solubility of
heavy metals ions in the growth medium.

Heavy metal stress significantly alters nitrogen fixation in both symbiotic and
nonsymbiotic system (Giller et al. 1998; Selosse et al. 2004; Molaei et al. 2017a, b).
It has been reported in Wani et al. (2007) that Cd stress decreased symbiosis process
and root N content by 34%, compared with the control. They also reported that such
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decline in nitrogen fixation and nitrogen contents in root was associated with a
decline in a number of nodules per plant and dry mass of nodules. Moreover,
Balestrasse et al. (2001) reported that Cd toxicity causes oxidative damage to nodule
by increasing ROS production in nodules, thus reducing nitrogen fixation in nodules.
Broos et al. (2005) showed that sludge treatment in white clover reduced nitrogen
fixation up to 50%, and this was associated with dysfunctional nodules. In another
study, Balestrasse et al. (2004) showed that Cd stress considerably reduces
leghemoglobin levels, nitrogenase activity, and protease activity in nodules, and
most importantly Cd also reduces the number of bacteroides per symbiosome and
total effective area for N2 fixation in soybean. In white lupin, Cd stress decreases
N-amino compounds, malate, succinate, and soluble protein in nodule (Carpena
et al. 2003). Arsenic (As) is another detrimental heavy metal, which reduces nitrogen
fixation in nodules and activity of different nitrogen-fixing microorganism signifi-
cantly. Pajuelo et al. (2008) studied the effects of As toxicity on the symbiotic
interaction between Sinorhizobium and Medicago sativa and reported that As tox-
icity reduced the total number of nodules by 75% and a number of rhizobial
infections by 90%. These reductions were attributed to damage of root hair and
shorter infective root zone. Exposure of As toxicity in black gram reduced the
nitrogenase activity in nodule by twofolds and restricted the rate of nitrogen fixation
(Mandal et al. 2011; Verma et al. 2015). In soybean, though B. japonicum E109 stain
showed tolerance to arsenic, however, there was still reduction in nodulation, and
this was associated with reduced motility (swarming and swimming) of the micro-
organism in the presence of arsenic (Talano et al. 2013). In pea, chromium applica-
tion decreased the ability of pea plants to fix atmospheric nitrogen symbiotically, and
this was associated with a decline in total nitrogenase activity and nodule formation
(Bishnoi et al. 1993).

8 Conclusions and Perspectives

Heavy metal toxicity has become a serious environmental threat worldwide. Heavy
metals severely hamper the N metabolism by reducing the NO3

� uptake and altering
the enzyme activity; however, the effects of heavy metals on N assimilatory enzymes
vary with the sensitivity level of enzymes and their localization in the cells/organs,
mobility of metals, metal concentration in soil, and time of plant exposure to metal
toxicity. Heavy metals can alter the activity of various N assimilatory enzymes (e.g.,
NR, GS, GOGAT) by binding to the vital SH groups. Heavy metals that induce the
alterations in plant water status; sugar metabolism; reductions in uptake and supply
of essential nutrients; decrease in photosynthesis; generation of ROS; and membrane
damage ultimately affect the N metabolism in the plant (Fig. 2).

In higher plants, GS/GOGAT is the main pathway of NH4
+ assimilation under

normal conditions, nevertheless, with the increase in endogenous NH4
+ concentra-

tion, an alternate pathway, controlled by GDH contributes in decreasing this internal
NH4

+ concentration. Therefore, the activity of GDH is generally linked with the
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internal NH4
+ concentration in plants. Heavy metals, particularly at higher concen-

trations, hamper the rate of nitrogen fixation in plants, by reducing infection process,
growth of Rhizobium, nodule development, or host plant growth; however, such
effects depend on heavy metal and plant species. Different soluble nitrogenous
compounds such as amino acids, polyamines, proline, or glycine betaine can signif-
icantly accumulate in the plant under heavy metal stress to alleviate metal-induced
adversities in plants. Generally, these compounds regulate osmotic potential in plant
cells and thus improve heavy metal stress tolerance.

In the past, the majority of the research work was concerned only with the effect
of metal toxicity on the uptake of N or activities of enzymes involved in N
assimilation. Future studies should focus on the possible interferences between N
transport and its acquisition under metal toxicity. Moreover, use of recent genomic
techniques at transcriptomic or proteomic level for expression of specific genes
encoding the N assimilatory enzyme proteins and N transporters will allow exploring
the molecular intricacies of metal action. This will also lead to the development of
strategies for improving plant resistance against metal toxicity. Efforts should also
be made to unravel the mechanisms of possible antagonisms/synergisms among
metal ions and determine the interaction of one metal ion in the transport and/or
homeostasis of the other(s) and their effects on the N uptake and assimilation. The
responses of N metabolism to multi-metal stress should also be examined in future
studies because single metal toxicity is virtually nonexistent in the environment.
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Soil Microbial Ecology and Its Role in Soil
Carbon Sequestration in Sustainable
Agroecosystems Under Climate Change

Julio Alves Cardoso Filho and Gildemberg Amorim Leal Junior

Abstract To help the sustainable intensification of food production systems, and
minimize the levels of the greenhouse gases anthropogenic emissions, the current
agriculture needs to create and use methodologies (e.g., soil carbon sequestration)
that minimize loss of terrestrial biodiversity on agroecosystems. The development of
the soil microbial ecology in the last 30 years are related to the role of soil
microorganisms in the maintenance of soil health. Therefore in this chapter, we
have provided the current information on soil microbial ecology management of
agro-ecosystems for carbon sequestration under global climate change.

Keywords Soil microbial ecology�carbon sequestration · Agro-ecosystems ·
Climate change
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HA Humic Acid
HANPP Human Appropriation of Net Primary Production
HANPPharv NPP consumed + unused NPP by humans
HANPPluc loss of potential NPP due to land use change
IPCC Intergovernmental Panel on Climate Change
MAMPs Microbe-Associated Molecular Patterns
NEP Net Ecosystem Production
NPP Net Primary Production
NPPact the actual NPP in anthropogenic-altered system
NPPpot the potential NPP in undisturbed system
OM Organic Matter
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Pg 1 Petagram (Pg) ¼ 1015 g
po pure water
PRRs Pattern Recognition Receptors
Q10 Temperature Sensitivity
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RH Heterotrophic Respiration
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RMUs Removal Units
ROM Recalcitrant Organic Matter
RS Soil Respiration
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UNEP United Nations Environment Programme
UNFCCC United Nations Framework Convention on Climate Change
VOCs Volatile Organic Compounds
WMO World Meteorological Organization
Ψ Water potential
Ψg Water gravitational potential
Ψm Water matric potential
Ψo Water osmotic potential

1 Introduction

Soil microbiology is defined as the study of soil microorganisms (Alexander 1961;
Clark 1977). In 1885, Martinus Beijerinck (1851–1931), and Sergei Nikolaevitch
Winogradsky (1856–1953) established the basis of the discipline of soil microbial
ecology (Allison 1961; Moreira and Siqueira 2006; Cheeke et al. 2013; Balestrini
et al. 2015; Cardoso and Andreote 2016). Soil microbial ecology studies the
composition and structure of microbial communities aiming to uncover the origin
of their diversity (Yadav 2017; Tecon and Or 2017). The most relevant aspects of
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soil microbial ecology, increasingly researched is the quantity of environmental
services or soil services (e.g., microbes roles in energy flow and in nutrient cycling)
that are provided to a wide variety of soil microorganisms, aiding the agricultural and
natural ecosystems (Lucas et al. 2017; Tecon and Or 2017). The challenge for soil
microbiology is to connect the microbial communities structure with their ecosystem
function (Stein and Nicol 2011; Larsen et al. 2012; Saleem 2015), and to identify the
biotic and abiotic environmental factors that stimulate, or limit the microbial com-
munities survival in the habitat where they live (Evans and Wallenstein 2014;
Jørgensen and Marshall 2016).The organic matter (OM) is an important soil pool
of carbon, and it is affected by anthropogenic activities (Rousk and Bengtson 2014).
The rate of OM degradation in soil is controlled by the native microbial community
and the edaphic conditions (e.g., temperature and pH), which controls the activities
of the soil microbiota (Yadav 2017).

The carbon (C) -induced global warming has a crucial role in human history
evolution (in the last 650,000 years) on the Earth (Steven 2010; Diffenbaugh and
Field 2013; Bauska et al. 2015). The global C pools (terrestrial ~ 6.2% abiotic + biotic
combined), ocean pool ~ 77.4% (marine sediments + carbonate rocks combined),
and atmospheric C pool contain ~1.5% of a total ~50,400 billion metric tons Pg C
(Gt ¼ 1 billion tonnes ¼ 1 Petagram (Pg) ¼ 1015 g) (Lorenz and Lal 2018; Lal
2010). The atmospheric C pool is easily overwhelmed by human-induced perturba-
tion (e.g., burning of fossil fuels (deforestation), soil degradation and desertification)
of the terrestrial pools, since ~1850.Currently, the Climate change presents a real
challenge ever to have confronted all human social, political, and economic systems
(IPCC 2014a, b; Hawkins and Sutton 2016). The recognizing of the problem of
global climate change, by the WMO (World Meteorological Organization) and the
UNEP (United Nations Environment Programme) was established in 1988 in the
IPCC (the Intergovernmental Panel on Climate Change) to assess climate change
based on the latest science (Davenport 2008; Mazzoleni et al. 2012; IPCC 2017).
Carbon soil sequestration refers to the uptake of C-containing substances from the
atmosphere (e.g., carbon dioxide (CO2) in terrestrial or marine reservoirs) and its
storage into the soil carbon stocks (Zomer et al. 2017). Carbon enters soil organic
matter (SOM) pool via C-containing compounds founded in animals, microorgan-
isms, plants, soil, and water (Cheeke et al. 2013). Terrestrial plants contain ~650 Pg
C (Canadell and Schulze 2014), soil microbiota contain ~110 Pg C (Lal 2011a, b),
soil are estimated to contain ~3300 Pg C (C organic + C inorganic combined) stored
to 1-m depth (Lal 2010; Meena and Meena 2017). The soils can behave simulta-
neously, as sources and sinks of C, depending upon land-use, biomass input levels,
edaphic and climatic change conditions (Zomer et al. 2017). It has been suggested
that, over the next century, improved soils and their management strategies could
sequester up to 150 Pg CO2 (Lal 2011a, b; Gougoulias et al. 2014), reduce the
atmospheric concentrations of greenhouse gases (GHGs), and the global warming
(reviewed by Havlík et al. 2014). Nowadays, the microbial ecology studies in these
Earth system models (e.g., network ecological indicators) are used to estimate the
soil organic carbon stocks, because it has become a key issue over recent years, for
studies of climate change, and food security (Batjes 2011; Gougoulias et al. 2014;
Frank et al. 2015; Tian et al. 2015).
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2 Soil as a Habitat for Microbiota Life

The purpose of this topic is to provide a holistic view to soil microbial ecology and
includes the nature of soil microenvironments, and the physiological ecology of
microbiota in these soil microhabitats, without a distinction between bulk soil
(non-rhizosphere soil) and soil under the influence of the roots of plants (rhizosphere
soil) (Standing and Killham 2007). The terms soil microbiota refers to all microor-
ganisms, including predators, saprophytes, endophytes, epiphytes, commensals,
non-symbionts, symbionts, rhizospheric and non-rhizospheric, non-opportunistic
and opportunistic pathogens, that inhabit the soil, animals, and plants (for further
details see the reviews by Berg and Smalla 2009; Redford et al. 2010; Larsen et al.
2012; Vorholt 2012; Mwajita et al. 2013; Udvardi and Poole 2013; de Vries et al.
2013; Berg and McClaugherty 2014; Osono 2014; Hardoim et al. 2015; Poudel et al.
2016; Ofaim et al. 2017). On the basis of the ecological diversity, soil microhabitats
can be separated roughly into phyllosphere (the aerial parts), rhizoplane (the root
surface), rhizosphere (the zone around the root), which are linked forming a fractal of
the Bulk Soil Food Web and Detritus-Based Food Chain (reviewed by Lemanceau
et al. 2017; Glavatska et al. 2017). This microbiota is summoned from the environ-
ment (soil, atmosphere) and from the plant via the seed (Maude 1996). All these
microhabitats provide crucial biotic and abiotic environmental conditions for Earth
soil microbial life (Hoehler and Jørgensen 2013; Nazir et al. 2017).

2.1 General Soil Concepts

Soils (also called lithosphere) are composed of three phases of clastic particles
(mineral matter), organic materials in various stages of decay, living organisms,
water (or ice), and gases within pores of various sizes (Martin 1950; Alexander
1961; Stotzky 1972, 1997; Nannipieri et al. 2003; Bastida et al. 2009; Marschner and
Marschner 2012; Myrold et al. 2014; Cardoso and Andreote 2016; Kumar et al.
2016; Datta et al. 2017b). The solid phase forms the soil matrix; the liquid phase is
the water in the soil, which always contains dissolved substances, so it should be
called the soil solution, and the gaseous phase is the soil atmosphere (Cardoso and
Andreote 2016). The soil is a specific weathered product that results from physical
(Mechanical), chemical and biologic activity, with its first parental rock, climate
variations, innumerable topography combinations, time, the history of land use and
its management regimes (Arnold 1983; Brady 1984; Ranger et al. 1992; Wilding
1994; Stiles et al. 2003).The soil is the principal reserve of microbial life that
influences the plant-microbe interactions, making the host plant resistant to abiotic
and biotic stress (Filho et al. 2017; Weil and Brady 2016).
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2.1.1 Soil Physicochemical Properties

The physicochemical soil properties have effects on the activity, ecology, and
population dynamics of microbiota in the soil. Any conceptual inference to study
soil microbial ecology should address the organisms, biological processes, and the
spatial and dynamic of soil microhabitats and microhabitats. A brief consideration
about the nature of the physicochemical of soil properties, microenvironments and
the spatial distribution of soil microbiota will be addressed in the next section.

2.1.1.1 Soil Structure and Texture

All soils have a specific morphology (identification and description of soil profiles
and pedons), defined as its structure or form (Ball 2013). Soil structure is dynamic
and continuously altered by edaphic soil conditions (Azcón-Aguilar and Barea
2015). Soil structure is correlated to the spatial arrangement of soil particles
(Churchman 2013; Schlüter and Vogel 2016) into complex of aggregates (Jackson
2014) and of pores (Miedema 1997; Cooper et al. 2016). Usually, there are three
recognized categories of soil structure, single grained, massive, and aggregated (Ball
2013). The aggregated is the soil structure that is the ideal condition for plant growth,
mainly in the early stages of the seed germination and seedling adaptation to soil
environmental conditions (Maffei 2014). Soil aggregates are originated by the
physicochemical interaction between derived organic matter (DOM) of the plant,
animals (Foster 1994; Weil and Brady 2016; Meena et al. 2017) and microbial
filamentous growths (Peng et al. 2013; Voroney and Heck 2015), with mineral (clay)
primary and secondary particles (Churchman and Lowe 2012; Churchman 2013) via
bivalent ions and water activity (Bagheri et al. 2012).

The soil contains clay, silt, and sand particles (Weil and Brady 2016: called the
soil texture). Sand and silt are primary minerals (weathering-resistant) originated
from the rock, and Clays (particles finer than 2 micrometers (μm) in diameter) are
secondary minerals (e.g., Kaolinite, Montmorillonite, Illite, Limonite, Goethite,
Vermiculite) formed by decomposition of the primary minerals (Tisdale et al.
1985). In the temperate region soils, the commonly found clay fraction is silicate
clays whereas, in tropical regions, hydrated oxides of iron and aluminum (called
sesquioxides) are most commonly found (Fassbender 1987). Only four clay minerals
occur in all parts of the world (e.g., Kaolinite, Montmorillonite IIlite, and Vermic-
ulite). It is safe to say that kaolinitic soils occur usually in tropical conditions than
elsewhere (Weil and Brady 2016). The clay fraction is very important in imparting
specific physical properties to soils, soil microbiota, and to plant growth and activity
via nutrient availability (Marques et al. 2015). Colloid (the particle with
0.1–0.001 μm in diameter) is a state of matter that approach but never reach
molecular sizes (Tan 2011). SOM materials (non-humified and humified) and plants
solids (e.g., carbohydrates, amino acids, proteins, lipids, lignins) also occur in the
colloidal state (Tan 1982; Datta et al. 2017c).
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The soil structure and texture are fundamental qualitative measures of the biota
habitat (Havlicek and Mitchell 2014), and it drives the distribution of the spatial
patterns of soil biota occupying that habitat, and to provide many different micro-
habitats for soil microbial life (Lehmann 2007; Maron et al. 2011; Bevivino et al.
2014; Constancias et al. 2015).

2.1.1.2 Soil Organic Matter, Humus Formation, Microbial-Organo-Mineral
Complex Interactions

Soil organic matter is best known and least understood component of soils (Tan
2011). In fact, we still do not know how to define what is soil organic matter
(reviewed by Horwath 2015; Paul 2016). The fraction of SOM for the global carbon
cycle has been estimated to ~1550 Pg of C organic to a depth of 1 m and ~2450 Pg of
C to a depth of 2 or 3 m (Lal 2004a, b; Wang et al. 2016; Lorenz and Lal 2018). The
current consensus is that microbial constituents (e.g., polysaccharides) are essential
to stabilizing the SOM, and this new conceptual and several quantitative SOM
models are added to this point of view (Feng et al. 2014; Kallenbach et al. 2016).
The composition and global distribution of SOM is a storehouse of the database on
vegetation, parent materials, climate, and environmental disturbance (Paul 2016).
After 50 years, it is still difficult to define humus (Yarrow 2015). The characteristics
and functions of SOM can be summarized as biological properties (e.g., soil
reservoir of metabolic energy, source of nutrients and ecosystem resilience), phys-
ical properties (e.g., stabilization of soil structure and water retention), chemical
properties (e.g., Cation Exchange Capacity – CEC), Buffering Capacity and pH
effects, chelation of metals and interactions with xenobiotics (Baldock 2007;
Baldock and Broos 2012). Humus is a colloidal complex organic substance
(reviewed by Berg and McClaugherty 2014), that occurs naturally in soil and,
increases the soil Cation Exchange Capacity (Tan 2011: CEC ¼ Σ mEq exchange-
able cations per 100 g of soil, presently as cmol/(pt) kg�1), hence it has the ability to
store nutrients by chelation (Baldock and Broos 2012). While these nutrients
(cations and anions) are accessible to plants, they are held in the soil safe from
being leached by rain or irrigation (Hinsinger et al. 2012). Humus can be fractioned
(Schnitzer 1990) into non-humified substances, such as fulvic acid (FA),
hymatomelanic acid, humic acid (HA) and its hydroxybenzoic acid derivatives
(Tan 2011). FA and HA may form metal complexes by chelation and contributes
to soil organo-mineral complex formation (Berg and McClaugherty 2014).

The legacy of the ecology for SOM decomposition and the humus formation is
important for two reasons. Firstly, because significant amounts of the GHGs,
including CO2, methane (CH4) and nitrous oxide (N2O) are released as products of
the SOM decomposition into the atmosphere. Secondly, the soils represent a sink for
carbon, due to the improvement in the SOM decomposition rate by soil biota, and to
enhance organic carbon sequestration in agricultural soils (Lal 2011a, b; Piccolo
2012; Ram andMeena 2014). The soil organo-mineral complex is a blend of primary
particles (e.g., clay, silt, and sand) and organic compounds (e.g., cationic, anionic,
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and polar nonionic in nature) stabilized by organic and inorganic chemical bonds
(reaction of a metal ion: electron-pair acceptor and ligands: electron-pair donor),
electrostatic forces, and biological agents (plants, micro, meso and macrobiota of
soil) and is the main basic fraction of soil aggregation (Li et al. 2016).

2.1.1.3 Water Activity (aw) and Soil Water Availability

The availability of water to soil microbiota is more crucial than the total soil water
content (Uhlirová et al. 2005; Azcón-Aguilar and Barea 2015). Water availability
can be express in terms of its free energy (“potential energy”) per unit mass, and soil-
water content is a measure of the quantity of water (volume or mass) contained in a
unit volume or mass of soil (Richards 1965; Voroney and Heck 2015). The water
activity can be express as the amount of water available for microbial use (Reid
1980), and depends on the number of moles of water, the number of moles of solute,
and the activity coefficients for water and the particular solute (Atlas and Bartha
1993).

Water activity (aw) or the relative humidity (soil atmosphere) is defined as the
ratio of the vapor pressure of any solution (p) of saturated air, to that of pure water
(po) at a specified temperature (Fassbender 1987):

aw¼
P
Po

The soil water potential (Ψ), can be expressed (for equilibrium conditions) in
pascals (Pa: energy units per mass). Considering the relation between aw and water
potential, where�1 bar¼�100 KPa¼�0,1 MPa (Papendick and Campbell 1981).

Ψ ¼ RT

Vw

� �
ln aw

where
R ¼ universal gas constant (8.21 � 10�5 m3 bar mol�1 K�1).
T ¼ absolute temperature (K).
Vw ¼ partial molal volume of water (1.8 � 10�5 m3 mol�1 at 4 �C).

Total soil water potential (Ψ) components includes the sum of the matric poten-
tial (Ψm), osmotic potential (Ψo), pressure potential (Ψp) and gravitational potential
(Ψg) (Metting 1993). Water usually moves from sites of high potential to sites of
lower potential (Harris 1981). The availability of water influences the moisture
available to soil microbiota, soil aeration status (Soil Porosity) the type and amount
of soluble materials, the osmotic pressure, and the pH of the soil solution (Voroney
and Heck 2015). At extreme soil low water conditions and nutrient availability
limiting, several soil microbial processes (e.g., complete organic matter decomposi-
tion), are restricted or do not occur (Papendick and Campbell 1981; Prosser 2007;
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Gougoulias et al. 2014). Plants and the soil microbiota are able to obtain water from
the soil as long as, and maintain their internal water potential below that of the soil
(Kaisermann et al. 2015). If the soil water availability is too low for any microbial
activity to occur. Consequently, the soil microbial community will be unable to
conductany ecosystem processes (Schiraldi et al. 2012; Verma et al. 2015).

2.1.1.4 Soil Air Composition and Soil Porosity

The soil air is composed of carbon dioxide (CO2), methane (CH4), ethylene (C2H4),
oxygen O2, dinitrogen (N2), nitrous oxide (N2O), nitric oxide (NO), nitrogen dioxide
(NO2), ammonia (NH3), aliphatic amines, hydrogen sulfide (H2S), dimethyl sulfide
(CH3SH), dimethyl disulfide (CH3SSCH3), methyl metacaptan (CH3SH), carbon
disulfide (CS2), carbonyl sulfide (COS) and many others gases that change in
function of both the sources and sinks of the gas concentration (Rolston andMøldrup
2002). Gas transport in soils occurs due to the diffusion and advection process
(Roland et al. 2015). Diffusion is the main mechanism in the trade of gases between
the soil and the atmosphere. However, advection may be responsible for displacing
higher volume of gas but usually over short time periods (Lee et al. 2010).

Fick’s First law is used to describe the gas diffusion in soils (steady-state
condition), due to its simplicity (Currie 1960):

Ji ¼ �Di

RT
Ci∂ μið Þ
∂x

i ¼ 1; 2; . . . ; nð Þ

where Ji is the flux of gas species i, �Di is bulk diffusity, R is gas constant, T is
temperature, x is diffusion path (one-dimensional), Ci is molar fraction of gas
species i, and μi is the chemical potential of species i at a given state (Jaynes and
Rogowski 1983), μi is a function of the concentration/density of mass species and is
expressed by,

μi ¼ μo þ RT ln Ci

where μo is the standard chemical potential of gas species i under 1 atm and mol�L

(Jaynes and Rogowski 1983).
Fick’s second law describes the unsteady diffuse flux to concentration gradient

(Moldrup et al. 2004), is given as

∂Ci

∂t
¼ Di

∂2Ci

∂x2

and predicts the concentration change with time (t) on gases diffusion mechanism
(Kirkham and Powers 1972).
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The gaseous fluxes by diffusion is due to the gradients concentration established
within the soil by respiration of soil biota and plant roots (Kai et al. 2011), by
accumulation of gases due to the biological reactions (e.g., fermentation, nitrifica-
tion, and denitrification) and by input of chemicals (e.g., fumigants and pesticides),
and volatile organic compounds (VOCs) from toxic waste habitats (Roland et al.
2015).

The water flows in the soil is a relevant hydrological process that occurs at the
interface of the soil-plant-atmosphere system (reviewed by Assouline 2013;
Assouline and Selker 2017), because it is related to water availability to the plants,
and the soil biota (Zonta et al. 2012).The pore space is the total space of soil not filled
by soil particles (Anon 1991), whereas density is the mass per unit volume including
por space (Culley 1993). Soil pores are classified by size (Luxmoore 1981) such as
macropores (diameter > 0.1 mm); are responsible for aeration and gravity flow;
mesopores (diameter 30–100 μm) conduct water by capillary flow; micropores
(diameter < 30 μm) are responsible for water retention and slow capillary (Bouma
1981).

Total porosity (sum of all pore size volumes) (Badorreck et al. 2013) is measured
as

%pore space ¼ 100� Db

Dp

� �
x 100

� �

where:

Db ¼ soil bulk density, Mg m�3
� �

∴ ¼ Soil mass Mgð Þ
soil bulk volume m3ð Þ

Dp ¼ soil particle density, Mg m�3
� �

∴ ¼ soil mass Mgð Þ
soil particle volume m3ð Þ

Currently applied in microcomputerized X-ray tomography (CT scanning) allow
the study of soil physicochemical properties, such as the soil porosity on soil’s intact
3D-dimensional structure (Chen et al. 2015; Hapca et al. 2015; Rogers et al. 2016).
These methods are used to analyze the micro computerized X-ray tomography image
of the soil porosity under numerous soil management conditions (Vaz et al. 2011).

The soil compaction plays a critical role in microbial activity since it increases the
abundance of anaerobic microsites and the reduction in the aerobic microbial
activity, due to the lower O2 and CO2 diffusion rates and (Silva et al. 2011), and
to induce N losses by denitrification (Voroney and Heck 2015).The O2 takes control
of the rate of aerobic decomposition in its role as an electron acceptor in the
mineralization of SOM (Keiluweit et al. 2016).The soil respiration is a good
indicator of soil SOM decomposition (Bond-Lamberty and Thomson 2010), by
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both aerobic and anaerobic microbes, that is an advantage over techniques based on
the O2 uptake. Unfortunately, our limited knowledge of the CO2 transport through
the soil restricts our understanding of the role of the various abiotic and biotic
controls on soil respiration (Rolston and Møldrup 2002). The knowledge of the
water and gaseous fluxes is important to management practices that affect the
physical quality of the soil (Assouline 2013; Cardoso et al. 2013; Assouline and
Selker 2017; Dhakal et al. 2015).

2.1.1.5 Temperature

In Temperate and tropical climate conditions, the temperature and water are the soil-
forming factors of most importance to microbial ecology (Atlas and Bartha 1993).
All life forms on the Earth have a critical growth temperature, at which they exhibit
their highest growth and reproduction rates (Voroney and Heck 2015), they also
have minimal growth temperatures below that any metabolic activity is observed
(Bradford et al. 2008). The discovery of extremophilic and extremotrophic micro-
organisms in permafrost soil represents the most recent knowledge about the ecology
and the physiology of cold-adapted microorganisms, plants and animals (reviewed
by Weber et al. 2007; Battistuzzi and Hedges 2009; Dopson et al. 2016) and may be
contributed to learn how microbial activity may be part of a positive feedback loop
that also links shrub growth and warmer soil temperatures (Classen et al. 2015) and
explains the mechanisms of cold adaptation on the enzymatic and molecular level,
through enzymes of cold-adapted organisms (Vandenkoornhuyse et al. 2015; Nikrad
et al. 2016). The climatic change (e.g., global warming) have direct and indirect
impacts on the soil microbial function (reviewed by Blankinship et al. 2011; Henry
2012; Manzoni et al. 2012; A’Bear et al. 2014, Chen et al. 2014; Joshi and
Shekhawat 2014; Kumar et al. 2016). The global warming alters microbial species
distributions and thus interactions among microbial communities (DeAngelis et al.
2010; van der Putten 2012; DeAngelis et al. 2015).

Recently, the temperature sensitivity (Q10) of SOM decomposition has been used
to estimate the potential negative and positive contributions of soil microbes to the
soil carbon (C) sequestration (C is fixed from the atmosphere via plants or organic
residues and stored in the soil) and global warming in terrestrial ecosystems scenar-
ios (von Lützow and Kögel-Knabner 2009; Zhou et al. 2009; Balser et al. 2010;
Nianpeng et al. 2013; Karhu et al. 2014; Classen et al. 2015). The Q10 is the rate of
increase in an activity or process over a 10 �C increase in temperature (Atlas and
Bartha 1993) which:

Q10¼Activity at tempTþ10
0
C

Activity at tempT
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The knowledge and understanding of SOM decomposition rate and Q10 under
long-term grazing exclusion (GE) conditions (He et al. 2008; Wang et al. 2016),
would be useful for efficiently and accurately evaluating long-term soil C seques-
tration (Sierra 2012; Nianpeng et al. 2013; Datta et al. 2017a).

2.1.1.6 Hydrogen Ion Concentration (pH)

In terms of acid-base equilibria in aqueous solution (e.g., as soil solution), three
constants must be considered: the acid dissociation (Ka), the base dissociation (Kb),
and the self-ionization of water (Kw). Usually, for a weak acid (HA), Ka is [H3O

+]�
[A�]/[HA], and for a weak base (B), Kb is [BH

+]� [OH�]/[B], considering aqueous
solutions. Then, pKa = –log Ka and pKb = –log Kb orKa ¼ 10�pKa,Kb ¼ 10�pKb. On
the other hand, we can represent the self-ionization of water as Kw = [H3O

+] �
[OH�] = 1.00� 10�14 (at 298 K), where pKw = –log Kw = 14.00 or Kw = Ka� Kb. In
aqueous solution, it is correct to write [H3O

+] (aq) than H+ (aq), because the protons
are solvated, and the pH is given by pH = –log[H3O

+] (Novozamsky et al. 1976).
Based on the Brønsted concept, the water can act as both a proton donor (a Brønsted
acid) and a proton acceptor (a Brønsted base) (Hadzi et al. 1968; Reed 2013). In this
case, the role of water depends on the relative strengths of the numerous species
found in the aqueous solution (Hadzi et al. 1968). For example, when a strong acid
(e.g., the hydrogen chloride (HCl)) is diluted into water, the water behaves as a
Brønsted base (accepts a proton) to form [H3O

+]. In the opposite direction, [H3O
+]

acts as a weak acid and Cl� acts as a weak base. In other words, the ions [H3O
+] and

Cl� are, respectively, the conjugate acid and conjugate base of H2O and HCl (Hadzi
et al. 1968). Considering the above, the “soil reaction” (pH) is used to evince the
acid-base reactions that occur in the soils (Tan 1982; Marschner and Marschner
2012). Based on the relative degree of acidity, the soils are grouped into many
acidity or alkalinity gradations scales (Tan 1982). In this context, the most well-
studied chemical property of the soil and its effects on the microbiota activity is pH
(reviewed by Stotzky 1972; Magdoff and Bartlett 1984; Hinsinger et al. 2003;
Hinsinger et al. 2009; Babauta et al. 2012; Hinsinger et al. 2012; Husson 2013;
Muthukumar et al. 2014). It is very well established that several soil chemical (e.g.,
formation of clays minerals) and biochemical (e.g., rate of decomposition of organic
matter) reactions are driven by the soil pH (Cardoso and Andreote 2016). The soil
pH-buffering capacity (pHBC) is related to the soil to resist pH change (Voroney and
Heck 2015). The soil pH-buffering capacity is provided by organo-mineral complex
(Busari et al. 2015). Large part of the soil microbiota acts within a narrow optimal
range of pH and their activity is inhibited in extreme acidic or alkaline enviromental
conditions (Stotzky 1997). The distribution of soil fungi and protists into the soil
microenvironment are less impacted to soil pH and more targeted by climate
conditions and latitudinal gradients (Bates et al. 2013; Tedersoo et al. 2014; Peay
et al. 2016). The soil pH is the best predictor of bacterial community composition at
the continental scale (Andam et al. 2016). Soil organic matter (SOM) contributes to
the neutral to slightly acid soil pH (Brady 1984; Brady and Weil 2002; Brady and
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Weil 2010) by buffering soil pH (Magdoff and Bartlett 1984), forming complexes
with Al (low pH: Skyllberg et al. 2001), and soluble complexes with calcium (Ca)
and magnesium (Mg) (high pH: Brady and Weil 2010). Modern agricultural prac-
tices are intensifying soil acidification (e.g., repeated applications of nitrogen fertil-
izers) in amounts that exceed the soil pH-buffering capacity (Tisdale and Nelson
1985). In this regard, these modern agricultural systems (unsustainable agricultural
systems) should be avoided and replaced by methods that are environmentally
friendly.

2.1.1.7 Redox Potential (Eh)

The oxidation-reduction potential or Redox Potential (Eh) has received little or no
attention in agricultural sciences, unlike pH, is regarded as a primer parameter
(reviewed by Husson 2013; Tokarz and Urban 2015). Eh is the tendency for a
substance to lose or gain electrons under specific conditions, and in soil collective
reactions of that is quantifiable as the electrical potential expressed in volts or
millivolts, is defined by the Nernst Equation (Metting 1993), where:

Eh ¼ Eo + [RT/nF] ln [oxidized species/reduced species] , in which
Eo ¼ standard potential of the system in reference to a standard H electrode
R ¼ universal gas constant (8.317 J/mol K)
T ¼ temperature (K)
F ¼ Faraday constant (96,000 coulombs).
n ¼ number of electrons participating in the reaction.

A high positive Ehvalue indicates an environment that favors oxidations reactions
(e.g., well-drained soils), and a low negative Eh indicates a strongly reducing
environment (e.g., flooded and water logging or compaction soils) (Atlas and Bartha
1993). Microorganisms are able to change the Eh and the pH of their surrounding
medium, to supply their nutritional requirements (Husson 2013). For instance, fungi
usually grow under moderately reducing conditions (Eh > + 250 mV), while bacteria
grow under highly reducing conditions (Eh < 0 mV) (Seo and DeLaune 2010).

In a simplified way, the Ehcan be calculated as which (Fassbender 1987):

pe ¼ Eh
2:3 RT

F

where pe is called negative logarithm decimal of electronegativity, at normal envi-
ronmental pressure conditions and 25 �C, so

pe ¼ Eh

0:59

The dynamics and mobility of sulfur (S), phosphorus (P), iron (Fe) and Nitrogen
(N) transformations (e.g., nitrification, mineralization, and immobilization) in

260 J. A. C. Filho and G. A. L. Junior



flooded, waterlogging or compacted soils is influenced by changes in Eh and pH,
which is related to the reducing activity of soil microbiota (Huang et al. 2016). The
sms able to use a particular electron acceptor are expected to outcompete organisms
using an alternative metabolic pathway, less favorable electron acceptors (Sidhu
et al. 2017; Ucar et al. 2017; Molaei et al. 2017a, b). A change in Eh status of a soil
indicates changing the availability of electron acceptors, requiring adaptations
(within a wider or a narrower Eh-range) in microbial metabolic lifestyles (Jewell
et al. 2017), which can lead to losses of soil biodiversity (Lamers et al. 2012).

3 Spatial Distribution of Soil Microbiota

The spatial distribution of soil microbiota vary vertically through the soil vadose
zone (the zone between the groundwater level and the land surface) and horizontally,
across the uncountable soil topography combinations (Voroney and Heck 2015;
Orgiazzi et al. 2016; Römbke et al. 2016; Lukac 2017). Soil spatial heterogeneity is
an essential factor for coexistence and species interactions in soil microbiota
populations (Griffiths and Philippot 2013) stimulating biodiversity by the recalci-
trance of specific and individualized microbial communities (Wisz et al. 2013;
Voroney and Heck 2015; Larkin and Martiny 2017). Previous studies confirmed
that soil biota is frequently not randomly distributed (Hughes et al. 2001; Horner-
Devine et al. 2007; Bradford et al. 2008; Bates et al. 2010; Barberán et al. 2012;
Bradford and Fierer 2012; Vos et al. 2013; Barnes et al. 2016; Meena and Yadav
2014).

Recent evidence suggests that the use of soil’s Network Models and plant
microbiomes can supply new goals for spatial distribution, and co-occurrence
patterns in soil microbial ecology studies (Chaffron et al. 2010; Barberán et al.
2012; Faust and Raes 2012; Lupatini et al. 2014; Faust et al. 2015; Poudel et al.
2016; Kuang et al. 2017), and have been used to a diversity of research inquiries
regarding biological interactions between soil organisms (Williams et al. 2014).
Network inference methods (Faust and Raes 2012; Ding et al. 2015; Kurtz et al.
2015) can be used to reveal the coexistence of patterns encompassing from pairs of
microbial taxa in a manifoldness of ecosystems (Eiler et al. 2012; Kittelmann et al.
2013; Moll et al. 2016) and functional groups (Duran-Pinedo et al. 2011; Embree
et al. 2015; Cordero and Datta 2016; Li et al. 2017) to plant-microbe interactions
(Shaw and Pautasso 2014; Poudel et al. 2016), and identify the keystone species
within an specific ecosystem (Steele et al. 2011; Eiler et al. 2012; Kovács 2014;
Berry and Widder 2014).
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3.1 Ecological Roles of the Soil Microbiota Under Climate
Change

The soil microbiota is a complex and dynamic fraction of the planet biodiversity and
play an essential role in ecosystem processes and services, that includes the soil
global nutrient cycling process (Lupatini et al. 2014), organic matter decomposition
and climate regulation (Delgado-Baquerizo et al. 2017), by reducing the GHGs
emissions (Bhattacharya et al. 2016), and to provide the functions to sustain all
forms of life (Pajares et al. 2016; Pajares and Bohannan 2016). Soil microbial
communities are engineers (Jones et al. 1994; Wright and Jones 2006; Cuddington
et al. 2011; Singh 2015; Graham et al. 2016) and the soil architects (Rajendhran and
Gunasekaran 2008). Soil microbial biodiversity is declining worldwide with anthro-
pogenic and natural deleterious effects on ecosystems and agroecosystems
(Delgado-Baquerizo et al. 2016a, b), and this alters ecosystem processes and
changes the resilience of ecosystems to environmental change (Chapin et al.
2000). There exists a gap of quantitative knowledge of the shape of the correlation
between soil microbiota biodiversity and their ecosystem function (Delgado-
Baquerizo et al. 2017; Kim et al. 2016). This limits the understanding of how
microbial diversity depletion affects the soil microbiota key functions for human
well-being in sustainable agricultural systems (Barnes et al. 2016) and represents not
only an irreversible loss to the Earth but also threatens humanity’s life support
system (Cardinale et al. 2012; Lladó et al. 2017).

3.1.1 Soil Respiration and Its Role in Carbon Sequestration

The soil respiration (RS) refers to the CO2 released from metabolic activity of soil
organisms (humans, animals, plant roots and microbiota) that contributes naturally to
GHGs emissions (Bond-Lamberty and Thomson 2010). It has commonly been
assumed that soil CO2 efflux is derivative of plant respiration (Rp), also called
autotrophic respiration (RA) and microbial respiration (Rm), also called heterotrophic
respiration (RH), but recent studies showed that pedochemical and geological activ-
ities (e.g., as geothermal and volcanic CO2 degassing), are fundamental in some
areas (reviewed by Liu et al. 2014; Rey 2015; Bhattacharya et al. 2016; Decina et al.
2016; Abbas et al. 2017; Mariotte et al. 2018). The microbial production of recal-
citrant organic matter (ROM), and their implications for productivity and climate
change strategies (e.g., C sequestration) was analyzed by Liang and Balser (2010).
For the authors, there is a severe ignorance about the microbial C sequestration, and
the understanding of the real microbial role in soil C stabilization will stimulate the
current status quo of our knowledge about the global C-cycling models. The
understanding of the role of Rs in related to the global soil organic carbon stocks
(GSOCS) is a critical step in order to evaluate the unpredictability in global climate
change future projections (Gougoulias et al. 2014; Thornton et al. 2014; Wang et al.
2016; Erb et al. 2018; Yadav et al. 2018).
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3.1.2 Soil Carbon Stocks and Carbon Sequestration

Soil contains the main C reservoir (420–620 Pg) than the atmosphere (829 Pg) and
vegetation (3500–4800 Pg) combined (Lal 2004a, b; Mazzoleni et al. 2012; Wang
et al. 2016; FAO 2017). The soil organic carbon (SOC) is a critical natural resource,
and it is reducing because to the anthropogenic land use such as the conversion of
natural ecosystems to food or bioenergy production agricultural ecosystems
(Nziguheba et al. 2015). Usually, the quantification of SOC stocks needs the
estimation of the C content, bulk density, rock fragment content and depth of a
respective soil layer (Poeplau et al. 2017). The soil C stocks are related to the
equilibrium between C sequestration by plant photosynthesis and C release to
atmosphere through soil microbiota respiration, it is a crucial contributing key factor
in the soil pathway energy flows, recycling of SOM and biodiversity (Johnson et al.
2014; Banwart et al. 2014). Numerous studies showed that SOC stocks quantifica-
tions (e.g., Tucker 1997; Homann et al. 1998: Soil Profile-based; Alvaro-Fuentes
et al. 2014: Model-Based; Zhi et al. 2014: Soil Profile Statistics; Zhang et al. 2008:
GIS-based Soil Type methodologies) are frequently overestimated by mistakes and
misuse of the parameters bulk density and rock fragment content (Wang and Dalal
2006; Lozano-García and Parras-Alcántara 2013; Poeplau and Don 2013;
Friedlingstein et al. 2014; Beem-Miller et al. 2016; Henkner et al. 2016). The
accuracy in SOC stock estimation has become a primer of current research on global
climate change studies, and it is fundamental for evaluating soil quality, global C
modeling cycle, and evaluation global climate change (Zhi et al. 2014). The GSOCS
on croplands, particularly within the context of a warming climate (Scharlemann
et al. 2014; Lal et al. 2015; Zomer et al. 2017), are central to important discussions
within several international fora (Zomer et al. 2017), and are including within
mitigation strategies (of climate change) and protocols (e.g., International Research
Program, the ‘4 per mille Soils for Food Security and Climate’ of the Lima-Paris
Action Agenda) at the Paris climate conference (COP21) in December 2015, where
195 countries adopted the first-ever universal, legally binding global climate deal
(Minasny et al. 2017). In this context, the anthropogenic intervention (directly or
indirectly) to reduce the sources (e.g., reduction of particulate matter emissions) or
enhance the sinks (e.g., fertilization with organic manures) of GHGs is called
Mitigation (Brassard et al. 2016). Nowadays, some agricultural strategies are used
to mitigation the GHGs emissions, include those that produce biomass (e.g., cover
cropping, mulching, rotational grazing regime, conversion of degraded croplands
and native vegetation to improved pastures, sowing of leguminous and grass pasture
species, fire management, and water conservation), even under high-impact climate
conditions (e.g., higher temperatures, lower precipitation), or under extreme events
(e.g., tropical storms, seasonal hurricanes, drought and flooding) (Lal 2010; Powlson
et al. 2011; Becker and Lawrence 2014).
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3.2 Global Climate Change and World’s Carbon Market

Indisputably, the global climate change (or “global warming”) is not only a scientific
question but also one of the main challenges facing modern humanity. The Kyoto
Protocol established a specific time period (commencing in 2008 and ending in
2012) and sets binding targets for developed countries (known as “Annex I Parties”)
to limit or reduce GHGs emissions (Moss et al. 2010; IPCC 2017). The Kyoto
Protocol also approved the “Emissions Trading ”(The World’s Carbon Market)
thatallows developed countries that exceed their GHGs emissions to offset them
by buying ‘C credits’ from others countries (e.g., developing countries) that stay
below their GHGs emissions targets (Hodge and Clasen 2014).

The markets for C are negotiated in terms of carbon dioxide equivalent (CO2e)
where the GHGs more frequently listed in Annex B of the Kyoto Protocol (IPCC
2014a, b), are expressed in terms of their equivalence to CO2 in the C market
mechanisms for mitigating climate change (Nabuurs et al. 2007). Any type of
GHGs removed from the atmosphere through mensurable sink activities generates
C credits known as removal units (RMUs) (Hunt and Baum 2009).The European
Union emissions trading scheme (EU ETS) is a good example of a regional C market
system operating under the Kyoto Protocol umbrella (Falloon and Betts 2010).
Nowadays, C prices range from less than US$1 to up to US$140/tCO2e (World
Bank 2017). The C Market is key to mobilizing the US$700 billion in financial
services annually, and that could grow to U$ 1 trillion by 2030 (World Bank 2017).
The C pricing revenues from emerging initiatives such as bilateral entities (e.g.,
United States Climate Action Partnership), sub-national tiers of government (e.g.,
China Certified Emission Reduction – CCER), grass-roots groups (e.g., World
Bank’s Forest Carbon Partnership Facility -FCPF, Reducing Emissions from Defor-
estation and Forest Degradation – REDD), private enterprises (e.g., Chicago Climate
Exchange – CCX) and individuals are being used to accelerate the transition to a
low-carbon economy (Krug 2018). The Kyoto Protocol is a good indicator of the
fragmented nature of the international mitigation framework and has led to an
intensive debate on how to continue the negotiation of future treaties for the C
market (reviewed by Smith et al. 2013; Bustamante et al. 2014; Summers et al. 2015;
Creutzburg et al. 2017; Pickering et al. 2017; Stevanović et al. 2017; World Bank
2017; Krug 2018).

4 Improving Activity Mycorrhizosphere for Carbon
Sequestration Management in Sustainable
Agroecosystems

Plant-microbe interactions have driven and modeled the origin, organization, and
evolution of all organic life forms on Earth Planet (for recent reviews, see Gilbert
et al. 2012; Delaux et al. 2013; Goh et al. 2013; Coats and Rumpho 2014; Rosenberg
and Zilber-Rosenberg 2014; Remigi et al. 2016; Rosenberg and Zilber-Rosenberg
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2016; Hamel and Plenchete 2017) symbiosis is the best known and studied mutualist
association formed by Glomeromycotan fungi and plant roots. (reviewed by Smith
and Read 2008; Solaiman 2014; Zuccaro et al. 2014; Pagano and Gupta 2016; Filho
et al. 2017). Mycorrhiza symbiosis implements changes in the biological and
edaphic soil properties in the mycorrhizosphere (also the so-called zone of mycor-
rhizal influence), the term coined by Oswall and Ferchau in 1968 (cited by Azcón-
Aguilar and Barea 2015). Arbuscular mycorrhizal fungi (AMF) belong to
Glomeromycota phylum (Schüßler et al. 2001) and contain four orders, 11 families,
25 genera (Redecker et al. 2013), with more than 240 species (Krüger et al. 2012).
Before physical contact, diffusible signal molecules (strigolactones and flavonoids)
are secreted by plant roots can be perceived by AM fungi (Akiyama et al. 2005).
Posteriorly, the plant root system changes in response to pre-symbiotic signaling,
and the host plants recognize the AM fungi through pattern recognition receptors
(PRRs) that perceive microbe-associated molecular patterns (MAMPs) (Zhang and
Zhou 2010).The development of AM symbiosis is established and separated into
distinct steps that are characterized by the progression of fungal hyphae during root
colonization (Gutjahr and Parniske 2013), the internal and external root colonization
(Smith and Read 2008). Phytohormones regulate the functioning of the AM symbi-
osis (Gutjahr 2014).AM fungi are obligate symbionts and form a morpho-
physiological interaction with the host plant. In this the symbiont receives the carbon
from their host plant and provides to plant water and mineral nutrients, low mobility
or diffusion ions such as P (phosphorus) as H2PO4

�2 or H2PO
4�, Cu (copper) as

Cu+2 or Cu-chelate, and Zn (zinc) as Zn+2 or Zn-chelate from the soil volumes,
called depletion zones (reviewed by Smith et al. 2011; Fellbaum et al. 2012; Smith
and Smith 2012; Lehmann et al. 2014; Lehmann and Rillig 2015; Berruti et al. 2016;
Walder et al. 2016) and other benefits, such as alleviate the toxicity of heavy metals
(Ferrol et al. 2016), acidity stress (Muthukumar et al. 2014), drought stress
(Rapparini and Peñuelas 2014; Pagano 2014), salinity stress (Porcel et al. 2012;
Hajiboland 2013; Abdel Latef and Miransari 2014; Chen et al. 2017) and plant
disease protection (Filho et al. 2016). AM symbioses are able to host plant uptake
inorganic phosphorus (Pi) by two pathways: directly by root epidermal cells and root
hairs, and via AM fungi (Smith and Smith 2012; Meena et al. 2015; Meena and
Meena 2017). The mechanism of the P come from to the endosymbiont to the plant,
and the regulation of AM development by Pi availability has not yet been elucidated
for any mycorrhizal type (Smith and Smith 2012). It is also still not clear whether the
P uptake from soil solution (by external mycelium) to AM fungi, is made by passive
or an active transport system (Pagano and Gupta 2016). Currently, the advances in
knowledge got from new methods (e.g., biofertilizers with AM fungi, maintenance
of AM fungi by using bioactive molecules) for soil microbiology research opened
new perspectives to AM symbiosis management in crop nutrition and production for
Sustainable Agriculture (Zhuang et al. 2013; Ellouze et al. 2014; Pagano and Dhar
2015). Evidence indicates that common mycorrhizal network (CMNs) can link
multiple plant species and transfer all elochemicals (bioactive molecules) among
plants (Barto et al. 2011; File et al. 2012; Walder et al. 2012, 2016; Engelmoer and
Kiers 2015; Dadhich and Meena 2014). Those networks increase the bioactive zones
of all elochemicals in natural ecosystems and have positive consequences for
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interspecies chemical interactions and facilitation in plants in sustainable
agroecosystems (Barto et al. 2011).

Research proposes that AM fungi act as a component of the SOC pool, and their
hyphae could contribute to soil C sequestration by different pathways such as
rhizodeposition (Nguyen 2003) or by stabilizing soil aggregates with glomalin
(Wright and Upadhyaya 1998; Rillig and Steinberg 2002) glycoprotein (produced
by AM fungi) formation (Fellbaum et al. 2012; Solaiman and Mickan 2014; Averill
et al. 2014; Wang et al. 2016). In this context, there are some open questions (e.g.,
with respect to genes and proteins that mediated the C fluxes between the host plant
and their symbiont fungi), and future studies need to consider the AM fungal-
mediated role on processes that lead to long-term soil C gains (in the decadal
timescale), that contribute to soil C sequestration (recently reviewed by Jansa and
Treseder 2017).

4.1 Improving Biochar Application for Soil Carbon
Sequestration Management in Sustainable
Agroecosystems

Biochar is charcoal made from the carbonization of biomass (e.g., wood, manure, or
leaves), heated (300 �C and 1000 �C), in the absence of oxygen (O2) or under low O2

concentration, and used as a soil amendment (Downie et al. 2009; Lehmann 2009;
Atkinson et al. 2010; Anderson et al. 2011; Bruun et al. 2012; Mukherjee and Lal
2017; Sánchez-García et al. 2014; Speratti et al. 2017). Biochar is known as “Indian
Black Earth” (“Terra Preta de Índio”) soils by Ecologists (Petersen et al. 2001;
Lehmann et al. 2003; Glaser et al. 2015; Omondi et al. 2016). The use of biochar to
improve agricultural soils phycochemical and biological properties is not novel since
it has been practiced for centuries by the pre-Columbian and Amerindian inhabitants
(e.g., Kuikuro Indians, Brazilian indigenous people from Xingu National Park) of
the Amazonia region (Neves et al. 2003; Kim et al. 2007; Glaser and Birk 2012;
Lehmann et al. 2011). Recent studies show the roles of biochar on soil C sequestra-
tion (Spokas et al. 2012; Lal 2016; Brassard et al. 2016), GHG emissions (Cayuela
et al. 2014; Sánchez-García et al. 2014; Brassard et al. 2016), soil fertility (van
Zwieten et al. 2010; Schulz et al. 2013; Ding et al. 2015), crop production
(Biederman and Harpole 2013), soil biota (Lehmann et al. 2011; Ducey et al.
2015; Liao et al. 2016), soil chemical properties (Brassard et al. 2016; Mukherjee
and Lal, 2017; Kumar et al. 2018), and remediation of contaminated soils (Park et al.
2011). Nowadays, advances in knowledge may lead to the application of biochar to
improve the soil fertility in sustainable agroecosystems, however its current use is
still limited (Atkinson et al. 2010) and a great number of research gaps as well as
uncertainties (Ennis et al. 2012, Ameloot et al. 2013, Prayogo et al. 2014; Lanza
et al. 2016) still exist as discussed. The application of the biochar provides a long-
term sink for C, but the process is not readily available due to innumerable and

266 J. A. C. Filho and G. A. L. Junior



bureaucratic of regulatory and economic reasons (Diacono and Montemurro 2010).
These uncertainties and controversies reported in the literature need to be evaluated
carefully in consideration and regarding the use of biochar as a soil amendment.

4.2 Net Primary Production, Net Ecosystem Production,
Human Appropriation of Net Primary Production
and Soil Carbon Fluxes

The conventional cultivated agricultural soils contain 25% to 75% less of SOC than
their quantification in undisturbed or natural ecosystems (Lal 2004a, b). The con-
ventional agricultural practices create a decline in soil quality because of C losses
(e.g., by soil degradation and desertification) and the reduced rate of SOM mineral-
ization that leads to a low input of biomass C and reduces the Net Primary
Production (NPP) (Haberl et al. 2007). The NPP refers to the creation of new OM
by Gross Primary Production (GPP ¼ All CO2 fixed by the plants and other
autotrophs in the photosynthesis process (Leith 1975; Heimann and Reichstein
2008). It refers to the primary food energy source for all earth ecosystems and is
quantified in units of elemental carbon (Krausmann et al. 2013). In terms of energy
efficiency (or organic matter), the global NPP open systems (e.g., oceans, tropical
rain forests, savannas, and tropical seasonal forests) are more productive (Ohtsuka
et al. 2007). However, the open systems have low NPP per unit area (Krausmann
et al. 2013). The estimate of the Net Ecosystem Production (NEP) formation can be
calculated by the following expression (Erb et al. 2009) in which

NEP ¼ GPP� RA þ RH þ RDð Þ

RA ¼ Autotrophic Respiration;
RH ¼ Heterotrophs Respiration;
RD ¼ Decomposers Respiration.

According to Kindler et al. (2011), NEP is expressed as energy (expressed in
calories m�2 year �1) or organic matter (expressed in grams m�2 year �1). NEP
varies among ecosystems due to climate and nutrient availability (Yashiro et al.
2010). NEP is used to estimate, whether an ecosystem is net autotrophic (production
exceeds respiration) or net heterotrophic (respiration exceeds production), it is
usually used if the quantifications are based on ecosystem-carbon stock changes
(Chapin et al. 2006).

The Human Appropriation of Net Primary Production (HANPP) is a good
socioecological indicator that quantifies the anthropogenic effects (Crutzen 2002:
also called “the Anthropocene Era”) induced by changes in the land use (such as
deforestation or intensive agriculture) and harvest on ecological biomass flows (into
the terrestrial biosphere (Krausmann et al. 2013; Pritchard et al. 2018). According to
Krausmann et al. (2013), the global HANPP doubled in the twentieth century. These
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anthropogenic effects can influence the land to produce biomass via human inputs
and management (Ellis 2011), through ecological and social systems (Haberl et al.
2007).

The HANPP can be quantified by (Haberl et al. 2007, 2014):

HANPP ¼ HANPPLUC þ HANPPHARV

where HANPPluc ¼ loss of potential NPP due to land use change;
HANPPharv ¼ NPP consumed + unused NPP by humans.

HANPPLUC ¼ NPPpot � NPPact

where

NPPpot ¼ the potential NPP in undisturbed system (hypothetical),
and NPPact ¼ the actual NPP in anthropogenic-altered system.

HANPP is an effective new methodology and can be useful to improving
understanding of land use intensification in Earth complex socioecological systems,
for improving land use decisions and landscape management, objectifying to min-
imize the anthropogenic impact on the ecosystem and ensure the flow of
agroecosystem services (Pritchard et al. 2018). HANPP can be expressed as flows
of biomass, C or energy (Canadell et al. 2010; Canadell and Schulze 2014). HANPP
can be linked with data on ecological C stocks (in biota and soils) to form a
comprehensive view of soil C accounting system (Haberl et al. 2014).

5 The Challenge of Sustainable Agricultural Intensification
Under Climate Change

“Sustainable Development seeks to meet the needs of the current generation without
compromising the ability of future generations to meet their own needs” (Cerin
2006). Currently, undoubtedly there is a realistic choice to develop eco-agricultural
systems that are less harmful to the environment, based on environmentally sustain-
able practices (e.g., ensuring a sustainable level of population and conserving and
enhancing the resource base) and less aggregate on agricultural inputs (e.g., syn-
thetic agrochemicals), aiming to reduce its deleterious effects on the environment, to
conserve and improve soil health, and to guarantee food security (Moonen and
Bàrberi 2008; Azcón-Aguilar and Barea 2015). To achieve these aims, it is necessary
to improve the plant and soil health characteristics that are the result of the interac-
tions among physicochemical and biological properties, and allow the small-holder
farmers to maintain the soil healthy, and productive soil for crops without depau-
perate the agroecosystem and ecosystem (Trivedi et al. 2016).

The world’s population will exceed the landing of 9 billion by 2050
(Alexandratos and Bruinsma 2012; Garnett and Godfray 2012) and 11 billion by
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2100 (OECD/FAO 2017). Today, the world’s population to grow more slowly than
in past decades. This slower world population growth is due to the lower fertility
rates, and there is a global higher life expectancy worldwide (Kim et al. 2016). The
conventional agricultural practices are overloaded and needs to provide increased
yields to feed the continued growth of the world population (Timmusk et al. 2017).
The global agricultural production may need to be improved by ~ 60% to meet these
increasing demands (OECD/FAO 2017).

Unequivocally, the warming in the climate system is happening, and since the
1950s, there are innumerable observed changes (e.g., warming of the atmosphere
and the ocean, diminishing snow and ice, rising sea levels and increasing concen-
trations of greenhouse gases) unprecedented over decades to millennia, and making
achievement of food security even more challenging, especially in the most vulner-
able parts of the developing world (e.g., Sub-Saharan Africa, North Africa, and the
Middle East) (Alexandratos and Bruinsma 2012; IPCC 2013). In these areas, in
particular, adapting agricultural and others farmers systems (e.g., agriculture, fish-
eries, aquaculture, and forestry) to the effects of climate change will be obligatory for
survival (Kim et al. 2016). In 2010, the United Nations Framework Convention on
Climate Change (UNFCCC) indicated that adaptation should be focused at the same
level of priority as mitigation (Henderson-Sellers and McGuffie 2012).

Finally, in this debate the academics agree that agricultural intensification needs
to establish the culture of sustainability, and bringing the term “sustainable intensi-
fication of agriculture” (Andres and Bhullar 2016: also called “agriculture ecological
intensification”) on the agenda of agricultural research and policy to increase the full
range of the fundamental life-sustaining benefits that soils provide.

6 Conclusion and Future Prospects

Increasing demand for food, fiber, and fuel is exercising an intense pressure on the
global agroecosystems. To help the sustainable intensification of food production
systems, and minimize the levels of greenhouse gases (GHGs) anthropogenic
emissions, the current agriculture needs to create and use methodologies (e.g.,
improving biochar application) that minimize loss of terrestrial biodiversity on
agroecosystems. Undoubtedly the soil carbon sequestration is a fundamental climate
mitigation approach, but only a very small slice of the decrement can be achieved via
this sink. This limitation has been succinctly summarized by W.H. Schlesinger as
‘trying to sequester the geosphere in the biosphere’ (reviewed by Schlesinger 1999).
Despite these limitations (e.g., displacement and difficulties in verification), the soil
C sequestration can be useful to meet short- to medium-term targets and provides
innumerable co-benefits on soils (e.g., increase the soil stocks of organic N, P, and
other nutrients). In terms of future prospects, the carbon markets are coordinating
networks to enable humanity to integrate nature into neo-modernity infrastructure
with a socio-political and economic organization to organize the use of the environ-
ment in space and time (Pickering et al. 2017; Meena et al. 2018), while contributing
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to sustainable development. Also, in terms of future prospects, the insertion of
Education for Sustainable Development (ESD) in university classrooms, must be
as one of the primary objective for action in higher education because of its direct
reflex on the formation of soil science (soil biology, physical and chemistry) future
professionals, with a broad and real holistic sense of sustainability (García-González
et al. 2017). Finally, an excellent example of the ESD insertion is the EU Masters
program at the Ecole des Mines, Nantes in France (Boron et al. 2017).
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Sustainable C and N Management Under
Metal-Contaminated Soils
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Bharat Prakash Meena, Hiranmoy Das, Beena, and Ashok Kumar Patra

Abstract Across the world, a major challenge is deteriorating environmental health
by increasing growth of industries with the unscientific management of industrial
waste. Soil contamination with organic and inorganic pollutant is a major task during
the production of healthy food. In the last three decades, the concentration of heavy
metals in soil has increased drastically, posing a risk to the whole environment,
human, as well as animal health. Soil contamination is a threat to sustainable
agricultural development and food security in developing countries. Nowadays
protection and preservation of the environment from further deterioration have
drawn increasing research attention. In the present context, use of modern and
traditional technologies aims to maintain the health of natural resources from
contamination at economic feasibility. Another major concern is remediation or
minimization of toxic metal entry in the food chain contamination of different
ecosystems without affecting their functionality. There is a need to make land
resources free from metal contamination for healthy and safe agricultural production,
to increase food security, and to maintain land use pattern. Advanced remediation
techniques are more focusing on in situ environment-friendly practices. Several
organic and inorganic remediation technologies to treat heavy metal-contaminated
soils are discussed in this chapter.
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Abbreviations

BECCS Bioenergy with carbon capture and storage
C Carbon
DNDC Denitrification decomposition
GHGs Greenhouse gases
GSH Glutathione
Gt Gega tons
HMs Heavy metals
MSW Municipal solid waste
N Nitrogen
PC Phytochelatins
Pg Picogram
ppb Parts per billion
ppm Parts per million
PSB Phosphorus solubilizing bacteria
SOC Soil organic carbon
SOM Soil organic matter
USPEA United States Environmental Protection Agency

1 Introduction

Agricultural crop production system is mainly affected by the soil fertility, climatic
events, genetic potential of a cultivar, and management. Among all, soil parameters
play a crucial role and influence the crop yield productivity in a region. The essential
plant nutrients like carbon (C) and nitrogen (N) are governing a vital role in biomass
production and ultimately in crop yield production. Over the research period, many
research experiments were conducted at the different agroclimatic zone to compute
the N and C dynamics in different soil orders. The balance amount of N in soil
enhances the metabolic activities of plant roots and synergistic effect on the soil
properties (Dotaniya et al. 2016c). The C element in plant acts as a structural nutrient
and the primary platform for microbial reaction in the soils. The reaction kinetics and
balance of both the elements in the soil are controlled by each other. Plants absorb
carbon dioxide (CO2) from the air through their leaves and take part in photosyn-
thesis. The CO2 diffuses through small holes in the underside of the leaf called
stomata. Nitrogen is quite unreactive with other elements, and it can’t be used
directly as a nutrient by plants and animals in the way oxygen or C can. In a process
known as N fixation, special bacteria can convert elemental N from the atmosphere
into ammonia in the plant parts, which is an essential mechanism in the plants.

Heavy metals (HMs) are toxic and ubiquitous in nature and create a severe threat
to the human beings on the planet Earth. Usually metals are produced by the
geogenic source, but due to the fast industrial growth and unscientific management
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of anthropogenic waste have enhanced their area of reaction (or are enhanced by
their area of reaction). These metals are highly toxic even in meager amount and
resistant to decomposition (Hu and Cheng 2013; Odukudu et al. 2014; Li et al.
2015a, b). Heavy metals and metalloids reach at natural bodies by means of
irrigation in agriculture or by dumping in the outskirt. It affects the plant growth
production and ecological system productivity (Duan et al. 2015; Wu et al. 2016; Li
et al. 2016; Datta et al. 2017a). In natural systems, a few HMs are more common and
having toxicity in the living systems, i.e., arsenic-As, cadmium-Cd, chromium-Cr,
nickel-Ni, selenium-Se, lead-Pb, zinc-Zn, copper-Cu, mercury-Hg, aluminum-Al,
etc. These metals reach human bodies via food chain contamination and malfunction
with the biological process (Laidlaw and Filippelli 2008; Li et al. 2011; Okorie et al.
2011). Short period intake of metals may cause different diseases like a mental
disorder, nerve system failure, and poor growth, and long period intake can cause
cancer (Gong et al. 2010; Li et al. 2015a, b; Liang et al. 2017). Toxicity of metals in
the soil also affects the soil microbial activity and diversity and restricts the plant
nutrient mineralization rate and their uptake toward plants. Some HMs have a similar
structure as essential plant nutrient and reach to plant metabolic process and retard
the growth of plants. The persistence of HMs in an ecosystem is also affected by the
type, toxicity, nature, and interaction with soil components. The bioavailability of
the metal ions in the soil-plant system is mainly affected by the amount of organic
matter present in the soil and its pH value (Thornton et al. 2008). Most of the metal
availability increase with decreasing the soil pH, and the toxicity is reported under
acidic soil conditions. Changing soil pH from alkaline to acidic range enhances the
bioavailability of HMs and more chances to leach down in lower profile. Some of the
HMs (Cu, Mn, and Zn) are necessary for the proper functioning of the plant, animal,
and human system, but higher concentration poses a threat to survival. The elevated
concentration of HMs under acidic condition may adsorb on organic matter or soil
particles and reduce the toxicity potential of a metal. It also forms different metal-
humus complexes and affects the HM availability to crop plants. However, anthro-
pogenic activities enhance the metal distribution in non-contaminated areas mostly
through waste dumping, sewage irrigation, emission through fossil fuels, poor
agricultural inputs, and industrial waste disposal (Facchinelli et al. 2001; Li et al.
2013). The toxicity potential, persistence in the ecosystem, and biodegradation
categorize different metals in the various classes as per the international organiza-
tion, the US Environmental Protection Agency (USEPA), and it is educating the
peoples about the harmful effects of HMs across the globe (Rodrigues et al. 2013).

2 Why Sustainable C and N Management

Nitrogen-containing fertilizers play a key to enhance the crop yield and improve the
soil health. Higher net crop production and quantity of residues which get returned to
soil due to N fertilization contribute to SOC stock (Dotaniya 2018; Dotaniya et al.
2013a). Acting as a storehouse of nutrients, SOC enhances the soil fertility, and its
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depletion can be a major cause of yield stagnation under intensive cultivation
(Dotaniya and Datta 2015; Meena et al. 2016). Soil organic matter is also the
substrate for soil microbes and, hence, significantly affects the C turnover in the
soil (Jat et al. 2018). Therefore, field management practices mainly influence the C
fixation capacity of the soil. Thus, appropriate management of C and N is the key to
good soil health and sustainable crop production.

2.1 Role of C and N in Crop Production

2.1.1 Role of Carbon

Plants’ consumption of CO2 in the form of carbon during photosynthesis is a
chemical process in which organisms use sunlight to convert CO2 into a chemical
carbohydrate molecule. Plants use this carbohydrate to grow and transfer sink to
source as crop yield. Aquatic plants also generate oxygen, but they use CO2 from
water. The higher concentration of atmospheric CO2 increases crop yield by increas-
ing photosynthesis. The role of C in plants is to foster a healthier and more
productive growth of the plants. Carbon and plant growth are then intrinsically
linked.

2.1.2 Role of Nitrogen

Plant metabolism requires minerals from the soil to form complex molecules. The
activity and healthiness of the plant or plant parts depend on the availability of
essential nutrients like nitrogen in the form of nitrate ions. Nitrogen enhances plant
growth and development. It is known as the structural backbone of green plants. It is
required in the large quantity and plays important functions among the essential
nutrients. It is the main constituent of all the amino acids which are the building
blocks of plant protein, chlorophyll, plant tissues, cell membrane, etc. Nitrogen is the
main constituent of nucleic acid that forms DNA, a genetic material. It also holds the
genetic code in the plant nucleus.

2.2 C and N Cycle in Ecosystem

2.2.1 Carbon Cycle

The founder of the carbon cycle was Joseph Priestley and Antoine Lavoisier. Later
on, it was popularized by Humphry Davy. In this process C exchanges among the
biosphere, pedosphere, geosphere, hydrosphere, and atmosphere of the Earth and is
mediated by different biogeochemical reactions. Carbon is a main element of the C
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compounds in the Universe. It is the main constituent of biological compounds and
significant constituent of limestone. Recycling and reuse of the C throughout the
biosphere and its sequestration by long-term processes as C sinks is known as carbon
cycling. The C exchanges among the different ecosystems governed by the various
physicochemical and biological processes. In terms of C storage as a form of active
pool, the area of sea near to terrestrial land contains the largest volume of C.

2.2.2 Nitrogen Cycle

Like the carbon cycle, it is also a biogeochemical process where nitrogen gets
converted into various forms. Within the biosphere, it moves through the atmo-
sphere, hydrosphere, and lithosphere. The N cycle involves, i.e., N fixation by
chemically or biologically process, the release of N from different inputs, leaching,
volatilization, nitrification, denitrification, and plant uptake. Application of N fertil-
izers in the soil during the crop production converts in different N fractions and is
further uptake by the plant roots. It is found that a minor amount of this application
reached in groundwater by leaching in the atmosphere as volatilization and denitri-
fication process and immobilized as NH4

+in silicate minerals (Dotaniya et al. 2014b;
Buragohain et al. 2017). The legume plant has the potential to fix the atmospheric N
into the soil through root nodules. The symbiotic relationship between plant roots
and N-fixing bacteria enhances the soil fertility. Microalgae also perform such types
of association in nature in the aquatic ecosystem. In the whole process, two bacteria
perform mainly: (1) Nitrosomonas convert NH4

+ to NO2
�; and (2) Nitrobacter

convert NO2
� to NO3

�. After this process fixed N by the biological process is
reached to the soil by degradation of plant roots or microbes. Simultaneously
denitrification process goes on, and a portion of N fixation reaches the atmosphere
with the help of denitrification bacteria.

2.3 Advanced Techniques Related to C and N Recycling

2.3.1 Carbon Sequestration

Carbon sequestration refers to a phenomenon when atmospheric CO2 gets captured
and stored in long-lived C pools in the different ecosystems. During C sequestration
different physicochemical and biochemical processes are involved. The research
finding suggests that a few methods enhance the C sequestration potential of an
ecosystem. These are the following:

• Removing and capturing C from the atmospheric gases and fixed into long-lived
pools

• Maintaining and minimizing the weathering biochemical reaction between atmo-
spheric CO2 and the rocks
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Phytoplankton It is another approach to enhance natural oceanic uptake of CO2 by
microscopic plants. The theory is that fertilizing the world’s oceans with iron would
increase biological productivity and enable phytoplankton near the sea surface to
absorb more CO2, thereby removing it from the atmosphere and storing it.

2.3.1.1 Biological Processes

Carbon sequestration through biological processes is also called biosequestration.
These processes adversely affect the global carbon cycle. After biochemical reaction
manipulation, it gets converted into various C-containing materials like clathrate,
limestone, and silicate minerals.

2.3.1.2 Peat Production

Peat bogs are the sources which accumulate partially decomposed biomass and act as
a crucial carbon store. There is a discrepancy on peatlands which perform both C
source and sink and are much affected by the local climatic conditions. Carbon
sequestration can be enhanced by the modification in the properties of peat or change
in its management strategies.

2.3.1.3 Forestry

Forestry is a key pillar of the Earth’s ecosystem and has a potential to reduce the
atmospheric C and mitigate the global climate change effect. Plantation of green
plants on waste or marginal land may give a good economic return and improve the
environmental quality by capturing atmosphere C. Forest enhances the natural cycle
of carbon and significantly changes the net carbon sink-source balances (Dotaniya et
al. 2018a; Varma et al. 2017). A managed forest can function as a net sink of
atmospheric CO2. If 100 million ha of land is afforested, it can lock 25–50 Gt of
CO2 in the atmosphere. In India, about 175 million ha of wastelands are suitable and
potential for growing trees without affecting agricultural productivity. Hence, affor-
estation in India can offer greater scope in carbon sequestration. Forest plants have
higher biomass production capacity in a short time span. The C recycling capacity of
a natural ecosystem shows that it’s again released of C from dead plant part to the
atmosphere.

2.3.1.4 Urban Forestry

Most of the megacities are the mountain of concrete. Using fallow land or increasing
the green areas is a way of sustainability; otherwise these areas will convert into gas
chambers. It can be practiced and maintained on smaller as well as larger scales.
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The results of urban forestry vary with the type and nature of vegetation. Further, it
can function as a sink as well as a source of emission.

2.3.1.5 Wetland Restoration

It has huge potential to C sequestration and comprises 14.5% of global soil C. Across
the world it has only 6% wetland area.

2.3.1.6 Agriculture

Agriculture crop production system holds vast potential for C sequestration and
mitigates the adverse climate effect on the soil process and crop productivity.
Intensive cropping system declines the SOC in the soil as compared to natural
farming. Across the global world cleaning of forest land for agricultural practices
has decreased SOC by 30–40% (Post and Kwon 2008). Apart from this, crop
removal, crop management practices have also caused organic C depletion from
the agriculture field and reduced the soil fertility and crop yield in succeeding crop.
Additions of crop residue in the soil get stabilized after microbial decomposition and
cause a significant portion of C loss to the environment (Dotaniya et al. 2014e). After
a few months, added C equilibrium maintains the SOC status. Soil microbial
population and diversity are greatly influenced by the amount of organic matter in
the soil and its physiochemical properties (Dotaniya and Datta 2015). Different
strategies, such as the addition of crop residue, microbial inputs, crop rotation,
mixed cropping, and minimum tillage, maintain the SOC in the soil and balance
fertilization and agronomic management options (Kundu et al. 2013; Kushwah et al.
2014; Meena et al. 2015a). Long duration or perennial crops consisting higher C in
below ground portion are approximately 1500 Gt of organic carbon across the
cultivated land up to 1 m of soil depth. Kumar (2015) has described the different
agricultural practices to enhance the SOC stock in agricultural crop field to counter
the climate change effect.

2.3.1.7 Deep Soil

Deeper soil with higher content of SOC in stabilized form has fewer chances of
mineralization or loss. About 90% stored C is in the form of mineral-organic
associations. Soils have approximately four times higher C than present in the
atmosphere. The repeated use of sewage, irrigation enhances the dissolved organic
C in the lower layer of the soil profile.
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2.3.1.8 Reducing Emissions

Gas emission can be reduced by improving the nutrient inputs, using them effi-
ciently, and maintaining the yield with minimum consumption of energy. The
improved and recommended production practices should be followed with more
precise use of nutrients, less tillage operation, efficient water management, and
promising crop cultivars for increased yield (Yadav et al. 2017a, b, c; Datta et al.
2017b). More energy-efficient farming operations should be replaced with the less
energy-efficient farming operation. Minimum tillage or zero tilth reduces the fossil
fuel consumption as well as reduces the chances of organic C loss to the environ-
ment. Crop residue incorporation has fewer greenhouse gas emissions than residue
burning.

2.3.1.9 Enhancing Carbon Removal

During the crop growth period, in general, all the crops absorb carbon dioxide and
release carbon after the harvest of the crop. The removed agricultural carbon should
sequester within the soil through the carbon cycle. This depends on the method of
farming by recycling the crop biomass to the soil and increasing the plant nutrient
concentration to the plant. This includes:

• Using cover crops, grasses, and bushes in fallow land
• Using deep-rooted crop with trap root system to take up nutrient from the deeper

layer for profuse growth of the crops
• Protecting the soil to reduce the SOC losses from soil
• Enhancing the vegetation on degraded and marginal lands

2.3.2 Physical Processes

2.3.2.1 Bioenergy with Carbon Capture and Storage (BECCS)

Power stations and boilers mainly use biomass for energy production. In this
process, atmospheric C is captured by the green plant as plant biomass and used
for the energy generation to mitigate the electricity crisis at the industrial level. This
process is widely known as bioenergy with carbon storage (BECS). These technol-
ogies are giving the platform to biomass use in an efficient way in most of the fields
of human life. In the agricultural sector, the use of biochar is a classic example of
BECS.
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2.3.2.2 Burial

The processes of burying biomass into the soil for improving soil fertility or C
sequestration are the common practices from the ancient period. Another common
physical way of sequestration is landfilled in the urban areas.

2.3.2.3 Biochar Incorporation

Biochar refers to the process in which biomass of the crops, plants, and other woody
material burns at limited oxygen condition. This process is widely known as
pyrolysis. Such types of activities are also used for capturing the atmospheric CO2

for minimizing the GHG effect. Landfilling of biochar or its use in the agricultural
production system is a common practice in most of the countries. In long-term
perspective it is fruitful technology for C sequestration. With the help of the biochar
process, 9.5 Pg C annually is stored in the soil.

2.3.2.4 Organic Waste Recycling

This practice includes organic inputs like crop biomass, animal excreta, farm waste,
sewage sludge, and municipal solid waste, decomposable organic waste coming
from agro-industries, kitchen waste, and other related organic waste. The raw waste
can be compost before application to the field to minimize the immobilization
process in the soil during the growth. Rice industries generate a huge volume of
rice husk containing 0.3%, 0.2%, and 0.3% of N, P, and K content, respectively.
Organic waste is also important to reduce the salinity or alkalinity in the degraded
soil. It is observed that the use of rick industrial waste improved the physical
condition of saline degraded soils. Incorporation of sugarcane press mud and
bagasse in the soil improved the N and P status of the soil and also enhanced the
crop yield (Dotaniya sugarcane). It contained average 1.09% nitrogen in composted
bagasses and press mud material when mean C:N was 20.1. NPK in cereal straw
ranges 0.5% N, 0.6% P, and 1.5% K, respectively.

2.3.2.5 Vermicompost

Vermicompost is prepared from earthworm and has higher nutrient content than
FYM. In common 1.6%, 4.0%, and 0.8% are N, P2O5, and K2O, respectively. It also
has a lower C:N ratio, and its addition in the soil improves the soil microbial
properties. The passage of earthworm through the soil secret sticky substances is
promoting bacterial and actinomycete growth. Earthworms consume 2–5 times more
feedstock than their body weight. It is an appropriate technique for disposal of
nontoxic solid and liquid organic wastes by reducing the time frame of composting.
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2.3.2.6 Municipal and Sewage Wastes

It is one of the crucial components of organic wastes and hence considered a low
price fertilizer because of its high NPKS content along with other micronutrients
which are essential for a better crop performance. The total municipal refuse
generation levels in the world are expected to double by 2025. In India, municipal
and sewage waste is about 12 million tons per annum which have average nutrient
contents: 0.5%, 0.3%, and 0.3% of N, P, and K, respectively. Sewage farming is very
much predominant in the peri-urban belt of any country due to the cheap availability
of water potential, organic matter, and plant nutrients. As per an estimate, one
generation of sewage sludge in India is more than 4 million tons per year.

2.3.2.7 Biocultures

Several types of biocultures available in the global market have enhanced the
microbial population in the soil by addition application during the crop production
and mediated the soil fertility dynamics, such as PSB: Bacillus, Pseudomonas,
Aspergillus, Penicillium, mycorrhiza, etc.

2.3.2.8 Green Manuring

Soil incorporation of any green manure crops in their green stage or soon after flower
in wet condition is called as green manuring. The green manure may be forage or
leguminous crops which are grown for their leafy materials to restore the soil fertility
(Kumar et al. 2018). These are fast-growing plants, and when dug into the ground
while still green, they add organic matter, N, or other valuable nutrients to the soil
and improve the soil structure. The green manure crops like sun hemp, dhaincha,
Gliricidia, Sesbania, alfalfa, cowpea, clover, etc. are more suitable in this context
(Meena et al. 2018a, b, c).

2.3.2.9 Organic Farming

In India, organic farming is gaining popularity with the pace of time. It is a unique
production system that restricts the use of chemical inputs like pesticides, fertilizers,
growth products, etc. It allows utilization of crop residues, crop rotation, organic
waste, farm manures, and rock additives for the nutrient mobilization and plant
protection. It helps to improve the soil health by improving soil physicochemical
properties. Organic faming improves the soil’s properties, as it enhances the soil
microbial biomass; minimizes the SOC loss, plant macro- and micronutrients, easy
tillage operations, and nutrient losses into the water bodies and environment; and
promotes favorable chemical reactions.

302 V. Meena et al.



2.4 Measurement of C and N Pools

The distribution of SOM in different ecosystems can be categorized into different
pools based on chemical function. Their reactions in the soil are the following:

• Structural litter fraction: These groups contain a higher amount of lignin and
wider C:N ratio (>150:1) (Datta et al. 2017b). In this class mostly, woody plant
parts are included.

– Metabolic pool fraction: This group contains easily decomposable plant mate-
rials like leaves, flowers, as well as animal excreta. It is observed that during
decomposition fraction of N and C loss occurred. It contained less C:N ratio
(10–25:1) than the structural group.

– Active pool: It is the most easily decomposable part of the soil C. It comprises
soil microbial population biomass and their metabolites. Lower C:N ratio
enhances the soil fertility easily without the plant nutrient immobilization. In
this group, water-soluble fractions of organic matter and lower structural
carbohydrates remain present in the soil.

• Slow decomposable class: This class of C compounds is mostly equilibrium with
a natural system of decomposition having C:N ratio approximately 20:1. It is
easily decomposable and remains present in organic compounds as a humus form.

• Passive fraction: It is a recalcitrant part of organic matter having very low C:N
ratio (7–9:1). It is highly resistant to decomposition-oxidation reactions and
doesn’t take part in equilibrium C dynamics in the soil. Such types of fractions
in the soil are found as an inert material without equilibrium relationship with the
other fractions of the organic matter.

Depending upon its mineralization in the soil, SOC has been categorized into
different pools. The easily mineralizable fractions are considered most labile and
have a very low residence time in the soil. There are other fractions too that exist in
the soil for a relatively long period and thus are termed as slow or resistant fractions
or non-labile fractions.

The categorization of an active and passive pool of organic matter is necessary for
the identification of the soil fertility status and their interpretation to calculate C
mineralization dynamics in the soil. A key parameter in the soil health is to measure
CO2 evolution from the soil microbial biomass as an active pool, by the laboratory
incubations methods. There are two methods used for determination of SOC: (1)
combustion method (TOC analyzer) and (2) Walkley-Black method.

2.4.1 Resistant Carbon Pool Determination

In this method, the soil sample is hydrolyzed and shaking followed by centrifuging.
This step is repeated for a number of times, and then residues are dried at 60 �C, and
C in the residual soil is measured by TOC analyzer.
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2.4.2 Active and Slow Carbon Pool Determination

The remaining two pools are estimated by double decomposition method. Identifi-
cation of a particular pool calculates the CO2 evolution rate for a particular time
frame. In this method two-component first-order model is used as follows:

Ct ¼ Cae
�Ka t þ Cse

�Ks t

Ct is the total OC (sum of active + slow fractions) at a particular time t, Ca and Cs are
the size fraction of active and slow C pools, and Ka and Ks are decay constant of
active and slow pools, respectively.

Slowþ active C contentþ Total organic C� Resistant C

Carbon is measured with the help of titrimetric method as described by Parr and
Smith (1969). In this method, 10 ml of 2 M NaOH in a small vial is kept in a conical
flask hung by a thread. Flask should be sealed with paraffin. The vials should be
taken out on regular intervals (initially at 1–2 days interval for 15 days and then at
the weekly interval) and titrated with 0.5MHCl after adding 1 ml of BaCl2 using
phenolphthalein indicator and amount of CO2 calculated as:

CO2 � C evolved mgkg�1
� �

¼ Final consumption of HCl� Initial consumption of HClð Þ � N � 6

N is normality of HCl.

2.4.3 Nitrogen Pools and Their Measurements

The inorganic forms (NH4
+-N and NO3

�-N) are very important form for crop
nutrition point of view because plant root takes up N from the soil mostly as
NO3

� and to some extent as NH4
+-N. The NO2

� form is unstable and is usually
present in the soil to a lesser extent. However, heavy application of N fertilizers,
anaerobic conditions of the soil, extreme pH values, salinity, and low temperature
favor its accumulation in the soil. The aerobic soil, NO3

—N, and the anaerobic soils,
NH4

+-N, are the major fraction of available N. Available N content (both NH4
+ and

NO3
�) decreases with the soil depth.

2.4.4 Measurements of Available Nitrogen

The available N can be precisely determined by the Kjeldahl method both in the
plant and the soil. This method involves three major steps, namely, (1) digestion to
convert N into HNO3, (2) distillation to capture ammonia formed during digestion,
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and (3) volumetric analysis to estimate NH3. The apparatus required for the deter-
mination are Kjeldahl Digestion Assembly and Ammonia Distillation Assembly.

2.4.4.1 Digestion

In this process, a known quantity of soil or plant material is kept in digestion tubes.
After this added known amount of concentrated H2SO4, add a pinch of CuSO4.H2O
as a catalyst and also K2SO4 to maintain the required temperature for the reaction
during the estimation. After digestion organic compounds undergo into different
fractions: C into CO2, oxygen into water, and N into ammonia.

A major portion of NO3
� from organic matter gets lost during the digestion

except a few amounts. This loss can’t give the true picture of the mineralized N in
most of the soils, and researchers will get the lower value of NO3

�-N as compared to
organic bound N.

2.4.4.2 Distillation

In this process NH3 liberated during the digestion process is distilled with sodium
hydroxide instead of getting absorbed in the hydrochloric acid. The content of
ammonia from the digestion is determined by distillation with NaOH, and absorption
of the evolved NH3 is in the standard HCl.

2.4.4.3 Volumetric Analysis

The unconsumed amount of hydrochloride acid is back titrated with sodium hydro-
chloride. In this process, methyl red is being used as an indicator during analysis. At
the end point, colour of the analyzing sample changes from pink to yellow.

Whereas the colorimetric method is used for estimation of ammoniacal N, the
apparatus required for this is colorimeter or spectrophotometer and mechanical
shaker. The required reagents are 10% sodium chloride, Nessler’s reagent, 10%
sodium tartrate, and standard NH4Cl solution.

3 Effect of Climate Change on C and N Dynamics

3.1 Why Climate Change?

Climate change refers to long-term weather conditions of a particular region which
greatly affect the services of ecosystems. These changes may differ from temporal
and spatial from tens to hundreds or millions of years. Rapid industrialization,
urbanization, deforestation, faulty agricultural practices, and modification in the
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land use pattern are potential sources of greenhouse gas (GHG) emission. Climate
change event includes a temporal and spatial variation of a region, atmospheric
pressure activities, modification in air composition, rainfall pattern, intensity, etc.
(Meena and Dotaniya 2017; Meena et al. 2017). Global pattern of climate change
over a period enhances the temperature of the Earth’s surface by 1.4 �C–5.8 �C till
2100 (IPCC 2007). Global temperature enhances and mediates the plant and soil
forming process due to the increased concentration of CO2 and other human
interventions.

3.2 Composition of GHGs

The compositions of atmospheric gases are the deciding factors of climate change. A
few gases pose more warming potential known as global warming potential. Major
benefits of GHGs in climate change phenomena are water vapor (H2O), carbon
dioxide (CO2), methane (CH4), nitrous oxide (N2O), and other trace gases. These
gases maintain the Earth’s temperature for comfort stay of human and animals.
Without the GHGs Earth’s temperature will be frozen (�18 � C). On the other side,
increasing GHG concentration due to fast industrialization, unplanned urbanization,
and faulty agricultural practices enhances the global temperature. According to the
Intergovernmental Panel on Climate Change (IPCC), increasing concentration of
GHGs will raise the global temperature by 1.4 �C–5.8 �C till 2100 (IPCC 2007). This
situation is very much pathetic and enhances the rate of natural calamities like flood,
drought, insect pest attack, lower crop yield, etc. The calculation of increasing
concentration of GHGs from the pre-industrialization era is 280 to 395 ppm (or
�103 ppb), 715 to 1882 ppb, and 227 to 323 ppb for CO2, CH4, and N2O from the
year 1750 and 2012, respectively. The warming of Earth’s surface is directly
proportioned to the global warming potential of GHGs. Throughout the warming
potential, CO2 is the base gases having warmed potential one, and CH4 is 21, and
N2O has 310 times more heating capacity than CO2.

3.3 Effect of Climate Change on Carbon Sequestration
Potential

Carbon sequestration is a process to capture and store atmospheric CO2 into long-
lived pools. The purpose of the process is to enhance the C stocks in the soil for
improving the soil fertility status and reducing the C concentration from the atmo-
sphere (Dotaniya et al. 2017b; Meena et al. 2015b). In this mechanism, green plants
are the primary key component which utilizes the atmospheric CO2 and converts it in
the form of carbohydrates. Increasing the C sequestration potential by crops requires
best management practices and the optimum conditions of crop growths. During the
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photosynthesis, plants synthesize different types of organic compounds, and part of
this is released into the soil systems. These labile pools of C consist the food source
for the microorganisms and improve the soil biodiversity.

Soil temperature mediates the soil microbial process and the soil fertility. Increas-
ing the amount of root exudates enhances the availability of phosphorus, nitrogen,
zinc, and other nutrients. Increasing climate change phenomena enhance the respi-
ration rate of the crops and reduce the chances of conversion rate from source to sink
in the tropical areas. This situation gets a little bit different in temperate regions of
the world by a small increment in crop yield. Reducing the rate of C sequestration in
the soil is affected by the global rate of C stock and physicochemical properties of
the soils. Increasing the soil surface temperature enhances the C-burning rate in the
soil and reduces the soil fertility status of the soil. According to the computation of C
sequestration, global soils range from 0.4 to 1.2 Gt C/year (Lal 2001, 2003). The C
sequestration potential is also affected by the duration and climatic conditions of a
region. Among the different ecosystems, terrestrial ecosystem sequestered more
amount of C is emitted during the time frame of preindustrial to the industrial period
(Ruddiman 2003). According to the estimates from 1850 to 1998, C emission from
the terrestrial system got almost double than the preindustrial period (Houghton
1999).

3.4 Effect of Climate Change on Soil Processes

Climate change with its hydrological consequences may result in the significant
alteration of the soil conditions. The soil structure is heavily influenced by the
change in climate (size and durability of soil aggregates) and its intricate phenom-
enon. The straight effect of climate change includes aggregate destruction, surface
runoff, and increasing hazard which depends on their frequency and intensity,
whereas indirect influences are caused due to the changes in the crop and land
utilization pattern.

Climate change greatly affects and modifies the soil forming process and its
nutrient dynamics. The reasons might be a change in the microorganism diversity
or mineralization rate of that respective soil. The change in climate affects the rate of
chemical reactions, physical process, and biological transformation of the soil. Due
to climate change activities, higher precipitation led to the leaching of plant nutrient
with the run of water and deposited into water bodies caused eutrophication (Fig. 1).
The rising CO2 concentration, directly and indirectly, affects the soil processes like
organic matter dynamics, nutrient dynamics especially N, and biological parameters,
i.e., soil biodiversity and enzyme activities; modifications in chemical reactions, i.e.,
pH, salinization, and alkalization; and physical process, i.e., soil water dynamics,
runoff, variability in rainfall pattern and intensity, soil erosion, soil structure, etc.
(Fig. 2). All these processes are directly or indirectly involved in plant growth and
development. Soil process is greatly affected by the mineralization dynamics of plant
nutrients. It involves physical, chemical, and biological process and affects the soil
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health. Change in chemical and biological soil properties by modification in physical
parameters declines soil health due to adverse climatic effect in developing coun-
tries. Marschner (1995) points out that changing the pattern of soil moisture level
may increase or decrease the plant nutrient availability by modifying the soil
microbial action on SOC.

Fig. 1 The effect of climate scenarios on texture differentiation of soils. (Adopted from Karmakar
et al. 2016)

Fig. 2 The effect of climate change on soil physical properties. (Adopted from Karmakar et al.
2016)
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3.4.1 Weathering

The concentration of CO2 in the soil is 10–50 times higher than atmospheric. Change
in the soil process and CO2 respiration by plants enhances the soil weathering
(Pendall et al. 2001; Karberg et al. 2005; Kumar et al. 2017). Soil contains more
amount of CO2 than the atmospheric concentration.

3.4.2 pH

Rising atmospheric CO2 doesn’t directly affect the pH of most of the soils. The
indirect effect of global climate change affects the hydrological cycle. The increasing
rate of precipitation leaches the cations from the soil and reduces the soil pH and
fertility status of the soils. The continuous leaching of base cations from the soil
causes lower soil pH mostly in the high rainfall areas.

3.4.3 Fertility

Increasing global temperature has mediated the plant and soil process by changing
the mineralization dynamics of C and N in the ecosystems. Increasing CO2 concen-
tration under P stress condition enhances the root growth of the wheat by 30–41%.
Increasing the microbial growth also enhances the mineralization kinetics of the
nutrients. The root exudates enhance mineralization process and convert immobile P
into plant available (Dotaniya et al. 2013b; Verma et al. 2015b). Staddon et al.
(1999) mentioned that Plantago lanceolata and Trifolium repens are the potential
strain to enhance the P use efficiency under the elevated condition of CO2. The
change in the climatic factors also alters the beneficial plant-microbe interactions.
The survival and activity of microorganisms in the rhizosphere mainly depend on the
flow of C in the root exudates (Dotaniya et al. 2014a, b, c, d, e, f; Dotaniya and
Meena 2017; Shamina et al. 2018). Increasing CO2 and temperature under the
climate change scenario enhances the algal growth and indirectly improves the N
fixation capacity of plants (Cheng et al. 2000). On the other side, increasing the
temperature enhances the C and N losses from the terrestrial system.

3.4.4 Nutrient Loss

Climate changes adversely affect the hydrological cycle which may change the
transformation and transportation characteristics of nutrients. A part of applied N
and P fertilizers reaches water bodies during the heavy precipitation and causes
water pollution. In this process overgrowth of algal bloom reduces the oxygen
availability to the aquatic animals known as eutrophication. A few years back, the
flood occurred in Karnataka state of India, and the 287 Mt fertile soil was washed out
from the agricultural fields. On estimation, 8 hundred thousand tons of essential part
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nutrient and 39 hundred thousand tons of SOM were lost reducing the fertility status
of the regions (Natarajan et al. 2010).

3.4.5 Soil Resilience

The ability of a soil to reach back to its original state in response to destabilizing
influences is referred to as soil resilience. Burning of SOC under increasing soil
surface temperature reduces the soil resilience capacity. In this process, SOM plays a
crucial role in increasing resilience. More potential of soil to quick restoration of its
original condition shows good soil health. It is also affected by soil and management
factors.

3.4.6 Biodiversity

The initial effect of elevated CO2 on the soil microbial population would take place
in the rhizosphere. Elevated CO2 concentration in the soil and atmosphere modifies
the plant metabolic process. Rising CO2 leads to accumulating a significant amount
of C-containing compounds in the rhizosphere zone of the plant known as the
highest microbial population zone of the soil. Root exudation gets enhanced by
elevated atmospheric CO2 concentration (Haase et al. 2007). Under high CO2, fast-
growing bacterial strains reduce the fungal infestation in crop plants by secreting
root exudates (Tarnawski et al. 2006; Dotaniya et al. 2013b). The population and
diversity of the soil microorganisms are highly varied in soil due to the availability of
food materials. Research experiment showed that under higher root secretion,
population of fungus gets more than bacteria. Elevated concentration of CO2 pro-
motes more competition between the species and within the species for water and
mineral nutrition.

3.4.7 Enzyme Activities

The elevated CO2 enhances the concentration of the enzymes, i.e., protease,
xylanase, invertase, acid and alkaline phosphatase, and arylsulfatase in the surface
soils. Studies reveal that elevated CO2 can increase extracellular enzyme activities
by increasing microbial demand for N and P (Dhillion et al. 1995; Dotaniya et al.
2018c; Marfo at el. 2015; Meena et al. 2017; Lojkova et al. 2015).

3.4.8 Soil Water Dynamics

Paradigm shifting in rainfall pattern and intensity governs a set of climatic events
and its direct effect on the soil system across the world. Increase in global temper-
ature increases evapotranspiration process which results in more dryness and decline
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in groundwater level (Dotaniya et al. 2016b). High rainfall increasing the rate of soil
erosion as well as nutrient loss from agricultural fields reduces the fertility status of
soil in long ways.

3.4.9 Salinization

Directly global climate change does not affect the salinity in agriculture fields.
However, increasing demand of irrigation water enhances the salt content and soil
pH in the long term. Increasing salt concentration reduces the crop biomass and crop
yield under arid and semiarid climatic conditions.

3.5 Interpretation of C and N Dynamics Through Modeling

Nitrogen and C in the soil and their prediction help to compute the nutrient use
efficiency as well as the soil health parameters. Both are important to crop yield and
maintain soil diversity under different ecosystems. Prediction of C and N dynamics
in contaminated soils is a little bit similar to healthy soil. HM concentration
adversely affects the soil biodiversity. It affects the mineralization kinetics of
metal in the soil solution. Most of the C and N model consist of temperature, rainfall,
plant nutrient content, soil texture, as well as C and N concentration in the atmo-
sphere and soil systems. The CENTURY model describes the dynamics of C and N
in various soil and plant systems. It simulates the dynamics of agricultural crop
system, agroforestry, and silvicultural systems. The input and output balance of N
and C in the soil and their losses during different physiological condition are also
considered during the computation of nutrient budgeting. The denitrification-decom-
position (DNDC) model computes the different process involved in the biochemical
processes. In these model soil properties, the effect of climate change of C and N
process, crop management strategies, and deposition of C and N by the atmospheric
events are considered during the estimation of C and N through DNDC. It consists of
a long-time duration, i.e., days to centuries. RothC-26.3 model also calculates the
SOC turnover under non-waterlogged soils. In this model, soil surface cover by plant
residue, soil moisture, soil properties, and atmospheric temperature affect the value
of C and N dynamics (Coleman and Jenkinson 1996). It calculates the SOC, C
through microbial biomass, and related form of C in the soil. SOMM is a model
dealing the SOM dynamics, i.e., humification, mineralization, and release of C and N
in the system by various processes (Chertov and Komarov 1996). It has linear
differential equations with variable coefficients for the computation of C minerali-
zation (Chertov and Komarov 1995).
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4 Waste Generation

4.1 Global Statistics of Waste Generation

According to a report by theWorld Bank, projected 70%more MSWwould generate
by 2025 at a global scale. The situation is more problematic with developing
countries due to the low rate of awareness and poor disposal of generated waste.
The generation rate would be increased by 1.2–2.2 times by the year 2025. It is a
very pathetic situation for mankind on the Earth and needs huge monetary assistance
to build the infrastructure for safe disposal and recycling of the waste. If we are
talking about the per capita waste generation, it is going to increase 1.2 kg to 1.42 kg
per day. The maintenance and running infrastructure cost would reach higher from
$205 to $375 billion per year (WBWR 2015). The generation of waste is also
increasing with the increase in lifestyle. Profuse growth of megacities is producing
a higher rate of waste as compared to smaller towns. The OECD countries have
higher waste generation potential than the low-income countries like Africa (Table 1).

4.2 Impact of Waste Generation on Natural Resources

4.2.1 Hazardous Gas Emissions

Among the GHGs, CH4 is more emissions from the dumping sites and shares 23% in
2006 (USEPA 2008). This gas has inflammable properties and sometimes causes
blast in the landfill sites. It also adversely affects the ozone layer of the atmosphere.

Table 1 Waste generation projections for 2025

Region
Waste generation (kg
capita�1 day�1)

Urban waste
generation

Projected by
2025

Sub-Saharan Africa 0.65 169,119 441,840

East Asia and Pacific
Region

0.95 738,958 1,865,379

Eastern and Central
Asia

1.1 254,389 354.810

Latin America and
Caribbean

1.1 437,545 728,392

Middle East and North
Africa

1.1 173,545 369,320

OECD 2.2 1,566,286 1,742,417

South Asia 0.45 192,410 567,545

Total – 3,532,252 6,069,703
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4.2.2 Water Contamination

Dumping of municipal solid waste in virgin land contaminates the groundwater with
organic and inorganic contaminants (Kelley et al. 2002). Long-term applications of
sewage sludge in peri-urban area contaminate the heavy metal and microbial con-
tamination to groundwater and cause different diseases during its consumption.

4.2.3 Energy Consumption

In the urban and semi-urban areas, landfills are a big problem. To avoid the risk of
polluting environment, these landfills have to be shifted in the outskirts of the mega
cities. It needs a huge amount to establish the transportation, waste segregation, use
of decomposer, minimization of fossil fuel consumption, control of foul, and spread
of contaminants in non-contaminated areas. It requires a lot of labor and energy.

4.2.4 Natural Habitat Degradation

Production of huge quantity of MSW requires more land to dump in the landfills
which are not secure for many plants and wildlife health. Even this polluted and
degraded land can’t recover healthy soil for food crops growth.

4.2.5 Biodegradation

Landfills are the most common and economical method for waste disposal. This
method of disposal of waste is under natural degradation and requires less manpower
cost and skill. It requires turning for enhancing oxidation-reduction mechanism
during the decomposition.

4.2.6 Soil Quality

Dumping of these MSW increases the acidity of soil near the garbage heaps, and it
also pollutes the surrounding land area due to the flow of water during rainy season.

4.3 Types and Composition of Waste Generation

In simple term, waste refers to those materials which are the by-product of primary
use or of less use. They can be categorized based on generation from the source
based on contamination, biotoxicity, and reactability in nature. The waste generation
can be classified as
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Municipal waste which includes household waste, commercial waste, and sewage
sludge:

• Industrial waste
• Biomedical waste
• Radioactive waste
• Electronic waste (e-waste)

4.3.1 Composition of Municipal Solid Waste

Municipal waste contains a huge amount of organic matter and a significant figure of
plant nutrient useful for crop production, mostly in peri-urban areas. It is also the
valuable source of water mostly in water scarcity regions. The compositions of
MSW majorly contain total organic C (50–57%), recyclable fractions (16–19%),
inert materials (28–30%), and moisture content (45–51%) (Kumar et al. 2016). The
MSW comprises of bio-decomposable material, waste of household, vegetable
residue, and kitchen gardening waste, which contains a larger portion as an organic
part and can be utilized for compost preparation. Apart from these, it also includes
inorganic C-containing items like paper, cloth waste, plastic containers, etc. In most
of the low-income countries, poor facilities of waste segregation lead to a heavy
metal concentration in the compost prepared from MSW. In common developing
countries, MSW contains a greater amount of organic part as compared to develop-
ing countries. The average composition of MSW is shown in the Fig. 3.

4.3.2 Municipal Sewage Water

Sewage may be in the form of liquid or solid wastes generated from sewer channels.
It comprises domestic waste, human and animal waste, municipal drainage and
industrial effluent, etc. In developing countries, discharge of this untreated waste-
water is a common practice due to lack of infrastructure, technical and institutional
capacity, and financing. In and around urban and peri-urban areas, it is a major
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Fig. 3 Composition of municipal solid waste. (Adopted from Ozcan et al. 2016)
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source of water pollution in India. The generated sewage is directly being utilized for
the domestic purpose without any treatment. It contains heavy metals and biological
loads, which are the major cause of health problem in the poor sanitary areas of
developing countries (Dotaniya et al. 2014a, b, c, d, e, f). Heavy metals are
carcinogenic in nature and reduce the life span of human beings. About 70% of
wastewater is treated in high-income countries, whereas it is only 8% in low-income
countries. The composition of sewage water is very much affected by the source of
waste generation, intermixing of pollutant, duration, etc. Sewage water analyzed in
the rainy season shows a lower amount of heavy metals as compared to samples
collected in the summer season.

4.3.3 Chemical Composition

Sewage is a comprised mixture of water (99%) and organic and inorganic matter
(1%) in suspended and soluble form. In common, it contains about 350 mg kg�1

organic matter, 52 mg kg�1 N, 45 mg kg�1 K, and 16 mg kg�1 P. It contains a
significant amount of HMs.

4.3.4 Microbial Composition

The sewage contains a number of species of microorganisms which vary from lacs to
millions per millimeter in population/number. The microorganisms like fungi, bac-
teria count, and protozoa mass are known as sewage fungus. The most frequently
bacterial species found in sewage water are coliforms, streptococci, clostridia,
lactobacilli, Pseudomonas, Proteus, and micrococci.

4.4 Heavy Metal Cycle in Agroecosystem

Heavy metal concentrations which exceed a certain level in the ecosystem cause
imbalance in the nutrient cycling and adversely affect the crop yield. Accumulation
of HM occurs through anthropogenic activities in the agroecosystem and makes it
reach to various components of the soil and plant (Dotaniya et al. 2014b, 2016b;
Rajendiran et al. 2015; Dadhich and Meena 2014). In soil, different HMs follow a
path in the food web and make access from primary producer to consumer via food
chain contamination (Pipalde and Dotaniya 2018). With the help of advanced tool
and techniques, HM flows in agroecosystems to monitor the source and identifica-
tion of particular metal toxicity on different soil process (Dotaniya et al. 2018a;
Rajendiran et al. 2018). On the basis of analytical results, preventive measures and
management options can be implemented during the growing of crops, such as using
contaminated sites for remediation purpose and identifying the metal pathway and its
accumulation efficiency by applying different agricultural amendments consisting
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organic and inorganic substances (Kabata-Pendias and Pendias 1992; Dotaniya et al.
2018b, c). Increasing the organic amendment reduces the HM uptake by crops
(Dotaniya et al. 2016a). Some of the metals also consist the antagonistic effect on
other metals and reduce the availability of metals in the soil for crops (Dotaniya and
Pipalde 2018). Forest plants have higher tolerance capacity toward HM toxicity.
Toxicity of metal in the soil is affected by soil properties like SOM, texture, presence
of other ions, soil pH, as well as the genetic potential of the crop. Increasing
concentration of Cr in soil reduces the soil enzymatic activities, i.e., DHA and
acid and alkaline phosphatases, in the soil. Increasing concentration of HMs reduces
the germination and root and shoot growth of wheat (Dotaniya et al. 2014a) and
pigeon pea (Dotaniya et al. 2014b). Increasing the concentration of Cd in the soil
adversely affects the uptake kinetics of Cr in spinach grown under Vertisol of
Central India (Dotaniya et al. 2017a). Use of biochar application in Cu (Coumar et
al. 2015a) and Cd (Coumar et al. 2015b)-contaminated soils improved the soil
properties and spinach yield.

4.5 Heavy Metal Chemistry in Soil

Heavy metal dynamics in the soil are complex and have various paths from the origin
to final disposal. Some metals have a higher potential risk to plant-human-animal
continuum. Metal and metalloids are originated as geogenic sources and after the
different anthropogenic activities; their intensity is upscaling and causing huge
distribution in the environment. Use of poor natural resources with faulty manage-
ment practices accumulates a significant amount of HM in soil and reaches the
human body via food chain contamination (Dotaniya et al. 2017b). In an ideal
condition, increasing level of metals in the soil increases metal concentration in
the plant parts. The added concentration of metals in soil follows the equilibrium
dynamics in soil between metal in solution and total metal in soil.

Msolution $ Msoil ð1Þ

There,Msolution andMsoil represent the metal concentration in soil solution and in the
soil, respectively.

Further, elaboration of Eq. 1 with the help of partitioning coefficient of a
particular metal in soil and in soil solution phases:

Kd ¼ Msoil½ �
Msolution½ � ð2Þ

Kd is partitioning coefficient.
Further, the extensively elaborate soil constituents and their effect on the metal

dynamics have a valuable place during computing bioavailability to plants. Soil is a
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complex system consisting of SOM, various oxides, i.e., Fe, Al, and Mn; and also,
particulate organic matter and free ion concentration in solution phase along with its
complexes with organic and inorganic substances (Impellitteri et al. 2000).

Kd ¼ Msoil½ �
Msolution½ � ¼M � POM½ � þ M � FeOx½ � þ M �MnOx½ � þ � � �

M2þ� �þ MOHþ½ � þ MCO0
3

� �þ M � DOM½ � þ � � � ð3Þ

The accumulation of HM in the plant parts may be affected by the genetic
characteristics of the plants. Some plants accumulate a higher amount of HM in
different parts without affecting the growth and crop yield known as
hyperaccumulators (Saha et al. 2017; Dotaniya et al. 2018a). In this food web,
primary contamination of HM is green plant ! primary consumer ! secondary
consumer ! tertiary consumer ! decomposer. The concentration of HMs in each
trophic level decreases, and toxicity also depends on the genetic potential of
organisms. This cycle is the same for all HMs. However, some metals have the
volatilization characteristic along with having the different path of metal dynamics
from soil to the final disposal. The Hg concentration in the living organism is
affected by the fatty tissues and the environmental exposure concentration of Hg.
The HM chemistry and mobility in the soil are affected by different soil and climatic
factors, i.e., the presence of OM, other metal ions, salt concentration, soil pH, CEC,
soil texture, soil moisture, etc. The higher amount of OM in the soil reduces the toxic
form of Cr(VI) into nontoxic Cr(III) and reduces the availability of Cu in soil;
indirectly these mechanisms are affected by the increasing population of the soil
microorganism.

4.6 Impact of Heavy Metal on Soil Biodiversity

Soil biodiversity is necessary for maintaining the soil health as one of the key
components. It includes soil macro- and micro-animals, plant roots, root exudates,
and their interrelation products. Increasing the concentration of soil pollutant may be
in the form of organic or HMs. Both adversely affect the soil biological properties in
the soil (Roane and Kellogg 1996). An elevated concentration of HMs reduces the
soil microbial population and diversity and adversely affects the crop yield. Soil
biodiversity is affected by the absorption, migration, and transformation of plant
nutrient in the soil from the plant system (Leyval et al. 1997). Xie et al. (2016)
reported that application of Cd in the soil reduced essential metal interaction with
plants, microbial biomass C, and type and diversity of microorganisms. Increasing
the Cr concentration more than 20 mg kg�1 in the soil reduced the C mineralization
rate and soil enzymatic activities in Vertisol of Central India (Dotaniya et al. 2017c).
Biological N fixation is directly associated with the soil biodiversity, and conversion
of environmental N into biological N in legume roots is much sensitive to HMs
present in ecosystems (McGrath et al. 1988). Increasing concentration of HMs in the
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soil drastically reduces the nodulation in legume crops (Khan et al. 2008). Nowadays
advanced tool and techniques are used for the isolation of microbial biomass to
compute the effect of metal toxicity on the soil biodiversity (Rutgers et al. 2016).
Identification of a microorganism for beneficial utilization in the sustainable crop
production system is made with the help of genetic DNA sequencing in order to
increase abiotic stress and climate change. Increasing the toxic metal concentration
in the soil reduces the symbiosis relationship (Wani et al. 2008), reduces cell growth
and elongation (Sresty and Madhava Rao 1999), and reduces photosynthesis rate of
plant and crop yield (Sharma and Talukdar 1987). All abovementioned processes
adversely affect the release of kinetic energy of root exudates and modify the soil
biodiversity (Dotaniya et al. 2017c). Root exudates affect the HM dynamics in the
soil by modifying the phytostabilization and phytoextraction mechanism of HM
uptake by plants (Mandal et al. 2016; Ashoka et al. 2017). In these processes, soil
microorganisms play a different type of role and immobilize the soluble metal from
the soil solution (Fig. 4).

Khan et al. (2002) mentioned that increasing concentration of HMs adversely
affects the other mineral metal uptake in the crop plant by affecting the plant nutrient
dynamics through soil microorganisms. The soil fungi, bacteria, actinomycetes, and
other macro- and microorganisms are much affected by the higher concentration of Cr,
Hg, Cd, and Cu in the soil (Chu 2018). The declining growth of the microbial
community in the soil adversely affects the ecological services, i.e., plant nutrient

Fig. 4 Sketching diagram representing the role of microbes in metal dynamics in soil and plant
system. (Adopted from Raj Kumar et al. 2012)
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mineralization kinetics, secretion of plant growth-promoting substrates, root exudates,
production of antibiotics, etc. Increasing the amount of pollutant through organic and
inorganic reduces the synthesis of soil enzymes by the soil microorganisms and
adversely affects the mineralization rate of P, N, and other micronutrients in the soil
(Dotaniya et al. 2018a; Verma et al. 2015a; Molaei et al. 2017a, b).

5 Soil Degradation by Metal Contamination

The HMs are ubiquitous in nature having a higher potential of toxicity in the living
organisms. The primary source of HM generation is geogenic, and the fast urbani-
zation and extraction of metal lead natural resources contamination. Soil and water
have a higher capacity to absorb these pollutants at a lower cost due to their resilient
capacity. However, the rate or reclamation is more than the rate of contamination that
causes pollution. Higher concentration of metal in the soil solution reduces the
essential plant nutrient and reduces the nutrient-supplying capacity of the soil.
Toxicity of Pb reduces the soil microbial population growth and diversity. Higher
population pressure on limited natural resources causes HM pollution and reaches
the stomach of the human being via food chain contamination (Xiong et al. 2016;
Pierart et al. 2015). Different types of human and animal disease are reported in HM-
contaminated areas. Majority of the disorders are mental retardation, hair fall,
memory loss, cardiovascular diseases, cancer, fatigue, severe anemia, skin irritation,
bone deformation, damage of kidneys, and nervous system failure or in extreme
toxicity may lead death (Jarup 2003).

5.1 Management Through Organic Amendments

Heavy metals are toxic in nature, and their chemistry in the soil is much affected by
the soil properties. Addition of organic substances in the soil forms a different type
of bioabsorption materials and mediates the absorption kinetics in the soil (Shahid et
al. 2014; Sabir et al. 2013). During the process of organic matter, decomposition in
the soil microorganism breaks down the toxic compounds into less toxic form in the
soil. An organic fraction in the soil makes the metal-humus complex and enhances
the locking period of HMs in the soil. These processes are greatly affected by the
oxidation-reduction kinetics, clay percent in the soil, OM, availability of other plant
nutrients, CEC, and also climatic and management factors. The major organic sub-
stances which are being utilized for metal immobilization are crop residue, sewage
sludge, animal waste, C-containing organic waste generated from industries, etc.
Sewage and sludge application contain a significant amount of HMs in composition
and affect the metal kinetics in the soil. Soil factors like pH highly affect the
availability of HMs. Application of organic amendment in contaminated soil
enhances the soil fertility status by increasing organic C in the soil (Bolan et al.
2014). A range of other plant materials like carbohydrates, starch, amino acid, and
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polysaccharides enhance the HM-binding capacity (Datta et al. 2017c). Application
of organic substrates immobilizes the essential plant nutrients and reduces crop
growth (Shahid et al. 2014). Humus-metal complex and its stability are influenced
by the type of metal and organic compounds and the soil pH. Added organic
substances enhance the microbial growth, and soil enzymatic activities in the soil
reduce the metal uptake by crops. Gadd (2000) mentioned that increasing the S-
containing organic substances in the soil reduces the HM availability in the soil.
Different types of organic amendments which are used for immobilization of HMs
are discussed below:

5.1.1 Crop Residues and Manures

Crop residue and manure application during crop production improve crop biomass by
enhancing the plant nutrient concentration in the soil. Application of crop residue in
the soil acts as a bio-absorber for HMs and reduces the metal availability to crop
plants. It is playing a potential role in removing HMs from terrestrial ecosystem as a
phytostabilization process. On the other hand, animal excreta play a significant impact
on the phytoextraction of metal from the soil. Immobilization and phytoextraction
techniques might be used to remediate the soil contaminated with metal. The results
illustrated that the used organic residues increased the plant heights, leaf/plant number,
and yield as compared to control treatment in both polluted and non-polluted soil. It
also increases the NPK content and uptake by the plants. In a pot study, maize (Zea
mays) is used as a test crop, sown in metal-contaminated soil (10 kg pot�1), and soil
amendments with different manure and dust were used each at 5 g kg�1of soil. The
findings pointed out that the uptake of heavy metals (Cr, Pb, Co, Ni, and Cd) by maize
depended on the organic materials used. Addition of residues from water hyacinth,
fern, mustard, and barnyard grass was likely to reduce metal content in the maize. The
range of decline varied among them from 20.5% to 33.3% for fern dust, 17.3% to
22.0% for water hyacinth, 18.6% to 21.3% for mustard stover dust, and 17.33% to
20.5% for barnyard grass dust (Table 2). Manures and vermicompost dust were likely
to increase metal content in the maize, and it varied from 6.80% to 18.7% for cow
manure, 18.9% to 86.7% for poultry manure, and 17.4% to 16.0% for vermicompost

Table 2 Metal content of different applied organic materials

Materials Concentration (μg g�1 dry wt)

Animal excreta Pb Cd Ni Cr Co

Cow manure dust 5.21 0.36 4.70 3.52 5.80

Poultry manure dust 9.3 0.60 6.20 6.78 8.60

Vermicompost dust 10.3 0.42 11.4 8.32 9.15

Fern dust 2.40 0.25 5.90 2.50 3.22

Water hyacinth dust 2.56 0.39 4.22 3.10 4.43

Mustard stover dust 1.14 0.36 6.10 1.98 3.30

Barnyard grass dust 1.16 0.22 3.50 2.00 2.71

Adopted from Naser et al. (2017)
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(Naser et al. 2017; Yadav et al. 2017a). Application of organic residues to the soil
positively reduced Cd, Pb, and Zn concentration in the plant. Decomposition of
organic residue in soil produced a different type of organic acids and a chelating
agent which adsorbed or immobilized the metal ions in the soil and reduced the
toxicity of metal in the soil solution.

5.1.2 FYM/Compost/Vermicompost

Use of organic substances in the form of vermicompost or FYM reduces the HM
availability and improves the microbial population in the soil. The FYM highly
absorbs Fe, Cr, Ni, Mn, and Pb and declines the availability in the soil solution. A
study was conducted to estimate the bioavailability fractions of heavy metals under
different organic amendment practices with Amaranthus viridis, and it was found
that FYM applied field reduced the effective concentration of HMS as compared to
red mud, sewage, and vermicompost treatment (Nwoko et al. 2012). Addition of
compost reduced 79–88% and 86–96% As concentration in carrot and in lettuce,
respectively. Use of organic substances in potato tubers reduced Cd contamination
(Angelova et al. 2010). Different types of compost have a wide range of metal
remediation and detoxification potential due to variability in composition (Gadepalle
et al. 2007). Use of olive husk, vegetable residue and compost showed that olive
husk performed better over the other in relation to immobilization of Pb, Cd, and Zn.

5.1.3 Biochar

It partially burns material of organic residue in the presence of limited oxygen supply
known as pyrolysis. In the last two decades, research on biochar and its positive
effect on the soil’s physicochemical properties were widely studied. Its application
during crop production has higher crop yield and improves soil chemical properties
like pH, CEC, organic C, and N. After the positive signs in the crop production, it is
also used for the remediation purpose mostly in contaminated soils. It has higher C
sequestration potential and captures the C for a longer duration. It had a higher
surface area and worked on adsorption principle during the immobilization of HMs.
Application of biochar enhances the soil microbial biomass C and reduces the
bioavailability fractions of HMs in the soil (Puga et al. 2015; Sihag et al. 2015;
Datta et al. 2017a). Incorporation of biochar enhances the soil pH and reduces the
availability of toxic metals like Cd, Cu, and Pb. Park et al. (2011) mentioned that use
of chicken manure biochar in the contaminated soil reduces the phyto-availability of
Cd and Pb. Lehmann et al. (2011) reported that different types of biochar prepared
from a different type of organic produced have wide variability in the adsorption of
metal ions. Uchimiya et al. (2012) mentioned that biochar efficiency is much
affected by the type of raw material, preparation time, metal type and concentration
of metals, etc.
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5.1.4 Bamboo Charcoal

It is a cheap and renewable bio-resources. It has larger biomass and a higher number
of pores in micro size which enhance the many fold reactive surface area of produce
charcoal. It also has a higher bio-adsorption rate toward HM contaminates and is
potentially used for the purification of impurities from water. As an organic nature of
bamboo charcoal, it can be potentially utilized for enhancing the fertilizer use
efficiency and C sequestration in soils (Shazia et al. 2015).

5.1.5 Sludge

The use of sludge was reported to increase vegetation growth at contaminated sites.
It is also utilized as an amendment in degraded soils. Higher amount of organic
matter enhances the biological activities in the soil and provides a base for miner-
alization of plant nutrients. Use of sludge in combination with flash enhances the
crop yield in the physically constrained soils by improving soil physicochemical
properties. It acts as a source and sinks for HM contamination. Application of sludge
in contaminated soils reduces the availability of HMs during the crop cultivation.

5.1.6 Genetically Modified Plants

Advancement in science depicts its significant role in the metal remediation. Use of
advanced tools and technologies is creating a scientific base for developing the
genetic engineered transgenic plants which are more capable of accumulating the
metal concentration in different parts without affecting the contamination in eco-
nomic part. Several hyperaccumulator genes have been identified and utilized for the
hyperaccumulation of HMs from the contaminated sites. Different genes are isolated
like Arabidopsis thaliana (Guo et al. 2012), Pb genes are identified from Nicotiana
glauca (Gisbert et al. 2003), Cd genes are identified from Nicotiana tabacum
(Khoudi et al. 2013), and Zn hyperaccumulator genes are identified from Lactuca
sativa and Indian mustard. In another study, transgenic Brassica and Nicotiana
plants have shown higher accumulation and tolerance toward Cd. These foreign
genes enhance the level of GSH and PC in the plants and modify the expression
pattern of cysteine synthase.

5.2 Management Through Inorganic Amendments

Like the organic source of metal decontamination, inorganic sources are also playing
a crucial function in the soil for detoxification of toxic substances. Most of the cases,
the addition of inorganic substances modifies the soil pH, which highly affects the

322 V. Meena et al.



HM dynamics in the soil. These products which are waste or by-product of industries
can be utilized for remediation of contaminated lands. These materials are low cost,
and their availability is ample at industrial location (Puschenreiter et al. 2005). Here,
a list of inorganic substances is described which is mostly being utilized for
decontamination of the metal-contaminated soil.

5.2.1 Lime

It is a valuable source for reclamation of acid soils mainly in the high rainfall and
coastal soils. But it is also used for immobilization of HM availability in the soil.
Addition of lime in high metal availability soil reduces the toxicity. Fang and Wong
(1999) incorporation of lime with sludge composted crop field showed poor avail-
ability of Mn, Cu, and Zn. Further research studies showed that application of sludge
in every 2 years at 2–10 t ha�1 enhanced the immobilization percent of HMs
(Puschenreiter et al. 2005). Oliver et al. (1996) conducted research studies and
observed that addition of lime during the wheat crop reduced the Cd concentration
by modifying the soil pH from 4 to 5.

5.2.2 Industrial Waste

Industrial waste disposal is a big problem across the world and needs safe disposal
(Dotaniya and Datta 2014). The agriculture sector has vast potential to utilize these
wastes for various purposes. These are cheaper and easily available. Use of termi-
taries, egg waste (Soares et al. 2015), red mud (Smiciklas et al. 2014), and sugarcane
waste is utilized for detoxification of contaminated soils. Red mud is an industrial
waste by-product, produced during the extraction of alumina. Incorporation of mud
reduces the metal availability in the soil and improves the crop yield in long-term
(Singh and Kalamdhad 2012; Meena et al. 2018a). Similar findings were by Qiao
(1997) reported the metal availability reduction during the addition of red mud. The
effectiveness of red mud on HM availability, toxicity, and dynamics is affected by
the type of metal, species, and intensity of a particular metal in the contaminated soil.

5.2.3 Zeolite

It is a hydrated aluminosilicate having the capacity to adsorb the metal ions. It is used
for enhancing the nutrient use efficiency in the crop plants. It has a huge number of
micropores which enhance the surface area for cation adsorption. Adsorption
dynamics of zeolite shows higher affirmation toward HMs and reduces the avail-
ability. Across the global research area, a range of synthetic zeolitic materials are
being used for reducing the HM toxicity and improving the nutrient status of the soil
during crop growth stages (Puschenreiter et al. 2005).
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Application of zeolite in the rape crop reduces the Pb dynamics in the soil and
lowers down the Pb concentration in the economic part of the crop (Li et al. 2009).

5.2.4 Phosphate Salt

On Earth, 95% of all P is present within apatite minerals [Ca5(PO4)3(F,OH,Cl)]
(Smil 2000), and the biogeochemical interactions of this mineral not only play a role
in global P cycling but also influence the mobility of the soluble metals. It is
observed that the application of various phosphate compounds (e.g., orthophosphate
solutions, soluble polyphosphates, organophosphates, phosphatidic clays, apatite
reactive barriers, and vivianite) to immobilize contaminants (e.g., Cd, Pb, U, and
Zn) detected contaminant sequestration via a combination of microbial-mediated
mechanisms and abiotic reactions. Soluble P, in the forms of phosphoric acid, phytic
acid, and tripolyphosphate, has been examined for sequestration of Cd, Cu, Pb, U,
and Zn from polluted sites (Wellman et al. 2006, 2007; Rijkenberg and Depree
2010). Compounds such as phytic acid and polyphosphate have been examined as
chelating agents that minimize the bioavailability of cations within contaminated
environments (Stefano et al. 2006, 2010). Laboratory studies examining the immo-
bilization of various cations (Ba, Co, Mn, Ni, Pb, U, and Zn) within contaminated
sediments have shown phytic acid to be effective in reducing soluble contaminant
concentrations. Specifically, concentrations of U(VI) were reduced from 2242 to
76 g kg�1 and of Ni from 58 to 9.6 mg kg�1 in sediment batch incubations treated
with calcium phytate (i.e., the salt of phytic acid) (Nash et al. 1998; Seaman et al.
2003; Meena et al. 2018a).

5.2.5 Fly Ash

It is the waste generated during the generation of electricity from coal-based thermal
power plants. Consumption of electricity by the country is the sign of prosperity and
the economic development. Most of the developing countries have a higher con-
sumption of electricity, and generated fly ash is being used for brick and another
construction purpose. Rational use of fly ash in an agricultural crop production
system without affecting the food chain contamination and ecosystem services is
the prime need of today’s research. Fly ash contains a higher amount of fine clay and
a meager amount of essential plant nutrients. It also contains HMs in trace amount
and chances to contaminate the food crop. Fly ash is used for remediation of mining
sites. The continuous application of fly ash can lead to the HM contamination in the
soil water system. Use of zeolites with fly ash treatment is an effective immobilized
agent to reduce metal contamination in groundwater bodies. Some studies suggested
that use of fly ash can reduce the approximately more than 80%, 48–56%, 27–36%,
and 6–24% of Pb, Cd, Zn, and Cu, respectively (Liu et al. 2015).
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5.2.6 Bentonite

Peri-urban areas, used for vegetable crop cultivation, represent a sink for HMs
because of the excessive accumulation of HMs by sewage water irrigation and
industrial effluent due to the paucity of good quality water and availability of
polluted water at no cost. Clay minerals modify the soil solution pH, decrease the
chemical-extractable fractions and bioavailability of HMs in soils, and decrease HM
concentration in the plant parts. It is observed that amendment of the soil with
bentonite at 2.5% positively enhanced the plant biomass by 76.5% and 41.7% in the
first and second harvest, respectively. The metal concentration of amaranth was
reduced by 6.5% and 21.2% for Zn, 30.5% and 29.9% for Cu, and 34.4% and 40.2%
for Ni at the first and second harvest, respectively, on the application of 2.5%
bentonite (Varrault and Bermond 2011). Amending the soil with bentonite (2.5%)
significantly decreased the bioconcentration factor (BCF) of metals by 74% and 28%
for Zn, 38% and 36% for Cu, and 44% and 34% for Ni at the first and second harvest,
respectively. The hazard quotient (HQ) for metal uptake of Amaranthus viridis was
notably reduced through application of bentonite at 2.5% in polluted soil
(Kumararaja et al. 2016).

5.2.7 Hydroxyapatite

Across the global research, studies showed that modification in the clay composition
with a chelating agent by changing the chemical properties of soil with the help of
different types of apatite reduces the metal availability in the soil solution. An
alternative to introducing soluble orthophosphate into contaminated sediment and
groundwater is the application of apatite [Ca5(PO4)3(F,OH,Cl)] minerals (e.g., bone
apatite, synthetic apatite minerals, and rock phosphate) as subsurface reactive
barriers (Chen et al. 2006; Yoon et al. 2007). In situ soluble metal and radionuclide
can be significantly decreased with the utilization of apatite minerals through various
processes such as surface interactions, dissolution-precipitation reactions, and ion
exchange. Apatite minerals have been effective in decreasing the soluble concentra-
tions (i.e., a 1000-fold reduction) of contaminants that mostly include Cd, Co, Pb,
Sb, Th, and U (Oliva et al. 2011). The hydroxyapatite and vivianite [Fe3(PO4)2]
nanoparticles (3–10 nm size) can be used as both liquid and solid phosphate
amendments.

5.2.8 Soil Amendments

Soil amendments are used for remediation of the degraded soils. Across the world,
many types of amendments are used for improving the acidic, saline, and alkaline
soils. Peoples are also practicing the chelating agents for enhancing the heavy metal
concentration in the soil solution. In which increasing concentration of metal is
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removed by the hyperaccumulator plants and after this disposal with the proper
method is done. In another way, use of organic residues or organic acids produces
substances which immobilize the metal concentration or detoxify the metal in the
soil without affecting the soil ecosystem (Dotaniya and Meena 2013; Ram and
Meena 2014). Such types of amendments are used mostly in the higher contaminated
areas of the world.

5.2.9 Landfill Mining

Generation of the huge volume of waste across the living world is increasing with
quantum rate, and its scientific disposal is a big challenge for policymakers and
researchers. Most of the low economic countries are having the landfill disposal of
generated waste. It is cheaper and consumes less manpower but causes a higher risk
of contamination to soil and water. Wastes are containing organic and inorganic
pollutant leaching down in the soil and water bodies, and their consumption causes
many human diseases. With the help of different technologies, precious metals are
recovered from the landfill and also used for the physically degraded soils. Compost
is also being prepared from the landfill waste after regular turning and periodically
monitoring of contaminants. Such type of compost having a significant amount of
trace metals causes phytotoxicity and is mostly used in forest plants. However, due
to a manifold obstacle, the high cost of processing waste, and technological chal-
lenges, it is difficult to landfill mining for metals economically viable.

6 Management Strategies of C and N Metal-Contaminated
Soils

Carbon and N dynamics affect crop growth under the contaminated soil. Amount of
SOM in the soil reduces the toxicity of metal by conversion of toxic into a nontoxic
form. Increasing concentration of Cu in the soil drastically reduces the mineraliza-
tion rate of OM, and plant showed Cu deficiency. Microbial populations and
diversity are the key components for governing the C and N availability in the
soil. Application of N fertilizers higher than the recommended dose of crop enhances
the crop yield (Manna 2013). The C stock in the soil and its annual rate of change can
be computed with using single-pool first-order kinetics as mentioned in Eq. 4.

oCs=ot ¼ h:A� k:Cs ð4Þ

Cs is the SOC, t is the time frame, A represents annual C input to the soil, h is
humification rate, and k is the constant.
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After repeated application of organic residue, FYM, and other sources, SOC level
stabilizes SOC in the soil. The relationship between total SOC and the period of
cropping may be computed as per Eq. 5.

SOCt ¼ SOCe þ SOC0 � SOCeð Þexp �ktð Þ ð5Þ

where, SOCt is a value of SOC at a time t; SOCe is the value of SOC at equilibrium;
SOC0�SOC is the value at t¼ 0; k is the exponential rate of variation (1/year); and t
represents time frame as a cropping period. Here k value represents the SOC change
toward a new equilibrium. Similar pattern N management also follows the N
dynamics in the soil. Increasing the N content in the soil enhances C:N ratio for
deciding the mineralization rate of SOC and its uptake toward crop plants.

7 A Future Line of Work

Growing population with higher growth in most of the developing countries is a
challenge to feed hungry mouth with healthy food. Poor and limited natural
resources have enhanced the amplitude of problem across the globe. Nitrogen and
C dynamics play a crucial role in obtaining crop growth and yield in most of the
agricultural crops. Higher concentration of HMs in the soil reduces the C and N
nutrient mineralization rate by mediating the microbial population and diversity.
Addition of organic and inorganic substrates for the immobilization of HMs in the
soil for sustainable crop production is a need of today’s agriculture. Application of
organic crop residue enhances the soil biological activities as well as improves the C
and N status in the soil system. It is observed that in the process of decomposition of
organic substrates released, a range of low-molecular-weight organic acids mediated
soil pH and reduced the toxicity of HMs. Use of different traditional and advanced
techniques for management of contaminated soil helps to enhance the crop yield in
degraded or physically, chemically degraded soil.
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Legumes for Carbon and Nitrogen Cycling:
An Organic Approach

Sandeep Kumar, Ram Swaroop Meena, Rahul Datta, Sunil Kumar Verma,
Gulab Singh Yadav, Gourisankar Pradhan, Ali Molaei,
G. K. M. Mustafizur Rahman, and H. A. Mashuk

Abstract Food security, land degradation, eliminating the threats of climate
change, soil sustainability, and crop productivity are the critical challenges in the
coming years. Therefore, the sustainability of the agricultural production system is
becoming a central component in enhancing food security and environmental sus-
tainability. Legume crops could play a significant role in this perspective by carrying
out numerous services in keeping with principles of sustainability. Incorporating
legume crops into crop rotation is essential for implementing and integrating the
conservation and improvement of soil health, quality, and fertility with diverse
aspects of crop and livestock production into the natural farming systems. The
source of nutrition to subsequent crops to maintain a continuous nitrogen (N) supply
chain greatly varies with regard to the inclusion of legumes in the cropping system.
The crop rotation, including pigeon pea (Cajanus cajan), improved the total N
content in the uppermost soil strata by around 100 μg g�1 soils, in comparison

S. Kumar
Department of Agronomy, CCS Haryana Agricultural University, Hisar, Haryana, India

R. S. Meena (*) · S. K. Verma · G. Pradhan
Department of Agronomy, Institute of Agricultural Sciences (BHU), Varanasi, UP, India
e-mail: Meenars@bhu.ac.in

R. Datta
Department of Geology and Pedology, Mendel University in Brno, Brno, Czech Republic
e-mail: rahul.datta@mendelu.cz

G. S. Yadav
Division of Crop Production, ICAR Research Complex for NEH Region, Lembucherra, India

A. Molaei
Department of Soil Science, Faculty of Agriculture, Ferdowsi University of Mashhad, Mashhad,
Iran

G. K. M. M. Rahman · H. A. Mashuk
Department of Soil Science, Bangabandhu Sheikh Mujibur Rahman Agricultural University
(BSMRAU), Gazipur, Bangladesh
e-mail: mustafiz@bsmrau.edu.bd

© Springer Nature Singapore Pte Ltd. 2020
R. Datta et al. (eds.), Carbon and Nitrogen Cycling in Soil,
https://doi.org/10.1007/978-981-13-7264-3_10

337

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7264-3_10&domain=pdf
mailto:Meenars@bhu.ac.in
mailto:rahul.datta@mendelu.cz
mailto:mustafiz@bsmrau.edu.bd


with 25 μg g�1 soils in cropping systems without inclusion of grain legume in the
crop rotation. Carefully planned diverse crop rotations diminish the prevalence of
insect pests, pathogens, diseases, and weeds. This potential for reducing the attacks
by insect pests, diseases, weeds, that positively shape the soil fertility, as a result
were reported to boost successive cereal production by 15% to 25%. By means of the
complex interactions among the various crop production inputs, the conservation
and improvement of soil fertility in crop rotation depends on the long-term integrated
approach, in spite of conventional agriculture.

Keywords Crop productivity · Crop rotation · Legumes · Nitrogen fixation ·
Organic agriculture · Soil fertility

Abbreviations

BNFs Biological nitrogen fixations
C Carbon
CO2 Carbon dioxide
GHGs Greenhouse gases
IPCC Intergovernmental panel on climate change
K Potassium
N Nitrogen
P Phosphorus
SOC Soil organic carbon
SOM Soil organic matter
UN United Nations
WUE Water use efficiency

1 Introduction

In 2012, the United Nations (UN) predicted that the overall population will reach
approximately 9.6 billion people worldwide. Therefore, the increased destruction of
human activities has considerably altered the chemical make-up of the global bio-
sphere, with enormous implications for the current and future climate. Humans will
face diverse inclusive challenges, for example: (i) nutrition and food insecurity; (ii)
climate change risks owing to the increasing net discharge of harmful greenhouse
gases (GHGs) into the atmosphere; (iii) the growing need for crop production and the
good physical condition of the soil; and (iv) the loss of biodiversity and changes in

338 S. Kumar et al.



ecosystems (Fliebach et al. 2007). In fact, human activities have been responsible for
about 110% of observed warming (ranging from 72% to 146%), with natural factors
in isolation leading to a slight cooling over the past 50 years, as pointed out by the
Intergovernmental Panel on Climate Change (IPCC) (Hausfather 2017). The effect of
the climate change is closely linked with biotic and abiotic stresses, and will have
increasingly severe implications for the global food production system (Yadav et al.
2015; Kumar et al. 2016; Ashoka et al. 2017). If in due course no action is taken
against climate change, it could cut the probable improvement in food availability by
around one third by 2050, along with a per capita average reduction of food
availability of 3.2% (kcal day�1), fruit and vegetable intake of 4.0%
(14.9 g day�1), and red meat consumption of 0.7% (0.5 g day�1) (Oxford 2016).
Projections suggest that the number of people at risk for hunger will increase by 10–
20% by 2050 owing to climate change, with 65% of this population in Sub-Saharan
Africa (Kumar et al. 2017b). To meet these challenges, a strategy outline is required
in which the soil sustainability and crop productivity patterns become essential and
vital components. Within this framework, the incorporation of leguminous crops into
the production system by way of crop rotation can play a fundamental role by
delivering multiple functions with productivity and sustainability principles (Voisin
et al. 2014; Jangir et al. 2017; Mitran et al. 2018): (i) at a nutrient production level as
an important source of plant proteins (20–25%) (Tharanathan and Mahadevamma
2003); (ii) at a crop production level, because of the ability to fix free atmospheric
nitrogen (N) in a form that is available to plants (150 Tg N every year), building soil
fertility (Watson et al. 2002; Drinkwater et al. 2017), owing to their function in
mitigating GHG emissions (release 5–7 times less GHGs per unit area compared with
other crops) (Lemke et al. 2007; Stagnari et al. 2017), improving the soil’s organic
carbon (SOC) pool (0.88 Mg C ha�1 year�1) (Kumar et al. 2018), and encouraging
effects on the quantity and quality of the economic produce of successive crops
(Kirkegaard et al. 2008; Preissel et al. 2015); (iii) at the crop protection level –
disturbing the biological cycles of insect pests and diseases (Van Emden 1991;
Nemecek et al. 2008), weeds, and nematodes (McSorley et al. 1994).

Fabaceae is one of the prime families of plants, including 20,000 species cropped
per annum, harvested only for dry grain, growing across an extensive range of
climates and soil types (Smýkal et al. 2015). Grain legumes are being promoted
for utilization as an affordable base of nutritional, protein-rich grains for the human
diet (Asif et al. 2013; Temba et al. 2016), animal feed and nourishment (Jezierny et
al. 2010), and for their socio-economic impact (Duranti and Gius 1997). Thus,
legumes have an important and considerable responsibility in maintaining global
food security, ecosystem buoyancy, and support to the various environmental
remunerations to the agricultural landscape, improving resource use efficiency,
and adding to the balancing of plant protein production (Nemecek et al. 2008;
Peoples et al. 2009b; Köpke and Nemecek 2010).Thus, the incorporation of legumes
into crop rotation shifts the agricultural production systems away from input-inten-
sive unsustainable systems to more ecologically and economically sustainable ones
(Tilman 1998). Indiscriminate and unbalanced application of synthetic nitrogenous
fertilizers condenses the grain yields, resulting in steady but unseen economic losses
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to farmers (Qiao et al. 2012) because of the serious erosion in soil properties and
eutrophication from drainage (Vitousek et al. 2009). In China, the loss of mineral N
from agroecosystem runoff is projected to reach above 1.74 � 109 kg year�1 (Duan
et al. 2000), which is the key contributor to pollution of the water bodies. To
moderate the runoff loss of N, a nutrient input source reduction technique was
suggested by Yang et al. (2004). In this regard, a sustainably managed agricultural
production system not only continues good crop production and plant nutrient
supply, but also eliminates the runoff losses of elemental N (Larkin 2008; Kumar
et al. 2017a).

The practice of crop rotation can be defined as the sequential production of
diverse plant species on the same piece of land (Karlen et al. 1994; Kakraliya et
al. 2018; Dadhich et al. 2015). The term “crop rotation” implies that constant
monocropping is undesirable and has an adverse effect owing to the increased
pressure and stress from insect pests, diseases, and weeds, as this crop rotating
system with legumes is the primary way of controlling all the pathogen-causing
agents in organic farming (Altieri 1995). The roots of extensive, diverse groups of
plants in a rotating system exudate certain bio-chemicals that considerably inhibit
the germination and growth rate of latent competitor plants growing in nearby/
surrounding areas. This effect of biochemical/secondary metabolites released by
plants on other nearby plants is known as allelopathy, which is exhibited by crop
plants such as sunflower (Helianthus annuus), rye (Secale cereal), maize (Zea
mays), triticale (Triticosecale Wittm.), wheat (Triticum aestivum), barley (Hordeum
vulgare), and vetch (Vicia sativa) (Bahadur et al. 2015). Some of the soil fertility-
associated factors are also associated with the management of insect pests, soil-borne
diseases, leading to increased competition, soil microbial activity, predation, and
parasitism in the surrounding regions of the roots – the rhizosphere (Knudsen et al.
1995). Soil-borne pathogens can be affected by a crop rotation span with reduced
disease levels among susceptible crops (Clark et al. 1998). In one of their experi-
ments, Phelan et al. (1995) observed that soil organic matter (SOM) management in
the past is also interrelated with the vulnerability of crops to ground pests, e.g.,
European corn borer (Ostrinia nubilalis). The inclusion of legumes in the rotation
system is very promising and significantly increases soil N supply through atmo-
spheric N fixation and the yields of subsequent crops in the rotation system (Angus
et al. 2006; Espinoza et al. 2012). The current agronomic developmental processes,
which may absolutely control the production of grain legumes, include the extension
of organic farming (Robson et al. 2002), the expansion of reduced/zero tillage
(Siddique et al. 2012), or the absence of nonlegume cropping systems (Schäfer
2013). Research work on legume crops can be improved by refining agronomical
practices in legume cultivation and by developing efficient breeding programs
(Jensen et al. 2011), by utilizing legumes and N provision well (Lithourgidis et al.
2011; Podgorska-Lesiak and Sobkowicz 2011), or by assisting multiple manage-
ment decisions associated with diverse cropping systems (Reckling et al. 2012).

Crop rotation is of utmost significance in organic farming, where the legumes are
the central elements for a successful farming system (Watson et al. 1996). According
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to Altieri (1995), organic systems are generally described as diverse crop rotation
that has the potential for the management of insect pests and diseases. An integrated
farming system based on low-input that also provides environmental benefits
through a reduction in pesticides, fertilizer and tillage inputs, and crop requirements,
because the chemical insecticides, pesticides, and fertilizers are banned in organic
farming systems (Jordan et al. 1997). The application of fertilizers and pesticides
does not always show the favorable impacts of crop rotation on crops and soil in
conventional farming, whereas the crop rotation system is outstanding in organic/
natural and low-input farming systems (Bullock 1992). Organic farming improves
nutrient cycling and provides environmental benefit, in addition to boosting the
quality of the soil (Stockdale et al. 2001). In support of these facts, farmers,
researchers, and governmental policy makers are considering crop rotation. The
flexible market demands a better perception and understanding of crop rotation
that moderate soil quality and harmonize the benefits of rotation with the require-
ments of farmers.

2 Crop Rotation

Crop rotation with legumes is a central and fundamental process for successful
natural and organic farming. This rotational preparation is an annual, on-going
procedure that incorporates information, aims, and objectives for many years. It is
a type of cyclic rotation wherein the same sequence of crops is repeated continually
on the same piece of land, simultaneously progressing the business and management
aims of the farmer. Effective crop rotation requires strategic planning for the long
term. Sometimes, planning may prove unproductive and unsuccessful because of
disturbance by weather, changes in the market demands, labor supply, labor costs,
and other factors. However, a lack of planning procedure and management can lead
to severe problems, e.g., the soil-borne pathogen due to imbalances in soil nutrient
supervision and management. Such problems can require additional and expensive
labor, and cause an inability to provide for the demands of market. Rational
estimates of legume rotation benefits are needed to guide the design of improved
cropping systems and patterns (Carsky et al. 2001), to evaluate the cost-effectiveness
of leguminous grain and its involvement in successive crops in the cropping systems
(Weitbrecht and Pahl 2000; LMC International 2009), and the farm’s economic
assessment of the rotational profits of legumes (Beattie et al. 1974). The function of
grain legumes as a pre-crop mechanism in cropping systems is increasingly well
understood regarding N fixation, several positive environmental bearings (Nemecek
et al. 2008; Jensen et al. 2011; Meena et al. 2016a), and their prospective responsi-
bility in organic farming and conservation tillage under crop production (Robson et
al. 2002; Luetke-Entrup et al. 2006).
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2.1 Need for Crop Rotation

Crop rotation is the practice of growing a sequence of plant species on the same piece
of land (Bullock 1992) that is characterized by a cyclic period (Leteinturier et al.
2006) and cheaper resources of advancing soil properties and system productivity
(Bagayoko et al. 2000). Likewise, the crop rotating system is also a well thought-out,
essential component of an integrated farming system (Stoate et al. 2001), which is
inconsistent with monocropping as a sustainable resolution for farming (Leteinturier
et al. 2006). It has the potential for various environmental impacts on agriculture
through achievements in production and maintaining productivity over many years
(Vandermeer et al. 1998) and also for reducing the reliance on external agro-inputs
(Bullock 1992) as a result of N delivered by legumes through the biological process
of N fixation (Bagayoko et al. 2000). In one of their experiments, Kirkegaard et al.
(2008) observed that crop rotation has the potential to reduce the attack of insect
pests, diseases, and weeds that positively shape the soil fertility, and as a result
successive cereal crop yields increased by 15–25%. The severity of leaf and root
disease infection was also reduced in cereal followed by legumes and the yield benefit
of legumes was also estimated (Stevenson and van Kessel 1997). Crop rotation
remains at the center of all agronomic practices for sustainable production systems
and the yield is usually 10–15% higher than monoculture (Cook 1984). The yield
profit was also achieved at 49% for Australia and 37% for tropical systems in crop
rotation with legumes as a pre-crop followed by cereal crops, without applying any
chemical or synthetic fertilizers (Kirkegaard et al. 2008). Experimental results from
temperate Europe showed that the economic yield of cereal was more than normal,
17% and 21% respectively in crop rotation monoculture under moderate levels of
fertilization (Charles and Vuilloud 2001; Dachler and Köchl 2003). In one of the
other experiments, it was observed that rapeseed and potato yields were also higher
under crop rotation with legume grains as a pre-crop (Charles and Vuilloud 2001).

A legume-based cropping system also reduces N losses and the leaching of
nutrients, and greatly enhances the fraction of crop’s remaining carbon (C) that is
sequestered in stable SOM (Drinkwater et al. 1998). The inclusion of green manure,
forage legumes, and crop rotation along with production systems, does develop the
fertility, productivity, and value of soils (Campbell et al. 1992; Biederbeck et al.
1998; Varma et al. 2017; Meena et al. 2018) and reduces dependence on chemical
fertilizers (Greenland 1985; Kirkegaard et al. 2008). As a result, environmental
conditions and cost-effectiveness concerns move the agricultural system away
from input-intensive to more ecologically sustainable production systems (Tilman
1998). This environmental growing condition increases dependence on soil biolog-
ical processes and on high microbial diversity, as soil microorganisms regulate most
of the processes in soil essential for crop production (Paul and Clark 1996) and soil
sustainability (Voisin et al. 2014). Thus, crop rotation is designed to (1) earn income,
(2) increase soil quality, (3) conserve the ecological system.
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2.2 Principles of Crop Rotation

1. Deep-rooted crops should rotate with shallow-rooted crops, e.g., vegetable crops
have the ability to extract N from deeper soil layers (Thorup-Kristensen 2001).

2. N-fixing crops should be followed by N demanding crops, e.g., leguminous
crops followed by cereal crops (Magdof and Van Es 2000).

3. Crops that are vulnerable to weeds should follow weed-tolerant and
-suppressing crops (Lampkin 1990).

4. Autumn- and spring-sown crops should be alternated (Lampkin 1990).
5. Different crops should be suited to various climatic and soil conditions.
6. A balance between cash and forage crops must be maintained (Lampkin 1990).
7. The one annual crop should be grown only once a year (Magdof and Van Es

2000).
8. One crop should not be followed by another closely related species (Lampkin

1990; Magdof and Van Es 2000).
9. Crop sequences that promote healthier crops (Magdof and Van Es 2000) and aid

in controlling weeds should be followed (Lampkin 1990).
10. Crops that leave behind a good amount of crop residue in the field after harvest

should be adjusted in the crop rotating system (Lampkin 1990; Magdof and Van
Es 2000; Thorup-Kristensen 2001), e.g., in general, vegetable crops leave
behind additional N in their residue (Thorup-Kristensen 2001).

2.3 Crop Rotation with Cropping Systems

Crop rotational management requires perceptive and multidimensional judgment in
the entire field, each individual field, and in the complementary cropping systems in
the field. For successful farming, crop rotation planning is a systematic and
approachable process, which requires balancing annual and multiyear decisions.
For successful farming, planning and implementing are vital components for rotation
on an annual and seasonal opportunistic source. Their understanding of the biolog-
ical ethics of organic farming allows farmers to decide the margins of their fertilizers
and pest control management practices. The cash crops and legume crops are a
significant source of income. Expert farmers mostly give priority to cultivating their
main crops in the most appropriate soils and always focus on crops that are lack the
ability to cooperate in improved soil health and a long-standing output (Charles and
Johnson 2009). Different types of crops are managed under crop rotation, e.g., leafy
vegetables need N, fruiting crops need phosphorus (P), rooting crops need potas-
sium, and legumes are soil builders and provide the cropping system with N, as
shown in Fig. 1.
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3 Processes in Crop Rotation

Crop rotation by means of legume crops promotes a physiological process in the soil
by enhancing soil formation (Rochester et al. 2001; McCallum et al. 2004), improv-
ing soil quality, health, structure, and porosity (McCallum et al. 2004) by increasing
the capacity for water retention, and the concentration of soil organic carbon and
humus (Jensen et al. 2011) in addition to the maintenance of soil aggregates
(Raimbault and Vyn 1991) and is a potential way of increasing the available N
supply for cereals at a low cost (Angus et al. 2006; Espinoza et al. 2012; Yadav et al.
2017b). Small grains such as barley, rye, and legumes are liable to encourage soil
aggregation with a higher degree of confidence compared with many other cash
crops (Angers and Mehuys 1988). In Australia, in a study conducted by Chan and
Heenan (1991), the conservation in soil structure was observed in the following
order: lupin (Lupinus angustifolius L.) > lentil (Lens culinaris L.) > canola (Brassica
napus L.) > pea (Pisum sativum L.) > linseed (Linum usitatissimum L.) > barley. The
leguminous crops not only make a contribution to improving the physical structure
of the soil by means of flouting the soil’s hardness to expand the air and water
circulation in the soil, but also by extracting essential plant nutrients from the deeper
soil profile, e.g., pigeon peas possess a strong, deep root system and extract nutrients
from deep in the soil. The nutrients accumulate in the deeper soil strata by the
decomposition of residual crop, which contributes to nutrient cycling. The experi-
ment conducted by Likoswe (1994) in the Malawi region recorded that the crop

Fig. 1 Crop rotation management in a farm. (Adapted from Reddy 2016)
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rotation along with pigeon peas improved the cumulative N content in the upper soil
to around 100 μg g�1 soil, compared with 25 μg g�1 soils in the crop rotation lacking
grain legumes. The build-up of SOM throughout the ley phase also plays an
important expressive role in the development of soil’s physical structure (Chan
and Heenan 1991) and maintenance (Grace et al. 1995). This is a consequence of
the invention of agents that bind organic matter, for instance, polysaccharides,
decomposition of SOM by soil microorganisms (Hoyt and Hargrove 1986), nutri-
tional effects of organic fertilizers (Fragstein and Schmidt 1999), effects on the right
balances of essential plant nutrients (Eriksen et al. 1999), N released through
mineralization, and reducing N losses (Wander et al. 1994) through a decrease in
the leaching of nutrients (Crews and Peoples 2004) enhance the withholding of N
from the system (Reents and Möller 1999) by soil nutrient accessibility (Mikkelsen
1999) and N supply to subsequent crops (Loges et al. 1999) and decreasing C inputs
(Drinkwater 1999) by protecting SOC from microbial breakdown and increased net
C sequestration (Wander et al. 1994). Consequently, forage legumes had a greater
soothing impact on the soil system in comparison with that of monoculture and
fallow soil. Finally, legume crops actively enhance the velocity of biological
weathering and the mineralization of soil mineral components through increasing
the ease of a range of micronutrients (Bormann et al. 1998), increasing both N and P
in addition to developing N-scavenging effectiveness (Tilman 1999), controlling
decomposition, N mineralization (Wedin and Tilman 1990), management of mycor-
rhiza (Kahiluoto and Vestberg 1999), humus development in organic ecosystems
(Wedin and Tilman 1990; Couteaux et al. 1995), better utilization of cover crops and
left-over plant residues for the management of weed and plant diseases (Brandsæter
and Riley 1999), and sheep grazing (Jones and Harris 1999) also.

The cropping system along with legumes also develops the water use efficiency
(WUE), as legumes have a high leaf area and leaf area index, which leads to the
conservation of water (Ogindo and Walker 2005). This in turn leads to an increase in
water infiltration rate, air circulation, a reduction in soil erosion (Unger and McCalla
1980), and decreased weed proliferation (Brandsæter and Riley 1999). Cereal–
legume crop rotation leads to high water use efficiency as it reduces water evapora-
tion, improves soil moisture conservation in comparison with monocropping of
maize (Ghanbari et al. 2010), and as a result obtains a profitable yield (Rana and
Rana 2011; Thayamini et al. 2010). The comparative array of legumes and grass
cover crops leads to the cumulative water infiltration observed by Obi (1999) in
Nigeria: legumes (Pueraria phaseoloides L. and Stylosanthes gracilis L.) > grasses
(Axonopus compressus L., Cynodon plectostachion L., Pennisetum polystachion L.,
and Panicum maximum L.) > bare soil

3.1 Soil Tilth

Tilth in general refers to the physical condition of the soil resulting from tillage. It is
related to seed germination, seedling growth, root proliferation, root development,
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enlargement, fruiting, allowing crops to flourish and consequently increasing the
overall yield. In addition, good soil tilth encourages other processes, for example,
water infiltration rate and soil airing, which shows a positive impact on both the crop
and the environment. These processes are favored by the presence of soil crumbs and
stable aggregates, i.e., soil tilth. Crop rotation has a constructive effect on soil tilth
subject to crop species being rotated. Other techniques for developing good soil tilth
comprise drastically reduced or no/zero-till farming, direct drilling, along with
legume crops and the introduction of pulse crops under crop rotation. Thus, zero
tillage can be defined as an approach of cultivating crops year after year without
affecting the soil system through tillage implementation. The integration of crop
rotation along with no-till reduces the impact of rainfall, sediment detachment,
sediment transport, surface soil runoff, in addition to losses through soil erosion
(Unger and McCalla 1980).

Legumes indirectly improve soil’s physical properties and organic C content
according to a reduced tillage trial, i.e., legume crop rotations followed by a 2- to
3-year tillage break. Reduced tillage promoted the rapid decomposition of legumi-
nous residues (Nemecek et al. 2008; Alpmann et al. 2013) and enhanced the cycling
of nutrients in soil involving lower costs and less energy for cultivation (Hoyt and
Hargrove 1986). In Germany, in a study of 75 grain legume producers, 64 respon-
dents plasticized direct seeding followed by legume pre-crop and 30 had reduced or
zero-tillage on the whole farm (Alpmann et al. 2013). Faba beans (Vicia faba) are
directly sown in the rainfed Mediterranean region (López-Bellido et al. 2003) or in
areas with low stress from perennial weeds (Köpke and Nemecek 2010; Sihag et al.
2015). By facilitating reduced or zero-tillage systems, the legumes show directly
noticeable soil-improving effects on the farm’s economic performance. Conserva-
tion tillage has been shown to decrease the cost of cultivation more considerably
when the no-till was improved by the diversification of the crop rotation with
legumes (Lakhran et al. 2017). The cost saving was 21% in a rotation with conser-
vation tillage including a legume, but a cost saving of only 12.5% was made in the
tillage system under cereal-dominated rotation in an experiment conducted by
Luetke-Entrup et al. (2006).

Likewise, conservation tillage, which includes zero tillage or no-till, practices
minimum tillage, and drastically reduced tillage operations are in the habit of
growing cereals-based crop rotation. It is accepted not simply for the protection
and maintenance of naturally available resources, but also to save time, fuel, wear
and tear on agricultural machineries and equipment, and for the ecologically sound
and viable qualities of the various techniques. By reducing soil interruption, it
promotes a complex decomposition system that improves the stability of the soil
environment and the proficiency and continuity of the nutrient cycling chain com-
pared with on-going cropping systems (Francis and Clegg 1990). Tillage reduces the
uniformity and multiplicity of the bacterial population in the soil ecosystem by
decreasing both the substrate abundance and the uniformity increase in the soil’s
microbial biomass and diversity, thus confirming them to be more sustainable
management systems than conventional tillage and fallowing (Lupwayi et al.
1998). No-tilth soils have a higher bulk density and generally the soil surface is
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rich in more water-stable aggregates (Edwards et al. 1987), has increased soil water
content (Lafond et al. 1992), lower soil temperature, weeds, and insect pest control
(Buhler 1995; Cardina et al. 2002), increased disease suppression (Peters et al. 2003)
by enhancing the antibiotic abilities of endophytic and root zone bacteria, and as a
result consistently increased seed yield (Edwards et al. 1987). Tillage intensity is the
most important determinant of increasing SOM in an annual cropping system, and
the build-up of SOM could help C sequestration (Sampson and Scholes 2000; Lal et
al. 1998) and the C pool equilibrium level of the soil (Cambardella and Elliot 1994),
making the soil more resilient. Tillage commonly reduces the organic C equilibrium
levels of the soil by increasing the return rate of C that is structurally labile but
physically protected (Cambardella and Elliot 1994).

3.2 Soil Fertility

Soil fertility is the ability of soil to supply the essential plant nutrients in adequate
amounts and in suitable proportions to sustain agricultural plant growth, or we can
say that it is the capacity of soil to produce and reproduce (Stocking and Murnaghan
2001). The problem of soil quality and soil fertility status has deteriorated because of
population pressure, land constraints, harsh climatic conditions, the continuous use
of exhaustive/high yielding crop varieties, with increasing crop intensity, declining
traditional soil management practices (Bumb and Baanante 1996), and also because
of the over- and imbalanced use of synthetic fertilizers and decreasing use of organic
manure (Conway and Pretty 1991). N is the main essential nutrient element that is
usually vital for plants in large quantities, and has the quickest and most prominent
impact on growth. Most plants take up N in the form of NO3

�and NH4
+ from the

soil. Air consists of 78% N, but most plants cannot access it. Leguminous crops are
therefore special in that they host N-fixing bacteria such as Rhizobium, which can
convert atmospheric N into an available form that can be used by the host plant. The
rotation of cereal legumes not only improves the productivity of cereal crops, but
also saves the use of N, i.e., up to 40 kg Nha�1. The easy availability and expanded
use of synthetic nitrogenous fertilizer makes it more reactive to N in the atmosphere
(Rockström et al. 2009) and also intensifies the risks of NO3 leaching into water
bodies and N2O emission into the biosphere. N and P are the utmost crop production
limiting factors (Gikonyo and Smithson 2003). The highly insoluble Ca and P are
bounded by root exudates of legume crops (Arhara and Ohwaki 1989). The legu-
minous crops have the ability to efficiently dissolve and then utilize the strongly
fixed P-Fe/Al on micelle–clay in P-rich acid soils, and possess a moderately low N
harvest index (Sanginga et al. 2000). Inorganic or synthetic fertilizers are useful for
enhancing the yield production, but these chemical fertilizers are the origin of soil
deterioration when applied alone and are also more expensive so they are not
affordable to small-scale farmers (McIntire and Fussel 1986). A leguminous crop
does not require nitrogenous fertilizer and this effect reduces fertilizer use in
subsequent crops in rotation management, reduces fertilizer N requirement
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(Greenland 1985), and leads to a significant boost of the obtainable soil N flux
(Pierce and Rice 1988). This may be accomplished by adapting grain legumes
(Greenland 1985), forage legumes (Giller and Cadisch 1995) or herbaceous cover
legumes (Weber 1996). A grain legume crop may save 150–200 kg ha�1 of N
fertilizer compared with a monocropping of cereal, which left over 20–50 kg ha�1N
for the next crop, whereas forage legumes save 150–300 kg ha�1 of N fertilizer by
fulfilling their own N requirement (Peyraud et al. 2009), together with a residual 20–
50 kg ha�1N for the subsequent crop. In case studies across Europe, it has been
reported that forage and grain legume-based crop rotation saved on average 88 and
21 kg N fertilizer ha�1 compared with rotations without the inclusion of legume
plants (Bues et al. 2013). Thus, under this condition of N derived from biological N
fixations (BNFs) to the subsequent crops increases crop yield and productivity
(Bagayoko et al. 2000; Köpke and Nemecek 2010; Verma et al. 2015).

Crop rotations are very efficient at maintaining and enhancing the value of the
soil’s physical, biological, and chemical properties, as shown in Fig. 2. The physical
characteristics comprise an increase in soil aggregation, granular structure, and
friable consistence, and a decrease in the crusting of soil surfaces (Verma and
Shekhawat 1991; Bullock 1992), a decrease in soil bulk density, which can signif-
icantly obstruct root development and natural nutrient cycling (Tian et al. 2000), and
a reduction in the erosion rate (Hoyt and Hargrove 1986; Mielke and Schepers
1986). Crop rotation is a systematic and efficient approach, and includes a combi-
nation of leguminous and cash crops, which provides the central means for fertility
building and nutrients supply within organic farming and sustainable production
systems (Stockdale et al. 2001). The legume in a cropping system can also accelerate
soil fertility, health, quality, porosity, and the soil’s physical structure (McCallum et
al. 2004) and significantly affect the diversity and activity of soil microbial

Fig. 2 Crop rotation maintains the balance among these three components
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populations in the root atmosphere (Kirkegaard et al. 2008). The special architectural
features of the root systems of different legume crops integrated into the rotation also
positively moderate and directly act on the development of the soil’s structure (Chan
and Heenan 1991) through the accumulation of SOM (Grace et al. 1995), resulting
from the microbial production of organic binding agents, i.e., polysaccharides
decomposing SOM and the entangling impacts of fungal hyphae (Hoyt and
Hargrove 1986). Including legumes in crop rotation is a potential way of increasing
the available N supply for cereals at a low cost (Angus et al. 2006; Espinoza et al.
2012). The combined impact of all these factors is that post-legume cereal yields are
often reported to be 40–80% greater than those achieved in cereal without N
fertilizer, representing an additional 450–1000 kg of additional grain per hectare
across a range of agro-climatic conditions (Hayat and Ali 2010; Seymour et al.
2012). Soil microbial biomass is a minute fraction of the total amount of carbon in
the soil, but is a major flux of labile nutrients and plays a vital role in nutrient cycling
and therefore soil fertility in natural and agricultural ecosystems. It covers 2–5% of
cumulative soil C and 1–5% of total soil N (Smith and Paul 1990). All organic
materials show transformation into the soil by way of the soil’s microbial biomass
and it also acts as a dynamic flux for a considerable reservoir of C, N, and P
(Jenkinson and Ladd 1981). Furthermore, it has the ability to solubilize insoluble
Ca-P, fixed P, and occluded P by the root exudates of legumes (Arhara and Ohwaki
1989). Another constructive influence of legume-based crop rotation on soil micro-
bial biomass has been associated with high C inputs and the diversity of plant
residues that return back to the soil system, improvement in physical soil, e.g.,
water-holding/retention capacity, and chemical properties, e.g., soil organic C and
humus content (Jensen et al. 2011), and organic N by supplying the crop biomass
(Cederberg and Flysjö 2004), soil conservation (Stoop and Staveren 1981), and
condensed soil compaction by forming a continuous network of residual root
channels and macropores in the subsoil, penetrating hard soil pans (Peoples et al.
2009b). They also supply hydrogen gas in the soil atmosphere as a byproduct of
biological N fixation, which enhances the bacterial growth in the surrounding areas
of root nodules of legumes (LaFavre and Focht 1983).

3.3 Soil Plant Nutrition

Legume crops have specialized symbiotic N-fixing bacteria, i.e., Rhizobium spp.
They show mutualistic interaction with the root of the legume crop by converting
atmospheric fix N into an available form of N by causing the inflation of root cells to
create nodules. The cumulative amount of N fixed by this bacteria–legume symbi-
osis differs significantly among legume species and their variety, crop duration,
climatic conditions, soil type, agronomic interventions, etc. Crop rotations can
increase root colonization by mycorrhiza. These mycorrhizae are the beneficial
and nonpathogenic fungi that show symbiotic associations with grain legume
crops. This valuable and constructive association linking the two organisms could
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enhance the uptake of water and nutrients by plants and increases N fixation by
hastening host nutrition. It is estimated that the extent of N offered by legumes to
subsequent crops differs from 50 to in excess of 200 pounds. Mycorrhizal coloni-
zation has the affirmative effect on a plant’s performance even under harassed
environmental conditions, acidic or reclaimed soil, soils deficient in P, and eroded
sites (Hamel 2004). In Niger seed (Guizotia abyssinica), the monoculture of pearl
millet (Pennisetum glaucum L.) roots showed 27% colonization by mycorrhizae,
whereas 48% of colonization was found in the rotation of millet followed by cowpea
(Bagayoko et al. 2000). Legume residues raise mycorrhizal associations in other
crop species, as they make available alternative food substrate for macro-/micro-
fauna that would otherwise be nourished by mycorrhiza.

The crop rotation shows an effective and complex relationship between PNK and
C (Bullock 1992). In an experiment, it was found that rotations together with deep
rooted cover crops and legume crops show the distribution of P and potassium (K)
from the deep layer to the surface of the soil because plant roots can easily access
them (Clark et al. 1998). Crops that have shallow rot systems, such as onions and
carrots, may be taken after the harvesting of deep-rooted crops such as maize to help
the nutrients to recover. A deep-rooted nutrient exhaustive may be followed by a
crop with a shallow root system and a light feeder to scavenge plant nutrients that
leach down into the deeper soil horizons after excessive applications of nutrients
(Bullock 1992). The light feeder crops include legume sods, grass sods, wheat,
barley, and oats, whereas heavy feeder crops are maize, soybean, potato, and
vegetables (Clark et al. 1998). Moreover, crop rotations involving legumes improve
the concentration of N in soil profile through the biological fixation of free atmo-
spheric N, and thus as a supplementing of synthetic N fertilizer. The quantity of N
fixed by legume cover crops greatly differs according to the legume species to be
grown, but generally these add 50–200 kg N ha�1(Clark et al. 1998). This N is
mineralized by the soil microorganisms with the passage of time. Researchers
estimate that 40–75% of all the N enclosed in a leguminous cover crop is available
to the soil, which is used by subsequent crops, also subject to environmental
conditions (Utomo et al. 1992) may contribute 30–60 kg N ha�1 (Utomo et al.
1992) to 110 N ha�1(Tian et al. 2000). In Kenya, Kiiya et al. (2006) reported that the
reason for low soil fertility and productivity among small-scale potato farmers is
generally the continuous monoculture without a fallow period and a lack of legumes
in the cropping sequence owing to small land holdings (Kiiya et al. 2006). Legumes
may offer long-lasting advantages in certain soils that again are difficult to transform
into monetary output. Typically, legumes in a cropping sequence add significantly
more SOM and mineralizable N content than the continuous monocropping of cereal
crops. This in turn ensures the improved accessibility of available N fractions to crop
plants together with better physical structure of the soil, reduced erosion, and less
energetic cultivation (Hoyt and Hargrove 1986). Several studies report that N allied
with legume roots and nodules can contribute 30–60% of cumulative N stored by
legumes (McNeill and Fillery 2008). In a study of a legume–cereal sequence in a
Mediterranean climate in Australia, wheat used 3–10% of below-ground lupin N
after being labeled with 15N (McNeill and Fillery 2008). A similar investigation
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undertaken elsewhere examining a faba bean–wheat sequence suggested that wheat
might recover more than twice the amount of N from residual N associated with faba
bean-nodulated roots than from shoot residues (Jensen et al. 2010). Such studies
clearly demonstrate that the roots and nodules of legumes can be a significant
resource of N for subsequent crops.

3.4 Soil Carbon Dioxide

Soil is a major pool of terrestrial C having around 53% of the terrestrial C (Lal 2004).
For the previous 100 years, the atmospheric carbon dioxide (CO2) concentration has
reached about 85 ppm (Lal 2004) and ~10% of the atmospheric CO2every year
passes through the soil system (Raich and Potter 1995). This increasing CO2

concentration in the environment forced scientists of the world to recognize the
potential of farming to capture and sequester the atmospheric CO2 into soil strata for
a considerable period of time. Various agronomic interventions are available that
moderate the potential of agricultural soils to encourage the sink development of
CO2. In this regard, N fertilizer application and crop rotation are principle factors
that have a significant impact on the stock and durability of the soil’s C pool (Lal
2004; Meena et al. 2016b). N fertilization influences the soil’s C dynamics in two
ways. First, enlarged N fertilization will boost plant biomass production in numerous
crops, and second, N accessibility is very decisive and significant for microbial
action on crop residues with regard to their decomposition (Green et al. 1995). Fogg
(1988) observed that increased N fertilization curtailed CO2 emissions from soil
strata. This depression in the soil occurred because of a reduction in the enzymatic
activity due to improved N (Fogg 1988; Burton et al. 2004), increased soil acidity
(Aerts and de Caluwe 1999), or decreased soil microbial biomass (Soderstrom et al.
1983). Plant biomass, in terms of both below- and above-ground plant parts, is one of
the significant resources of C addition into the soil C flux, contributing to soil CO2

discharges into the surrounding environments. Both N fertilization and crop rotation
and can change the sum of plant biomass added to the soil system in a particular year.
Increased N fertilizer rates can raise the soil’s organic C content in continuing corn–
wheat systems (Russell et al. 2005; Agarwal et al. 2017).

3.5 Agroecosystems

Legume plants are thought to be implicated in ecological easing processes in natural
and agricultural ecosystems owing to their natural phenomena of BNFs (Table 1).
Around the globe, a number of legume species are being cultured to assess protein-
rich legume seeds and to gather the uncurtailed plant shoot. In agroecosystems, N-
rich legume plants are used to enrich soil in N dynamics (Chalk 1998; Padilla and
Pugnaire 2006). Incidentally, numerous species of legumes, including fenugreek
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Table 1 Resource and environmental effects of crop rotation with legumes (Reckling et al. 2014)

Process in crop
rotation Leguminous crops Effect on soil

Effect on
agri-food
system

Effect on
environmental
and global eco
system

Biological N
fixation

Reduced N fertilizer
requirement and
unwanted losses
(Conway and Pretty
1991; Dogliotti et al.
2003)

Reduced
CO2 emis-
sions from
industry
from
industry

Reduced
global GHG
emissions
(Lemke et al.
2007)

Grain protein
synthesis

Increased protein
supply (Asif et al.
2013; Temba et al.
2016)

Increased
protein
crop
diversity

Reduced pres-
sure on land

N transforma-
tions in soil

Reduced N2O
emissions

Effects of NO3

leaching down into
the soil

Curtailed
global GHG
emanations

Soil
development

Enhanced organic
matter, water infiltra-
tion rate, increased
crop yields, and
reduced soil erosion
(Dogliotti et al. 2003)

P
transformations

Increased mobiliza-
tion of P in soil

Decreased availabil-
ity of P to plants

Reduced min-
ing of P rock

Soil C
transformations

Soil C balance
(Buyanovsky et al.
1994; Balesdent et
al. 1988;
Cambardella and
Elliot 1992)

Increased soil organic
matter (Leithold et al.
1997; Jensen et al.
2011), higher and
more stable crop
yields (Giambalvo et
al. 2004; Peoples et
al. 2009b; Köpke and
Nemecek 2010)

Increased soil
C sequestra-
tion (Lal et al.
1998; Lal
2004)

Management of
insect pests,
diseases, nema-
todes, and
weeds

Reduced use of
insecticides, pesti-
cides, and weedicides
(Dogliotti et al. 2003)

Species
interactions

Enlarged diversity of
micro-flora and
-fauna increased
pollen and nectar
provision

Larger population of
insects supporting
wider wildlife

Socio-economic Increased net/annual
profit, gross margin,
and total income

Annetts and Audsley (2002), Tsakiris and Spiliotis
(2006) and Preissel et al. (2015)
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(Trigonella foenum-graecum L.), velvet bean (Mucuna pruriens Bak.), lupin
(Lupinus angustifolius L.), vetches (Vicia sativa L.), clovers (Trifolium sp.),
Crotalaria spectabilis Roth., or Sesbania rostrata Brem. are integrated into the
rotation system and also cultivated for green manuring purposes. They also make
a contribution to conserving SOM and promoting soil–plant nutrient cycling, mois-
ture retention, and nutrient supply to successive crops, and also promotes the
efficient utilization of soil resources spatially and temporally (Corre-Hellou et al.
2006). The efficiency of BNF by legumes is greater in rotation systems than in
monocropping (Corre-Hellou et al. 2006) and improved N dynamics of the soil can
be beneficial for perennial cover crops such as legume-based grasslands
(Rasmunssen et al. 2007), often resulting in the increased economic value of cereal–
legume crop rotation compared with the monocropping of nonleguminous crop
species, showing a potential effect, i.e., higher in low-input systems than in others,
and stable crop yields even under problematic climatic conditions. Jensen (2006)
also showed a complementary effect (Loreau and Hector 2001). Legumes grown for
forage purposes are extensive and retain the capacity to boost forage production
under a wide range of environmental conditions, e.g., subterranean clover (T.
subterraneum L.), red clover (T. pratense L.), white clover (T. repens L.), alfalfa
(Medicago sativa L.), and forage legumes (Frame et al. 1998).

4 Biological Processes with Crop Rotation

4.1 Plant Diseases

Legumes in a rotation system provide N for ensuing nonleguminous crops, but in
addition, crop rotation may also provide better control over weeds, disease, insects,
and nematodes, as shown in Table 2. The repeated cultivation of similar crops on the
same piece of field encourages the infestation and intensification of weeds, insect
pests, diseases, and pathogens, and to a susceptible crop because insect pests,
pathogens, and weeds are the principal factors in disease spread in field conditions
(Benson 1985). The crop rotational design can also majorly affect the prevalence and
harshness of several pest and disease problems. The system reduces the spread and
multiplication of disease-carrying spores by altering their environmental conditions
(Rana and Rana 2011). This rotational system acts as a barrier between the host and
the parasite that control insects and diseases by damaging their habitat and prevents
the infestation of disease and pathogens, accordingly reducing the requirement for
exclusive and hazardous agrochemicals, i.e., fungicides and insecticides (Sekamatte
et al. 2003; Datta et al. 2017a). Hence, cereal–legume crop rotation can severely
disturb the presence, survival, efficiency, and effectiveness of the natural enemies or
predators, such as herbivore insects and pests that depend on plant habitats for
feeding and other resources. The changes in the host–plant environment, interaction,
and quality directly affect the host plant and indirectly affect their rate of develop-
ment and their interactions with predators or natural enemies (Rana and Rana 2011).
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Table 2 Control of insect pests, diseases, nematodes, and weeds by crop rotation with legume
crops

Pest and crops affected Crop rotation References

Insect pests

Hessian fly – wheat Wheat–soybean/cotton/peanut/velvet
bean/rape seed/castor bean/common
vetch/French marigold

Reddy (2016)

Colorado potato beetle – potato,
tomato

Potato/tomato–rye/wheat/beans Capinera
(2002)

Squash bug – cucurbits Cucurbits/velvet bean/rape seed/castor
bean/common vetch/French marigold

Reddy (2016)

Pepper maggot – pepper Pepper–velvet bean/rape seed/castor
bean/common vetch/French marigold

Reddy (2016)

Wheat stem maggot – wheat Wheat–leguminous crops Reddy (2016)

Corn rootworm – corn Corn–soybean Leslie and
Cuperus (1993)
and Orr (2009)

Alfalfa weevil – alfalfa Alfalfa–corn–cotton–wheat Canvari and
Putnam (2007)

Diseases

Wheat crown rot fungus (Fusarium
pseudograminearum)

Wheat–forage legume Lamprecht et
al. (2006)

Stem rot (Fusarium oxysporum),
black rot (Ceratocystis fimbriata),
scurf (Monilochaetes infuscans)

Sweet potato–grasses/corn Hamid (2011)

Sclerotinia stem (Sclerotinia
sclerotiorum) rot – oilseed rape/
canola

Canola/oilseed rape–wheat–barley/
paddy–upland rotation, grasses/corn/
sorghum

Hamid (2011)

Verticillium wilt – eggplant and
strawberry

Paddy–upland rotation, eggplant–
broccoli/legumes/grains

Hamid (2011)

Kernel smut (Neovossia horrida),
false smut (Ustilaginoidea virens)

Soybean–rice–corn Brooks (2011)

Take-all – wheat (Gaeumannomyces
herpotrichoides)

Wheat–faba bean/soybean–wheat Asefa et al.
(2002)

Pea midge and bladder pod Midge Corn–pea–soybean Van Emden
(1991)

Potato bacterial wilt (Ralstonia
solanacearum

Potato–common bean Lemaga et al.
(2001)

Bacterial blight – wheat, barley
alfalfa

Wheat/barley/alfalfa–legumes Reddy (2016)

Black shank – tobacco Reddy (2016)

Northern corn leaf blight – corn Corn–legumes Reddy (2016)

Smut – corn Reddy (2016)

Verticillium wilt – potato, sunflower Potato–common vetch–field pea, pur-
ple vetch–broad bean–bell bean

Reddy (2016)

White mold – peanuts, potato,
soybean

Peanuts/potato/soybean–corn/wheat/
barley/oats

Reddy (2016)

(continued)
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4.2 Insect Pests

Crop rotation maintains the cropping land by the cultivation of one crop after another
and destroys insect pests’ habitat by providing a nonhost environment. The cultiva-
tion of the same crop continuously on the same piece of land encourages weeds,
insectspests, plant pathogens, and diseases to the vulnerable crop species. Crop
rotation with nonhost crops disturbs the life cycle of pests due to habitat or host
elimination and many agricultural crops can be saved to some extent from insect pest
damage (Van Emden 1991; James et al. 2010). Rotations with leguminous crops are
very beneficial because the legumes are likely to supply N to the plant and soil
system in addition to disrupting pathogen cycles. Many soil insect pests such as
wireworms, termites, scarabaeid grubs, cutworms, and shoot-boring flies and many
crop midges such as pea midge and bladder pod midge can be eradicated from fields
by crop rotation (Van Emden 1991). In corn to soybean rotation, corn is a grass,
whereas soybean is a broadleaf leguminous crop. Both of these crops have different
insect pest complexes. Corn rootworm is a vigorous pest and is eradicated by using
this rotation (Orr 2009; Leslie and Cuperus 1993). Seran and Brintha (2010) have
reported that infestation by corn borer and budworm was more severe under corn

Table 2 (continued)

Pest and crops affected Crop rotation References

Grey leaf spot (Cercospora zeae-
maydis) corn

Corn–soybean Kimber and
Paull (2011)

Nematodes

Meloidogyne incognita – velvet
bean, rapeseed, common vetch, cas-
tor bean, French marigold

Reddy (2016)

M. javanica – velvet bean, sesame,
common vetch, French marigold

Reddy (2016)

M. arenaria – velvet bean, sesame,
common vetch, castor bean, French
marigold

Reddy (2016)

M. hapla – French marigold Reddy (2016)

Reniform nematode (Rotylenchulus
reniformis)

Corn–cotton rotation Bruns et al.
(2007)

Weeds

Decreased weed competition and
increased yield and chlorophyll con-
tent of rice

Rice–velvet bean/hyacinth bean Marenco and
Santos (1999)

Striga infestation Cereals–cowpea Belel et al.
(2014)

Integrated weed management Maize–groundnut and maize–bean Thayamini et
al. (2010)

Weed suppression effect Wheat–canola–pea Rana and Rana
(2011)
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monoculture than under a corn–soybean cropping pattern and infestation with corn
stalk borers was considerably higher under the monocropping system than under
maize–soybean crop rotation (Thayamini et al. 2010).

4.3 Nematodes

Nematodes have a specific or narrow host range with a short life span extent in the
soil and are mostly susceptible if nonhost crops are included in the rotation (Peters et
al. 2003). Crop rotation has been reported to manage the nematode population in
many parts of the world (McSorley et al. 1994). A diversity of crops such as cotton
(Gossypium hirsutum), soybean (Glycine max), sorghum (Sorghum bicolor), and
sorghum sudangrass (S. bicolor, S. sudanense) hybrids have been profitably used in
rotation trials to suppress root knot nematodes (McSorley and Gallaher 1993;
Rodríguez-Kábana et al. 1991). Bagayoko et al. (2000) in Niger observed that the
plant parasitic nematode population showed 70% more profusion in the monoculture
of pearl millet than under rotation with cowpea.

5 Role of Crop Rotation in Weed Management

Cereal–legume rotation is one of the conventional cropping sequences that manages
or switches weed prevalence at small farms. This is only possible once the compet-
itive nature of the component crops is privileged over the most prevalent weeds
(Dimitrios et al. 2010). Despite advances in controlling and managing approaches,
weeds have acquired greater intensity and are considered to be the most destructive
among all the crop pests, because weed species have the capacity to acclimatize to
the novel environment (Sosnoski and Cardina 2006). In an integrated agricultural
system, the introduction of an appropriate cropping scheme along with a spatial
arrangement such as the integration of legumes into crop rotation and efficient tillage
can also make it possible for the crop itself to struggle with weed flora (Avola et al.
2008), but an accepting and perceptive understanding of weed dynamic forces and
the effects of interrelated crop and soil factors on the weed life cycle are required
(Davis and Liebman 2003). The abundance of weed flora is dependent on integrated
managing practices (Marshall et al. 2003). The weed seed reserve also exposes the
position of weed distribution and would possibly be considered as a marker for the
contact of crop and soil management (Buhler et al. 2001). Still, the association
between the size of the weed seed stock inside the soil and the percentage of weeds
emerging is very complex (Sjursen 2001). Legume-based crop rotation together with
tillage interventions, the usage of chemical pesticides, and various other agronomic
approaches have a considerable effect on the weed dynamics and weed seed stock in
terms of both size and distribution in different soil horizons (Marshall et al. 2003).
The weed flora creates severe difficulties in certain cropping systems, particularly in
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organic farming systems, where the application of herbicides/weedicides is
completely avoided. Verdú and Mas (2007) observed that mulching in crop rotation
along with legumes is one of the weed control approaches that also offers additional
aids to agricultural sustainability, for instance, soil protection measures avoiding
pesticidal contamination and pollutions. Zero tillage accompanied by a rotation
system and the use of mulches has the potential to encourage the sustainability of
the agricultural system (Carofa et al. 2007; Buragohain et al. 2017; Marfo et al. 2015;
Lojkova et al. 2015) because the effects of the design of crop rotation on the density
and prevalence of weed flora are heightened by the zero-tillage system (Anderson
2007). Adoption of crop rotation practices reduces the use of weedicides that might
modify the size of the weed seed reserve in cultivated soils (Squire et al. 2000)
because the crop tolerance to weed species is encouraged by cultural practices (Hald
1999). Crop rotations consisting of two warm-season crops followed by two cool-
season crops are more destructive for the growth and development of weed flora
(Anderson 2007). Plants with allelopathic effects such as maize, barley, wheat, rye,
and triticale promote ecological weed management by decreasing the effect of
agricultural practices on environmental quality (Tabaglio et al. 2008; Bahadur et
al. 2015; Datta et al. 2017c). A range of mechanical practices may also be useful in
diverse cropping systems and rotations that vary with regard to the weed species and
their growth stage (Chicouen 2007).

Koocheki et al. (2009) observed that weed composition and density were greatly
varied in respect of the species involved in the rotation. In a field of continuous
winter wheat, 90% of the total weed population was grasses and sedge, whereas this
contribution decreased up to 43% when sugar beet (Beta vulgaris) was rotated with
wheat. In contrast, the share of broadleaved weeds in the total weed population in
continuous winter wheat was 9.4%, which increased up to 55.2% in sugarcane–
wheat rotation.

6 Grain–Legume Crop Rotation Benefits for the Cropping
System

The importance and effects of grain legumes as a preceding crop are very diverse and
unique in nature (Zentner et al. 2002; Seymour et al. 2012). The agronomic pre-crop
payback of leguminous grain consists of two mechanisms (Chalk 1998). One is the
“N effect,” which is caused by BNFs and N processes that make available a longer-
term contribution to various crops (Peoples et al. 2009a). Another includes the
“break crop effect,” which embraces the profit to soil physical structure and SOM
(West and Post 2002; Hernanz et al. 2009), P mobilization (Egle et al. 2003), and
condensed stress from weeds, insect pests, and plant pathogens–diseases (Robson et
al. 2002). The benefits resulting from the N prerequisite are considerably greater
under conditions of low N fertilization, and benefits from “break crop effects” are
greater in crop rotation dominated by cereal crops, where the reduction in biotic
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stress arising from plant diseases could be an important factor from the yield
increment in grain legumes (Stevenson and van Kessel 1997). Therefore, it was
reported by Kirkegaard et al. (2008) in Northern Europe that cereal growing after
various “break” crops produces an average 24% higher grain yield in comparison
with cereals following continuous monocropping. This effect sustains drastically
reduced or zero-tillage practices, where weed and disease management and
nonmechanical soil loosening are crucial (Sánchez-Girón et al. 2004; Luetke-Entrup
et al. 2006; Molaei et al. 2017a, b), facilitating potential cost investments in the
subsequent crop (Von Richthofen et al. 2006). The combination of agronomic
effects includes improvement in growing environment conditions, offers manifold
ecological benefits to the agricultural system, and increases resource use efficiency
(Nemecek et al. 2008; Jensen et al. 2010; Westhoek et al. 2011). Improvement in
qualitative characters such as protein and N concentration (López-Bellido et al.
2001; Albrecht and Guddat 2004) increase income by increasing yields in successive
crops (Kirkegaard et al. 2008; Köpke and Nemecek 2010).

7 Crop Transition from Conventional to Organic
Agriculture

Healthy and vigorous soil is the passion of proponents of organic or natural farming.
With respect to the environment and natural processes, this includes the incorpora-
tion of various agricultural approaches such as legume-based crop rotation, cover
cropping, grass–clover leys, agroforestry, alley farming, animal manuring, integra-
tion of crop residues, and livestock farming. Refraining from the use of synthetic and
chemical fertilizers and pesticides, organic farming contributes toward a healthy
ecosystem, high-quality physical and chemical properties of the soil, and
waterbodies. Fields under organic farming normally have superior soils through
the preservation and sequestration of organic carbon and humus and the maintenance
of biodiversity (Fliebach et al. 2007). Even though organic farming equates to a zero
tillage system, a procedure regularly hailed as reducing C losses, it depends on the
use of harmful agrochemicals, including factory-made fertilizers, indicating that they
are organic to have more N and C (Teasdale 2007; Datta et al. 2014). The organic
systems along with reduced tillage also attest to being favorable with regard to the
concentration of organic C and biodiversity preservation (Berner et al. 2008). In
farming, the major threats stem from intensification and mechanization, i.e., inten-
sive input use, high stocking densities, specialization, greater dependence on agro-
chemicals, land desertion, adverse climatic stimuli, overgrazing, and the
proliferation of invasive alien species. Conventional farming systems have increased
the yield per unit area although reducing the labor requirement. The factors respon-
sible for the enhancement in yield consist of the cultivation of new plant varieties
with more efficient fertilizer use and many other cultural practices such as higher
seed rate and increased crop densities, higher fertilization rate, the efficacious use of
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pesticides and insecticides, and the extension of the mechanical harvesting of crops
(Oelhaf 1978), although many of these approaches diminish naturally available
resources, degrade crop quality and superiority, increase the soil–water pollution,
and increase the environmental pollution (Hamilton and Helsel 1995). The inclusion
of legume crops and composting increases soil productivity and soil quality as they
maintain the physical, biological, and chemical components of the soil by storing
more organic C (Zinati et al. 2001), the water infiltration rate, the soil’s aggregate
stability (Dabney et al. 2001), and the cation exchange capacity (Khallel et al. 2000),
eliminating the nematode population in the soil and various other pathogenic
activities (Gallardo-Lara and Nogales 1987) by improving the plant’s tolerance to
nematodes (Gallaher and Mcsorley 1993). For the successful organic production
system, crop rotation followed by legumes is one of the essential components. By
sequential cultivation of diverse crops in the same field, crop assortment in both time
and space is obtained and insect pests, nematodes, and weed problems are mini-
mized. The rotational system maintains and/or improves soil structure, organic
matter content, and therefore the fertility status of the soil by suppressing root-
knot nematodes (Meloidogyne spp.). The root-knot nematode can be controlled by
incorporating the root-knot-resistant or -tolerant leguminous cover crop (Gallaher
and Mcsorley 1993), e.g., velvet bean (Mucuna deeringiana), cow pea (Vigna
unguiculata), or grasses (Poacaea), e.g., oats (Avena sativa) in a rotation cycle. In
agriculture, the concern is more focused on the enduring sustainability of agricultural
production and productivity. Mutually, excessive and lower doses of fertilizers than
recommended have depressed the management of resources and spoiled the envi-
ronment. Developed countries particularly tend to over-apply inorganic and organic
fertilizers and this has led to water, soil, and environmental contamination (Bumb
and Baanante 1996). In developing countries, population stress and pressure, harsh
climatic conditions, land constraints, the decline of conventional soil management
practices have degraded soil quality and fertility (Bumb and Baanante 1996; Henao
and Baanante 1999).

Owing to the fact that agriculture is a soil-based industry that mines numerous
plant nutrients from the soil’s ecosystem, efficient and effective approaches are
required for returning the nutrients back to the soil. When crop rotation is followed,
the economic yields of crops are typically 10–15% advanced compared with yields
obtained from monoculture (Frick and Johnson 2004). Rotations that include
legumes and cereals help to ensure that the land is not exhausted. N is the main
nutrient element usually contained in commercial fertilizers used by farmers. It is
required by plants in large quantities, and usually has the quickest and most
pronounced impact on growth. Plants absorbs N from the soil in the form of NO3

�

and NH4
+. Air contains 78% N, but most plants cannot access it. Legumes are

therefore special in that they host N-fixing bacteria such as rhizobium that can
convert atmospheric N into a form that can be used by the host plant. Legumes
have been identified for their ameliorative effects on soil since time immemorial.
They add substantial amounts of protein-rich plant biomass to the soil system and
plant rhizospheric zone, and keep the soil healthy and productive without the
application of chemical and synthetic fertilizers (Kakraliya et al. 2017). Thus, crop
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rotation is a transition form of organic farming, i.e., a novel, innovative, strong and
healthy structure of agriculture with respect to the environment and ecosystems.
Avast number of studies have convincingly concluded that organic agriculture is
more valuable to biodiversity (Oehl et al. 2004; Gabriel et al. 2006; Gabriel and
Tscharntke 2007; Gabriel et al. 2010; Yadav et al. 2017a) owing to the adoption of
common cultural activities, for instance, crop rotation and the absence of chemical
insecticides and pesticides.

8 Intercropping

Intercropping of cereals among legumes is an all-encompassing term, i.e., growing
two or more species in same field at the same time (Malezieux et al. 2008) or growing
two or more than two crops in secure propinquity, i.e., crops are close up in the same
row or bed, or in rows or strips that are adequate for biological relation and
interaction. Intercropping includes relay cropping, companion planting, mixed
cropping, interseeding, smother cropping, over-seeding, under-seeding, planting
polycultures, row crops, cover crops, and mulching with crop residues (Layek et al.
2018; Datta et al. 2017b). Intercropping is basically a performance of eco-function
strengthening and intensification that is measured to improve yields of organic or
natural farming (Niggli et al. 2008). However, owing to the amplification and
intensification of farming systems for the last five decades (Crews and Peoples
2004), annual intercropping is now exceptional in European nations (Malezieux et
al. 2008). On the other hand, by introducing cereal–legume intercropping, numerous
ecosystem services are provided (Hauggaard-Nielsen and Jensen 2005). They seem to
be a renewed concern in cereal–legume intercrops, particularly in natural farming
(Malezieux et al. 2008) for the purposes of eco-functional strengthening and inten-
sification. Intercropping has shown a positive role in increasing and balancing the
yield (Hauggaard-Nielsen and Jensen 2005) and in increasing the concentration of
protein and other nutrients over monocropping (Gooding et al. 2007), mainly in
organic farming and low N input systems where N supply can be limited (Corre-
Hellou et al. 2006). Intercropping has also been shown to:

(i) Enhance and maintain soil conservation (Anil et al. 1998)
(ii) Promote efficient weed management owing to enlarged surface cover (Dimi-

trios et al. 2010) and also because of the release of toxic chemicals, i.e.,
allelopathy (Belel et al. 2014)

(iii) Minimize insect pests and diseases (Altieri 1995)
(iv) Offer superior lodging resistance (Anil et al. 1998)
(v) Influence crop production (Liebman and Davis 2000; Hauggaard-Nielsen et al.

2001)
(vi) Efficiently utilize resources (Thayamini et al. 2010).

In comparison, when leguminous grains such as pea (Pisum sativum) cultivated in
monocropping system are accepted as fragile competitors to weed flora and weed
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influx has been exposed to harshly bind the N2 nutrition and grain yield of organ-
ically cultivated leguminous grain (Hauggaard-Nielsen et al. 2001). Usually, the
weed capability of intercrops to efficiently suppress the weed growth is over-reliant
on the type of component crops being selected, their proportion/ratio, the genotype
being preferred, their spatial arrangement, plant population or density, and the level
of soil moisture and fertility (Dimitrios et al. 2010; Rana and Rana 2011; Belel et al.
2014). Furthermore, grain legumes as sole crops are susceptible to lodging exagger-
ated by abundant insect pests and diseases, which can be the origin of serious losses
of yield in organic farming where pesticide application is prohibited. According to
these points of view, intercropping can be an approach to profitably producing
organic grain legumes (Hauggaard-Nielsen et al. 2001). Thus, cereal–legume inter-
crops have the strength to boost total gain yield per unit area and grain superiority, in
particular, protein concentration (Gooding et al. 2007).

9 Monoculture

Monoculture is an agricultural practice in which the same crop species is cultivated
continuously over the year, i.e., growing or producing the same crop, variety, or the
same livestock species, bred on the same piece of land or farming system during one
period, whereas polyculture is the alternative to monoculture and the growing of
polymorphous crops on the same piece of land at one time. Continuous monoculture
or monocropping can bring about more rapid increase in insect pests and plant
diseases and then these spread quickly in the entire field once the crop species
falls susceptible to it. Under a monocropping pattern, the soil is always deficient in
microbial biomass (Moore et al. 2000). The continuous and constant monoculture is
undesirable and objectionable because of the enlarged biotic stress liable from
weeds, insect pests, diseases, and nematodes, together with complications in
maintaining a good fertility level, as shown in Fig. 3.

10 Characteristics and Choice of Crops Commonly Grown
in Crop Rotation

The crop choice for crop rotation is a very responsible aspect that includes various
factors, such as the previous incidence of the grower, soil quality, soil nature,
climatic constraints, market demand, labor costs, and availability. The cultivation
system requires a suitable multi-annual rotation together with legume crops, having
different rooting depths (UKROFS 2001). Crops with diverse rooting depths should
be utilized within the rotation and also within the individual crops, e.g., forage herbs
are commonly mixed with several varieties of clover crops and annual grasses to
make available different sward structures both above and below the ground. The
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addition of green manures, cover crops or legume crops in rotation can considerably
increase the efficiency of N use. Soil N is immobilized by nonleguminous crop
plants that grow up dynamically during the winter season (e.g., rye), otherwise it will
leach down into the soil system (Wyland et al. 1995). This N is consequently
converted into the available and accessible form by mineralization after merging
into the soil. Vigilant responsiveness is mandatory to the timing and method of N
assimilation of the cover crop that can match the period of peak crop N demand rate
to N mineralization (Rayns et al. 2000). One of the most significant problems in
crafting the crop rotations for organic farming is complications in the supervision
and management of soil fertility to achieve numerous targets. Although the integra-
tion of cover crops or green manures can have favorable influences on N manage-
ment, there may be the possibility of associated diseases, such as plant pathogens
(e.g., Rhizoctonia solani) proliferating in plant detritus (Weinhold 1977). In contrast,
cover crops and green manures have also been revealed to have the potential for
monitoring diseases in vegetables (Abawi and Widmer 2000). The preference of
crops and their provision in farming areas is the foundation of agricultural coordi-
nation management. These decisions focus on the density concerned in the cropping
scheme design and selection at the farm level because of their many involvements at
diverse stages of the crop production processes (Navarrete and Bail 2007). Thus, the
sketching and planning of cropping patterns are in fact decisive, critical, and vital
steps in crop rotation processes and make very significant contributions to the annual
and long-term sustainability, efficiency, productivity, prosperity, and profitability of
farms. Thus, a suitable cropping arrangement must ensure numerous and conflicting
objectives and can take into account a great number of factors and their relations
under concern (Nevo and Amir 1991).

Fig. 3 The problem associated with monoculture. (Modified Source: Reddy 2016)
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11 Future Outlook

By 2030, India needs approximately 32 million tons of pulse grains to meet the
feeding requirements of 1.68 billion people, as expected at that time. The global
pulse supply is very restricted, as India happens to be a major producer and
consumer of pulses. Hereafter, India should produce the required quantity, but also
remain competitive to protect indigenous pulse production. The biological N fixation
through crop rotation already makes a significant contribution as regards the total
amount of N fixed globally, i.e., about 90 million tons year�1, but still need for its
development the expansion and widespread application in agriculture, especially to
upgrade the world’s most exposed livelihoods, cropping systems patterns, and
management. Biological N fixation is an effective and essential, complementary,
alternative, or cost-effective solution for poor farmers than using industrially
manufactured N fertilizers. Grain legumes are the major and richest sources of
protein for the survival of the poorest farmer households. When legume production
exceeds household necessities, it can be voluntarily traded to earn income, making
considerable and express contributions to livelihoods. In addition to the substantial
economic benefits and optimistic impact on human health, there is also the potential
to cause global ecological settlement by reducing greenhouse gas emissions and
water pollution from inorganic N fertilizers. Research on biological N fixation
through crop rotation with legumes, particularly an understanding of the molecular
genetics concerned with rhizobium–legume symbiosis, has taken significant steps
forward by providing new opportunities and possibilities for designing strategies
expected to enhance N fixation capacity and legume productivity.

12 Conclusion

Crop rotation with the inclusion of legumes is an essential and central key compo-
nent of a successful organic farming system. The sequential growth of different
crops followed by legumes is a potential way of achieving crop diversity in both
space and time that maintains soil structure, soil fertility, soil productivity, and soil
organic matter, while suppressing the insect pests, diseases, nematodes, and weed
problems. Weed and insect pest management in monoculture is the most crucial
factor for crop productivity. Therefore, the crop rotation approach is the primary
consideration in the improvement of soil sustainability and crop productivity. The
altered soil biology invasion of legumes habitually has a favorable impact on
farming systems by accumulation and reutilization of N fixed by BNFs, increasing
nutrient absorption, reducing GHG emissions via the reduced use of synthetic N
fertilizers, disturbing the life cycles of insect pests and pathogens, refining the
physical structure of the soil by adding soil biomass, soil porosity, organic C content,
water-holding capacity or moisture retention capacity, and a reduction in soil and
water erosion.
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Nitrogen-Cycling Communities
in Organically Amended Versus
Conventionally Managed Agricultural Soil

Lily Pereg and Mary McMillan

Abstract Productivity in agricultural ecosystems is often largely dependent on the
input of nitrogen fertilizers such as urea, nitrate, and ammonia, despite the high
financial costs and potential detrimental effects on the environment. Soil enrichment
with organic matter, such as plant compost, straw, or manure, can enhance soil
organic carbon and improve soil quality and increase aggregate stability, biological
activity, and microbial diversity, including nitrogen cycles. The abundance of the
nifH gene, thus nitrogen cycles, was found to be enhanced when organic fertilization
was used and correlated mainly to the availability of organic carbon, potentially due
to the presence of fuels required to run the energetically expensive nitrogen fixation
process. On the other hand, readily available ammonia and nitrate, which are often
associated with inorganic fertilization, tend to suppress the soil potential for nitrogen
fixation. The impacts of fertilizers on denitrifying microbial communities are com-
plex, due to the great diversity of the denitrifiers and the variation in their abundance
in different environments. However, in general, the use of organic fertilizers
increases denitrification potential and activity in soils when compared to inorganic
fertilization. This is particularly important for increasing the abundance of those
denitrifiers containing the nosZ genes and capable of the final step of the denitrifi-
cation process, removing the potent greenhouse gas nitrous oxide by its conversion
to dinitrogen. Bacterial and archaeal nitrifiers react differently to variations in soil
conditions and to different fertilization management strategies. It is important to note
that nitrogen fertilizers in access might turn into an ecosystem hazard where nitri-
fying microbes convert them to nitrate. This survey of the literature suggests that the
addition of organic matter to agricultural soils, even where inorganic nitrogen
fertilizers are used, enhances the soil potential for nitrogen cycling and soil
sustainability.
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Abbreviations

amoA Gene encoding the monooxygenase enzyme
amoA-arch Archaeal amoA gene
amoA-B Bacterial amoA gene
AOA Ammonia-oxidizing archaea
AOB Ammonia-oxidizing bacteria
ATP Adenosine triphosphate
Av N Available nitrogen (Kjeldahl method)
C Carbon
CO2 Carbon dioxide
DMPP 3,4-Dimethylpyrazole phosphate
IF Inorganic fertilization
N Nitrogen
N2 Dinitrogen gas
N2O Nitrous oxide
NH3 Ammonia
NH4

+ Ammonium ion
nifH Gene encoding the dinitrogenase reductase enzyme
nirK Gene encoding the copper-containing nitrite reductase enzyme
NirK Copper-containing nitrite reductase
nirS Gene encoding the cytochrome cd1 nitrite reductase enzyme
NirS Cytochrome cd1 nitrite reductase
NO Nitric oxide
NO2

� Nitrite
NO3

� Nitrate

1 Nitrogen Fertilization and Microbial Communities
in Agricultural Soils

Nitrogen (N) is a vital element for all forms of life including plants, with one to four
percent of the living material, including proteins, DNA, and RNA, being composed
of nitrogen (Woodmansee et al. 1978). Therefore, productivity in agricultural eco-
systems is often largely dependent on the input of N fertilizers. The high demand for
N in intensive cropping and other agricultural systems is generally met by the
addition of fertilizers, such as urea, nitrate, and ammonia, to the soil. However, the
effects that such agrochemicals have on soil function are largely unknown. In
general, the availability and productivity of agricultural soil is under threat, due to
greater urbanization and also intensified farming practices which utilize extensive
irrigation, increasing amounts of agrochemicals, and heavy machinery (Berry 1978;
Newman et al. 2015; Li et al. 2015). As these intensive agricultural practices result in
land degradation, it is increasingly necessary to identify or develop sustainable
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cropping systems that result in large biomass yields and maintain or improve
ecosystem services (Orr et al. 2015), such as soil N cycling.

In agricultural systems, N is taken out from the ecosystem when plants and/or
animals are removed. Consequently, there is a need to constantly replace the N
supply in these farming systems. This is achieved through the widespread use of
N-containing fertilizers, despite the high financial costs and potential detrimental
effects on the environment (Ladha et al. 2005; Spiertz 2010). Manufacturing N
fertilizers from fossil fuels and transporting manures or other sewage-based fertil-
izers to agricultural areas are energetically expensive, especially when the amount of
fuel required is considered. These processes also result in the release of CO2 and
contribute to the pollution of water bodies through the leaching of nitrate and
generation of nitrous oxide, a potent greenhouse gas. These factors contribute to
the growing range of environmental concerns around the intensive farming practices
and the use of agrochemicals, such as soil compaction and erosion, overuse of land
for cropping or grazing, reductions in soil organic matter, depletion of water
supplies, and pollution of groundwater and surface waterways through agrochemical
runoff (Hirsch and Mauchline 2015). Agrochemical runs off, and soil degradation
can both contribute to eutrophication of aquatic habitats. Production practices that
result in degraded soil quality may then drive increased use of irrigation and
fertilization in an attempt to sustain soil productivity (Tilman et al. 2002; Zalidis
et al. 2002). This can, in turn, cause further damage to the soil while also increasing
the cost of crop production. While intensive arable farming and use of agrochemicals
might negatively impact soil chemical, physical, and biological properties (Caravaca
et al. 2002; Bellamy et al. 2005), the enrichment of soil with organic matter, such as
plant compost, straw, or manure, can enhance soil organic carbon (SOC) and
improve soil quality; increase aggregate stability, biological activity, and microbial
diversity (Johnston et al. 2009; Morugán-Coronado et al. 2015; Pérez-Piqueres et al.
2006; García-Orenes et al. 2010, 2013, 2016; Prosdocimi et al. 2016); as well as
reduce chemical input, increase plant productivity, and increase the sustainability of
organically managed agroecosystems (Macci et al. 2013).

Soil microbial communities are an important component of soil. The structure and
function of soil microbial communities vary depending on soil type, pH, tempera-
ture, plant cover and rotation, fertilization, tillage management, and water content
(Bossio et al. 1998; Saleh-Lakha et al. 2005; Jangid et al. 2008; de Vries et al. 2013;
Garbeva et al. 2008; Geisseler and Scow 2014; Quadros et al. 2012; Kibblewhite
et al. 2008; Geisseler et al. 2010). Agricultural land management strategies can
reduce the diversity and abundance of soil microorganisms and affect various soil
properties (Caravaca et al. 2002). For example, decreased availability of water
reduces soil organic C, altering the structure of soil microbial communities (Canarini
et al. 2016; Bastida et al. 2017). It is widely acknowledged that water availability is
essential for the maintenance of soil microbial communities. However, there is a lack
of information on how different water management practices impact soil microbial
communities (Bastida et al. 2008). In semiarid conditions, where water supplies are
limited, the addition of organic matter may support the development of soil micro-
bial communities and increase soil biodiversity (García-Orenes et al. 2010; Frenk
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et al. 2014; Wafula et al. 2015; Bastida et al. 2017). At the same time, maintaining
crop cover on the soil surface, and minimizing soil tillage, can improve the soil
physical structure, allowing improved water retention and maintenance of biological
activity (Morugán-Coronado et al. 2015). Agrochemicals, including herbicides,
fertilizers, fungicides, and insecticides, can affect the soil biota and the structure
and function of soil microbial communities and therefore have a significant impact
on soil quality (Imfeld and Vuilleumier 2012; Sofo et al. 2012). Soil microbial
communities are very sensitive to changes in the soil, including physical disruption
of the soil or changes in water or nutrient content. They can thus be considered as
possible indicators of variations in the soil environment and of soil quality (Zornoza
et al. 2009; Frenk et al. 2014).

An increased understanding of how agricultural management practices influence
the structure of soil microbial communities and their overall impact on soil health is
markedly important under semiarid conditions (García-Orenes et al. 2013). In
semiarid areas, environmental constraints result in the overexploitation of land for
food production, and these intensive farming practices result in a decline in soil
structure, soil fertility, and a loss of organic matter (Caravaca et al. 2002). Sustain-
able farming practices, including the application of organic matter to enrich the soil,
can enhance SOC and improve soil quality, as observed in arable agriculture
following the addition of animal manures (Johnston et al. 2009). Soil organic
amendments can also influence diverse soil microbial communities and enhance
soil fertility. Organic nutrient sources have been suggested to be beneficial for both
soil biodiversity and crop production, as they increase soil organic matter and
potentially lead to improvements in a number of soil biological and fertility indica-
tors, including soil aggregation, porosity, and water retention. In southern Spain, a
decline in soil organic matter content and an associated loss of soil fertility have been
observed as a result of intensive agriculture and the semiarid conditions (Caravaca
et al. 2002). In contrast to conventional agriculture in this region, the use of organic
amendments promotes the activity of soil microbial communities, increases micro-
bial biodiversity, and improves soil properties. For example, application of oat straw
to experimental plots on abandoned agricultural land led to soil restoration (García-
Orenes et al. 2010, 2013). Morugán-Coronado et al. (2015) found that management
practices including no-tillage, retention of vegetation cover, and application of
manure improved soil conditions and increased soil organic matter and soil aggre-
gate stability, leading to increased biological activity. The use of organic fertilization
in grapevine production has been trialed over the last 10 years in semiarid regions in
Spain. The use of organic amendments has resulted in improved soil quality indica-
tors, including an increase in soil microbial diversity and enhanced soil biological
activity, in comparison to traditional farming practices using chemical fertilization
(García-Orenes et al. 2016). Earlier, Pérez-Piqueres et al. (2006) reported that the use
of organic fertilizers, in the form of compost amendments, manure, and grapevine
prunings, promoted an increase in soil microbial activity, enhancing the fertility and
productivity of agricultural soils. Interestingly, Castañeda et al. (2015) found that
organic rather than conventional management resulted in similar communities in
grapevine soils to that of nearby forest in Chile, suggesting that the use of various
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types of organic amendments in agricultural soils would lead to sustaining soil
biological and functional diversity and contribute to conservation of agricultural
land. There has been a movement toward implementing organic fertilization systems
to help improve soil properties, thereby increasing the productivity of agricultural
land, and also allow for a reduction in agrochemical inputs, increasing the sustain-
ability of such agroecosystems (Macci et al. 2013).

2 Microbial Functions in Agricultural Soils: The Nitrogen
Cycle

Soil organisms undertake a large number of ecosystem services, such as nutrient
cycling. Microorganisms carry out N cycling (Fig. 1), which is one of the most
important soil functions (Fitter et al. 2005; Wallenstein and Vilgalys 2005; He et al.
2007). Several soil properties are related to mineralization and immobilization rates
of N in soils, including microbial biomass, enzymatic activity, soil respiration rate,
and microbial C and N contents (Alef et al. 1988; Hart et al. 1994; Tietema 1998;
Barrett and Burke 2000; Bengtsson et al. 2003).

Although our atmosphere is composed of around 78% N (inorganic form), this N
source is not available directly to plants and animals. The only organisms that can
access this N2 pool are bacteria and archaea that produce the enzyme nitrogenase.
Nitrogenase-producing organisms can reduce the triple bond in atmospheric N2 to
ammonia, converting N into a source which can then be used by other organisms
(Dixon and Kahn 2004; Wuebbles 2002). Thus, in nature, the major input of
available N into the biosphere is through diazotrophic N fixation by prokaryotes
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(Fig. 1). Nitrogenase is the key enzyme in N fixation. The N-reductase subunit of
nitrogenase is encoded by the highly conserved gene nifH (Coelho et al. 2009). The
abundance of the nifH gene in an environmental sample gives an indication of the
potential for N fixation by bacteria (Coelho et al. 2009). Microbial assimilation of
inorganic N is critical for improving soil retention of N (Vinten et al. 2002; Tahovská
et al. 2013). Addition of N to the soil is often in forms unavailable for direct uptake
by plants, including urea (Witte 2011) or organically bound N in other fertilizers.
Therefore, microbial N cycling in soils is key in transforming these N sources into an
accessible form of N for plants (Fitter et al. 2005; Wallenstein and Vilgalys 2005; He
et al. 2010). In fertilized systems, the hydrolysis of urea, which results in the release
of ammonia and carbon dioxide (CO2), is a significant player in soil N balance. Urea
hydrolysis is catalyzed by the bacterial enzyme urease, with the urease alpha subunit
being encoded by ureC gene (Koper et al. 2004). The abundance of the ureC gene
can therefore also be used as an indicator for the presence of N cyclers. Since a large
portion of soil N is bound in organic matter in the form of proteins and other
N-containing macromolecules, mineralization starting with proteolysis is an impor-
tant step in the release of available N into the biosphere. Proteolysis is a rate-limiting
step in soil N cycling. Protease-encoding microbial communities can be studied by
quantifying genes encoding the alkaline (apr) and neutral (npr) metallopeptidase.
Using gene abundance assessment, Lori et al. (2018) found that organically managed
soils had a more stable N provisioning potential than conventional fertilized soils
under drought scenarios, probably facilitated by a distinct and more adaptive pro-
teolytic microbial community.

Nitrification and denitrification, involving ammonia oxidation and nitrate and
nitrite reduction to N2O and N2, respectively, are major components of the soil N
cycle (reviewed by Teixeira and Yergeau 2012). A variety of microbes decompose
organic N into NH4

+ (Zhou et al. 2012), and the preferred N form available for
plants, namely, NO3

�, is produced by nitrifying microorganisms, which oxidize
NH4

+ to NO2
� and then NO3

� (Horz et al. 2004; Fierer et al. 2012). Nitrification is
an aerobic process which begins with the oxidation of ammonia to nitrite. Nitrite
produced in this reaction is then further oxidized to nitrate by nitrite-oxidizing
bacteria. The oxidation of ammonia is often the rate-limiting step and is catalyzed
by the enzyme ammonia monooxygenase. The abundance of bacterial and archaeal
amoA genes, which encode the alpha (A) subunit of ammonia monooxygenase, can
be measured using molecular techniques and be used to estimate the soil’s potential
for nitrification. The relative contribution to nitrification by bacterial versus archaeal
ammonia oxidizers in soils and other ecosystems is still under debate (reviewed by
Teixeira and Yergeau 2012).

The N cycle is considered to be completed when denitrifying microorganism
reduces NO3

� to NO, N2O, and N2, returning N to the atmosphere (Braker et al.
1998; Houlton and Bai 2009). Denitrification is a complex anaerobic process
involving various enzymes that remove fixed N and convert it to other forms,
including gaseous N compounds. N cycling is therefore also important from several
other environmental perspectives, including controlling emission of the greenhouse
gas nitrous oxide (N2O). It has been estimated that approximately 5% of soil
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microbial biomass is denitrifying bacteria (Braker and Conrad 2011), which are
functionally diverse and belong to over 60 genera (Philippot 2006). The rate-limiting
step in denitrification is the reduction of nitrate (NO2

�) to nitric oxide (NO), which
distinguishes denitrifiers from other nitrate-reducing bacteria. This step is catalyzed
by the enzyme nitrate reductase. Denitrifiers may contain one of two functionally
and physiologically equivalent types of nitrite reductases: a Cu-containing enzyme
(encoded by nirK) and a cytochrome cd1 (encoded by nirS) (Philippot 2006; Zumft
1997). The size of denitrifying microbial communities has been correlated with
denitrification process rates (Throbäck et al. 2007; Hallin et al. 2009; Morales
et al. 2010; Szukics et al. 2010; Petersen et al. 2012; Wu et al. 2012; Butterbach-
Bahl et al. 2013). Another key reaction in the denitrification process is the reduction
of N2O to N2. This reaction is catalyzed by the enzyme nitrous oxide reductase,
encoded by the gene nosZ. The presence of the nosZ, a gene in the soil, may suggest
that the microbial community present can reduce N2O to N2 and influence the
balance of the two in the environment (Philippot 2006). Given that denitrifiers
account for a significant proportion of soil microbial communities, the response of
denitrifying microbes to agricultural management strategies is useful in assessing
trends in soil functioning. Community composition has been shown to vary with the
use of N and C fertilization (Hallin et al. 2009; Yin et al. 2014; Bastian et al. 2009),
crop production practices and cropland use (Reeve et al. 2010; Bissett et al. 2011), as
well as cover plant species (Bremer et al. 2007; Hai et al. 2009; Petersen et al. 2012).
Our ability to identify agricultural practices that enhance immobilization and trans-
formation of fertilizer N by soils requires an understanding of the impact agricultural
management practices, such as the application of N, have on N-cycling microbes.
Genes associated with the N cycle have been quantified and assessed in order to
elucidate the effects of soil properties and management practices, such as soil
geomorphology and land use (Colloff et al. 2008), pasture management (Wakelin
et al. 2009), N fertilizers (Okano et al. 2004; Cavagnaro et al. 2008), and tillage
(Cavagnaro et al. 2008), on the function of soil microbial communities. The main N-
cycling gene targets for molecular analysis of soil N-cycling potential include the
denitrification genes nirK, nirS, and nosZ, the nitrification amoA genes (in both
bacteria and archaea), and the N fixation gene nifH (reviewed in Teixeira and
Yergeau 2012).

3 Nitrogen-Cycling Communities in Soils Under Various
Fertilization Managements

3.1 Nitrogen Fixation

It may be anticipated that fertilizers containing N will have some impact on micro-
bial communities involved in N cycling, as it may remove any selection pressure for
the ability to carry out N2 fixation. However, the Rothamsted Broadbalk experiment,
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which compared the effects of different N inputs over a 170-year period, showed no
significant effect on the diversity of the nitrogenase gene nifH, despite observed
changes in microbial community structure (Ogilvie et al. 2008). Nevertheless, other
studies have reported differences. A study conducted in south-east Australia, which
compared a number of different soil types and different land management practices,
indicated that land use had no influence on nifH gene abundance. Instead, the
primary factor influencing nifH abundance was the amount of microbial biomass
carbon (Hayden et al. 2010). In other Australian studies, the use of organic mulch as
a soil amendment increased the abundance of the nifH gene in cotton soils, and the
application of manure helped to maintain the level of nifH before and after crop
planting. In a Spanish study of grapevine soil, the abundance of the nifH gene was
significantly increased under treatment with organic fertilizers than when inorganic
fertilizer was used (Pereg et al. 2018). Morales et al. (2010) hypothesized that the
nifH gene, indicating the potential for N fixation, would be found at higher levels in
soils where leguminous plants were regularly grown. However, they found that the
nifH gene was more abundant in soil samples collected from forested sites, or soils
from sites used for successional planting, than it was in agricultural soils, including
those regularly planted with soybeans. These findings have been attributed to the
populations of free-living N fixers present in natural ecosystems. Pereg et al. (2018)
also observed that organic treatments which included either leguminous plants or
manure resulted in a similar abundance of the nifH gene, suggesting that factors
other than leguminous plant cover may account for the increased potential for N
fixation in organically managed systems when compared to traditional inorganic
fertilization practices. Also, in agreement with Morales et al. (2010), Pereg et al.
(2018) showed that the increased abundance of nifH under organic fertilization
regimes correlated strongly with available N (Av N, Kjeldahl method) and total
organic carbon (TOC) in grapevine soil. Pereg et al. (2018) suggested that the readily
available nitrate and ammonia in inorganic fertilizer may have suppressed the
abundance of N fixers, as indicated by the reduced abundance of nifH under
inorganic fertilization compared with soil treated with slowly released organic N
sources. Coelho et al. (2009) have also detected a reduction in free-living diazotroph
communities in soil with increasing levels of inorganic N fertilizer. High levels of
NH3 and NO3

� (available forms of N) found in inorganic fertilizers may repress the
synthesis and/or catalytic activity of the enzyme nitrogenase (Bisseling et al. 1978),
suppressing N fixation in soil treated with fertilizers and abolishing the competitive
advantage that diazotrophs may have in environments poor in available N. The
process of N fixation is energetically expensive and requires large amounts of
adenosine triphosphate (ATP) and reducing equivalents. Therefore, readily available
carbon (C) source is also essential for diazotrophs to fix N (Chan et al. 1994). Results
from Pereg et al. (2018) indicated that organic amendments that release organic N
and phosphorus gradually into the soil (García-Orenes et al. 2016) support the
conservation of N fixer communities in grapevine soils. This is in agreement with
earlier studies reporting that phosphorus fertilization stimulates N fixation in soils
(Reed et al. 2007) probably due to the high energy requirements of the N fixation
process. It should also be noted that other soil parameters will also influence the
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abundance and activity of N-cycling microbial communities. The seasonal dynamics
of these N-cycling communities are also tightly coupled with seasonal changes in
labile C and N pools, temperature, oxygen availability, soil compaction, and soil
moisture (Meng et al. 2017; Butterbach-Bahl et al. 2013; Rasche et al. 2010;
Menneer et al. 2004).

3.2 Nitrification

During nitrification, ammonia is converted to nitrite by ammonia oxidizers and then
to nitrate by nitrite oxidizers. Ammonia-oxidizing archaea (AOA) are considered to
be more abundant than ammonia-oxidizing bacteria (AOB) in the majority of soil
types (Leininger et al. 2006). However, it is not yet clear what the relative contri-
butions of these different groups are to soil nitrification and whether or not they can
be considered to be functionally interchangeable (Jia and Conrad 2009; Xia et al.
2011). The AOA require less energy and less ammonia than AOB and are therefore
likely to be more abundant than AOB in soils that are unfertilized and in natural soils
such as forest soils, despite having lower rates of ammonia oxidation than their
bacterial counterparts (Martens-Habbena et al. 2009; Tourna et al. 2011). However,
AOA has also been found to be more abundant in a variety of arable and agricultural
soils (Zhalnina et al. 2013). Acidic soils may also be more likely to support AOA
over AOB, as at low pH there is a shift toward ammonium over ammonia, which
limits substrate availability and growth of AOB (Hirsch and Mauchline 2015).
Although AOA has been found to dominate in arable soils at neutral pH, it appears
to be AOB that increase in numbers in response to the application of N. Nitrification
increases as N availability increases, and it is assumed that AOB are responsible for
these increases in nitrification (Hirsch and Mauchline 2015). Similarly, the size of
AOB communities, but not AOA, has been shown to increase with increased N
availability in farmed grasslands (Di et al. 2009) and in direct response to application
of animal manure (Wakelin et al. 2013), while in contrast, AOA was shown to
decline with increasing N in two different arable soils (Bates et al. 2010; Wessén
et al. 2011). In acidic soils, however, it is AOA that show a greater response to the
application of N fertilizers (Gubry-Rangin et al. 2010). This again reflects the
availability of ammonia as a substrate and the different pH optima for the two
groups: nitrification by AOB decreases at lower pH (below 7), while conversely,
nitrification by AOA decreases as soil pH increases (Hirsch and Mauchline 2015).
AOB fix C autotrophically, and ammonia is its only source of usable energy and
reductants. AOB isolated from acidic soils are often ureolytic, containing the urease
enzyme, and ureolytic AOB can grow at lower pH with urea as an ammonia and CO2

source (summarized in Koper et al. 2004), two ecologically important traits. Koper
et al. (2004) suggested that ureolytic AOB may have an advantage in soils receiving
animal wastes or urea fertilizers. The structure of AO microbial communities is also
influenced by pH: different groups of AOA and AOB have been found in arable soils
maintained at a range of pH from 4.5 to 7.5 (Nicol et al. 2008). The structure and
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function of these microbial communities seems to be influenced more by the soil
properties rather than by the land management strategies used (organic versus
conventional), which may explain why significant heterogeneity has been observed
in AOA and AOB abundance (Hirsch and Mauchline 2015).

In agreement with Wessén et al. (2010) and Zhang et al. (2010), a study by Pereg
et al. (2018) comparing organic versus inorganic grape production indicated that
amoA genes, involved in ammonium oxidation in both bacteria and archaea, were
affected differently by the fertilization practices. Abundance of the bacterial amoA
(amoA-B) gene was lowest in soils treated with organic fertilizer in the form of
prunings plus manure (OPM) yet higher in soil treated with prunings and legume
cover (OPL) and under inorganic fertilization (IF) (Pereg et al. 2018). IF (20 Kg ha�1

N annually) soil was treated with NH4NO3 containing NPK, whereas OPL (15 Kg
ha�1 N annually) was not treated with inorganic fertilizers. Nevertheless, there was a
greater abundance of amoA-B under both treatments than in OPM-treated (126 Kg
ha�1 N annually) soil. While NH3 is produced from degradation of the organic
matter in fresh manure, a large proportion of it might be lost by direct conversion
into NO3

� by heterotrophic nitrifiers or by volatilization (Maeda et al. 2011 and
references within). In contrast, archaeal amoA (amoA-arch) genes were evenly
distributed under all treatments, OPM, OPL, and IF, in grapevine soil (Pereg et al.
2018). In contrast to Leininger et al. (2006), Di et al. (2009), Hai et al. (2009), and
Pereg et al. (2018) found a higher abundance (approx. tenfold) of archaeal than
bacterial amoA in the soil. Hai et al. (2009) found an even distribution of AOA, but
not AOB, in tropical sorghum soils treated with manure or straw with or without urea
and, similar to Santoro et al. (2008), concluded that the AOA populations are more
stable than AOB populations. AOB and AOA were present in lower numbers in soils
treated with ammonium sulfate, compared to other soil treatments (Hallin et al.
2009). Interestingly, treatment with sewage sludge negatively impacted on the size
of the AOA communities, but not on the AOB communities. The results of this study
confirmed that fertilization regimes could affect not just the abundance of ammonia
oxidizers but also the AOB/AOA ratio (He et al. 2007). However, it is not yet clear
exactly which conditions favor the dominance of one or the other of the two types of
ammonia oxidizers, bacterial and archaeal. Zhang et al. (2017) observed significant
effects of pig manure as a fertilizer on nitrification activity and ammonia oxidizer
communities. Although in general AOA were obviously more abundant than AOB
(hundreds of times greater), it seemed that the AOB community was more sensitive
to the shifts in fertilization or soil heterogeneity. This study also found that other
factors, such as C- and N-related soil nutrients and enzyme activities, were important
factors in shaping AOA and AOB community structures (Hallin et al. 2009). Taken
together, these studies also suggest that variations in environmental conditions affect
bacterial communities more than their archaeal counterparts. Archaea were found to
oxidize ammonia and assimilate C in an agricultural soil, with different groups
carrying out either heterotrophic activity or autotrophic CO2 fixation (Pratscher
et al. 2011). Such heterogenicity in ammonia-oxidizing microbes could possibly
explain why bacterial and archaeal amoA abundance was independent of TOC in
grapevine soils as observed by Pereg et al. (2018) and in soils collected from
Australian cotton fields.
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To summarize, while nitrification takes place in most soils, in soils that are acidic
or nutrient-poor, AOA may be responsible for most nitrification, while AOB con-
tribute to a greater extent in neutral and fertilized soils. As a consequence, there may
be a delay between the application of fertilizers to nutrient-poor soils and an increase
in nitrification, until the AOB populations have the time to adjust and increase. AOA
and AOB also show different responses to inhibitors of nitrification. For example,
the inhibitor 3,4-dimethylpyrazole phosphate (DMPP) reduces size of AOB com-
munities, but does not impact AOA (Kleineidam et al. 2011); similarly, high levels
of sulfadiazine residues in pig manure inhibit growth of AOB to a much greater
extent than they inhibit AOA (Schauss et al. 2009). N fertilizers in access might turn
into an ecosystem hazard, where nitrifying microbes exist and convert available N to
nitrate. Excess of nitrate might leach into, and cause eutrophication of, aquifers,
groundwater, lakes, and estuaries (Vitousek et al. 1997; Galloway et al. 2008).

3.3 Denitrification

Denitrification is a useful ability for soil bacteria, allowing anaerobic respiration.
Many of the denitrifiers identified are facultative anaerobes, switching to denitrifi-
cation when soil becomes waterlogged and when organic matter and useable N are
readily available. Fungi that contain a mitochondrial gene similar to the bacterial-
type nitrite reductase gene can also be involved in denitrification (Kim et al. 2009).
Some factors, such as reduced oxygen availability, and changes in nitrate concen-
tration, that influence denitrification have been well-established. The addition of
manures and other organic fertilizers to soil tend to increase the activity of denitri-
fiers, relative to the use of inorganic fertilizers, but the impacts on the structure of
microbial denitrifier communities are less clear (Hallin et al. 2009; Philippot et al.
2007). Thompson et al. (2016) showed that the abundance of denitrifiers changed
differently than the total bacterial community of soils, suggesting that denitrifier
populations are regulated differently from the total bacterial community. However, a
long-term Swedish study comparing different fertilizer inputs found that overall
denitrification activity was correlated with the total bacterial biomass, with crop
yields, and with levels of the nosZ gene, which encodes the enzyme nitrous oxide
reductase (Hallin et al. 2009). In any case, the abundance, distribution, and diversity
of denitrifying microbes appear to be influenced by both soil conditions and man-
agement practices, and their activity can be assessed by reference to nir gene
abundances (Clark et al. 2012; Hallin et al. 2009).

The impacts of inorganic fertilizers on denitrifying microbial communities are
complex, due to the great diversity of denitrifiers themselves and the variation in
abundance in different environments (Hirsch and Mauchline 2015). However, in
general, it has been demonstrated that the use of organic fertilizers increases deni-
trification activity in soils when compared to inorganic fertilization (Philippot et al.
2007). The Cu-containing enzyme nitrite reductase nirK has been reported at higher
levels in arable soils and in soils that have been treated with increased N fertilizer
inputs (Philippot et al. 2007), while the alternative, nirS, has been found to be more
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abundant in intensively grazed pasture soils with increased soil ammonia levels
(Dandie et al. 2011). A study which compared various fertilization managements,
including unfertilized bare fallow, unfertilized plots with crop, and plots with crop
fertilized with calcium nitrate, ammonium sulfate, solid cattle manure, or sewage
sludge, found that the abundance of nitrate reducers (narG) and denitrifiers (nirS,
nosZ) were significantly lower in soils treated with sewage sludge than in the soils
treated with manure. The positive effects expected by the high organic inputs may
have been counteracted by the lower pH in the plots treated with sludge (pH 4.7)
compared to the manure-treated plots (pH 6.0) as well as by the higher heavy metal
content (Hallin et al. 2009; Bergkvist et al. 2003). Overall, the abundance of
denitrifiers was one to two orders of magnitude lower in soils treated with ammo-
nium sulfate, compared with the other treatments. This may also be explained by the
lower pH of the soil in these plots compared to the other treatments (Hallin et al.
2009). Other studies have also described the impact of fertilization strategy on
denitrifying communities. In Spanish grapevine soils, the abundance of genes
involved in denitrification (nirK, nirS, and nosZ) was found to be greater under
organic than under inorganic fertilization (Pereg et al. 2018). On the other hand,
Zhang et al. (2013) reported different responses of the various denitrification genes
(nirS, nirK, and nosZ) to different soil treatments. Clark et al. (2012) reported an
overall similar behavior of nosZ, nirK, and nirS, in soil from wheat fields, but found
that nirS was tenfold less common than the other genes. In contrast, Pereg et al.
(2018) found that nosZ was approximately fivefold less abundant than nirS in the
Spanish grapevine soil. Hallin et al. (2009) found nirS/nirK ratio in unfertilized bare
fallow soils to be three to ten times higher than in soil from plots with crops. Since
the reduction of nitrite by denitrifiers can be performed either by the cytochrome cd1
nitrite reductase (NirS) or by the copper-containing nitrite reductase (NirK), as
denitrifying bacteria possess only one form of the enzyme, these findings indicate
the habitat created by the presence or absence of plants will select for either NirS- or
NirK-type microbes. They suggested that NirS and NirK, although being function-
ally equivalent, are not ecologically redundant.

The gene nirS has been found to dominate over nirK in various natural environ-
ments, particularly in aquatic environments (Bothe et al. 2000; Nogales et al. 2002;
Prieme et al. 2002; Liu et al. 2003; Throbäck et al. 2004; Oakley et al. 2007;
Deslippe et al. 2014), as well as in cultured denitrifiers (Zumft 1997), and Thompson
et al. (2016) raised a concern about unspecific nirK amplification products in PCR
assays. Therefore, some researchers shifted their focus from studying both genes to
studies on nirS alone (Morales et al. 2010; Thompson et al. 2016). Nevertheless,
nirK is abundant in aerobic, oxygen-rich environments (Desnues et al. 2007; Knapp
et al. 2009), and an analysis of the nirK PCR primers developed by Henry et al.
(2004) and optimized by Pereg et al. (2018) confirmed their suitability for specific
nirK amplification from soil DNA. Therefore, Pereg et al. (2018) recommended
these primers for use in studies estimating the abundance of the denitrifying gene in
soil DNA.

Similar to Hallin et al. (2009), Pereg et al. (2018) showed that different N
fertilization usage could impact on the size of denitrifying microbial communities.
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An organic fertilizer, consisting of manure and plant residues with a relatively high
C:N ratio (approx. 80), and six times higher total amount of slow-release N than that
of inorganic fertilizer, increased denitrifier abundance in grapevine soils. In another
study, such a high C:N ratio was found to correlate with decreased N2O emissions
(Huang 2004). The final step in the N cycle is the reduction of nitrous oxide,
releasing N2 back to the atmosphere. This reaction is catalyzed by nitrous oxide
reductase, encoded by the nosZ gene, a gene present in the genomes of less than 70%
of known denitrifying microbes (Jones et al. 2008). Even when present the gene is
not always expressed, resulting in accumulation of N2O, an important greenhouse
gas. It has been reported recently that some microbial species only contain a
functional nosZ gene (Jones et al. 2013; Sanford et al. 2012), even though they
may not possess the other genes involved in the denitrification pathway. Indeed, the
abundance of the nosZ was higher in the grapevine soils using this organic fertilizer,
when compared to inorganic fertilization regimes (Pereg et al. 2018), suggesting a
higher abundance of denitrifiers with the ability to reduce N2O to N2 and the
potential to lower N2O emissions (Miller et al. 2008). Agricultural management
practices that encourage the growth of microorganisms with this functional nosZ
gene could be important and potentially allow for a reduction in greenhouse gas
emissions under conditions which make denitrification inevitable (Hirsch and
Mauchline 2015).

4 The Relationship Between Management Strategies
and N-Cycling Gene Abundance

One of the fundamental differences between inorganic fertilization and organic
matter supplementation is that the first boosts the soil with short-lived nitrate and
ammonia in relatively high concentrations, while the latter depends on the slower
breakdown of organic matter and thus provides a gradual supply of N and C to the
soil. This gradual release of available N and C improves various soil properties
(García-Orenes et al. 2016) and supports the maintenance of diazotrophic and
denitrifying communities (Pereg et al. 2018). The components of each soil treatment
can, therefore, have a significant influence on soil microbial communities. Hartmann
et al. (2015) found that systems not receiving manure harbored more dispersed and
functionally versatile microbial communities containing oligotrophic organisms that
possibly adapted to nutrient-poor environments. On the other hand, systems treated
with organic fertilizers harbored specific microbial guilds that degrade complex
organic compounds, for example, compost and manure (Hartmann et al. 2015). In
a study of Spanish grapevine soils, Pereg et al. (2018) found a significantly high
correlation between abundance of nifH and TOC, nosZ, or nirS. The correlation of
TOC with nifH was particularly high, possibly due to the relatively low available N
concentrations at any time in the soil, due to the slow release of available N from
organic matter. In contrast to the findings of Pereg et al. (2018) (for grapevine soil,
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Spain) and (for cotton in Australia), Morales et al. (2010) found a weak negative
correlation between the abundances of the nifH and nirS genes. The nirS gene
abundance was not correlated to organic C levels and did not exhibit the same
trend as nosZ (Morales et al. 2010). Hai et al. (2009) also found that there was an
increased abundance of nifH, but not of nirK/S, in tropical agricultural soils treated
with manure, when compared to untreated soil or soil treated with straw. Overall, N
fixation and denitrification are opposite reactions. However, some soil microbes are
capable of both N fixation and denitrification. For example, various rhizobia species
contain nifH and nirK (Bedmar et al. 2005), while some N-fixing strains of the
bacterium Azospirillum brasilense contain both nifH and cd1-type nir gene
(Danneberg et al. 1986). Therefore, it is not surprising that the abundance of nifH
and nirS/nirK/nosZ was found to be similar in grapevine soils under various condi-
tions as shown in Pereg et al. (2018). While nitrification is aerobic and denitrification
anaerobic, these processes can take place in different micro-niches in soil aggregates
and thus run simultaneously where both contribute to soil production of nitrous
oxide (Stevens et al. 1997).

Soil with a neutral or slightly basic pH is considered to be optimal for most
diazotrophs (Belnap 2001), and soil pH has been considered as a major factor
influencing microbial community structure in various studies worldwide (Fierer
and Jackson 2006; Noll and Wellinger 2008; Wakelin et al. 2008; Griffiths et al.
2011; Zhalnina et al. 2015). However, often in agricultural managed ecosystems,
farmers often manage their soils to achieve particular pH and other soil properties.
Therefore, it is not surprising that studies of agricultural soils, such as that carried out
in Pago Casa Gran, have shown there was no significant difference in the pH of soil
under organic or inorganic fertilization (García-Orenes et al. 2016), so this factor
cannot explain the differences observed in N cycler abundance (Pereg et al. 2018).
Similar results were observed in a study of Australian cotton soil indicating that
factors other than pH are major determinants of N-cycling microbial communities.
High NH4

+ availability and moderate pH favor nitrification in soils, whereas pH
close to neutral, high availability of nitrate (electron acceptor), and labile, energy-
rich C (Barnard et al. 2005) favor denitrification. There is obviously a great diversity
in soil microbial communities across different soils, under different environmental
and geographical locations. Moreover, diversity could also reflect temporal factors
and technical differences, which may compromise comparisons between studies.
When considering N fertilization strategies, higher N fixation than denitrification
would be beneficial in order to conserve the newly fixed N in the biosphere. Where
nifH and nir/nosZ genes are both abundant, it is the conditions in the soil that would
determine which genes will be fully expressed. Methods such as in situ enzymatic
activity, proteomics, and possibly transcriptomics could be employed to assess
which conditions in the soil niche would activate particular processes at any given
time and allow this to be taken into account when selecting land management
strategies.
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5 Conclusions

Despite the demonstrated negative environmental impacts, modern agricultural
practices, with high levels of agrochemical, mechanization, and modern high-
yielding crop varieties, such as cereal production, have increased the productivity
of agricultural land and allowed the earth to sustain an increasingly large human
population. Since 1700 the global population has increased by at least tenfold. It is
currently over seven billion and predicted to grow up to around nine billion people
by the year 2050 (Hirsch and Mauchline 2015). This continual population growth
places increasing pressure on land for food production. However, we also see
aggravated climate change in response to increased industrialization. Food security
and the need to feed a growing population must, therefore, be balanced against the
negative environmental impacts of intensive crop production (Hirsch and Mauchline
2015). Utilizing N in agricultural systems in ways that consider and help manage
microbial communities involved in the N cycle, notably using organic matter
supplementation, will play an essential role in ensuring sustainability.
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Significance of the Enzymes Associated with
Soil C and N Transformation

Anna Piotrowska-Długosz

Abstract Soil enzymes play a crucial role in soil organic matter transformation and
nutrient cycling. Enzyme productions are the result of soil microbial community
expression and their metabolomic requirement. Understanding the presence and
activity of the enzymes of C and N cycles in soil may have important implications
on ecosystem disturbances and can help to understand the role of C and N cycling in
sustainable soil management and sustaining agricultural productivity. Among the
biological features, soil enzymes are often used as a reliable index of changes in the
soil status as affected by differentiated natural and anthropogenic factors since they
are more sensitive to any changes than other soil variables. As was shown in the
reviewed literature, interest in the enzyme systems responsible for C and N trans-
formation in soil is currently still high. This chapter presents a brief overview of
earlier and recent findings dealing with the most important soil enzymes involved in
the soil C and N cycle, such as cellulase, β-glucosidase, urease, invertase, laccase,
peroxidase, proteases, and nitrate reductase. The role of these enzymes in soil C and
N transformation, as well as possible changes in enzymatic activity as influenced by
differentiated factors, was also analyzed. Moreover, still existing limits related to the
methodology adopted to assay soil enzyme activities have been discussed. Addi-
tionally, one subchapter is devoted to the relationship between gene abundance and
enzymatic activity in soil. The contribution of transcriptomics and proteomics in soil
enzymology is still poorly developed probably because there are still some method-
ological problems in soil proteomics. Moreover, the relationship between enzyme
activity and the gene expression in soil is an important aim of research. Finally,
further research needs and directions concerning the activity of soil C- and N-cycling
enzymes are outlined.

Keywords Nutrient cycling · Cellulase · β-glucosidase · Urease · Invertase ·
Laccase · Peroxidase · Proteomics

A. Piotrowska-Długosz (*)
Department of Biogeochemistry and Soil Science, Laboratory of Soil Science and Biochemistry,
Faculty of Agriculture and Biotechnology, UTP University of Science and Technology,
Bydgoszcz, Poland

© Springer Nature Singapore Pte Ltd. 2020
R. Datta et al. (eds.), Carbon and Nitrogen Cycling in Soil,
https://doi.org/10.1007/978-981-13-7264-3_12

399

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7264-3_12&domain=pdf


Abbreviations

AA Ammonification of arginine
Ag2SO4 Silver sulfate
amoA and gdh Gene coding the enzyme glutamate

dehydrogenase
ANR Assimilatory nitrate reductase
apr Alkaline metallopeptidases gene,
bpr or aprE Genes of proteolytic enzymes
C Carbon
DNA Deoxyribonucleic acid
EEs Extracellular enzymes
GlcNAc N-acetyl-β-D-glucosaminide
H2SO4 Sulfuric acid
KCl Potassium chloride
lip A-lip J Lignin peroxidase genes
LiP H8 Extracellular lignin peroxidase isozyme
MgO Magnesium oxide
mRNA Messenger ribonucleic acid
MUB Modified universal buffer
MUF 4-Methylumbelliferone
N Nitrogen
NAG N-acetyl D-glucosamine
NAGase N-acetyl-β-D-glucosaminidase
NaOH Sodium hydroxide
NH3/NH4

+ Ammonia/ammonium
NO2/NO2

� Nitrite
NO3/NO3

� Nitrate
npr Neutral metallopeptidase gene
NR Nitrate reductase
P Phosphorus
PAHs Polycyclic aromatic hydrocarbons
pep Aa, pepAb, pep Ac, and pep Ad Aspartic protease genes
RT-PCR Reverse transcription polymerase chain

reaction
SOC Soil organic carbon
sub Peptidases genes
ureC Urease-encoding genes
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1 Introduction

The carbon (C) and nitrogen (N) cycles represent the most important biogeochemical
cycles found in terrestrial ecosystems. Carbon and nitrogen account for 95% of the
biosphere and are two of six elements (carbon, hydrogen, oxygen, nitrogen, phos-
phorus, and sulfur) that are the major components found in plants (Nieder and Benbi
2008; Scharlemann et al. 2014). Most of the organic carbon and nitrogen found in
terrestrial ecosystems are related to plant residues and soil organic matter (Schle-
singer 1997; Lal 2008), which are mineralized to the simple inorganic forms by a set
of extracellular enzymes that are produced mainly by soil microorganisms and less
by plant roots (Berg and McClaugherty 2003; Paul 2007).

Soil organic carbon (SOC) represents a significant reservoir of carbon in the global
C cycle (Lal 2004). SOC consists of a heterogeneous complex of a wide range of
organic materials, including simple molecules (e.g., amino acids, monomeric sugars),
polymeric molecules (e.g., lignin, cellulose, nucleic acids, proteins), and plant and
microbial residues that consist of simple and composed molecules that are bound
together into recognizable cellular structures. SOC is formed mainly from the plant,
animal, and microbial residues in various stages of decay (Baldock 2007). Soil organic
carbon is one of key drivers of the rhizosphere and bulk soil processes and their
functions, which results in better soil structure by influencing aggregate stability,
nutrient cycling, and availability as well as infiltration and water storage (Hartemink
et al. 2014). The soil SOC provides carbon and energy source for soil microbes and
fauna. The content and diversity of the soil microorganisms increase with soil organic
carbon increase. Since a lot of transformations in soil are conducted by soil microbial
communities, an increase in soil microbial biomass usually enhances plant nutrient
availability. The range of soil organic compounds can also promote plant growth and
thus enhance plant productivity (Lal 2016; Meena et al. 2016).

All living organisms require nitrogen (N) as a necessary nutrient. In terrestrial
ecosystems, N is usually available to plants in a limited range, which results in a
strong competition for this element between microbes and plant roots (Vitousek and
Howarth 1991). In terrestrial ecosystems, the soil organic nitrogen is mainly derived
from the remains of plants and/or microorganisms and less from animals (Kögel-
Knabner 2002; Norton and Schimel 2011). Therefore, most of the N entering the soil
is in the organic forms, such as proteins, chitin and peptidoglycan, nucleic acids, and
other N-containing compounds, all of which first have to be broken down into
smaller organic molecules by extracellular depolymerases, which take part in the
first step of the organic N degradation (Schimel and Bennet 2004, Geisseler et al.
2010). The small organic compounds that are excreted by enzymes can then be taken
up directly or be further decomposed and be taken up by microorganisms as
ammonium (Feng et al. 2018). The significant processes in the nitrogen cycle
include:

1. Nitrogen has to be fixed and then converted into a usable form (NH3, NO3
�)

before it can be used by organisms.
2. Mineralization or ammonification: the conversion of amino acids into ammonia.
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3. Nitrification: oxidation of ammonium into nitrites and nitrates.
4. Denitrification: the conversion of nitrates into atmospheric nitrogen, N2.

Mineralization and nitrification are the most significant processes in the soil nitrogen
cycle since they mediate plant uptake, nitrate leaching, and trace gas emissions
(Norton 2008; Norton and Stark 2011). Soil N mineralization is key process by
which organic N is converted into inorganic forms such as ammonium (NH4

+),
nitrite (NO2), or nitrate (NO3), and it determines the amount of N that is available to
plants. In turn, in the process of nitrification, the reduced N (NH3/NH4

+ or organic
N) is oxidized into NO2

� or NO3
�.

Transformation of carbon- and nitrogen-rich bio-macromolecules that occur in
soil is a process which is mainly mediated by a set of extracellular enzymes (EEs)
produced by soil microorganisms and plants. The EEs catalyze most of the reactions
that are involved in the synthesis and degradation of soil organic matter and assure
the supply of the essential energy and nutrient for soil organisms which produce the
enzymes (Sinsabaugh et al. 2009; Brzostek and Finzi 2011; Wallenstein et al. 2011).
The soil enzyme activities take part in main biological processes related to the SOM
quality (e.g., the relative availability of C and N) with the capability of microbes to
assimilate nutrients and to use carbon for their own need (Allison et al. 2011).
This indicates that changes in the C- or N-cycling enzyme activities may be linked
to changes in the availability and/or storage of C and N within the SOM pools
(Cenini et al. 2016).

In relation to the above, the aim of this chapter is to point out the present state of
our knowledge about the features of the enzymes that take part in soil C and N
transformations in relation to other soil properties controlling their function and
activity.

2 Potential Role of Soil Enzymes in Maintaining Soil
Quality and Fertility

Enzymes are protein-related catalysts whose activities can be measured and quanti-
fied in the soil system. Soil enzymes play a key role in the transformation of organic
matter and nutrient turnover in a soil ecosystem (Burns 1978; Gianfreda and
Ruggiero 2006; Piotrowska-Długosz 2014). The overall soil enzymatic activity
consists of various intracellular and extracellular enzymes that are actively secreted
by soil microorganisms, such as bacteria and fungi, and they less originate from
plants and animals (Gianfreda and Bollag 1996; Rao et al. 2014). With using the
current methods in soil enzymology, it is difficult to identify the exact source (origin)
of the enzyme as well as the temporal and spatial variability of the enzymatic activity
(Gianfreda and Ruggiero 2006). Endoenzymes in the soil are retained in living and
proliferating cells, while exoenzymes are produced and secreted by living and
proliferating cells, but they act outside of these cells as free enzymes that occurred
in a soil solution or as enzymes that remain associated with the external root surface
or microbial cell wall. After being secreted outside the cell, enzymes can stay free in
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a soil solution, or they become rapidly absorbed onto soil mineral and/or organic
colloids, mainly clay minerals and humic substances. The activity of free extracel-
lular enzymes occurring in soil solution is rather low compared with those
immobilized on soil colloids since they are subjected to many unbeneficial factors
shortening their life span (Nannipieri and Gianfreda 1998). Although bound
enzymes are resistant to proteolysis and different forms of denaturation (Nannipieri
et al. 1996) and absorption protects enzymatic protein against degradation, their
activity is significantly lower than that of free enzymes. The activity of absorbed
enzymes is, however, the most important part of the overall soil enzymatic activity
and is responsible for soil organic matter and nutrient transformation.

Although there are many research and related publications concerning the pres-
ence, distribution, and functioning of enzymes in different soil types, measuring
their catalytic activity, stability, and changes in their activity caused by various biotic
and abiotic agents, etc. (e.g., Burns 1978; Kiss et al. 1998; Burns and Dick 2002;
Nannipieri 1994; Tabatabai 1994; Gianfreda and Bollag 1996; Tabatabai and Dick
2002; Gianfreda and Ruggiero 2006; Rao et al. 2014), there are many unresolved
questions concerning some topics related to enzymes such as their position in the soil
environment; contribution in soil organic matter and nutrient transformation;
changes under the influence of natural and anthropogenic factors; possible interac-
tion with organisms that are producers of enzymes in soil; and the elaboration of a
universal soil enzyme indicator to access the soil status and health, estimation of the
role of soil enzymes in changes of soil environment under the influence of various
factors, as well as the determination of the enzymes role in the dynamics of plant
nutrient transformation (Burns et al. 2013; Rao et al. 2014). These problems and
questions are primarily related to the imperfect methodology that is currently being
used in soil enzymology, which is discussed in Sect. 5 below.

It is commonly known that enzymatic activity is a sensitive indicator of soil
quality and fertility and can be used for determination of ecosystem responses to
management and overall environmental changes as well as sustainability of agricul-
tural ecosystems (Nannipieri et al. 2002; Tabatabai and Dick 2002; Gianfreda and
Ruggiero 2006; Varma et al. 2017). Soil enzymes play a key role in the overall
process of the transformation of soil organic matter, soil nutrient cycling, and
pollutants degradation (Burns 1982; Sinsabaugh et al. 1991). The agricultural
importance of soil enzymes has been successively increased since the first statement
on soil enzymes was presented many years ago. A positive relationship between the
soil enzymes activity and nutrient transformation has been reported in some arable
soils. Thus, in a long-term cropping systems using N fertilization, the N-
acetylglucosaminidase and arylamidase activity were well correlated with the level
of nitrogen mineralization (Ekenler and Tabatabai 2002, 2004; Dodor and Tabatabai
2007). Soil enzymatic activity can also be used as an indicator of soil nutrient
availability. Many studies have shown that the enzymatic activity of the P and N
mineralization is negatively correlated with the available forms of P and N
(Muruganandam et al. 2009; Balota and Dias Chaves 2010; Orczewska et al.
2012, Sherene 2017). Similarly, Allison (2005) reported that N fertilization signif-
icantly decreased the activity of proteases and chitinase.
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3 Enzymes of Soil Carbon and Nitrogen Transformation: A
General Overview

The enzymes related to C and N transformations are the most important in the overall
process of soil organic matter transformation and energy flow. The main aim of this
chapter is to review the current knowledge of the enzymes involved in carbon and
nitrogen cycling in soil. Many reviews (e.g., Burns 1982; Tabatabai and Dick 2002;
Gianfreda and Bollag 1996; Gianfreda and Ruggiero 2006) dedicated earlier to soil
enzymology are important when considering its historical background. More recent
research concerning different aspects of enzymatic reactions in soils have been
reviewed with special attention paid to the influence of the physical soil properties
on enzymatic activity. Finally, future research needs are also specified. Although
many of the enzymes that take part in C and N transformation can be determined in
soils, only a limited number of enzymes are usually studied. Many of them, like
cellulases, are found to act as extracellular enzymes. Others, like urease, are able to
catalyze reactions both endo- and extracellularly (Tate III 2002). Earlier, most of the
soil-related studies were subjected to meet the agricultural necessity (Dick and
Tabatabai 1992; Dick 1994), and determination of soil enzyme activities have
mainly been directed toward assessing the quality and quantity of crops and deter-
mination of management influence on the enzymes involving in the biogeochemical
cycles (e.g., transformation of nutrients in plant biomass/residues, N cycling, and
fixation). Special attention has been paid to urease activity due to its great signifi-
cance in the urea-hydrolyzing. The most often studied enzyme activities involved in
N transformations have been related to ammonium formation (amidases, urease), the
hydrolysis of proteins (proteolytic enzymes), the loss of N from soil (nitrogen oxide
reductases), denitrification (nitrate reductase), and finally N fixation (nitrogenases).
In turn, the most important enzymes associated with transformation of carbonaceous
compounds are related to the hydrolysis of polysaccharides (e.g., amylases, cellulase
complex, xylanases) and hydroxylation of aromatic rings (e.g., laccases and other
polyphenol oxidases), which finally lead to either the mineralization or humification
of the initial compounds (Dilly et al. 2007) and different lipases and esterases, which
catalyze the hydrolysis of the variety of ester linkages in various substrates.
Recently, however, these enzyme activities have been considered for evaluation of
more broad and universal ecological anxiety, as the impact of human alterations, not
only related to agricultural practice, the organic matter, and nutrients transformations
in native soil systems such as old-grown forests or barren lands (Rao et al. 2017). For
example, some of the C- or N-cycling enzymes (e.g., cellulase, urease) are advan-
tageous in determining the impact of recycling organic wastes (e.g., compost,
sewage sludge) on the soil, while determination of laccase and polyphenol oxidase
activity is generally related to the breakdown and humification of the xenobiotics
with aromatic rings (Gianfreda and Rao 2004; Gómez Jiménez et al. 2011; Meena et
al. 2015b; Piotrowska-Długosz 2017).
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3.1 Specific Enzymatic Activities of Soil C Transformation

A great number of enzymes are involved in hydrolyzing of C-containing com-
pounds. This group includes mainly enzymes that break down large organic com-
pounds, such as cellulose (cellulases), starch (amylases), chitin (chitinase), and xylan
(xylanase). Other enzymes, such as invertase, α- and β-glucosidases, α- and β-
galactosidases, and N-acetyl-β-glucosaminidase, decompose disaccharides and oli-
gosaccharides into simple sugars. Some enzymes involved in C cycling and the
reactions they carried out are characterized below and specified in Table 1.

3.1.1 Cellulase Complex and Glucosidases

The microbial degradation of cellulose, which is the most abundant polysaccharide
found in the biosphere, requires the action of at least three groups of enzymes to act
synergistically in hydrolyzing the β-1,4 bonds of cellulose to glucose. The catalytic
system consists of endo-1, 4-β-glucanase (endocellulase EC 3.2.1.4), exo-1, 4-β-
glucanase (cellobiosidase EC 3.2.1.91), and β-glucosidase (Deng and Popova 2011;
Phitsuwan et al. 2013). Two glucosidases (EC 3.2.1.20/21) can be identified in soil,
α-glucosidase (EC 3.2.1.20) and β-glucosidase (EC 3.2.1.21), which catalyzes the
hydrolysis of α-D-glucopyranoside and β-D-glucopyanosides, respectively, and cat-
alyzes the hydrolysis of maltose and cellobiose. Glucosidases are produced by a
wide range of microorganisms, animals, and plants (Dodor and Tabatabai 2005). The
most often found and determined in soil is β-glucosidase (Deng and Popova 2011;
Buragohain et al. 2017), which takes part in the last stage of cellulose decomposi-
tion. The most often known reaction carried out by the enzyme is hydrolysis of
cellobiose into two molecules of glucose by cleaving the β-glucosidic bonds from
the nonreducing terminal ends (Lynd et al. 2002; Jørgensen et al. 2007; Deng and
Popova 2011). This process is important since cellobiose is an inhibitor of the
cellulolytic enzymes activity (Morais et al. 2004). β-Glucosidase is also responsible
for the hydrolysis of β-D-glucopyranoside and many of glycosides, such as phenolic
glycosides or flavanone glycosides (Berrin et al. 2003; Acosta-Martinez et al. 2007).
Because of wide substrate specificity, the activity of this enzyme is considered to be
a good indicator of biomass decomposition in soil (Berrin et al. 2003; Zanoelo et al.
2004). Other known glycosidases are α-galactosidase (EC 3.2.1.23) and β-galacto-
sidase (EC 3.2.1.24), which catalyze the hydrolysis of melibiose and lactose,
respectively. These enzymes however not occur in the soil in a significant amount.
The importance of glycosidases is related to their participation in soil organic matter
mineralization. By hydrolyzing the soil organic carbon and nitrogen compounds,
they deliver essential carbon components and nutrients for the growth of heterotro-
phic microorganisms, thereby increasing soil microbial activity (Dodor and
Tabatabai 2005).
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3.1.2 Invertase

Invertase (β-D-fructofuranoside fructohydrolase [EC 3.2.1.26]) splits off β-D-
fructofuranoside rest from nonreducing end of β-D-fructofuranosides, such as
sucrose, raffinose, oligofructose, or inulin (Deng and Popova 2011). The preferable
substrate for invertase is sucrose, most commonly occurring in plants soluble sugar,
which consists of a molecule of glucose and fructose (Jin et al. 2009). Together with
cellulase complex, invertase activity is responsible for the disintegration of plant
litter in the soil system (Frankenberger and Johanson 1983; Datta et al. 2017b).
Although the invertase activity is generally associated with the heavy fraction of soil
(clay minerals and silt), in soil under grasslands, the invertase activity was partially
related to light soil fraction (Ross 1983). The soil invertase activity is used as an
index for nutrient transformation, energy metabolism, and pollutant degradation
(Nannipieri et al. 1990).

3.1.3 N-Acetyl-β-D-Glucosidase (Chitinase)

Chitin, the second most often occurring in soil’s amino sugar, is an unbranched
polymer consisting of N-acetyl-D-glucosamine. The sources of this compound in the
soil are exoskeletons of insects and arthropods as well as fungal hyphae (Duo-Chuan
2006; Wongkaew and Homkratoke 2009). The chitinases system taking part in the
hydrolyzing of chitin consists of endochitinolytic (chitinase, or β-1, 4-poly-N-
acetylglucosaminidase [EC 3.2.1.14]) and exochitinolytic (N-acetyl-β-D-
glucosaminidase, NAGase, [EC 3.2.1.52]) enzymes. They hydrolyze the chemical
bonds between N-acetyl-D-glucosamine particles (Brzezińska et al. 2009; Deng and
Popova 2011), but they differ in the way of action. Chitinase randomly hydrolyzes
the 1,4-β bonds in chitin, while NAGase hydrolyzes the terminal, nonreducing ends
(Webb 1992; Moss 2010) with the free N-acetyl glucosamine (NAG) as the final
product of the reaction (Brzezińska et al. 2009). The availability of the NAGase is
differentiated in soils and depends on many factors such as soil physical and
chemical properties, microorganism wealth, and different substrate quality and
quantity (Sinsabaugh et al. 1992). Many soil organisms, such as bacteria, fungi,
and plants, are able to produce chitinases (Duo-Chuan 2006; Sihag et al. 2015).
Bacterial chitinases mainly degrade chitin in order to use the reaction products as the
source of carbon and nitrogen, while in fungi, this group of enzymes also plays a
significant role in cell wall development and structure during the active growth
(Adams 2004; Bhattacharya et al. 2007). The synthesis of chitin is induced when
other labile carbon and nitrogen sources are lacking. That is why chitin is more
abundant in areas with low nutrient content (Hanzlikova and Jandera 1993;
Brzezińska et al. 2009).
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3.1.4 Xylanase

According to Deng and Popova (2011), the xylanase enzyme system (1,4-β-D-xylan
xylanohydrolase, EC 3.2.1.8) consists of the following enzymes: β-xylanase, ester-
ase, α-L-arabinofuranosidase, β-xylosidase, α-glucuronidase, acetylxylan, and
hydroxycinnamic acid esterases. The enzyme group is classified into tenth and
eleventh families of the glycosyl hydrolases and catalyzes the endohydrolysis of β-
1, 4-xylosidic linkages in hemicellulose, which, in addition to cellulose, is the
second most frequently occurring polysaccharide on earth (Anand et al. 1990;
Kandeler et al. 1999; Hu et al. 2008). The final products of hydrolysis are xylose,
xylobiose, as well as short chains of various oligomers. The xylanase enzymatic
complex is mostly produced by fungi under insufficient quantities of available
compounds (Kandeler et al. 1999). According to Hu et al. (2008), xylanse complex
plays a significant role in the circulation of organic materials and energy in the soils
as well as in seed germination and fruit ripening.

3.1.5 Amylases

Amylases (EC 3.2.11/2), together with cellulases and invertase, are the group of
enzymes that are responsible for the rate and course of the decomposition of plant
material in soil (Pancholy and Rice 1972). The amylase system includes endo- and
exo-amylases that synergistically hydrolyze starch (Deng and Popova 2011; Yadav
et al. 2018). Endo-amylases, commonly known as α-amylases, hydrolyze the
α-1,4-glycosidic linkages in random. The products of this reaction are dextrins,
oligosaccharides, and finally monosaccharides, like glucose. In turn, exo-amylases
consist of β- and γ-amylase and hydrolyze the same bonds but solely from the
nonreducing ends of the starch molecule, thereby releasing β-maltose and β-D-
glucose (Webb 1992; Deng and Popova 2011). Among amylases, the most active
in soil is β-amylase which catalyzes the degradation of the so-called heavy fraction
of organic material (the large size, recalcitrant carbon) than the light fraction (the
small size, rapid transformation) (Ebregt and Boldewijn 1977; Ross 1983). Amy-
lases also occur in plants as intracellular enzymes and can be liberated into soil
together with plants residues. Similarly, to other enzymes, amylases are mainly
produced by microorganisms, especially by bacteria and fungi (Ebregt and
Boldewijn 1977). There are amylases found in some environments with unbeneficial
conditions such as acidophilic, alkalophilic, and thermoacidophilic areas (Ebregt and
Boldewijn 1977). It was reported that amylase activities in the soil, similar to other
extracellular enzymes, were repressed by the presence of clay minerals. Thus, a
considerable decrease in the β-amylase activity measured in three different clay
fractions collected from soil and from surface layers of two soils from tussock
grasslands was found. In these studies the effect of clay minerals on the decreasing
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of α-amylase activity was in the following sequence: muscovite < allo-
phane < illite < montmorillonite (Ross 1983). In soils that have a higher carbon
amount, amylase was more active as compared to the activities of some other
enzyme (Pancholy and Rice 1973; Balota et al. 2004).

3.2 Specific Enzymatic Activities of Soil N Transformation

The cycling and fate of N in terrestrial ecosystems are critical for many aspects of
environmental quality. That is why the enzymes taking part in nitrogen transforma-
tion are important in controlling N in this type of ecosystem and for possible use in
assessing soil quality and/or degradation (Kandeler et al. 2011). Various enzymes
involved in N cycling differ in their response to environmental change like N
deposition and N addition (Hungate et al. 2007, Enowashu et al. 2009). That is
why it is suggested to test some enzymatic indicators (e.g., proteases, urease,
enzymes taking part in ammonium oxidation and denitrification) in order to observe
the most important processes in nitrogen transformation. N-transforming enzymes
can be divided into extracellular depolymerases (proteases, chitinases, and peptido-
glycan hydrolases) that are involved in the decomposition of the main polymers of
organic materials entering the soil and enzymes that take part in N mineralization
(urease, amino acid oxidase) (Geisseler et al. 2010; Ashoka et al. 2017). Some
important enzymes involved in N cycling and their reactions are presented in
Table 2.

3.2.1 Extracellular Depolymerases

The group of extracellular depolymerizing enzymes breaks down the complex of
organic plant materials and microbial residues into smaller, soluble subunits that can
be taken up by microorganisms. Based on the chemical composition of the main
sources of organic residues in soil, the most important extracellular depolymerases
involved in the hydrolysis of N-containing molecules are proteases, chitinases, and
peptidoglycan hydrolases (Geisseler et al. 2010; Kandeler et al. 2011).

3.2.1.1 Proteolytic Enzymes

The protein degradation (proteolysis) is a significant process in N transformation in
different ecosystems since it is believed to be a limiting step of N mineralization in
soil (Weintraub and Schimel 2005) due to the much slower primary phase of protein
mineralization compared to amino acid mineralization (Jan et al. 2009). Earlier,
Ladd and Jackson (1982) have discussed the role of protease activities in the process
of N mineralization, while the concept of the N mineralization-immobilization in soil
system has been reviewed later by Nannipieri and Eldor (2009). Extracellular
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proteolytic enzymes hydrolyze protein polymers and polypeptides into smaller
peptides and finally into amino acids. Some researchers proposed the assay of
protease activity as a good way to measure N depolymerization, as proteases are
the most responsible for supplying bioavailable N (Schimel and Bennet 2004).

Approximately 30–40% of overall organic nitrogen in soil are derived from
proteins and polypeptides (Jones et al. 2009). The main source of various soil
proteases is microbes and plants. Among soil microorganisms, the most effective
in excretion of proteases are bacteria, such as Pseudomonas, Streptomyces, and
Bacillus. Also, fungi, like Penicillium, Pythium, and Aspergillus, secrete numerous
proteolytic enzymes, which activity is especially significant in releasing available
nitrogen in conditions of its deficiency (Kudryavtseva et al. 2008). Proteolytic
enzymes are usually categorized according to the type of reaction they catalyze,
the molecular structure, and the type of functional group in the active site (Rotanova
et al. 2004; Landi et al. 2011; Dadhich and Meena 2014). Thus, exopeptidases
catalyze the hydrolysis of the terminal amino acids of the protein structure, whereas
endopeptidases (proteinases) catalyze the hydrolysis peptide linkages between
amino acids occurring inside the polypeptide chains. The exopeptidases hydrolyze
peptide bonds on both ends of the peptide chains. The exopeptidases involved in
removing one, two, and three amino acids from the N-terminal end of the chain is
named aminopeptidases, dipeptidyl-peptidases, and tripeptidyl-peptidases, respec-
tively (Landi et al. 2011). As regards the catalytic function, the following carboxy-
peptidases can be specified: cysteine-type carboxypeptidases, serine-type
carboxypeptidases, and metal-carboxypeptidases (Table 3).

The neutral metalloproteases and serine proteases (SUB) are mostly involved in
protein decomposition in agricultural soils that was showed by the selective inhibi-
tion of various proteases of bacterial origin (Watanabe et al. 2003; Vranova et al.

Table 3 Classification of proteases (peptidases) EC 3.4. according to the EC nomenclature (Webb
1992)

Sub-subclass Enzyme

3.4.11 Aminopeptidases

3.4.13 Dipeptide hydrolases (dipeptidases)

3.4.14 Dipeptidyl-peptidases and tripeptidyl-peptidases

3.4.15 Peptidyl-dipeptidases

3.4.16 Serine-type carboxypeptidases

3.4.17 Metallocarboxypeptidases

3.4.18 Cysteine-type carboxypeptidases

3.4.19 Omega peptidases

3.4.21 Serine endopeptidases

3.4.22 Cysteine endopeptidases

3.4.23 Aspartic endopeptidases

3.4.24 Metalloendopeptidases

3.4.25 Threonine endopeptidases

3.4.99 Endopeptidases of unknown catalytic mechanism
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2013). Endopeptidases are recognized due to the chemical character of the groups
that are responsible for their hydrolytic functions (Landi et al. 2011). According to
Kalisz (1988) and Page and Di Cera (2008), four different groups of endopeptidases
can be distinguished: aspartic-, cysteine-, serine-, and metalloendopeptidases. Tryp-
sin and subtilisin are two significant serine endopeptidases, and thus trypsin is a
particular enzyme that breaks down peptides at arginine and lysine amino acids,
while subtilisin has a broad spectrum of activity and hydrolyzes the peptide bonds in
various peptide amides. Most metalloproteases require some metals (e.g., zinc and
cobalt) for their catalysis. A lot of research has been devoted to study endopepti-
dases, and their pH optimum (e.g., neutral, acidic, and alkaline) has been determined.
Moreover, the extracellular proteolytic enzymes generally reveal a wide specificity
toward the substrate and can break down a lot of various proteins (Kalisz 1988).
Proteolytic enzymes also act intracellularly and are responsible for metabolism
regulation and protein transformation within the cells. The protein turnover is crucial
for cells to adapt to new environmental circumstances, particularly in a case of
nutrients deficiency (Kalisz 1988). Godlewski and Adamczyk (2007) discussed the
problem of proteases secretion by plant roots. They stated that different species and
cultivars of the same plant growing in a culture medium could vary in the levels of
proteolytic activity, which may indicate that they differ in the capacity to excrete
proteases. Measuring the proteases activity at different values of culture medium
reaction (pH) has pointed out that the produced proteolytic enzyme activity was the
highest at pH¼ 7. The production of proteolytic enzymes varies within root systems;
thus, in the apical parts of the root, proteases are more intensively secreted as
compared with the mature section of the root. Increased activity of proteases was
found in roots of transgenic plants (Eick and Stöhr 2009).

3.2.2 Enzymes Involved in N Mineralization

In the process of depolymerization, the high molecular weight N-containing poly-
mers are breaking down into simplest compounds, like amino acids, amino sugars, or
nitrogenous bases. This process is often considered to be a limiting step in soil
nitrogen mineralization (Jones et al. 2009; Kemmitt et al. 2008; Wallenstein and
Weintraub 2008). Afterward, ammonium is released from those monomers. These
two steps are carried out by primarily microbial-derived extracellular enzymes
(Burns et al. 2013; Yadav et al. 2017b). Extracellular enzymes degrade complex,
N-containing compounds, such as protein, nucleic acids, and cell wall components
(Myrold and Bottomley 2008). All these enzymes carry out the hydrolysis of native
N compounds or those added to soil and have been used to assess changes in arable
soils under different management practices, such as organic and mineral fertilization,
tillage practices, and crop rotation (Hallin et al. 2009, Sinsabaugh et al. 2015).
Amidohydrolases (e.g., urease, L-asparaginase, L-glutaminase, and amidases) activ-
ity is significant in the process of depolymerization of aliphatic and aromatic
nitrogen compounds occurring in soil organic matter (Monreal and Bergstrom
2000). Peptidoglycan breaks the linkages between N-9 acetylmuramoyl and amino
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acids in the cell wall glycopeptides and thus playing the main function in the
transformation of microbial biomass nitrogen (Tabatabai et al. 2010). The range of
glycosidases are involved in the hydrolysis of amino sugar polymers that are a
significant constituent of microorganism’s cell walls. In turn, the enzyme
N-acetyl-β-D-glucosaminidase (NAGase) carries out the hydrolysis of the
N-acetyl-β-D-glucosamine from the terminal, nonreducing ends of the
chitooligosaccharides. This enzyme also takes part in the catabolism of soil chitin
polymer (Tabatabai et al. 2010). Chitin and chitodextrins, which are the major
constituents in fungi organisms, are substrates for chitinase activity (Alef and
Nannipieri 1995).

The relationships between the indicators of nitrogen mineralization and some
amidohydrolases activity were shown by Tabatabai et al. (2010). The authors
revealed that the activities of some hydrolytic enzymes (e.g., asparaginase, amidase,
urease, and glutaminase) were markedly related to the content of nitrogen mineral-
ized at 30 �C. The correlation coefficient values were between 0.35 and 0.61 for L-
glutaminase and L-asparaginase, respectively. Similarly, the activities of L-glutamin-
ase and L-asparaginase were notably related to overall nitrogen mineralization in the
study of Muruganandam et al. (2009). Moreover, a significant correlation between
the range of hydrolytic activities (e.g., urease L-asparaginase, L-glutaminase, ami-
dase) and N mineralization level was presented in other studies (Khorsandi and
Nourbakhsh 2007; Xue et al. 2006). Some other authors in turn (Senwo and
Tabatabai 1996; Tabatabai et al. 2010; Muruganandam et al. 2009) found that
arylamidase, an enzyme which catalyzes the hydrolysis of amino acids from N-
terminal peptide chains, as well as from amides and/or arylamides, was significantly
related to nitrogen mineralization process. The obtained correlation coefficients
ranged between 0.61 ( p < 0.001) and 0.77 ( p < 0.005). These data indicated that
the activities of some enzymes involved in N mineralization can be used as signif-
icant indicators of this process.

3.2.2.1 Urease

There are a lot of studies concerning the soil urease activity because of the impor-
tance of urea as a nitrogen fertilizer (Glibert et al. 2006). Urease (EC 3.5.1.5)
catalyzes the hydrolysis of urea into two moles of ammonia and one of carbon
dioxide. This process is crucial in regulating the N supply to plants after urea
fertilization. Urea enters the soil also as a result of the transformation of urine
excreted from mammals. Moreover, urea comes from the degradation of the amino
acid arginine and of uric acid, which is excreted by birds, reptiles, and insects
(Mobley and Hausinger 1989). The wide range of bacteria species, yeasts, fungi,
algae, and plants are the main sources of urease activity in soil environment (Mobley
and Hausinger 1989; Follmer 2008). Although urease can be released constitutively
from some organisms, the production of this enzyme is most commonly regulated by
the presence of nitrogen, and its production is inhibited when the producing organ-
ism grows in the environment with the sufficient concentration of a suitable N
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source, like ammonium ions. On the contrary, the presence of urea and some other
nitrogen sources activated production of the enzyme (Mobley et al. 1995). It was
found that the urease activity in soil was mostly extracellular and was immobilized
by soil mineral and organic colloids. According to Pettit et al. (1976) more or less
60% of the urease activity determined in different soils was bound extracellularly,
while Klose and Tabatabai (1999) estimated the extracellular proportion of urease
activity to be 46%.

A better understanding of the dynamics of urease activity might identify a more
effective way of managing N fertilizers (Balota and Chaves 2010; Kumar et al.
2017). Therefore, it is important to detect the set of natural and anthropogenic factors
that can modify/reduce/increase the effectiveness of this enzyme activity in an
ecosystem. Some of these factors are soil organic matter and nutrient content,
agricultural practices such as tillage, mineral and organic fertilization, crop rotation,
soil depth, soil pollution with heavy metals, PAHs, soil waste amendments, and
weather conditions such as temperatures and rainfall (Yang et al. 2006; Yadav et al.
2017a; Datta et al. 2014). Thus, it has been found that urease activity was very
sensitive to higher amounts of heavy metals (Yang et al. 2006). Since urease activity
becomes greater with progressive temperature, the fertilizer urea should be applied at
a time the temperatures are the lowest. Then the energy of activation is lower, and the
loss of nitrogen by the volatilization is minimal. A better understanding of urease
properties and its activity would be helpful in urea fertilizer application, particularly
in the areas with high rainfall, flooded, and irrigated fields (Bakshi and Varma 2011).

3.2.2.2 Arginine Deaminase Activity

The ammonification of arginine (AA), one of the basic protein amino acids, appears
to be a common process in microorganisms (Alef and Kleiner 1986; Singh and
Kumar 2008). Arginine ammonification level is significantly correlated with the soil
microbial biomass content and other biochemical properties (Alef and Kleiner 1987;
Singh and Singh 2005). Ammonification is an important initial stage of organic
matter mineralization when proteins and other organic compounds containing amino
groups are decomposed by proteolytic enzymes to amino acids which are further
deaminated to ammonium ion NH4

+(Bonde et al. 2001, Lin and Brookes 1999).
Bonde et al. (2001) also proposed that arginine ammonification activity provided an
index of gross N mineralization in agricultural soils, as this enzyme activity was well
correlated with the average rates of gross N mineralization, and there is a similarity
between the seasonal variations of gross N mineralization and arginine ammonifi-
cation activities. The amount of ammonium produced depends on the C/N ratio of
the amino acid, with high ammonium production at a low ratio (Ginésy et al. 2017).
The arginine deaminase activity is strongly related to respiration and correlated
significantly with the carbon content of the soil but is poorly related with soil pH,
ammonia content, percentage clay, or the number of microorganisms (Pandey and
Singh 2006). Arginine deaminase activity was significantly high in natural, espe-
cially forest soil, compared to agricultural soils, thereby indicating continuously
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higher N inputs in forest stands (Singh and Kumar 2008). The arginine deaminase
activity was differentially affected by heavy metals and other pollutants (Kandeler
1996; Guo et al. 2009). The AA activity was markedly stimulated after chlorpyrifos
seed and soil treatment. This enhancement might have been due to an increase in the
fungal and Actinomycetes population after chlorpyrifos application, which might be
using this insecticide as an energy source for microorganisms (Hussain et al. 2009).
The same results were obtained by Singh and Singh (2005) for diazinon seed and soil
management. The AA activity was found to be greater in the control soil samples in
comparison to the samples that had been treated with acetamiprid, where at the
enzyme activity decreased over 20% shortly after the pesticide was used (Singh and
Kumar 2008; Meena et al. 2015a). Recently, the influence of seasonal changes and
forest management on the arginine ammonification was determined in the surface,
the organic horizon of some spruce forests (Holik et al. 2017). The authors con-
cluded that the AA was the highest in the soil with the most favorable conditions,
such as high water content, a generally lower concentration of ammonium N, and a
higher population density following a thinning operation.

3.2.2.3 Arylamidase

Arylamidase (a-aminoacyl-peptide hydrolase, EC 3.4.11.2) is the enzyme that cat-
alyzes the separation of amino acids from the N-terminal end of peptides, amides.
The enzyme was found in plants, animals, and microorganisms (Hiwada et al. 1980).
Although arylamidase activity is important in the beginning stages of the soil amino
acids mineralization, not much recent information is available about this enzyme in
soil (Muruganandam et al. 2009). Understanding of the role of arylamidase in soil N
cycling and the factors (i.e., soil properties, trace elements liming, tillage, and crop
residues management practices) that affect the activity of this enzyme will aid in
making decision important for the fertility, productivity, and sustainability of soils.
Arylamidase activity was highly influenced by tillage and residue placements, and
the greatest arylamidae activity was found in treatments of chisel/mulch, moldboard
plow/mulch, and no-till/double mulch, whereas the lowest activity was observed in
treatments of moldboard plow/normal and no-till/bare (Acosta-Martinez and
Tabatabai 2000).

3.2.2.4 Amidase

Amidase (acylamide amidohydrolase, EC 3.5.1.4) is responsible for the production
of ammonia (NH3) and carboxylic acid through the hydrolysis of amides (Fraser et
al. 2013). The production of ammonia is an important process in the N cycle.
Amidase activity can be increased in the presence of C, but excess C can lead to
both an N and P limitation (Allison et al. 2011). Amidase activity has been positively
correlated with high molecular weight amide substrates (propionamide) but not with
the low weight substrates (formamide) (Fraser et al. 2013). Amidase is secreted by
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many of microorganisms, plants, and animals, including bacteria Rhodococcus
(Nawaz et al. 1994) and Bacillus (Thalenfeld et al. 1977) genera. Fungal production
of amidase was noted in the Aspergillus (Benke 1979) and Fusarium (Reichel et al.
1991) genera. The wide variety of substrates that are available to amidase indicates
the diverse nature and prevalence of these enzymes. The irreversible inhibition of
amidase activity by organophosphate insecticides, such as fenitrothion and trichlor-
fon, has been described by Rasool et al. (2014).

3.2.2.5 Nitrate Reductase (NR) Activity

The dissimilatory nitrate reductase catalyzes the first step of the nitrification process
by reducing nitrate (NO3

�) to nitrite (NO2
�) (Singh and Kumar 2008; Verma et al.

2015a). Most of the NO3
� applied to the soil as fertilizer is taken by plants,

leachedordenitrified. Not many of this NO3
� is transformed to ammonium (NH4

+)
by the assimilatory nitrate reductase (ANR) coming from soil microbes (Abdelmagid
and Tabatabai 1987; Singh and Kumar 2008). This assumption is based largely on
the results showing that, contrary to dissimilatory reduction of NO3

� to ammonium
ions, the assimilatory reduction of NO3

� is greatly repressed by NH4
+concentration

(McCarty and Bremner 1992) and that the amount of NH4
+ in soil is usually higher

than that needed to inhibit the activity of ANR (Fu and Tabatabai 1989; Šimek et al.
2002; Martens 2005). In the literature, there are different opinions as regards the
ways of the inhibition of soil ANR activity by NH4

+ions. Some researchers have
stated that the negative influence of ammonium ions on the assimilatory nitrate
reductase activity is caused by the presence of NH4

+itself and does not depend on the
production of ammonium ions by soil microorganisms (Martens 2005), while other
studies have concluded that the inhibitory result of NH4

+ on the soil ANR activity is
caused by the occurrence of the glutamine as a result of NH4

+ assimilated by soil
microorganisms (McCarty and Bremner 1992).

4 Genes Encoding the Mineralization Enzymes in Soil

The contribution of transcriptomics and proteomics in soil enzymology is still poorly
developed probably because there are still methodological problems in soil proteo-
mics. Linking enzyme activity to gene expression in soil is a challenging task.
Detection of the specific enzyme activities does not identify the microbial species
directly involved in the measured process, leaving the link between the composition
of the microbial community and the production of key enzymes poorly understood
(Nannipieri et al. 2002; Krasek et al. 2006; Colloff et al. 2008; Wallenstein and
Weintraub 2008). Enzymes in soil may be intracellular or extracellular, wherein
these extracellular enzymes are usually absorbed into soil organic (humic sub-
stances) and mineral (clay minerals) colloids. Enzymes in the soil can originate
mainly from microorganisms but also from plants and animals. Assuming that it is
possible to assess that an enzyme comes from microorganisms, there are commonly
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a lot of microbes that are able to produce the same enzyme. Additionally, there are
frequently varied gene-coding enzymes that are able to catalyze the same or similar
reactions, thus leading to some functional excess, which increases the ability of the
enzyme-producing organism to adapt and cope with a diversity of environmental
conditions (Naessens and Vandamme 2003).

Although detecting the presence of selected genes in soil is now possible, only
some studies have focused on the connection between gene abundance and enzy-
matic activity in soil. The chitinase (E.C. 3.2–1.14) activity in soil was the first to be
compared using the respective enzyme-encoding genes. An attempt was made by
Metcalfe et al. (2003) to cover the whole process of gene expression, chitinase
secretion, and its determination in brown forest soil. The community structure was
assessed by extracting DNA and cloning and sequencing the PCR products with the
application of the primers for A chitinases (bacteria, fungi, virus, animals, and some
plant enzymes) for 18 family groups. The activity was measured by either the weight
loss of chitin or via an assay using 4-methylumbelliferyl-(GlucNAc)2, which was
higher in the soil that had been treated with sludge and was related to many species
of actinobacteria. The analysis of the sequence revealed greater changes in the
community structure in the case of the sludge and lime treatments.

The degradation of the lingo-cellulose complex is important in maintaining
nutrient cycling. A lot of studies have been dealing with enzymes taking part in
these processes or their responsible genes, but no many researchers tried to join the
enzyme activity to specified gene products. Bogan et al. (1996a) determined the
transcripts of the lignin peroxidase genes (lip A-lip J) of Phanerochaete
chrysosporium in soil treated with anthracene at the dose of 400 ppm. Following
the mRNA extraction, the occurrence of the lip gene transcript was found and
determined using competitive RT-PCR. The lip proteins were extracted from the
soil, cleaned, and used to a nitrocellulose membrane. The western blotting technique
was accomplished using the monoclonal antibodies to Phanerochaete
chrysosporium LiP H8. Later, Bogan et al. (1996b) were capable to find the
transcripts of nine lip genes, even in non-sterile soil taken from a polluted site. In
soil microbiology, laccase-encoding genes have primarily been used to study the
structural and functional diversity of fungi (Theuerl and Buscot 2010). The diversity
of fungal laccase-encoding genes was greater in the surface layer than in the deeper
soil layers, and there was a great deal of variability in the surface soil (Luis et al.
2004, 2005). The presence of the laccase-encoding genes of basidiomycetes (DNA
was extracted, amplified, and cloned with a final sequencing) changed during
different seasons, whereas the laccase activity of the phosphate extracts of the soil
remained constant through the years (Kellner et al. 2009). Cañizares et al. (2012)
related the first link in the disclosure and expression of encoding genes coming from
bacterial β-glucosidase (βgluF2/βgluR4 primers) to the relative enzyme activity in
soil treated with long-term management practices and found that these genes were
overexpressed in the tilled soils, which was probably the response of the bacteria to
stress. However, only 50% of the amino acid sequences were matched by the
database sequences that were retrieved, which indicates the presence of soil bacteria
that have unknown β-glucosidases.
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Recent progress in detecting extracellular peptidase-encoding genes and charac-
terizing the diversity of the urease-encoding genes in soil bacteria has supported that
molecular methods targeting some of the key enzymes may help us further under-
stand the microbial community active in soil N mineralization (Fuka et al. 2008a).
Various proteolytic genes have been determined in the soil, including serine pepti-
dases (sub), alkaline metallopeptidases (apr), neutral metallopeptidase (npr), as well
as aspartic protease (pep Aa, pepAb, pep Ac and pep Ad) (Fuka et al. 2008b; Veening
et al. 2008). Sakurai et al. (2007) showed that the structure of the genes expressing
bacterial populations (apr- and npr) was the most significant in characterizing the
total protease activity in soil. The latest advances on the sub and npr genes in
cultivation soils have demonstrated that those genes were various and spatially
differentiated in soil (Fuka et al. 2008b; Mrkonjic Fuka et al. 2009). Some authors
have suggested that the sub, apr, and npr genes plentifulness is frequently related to
the obtainable proteolytic activity (Fuka et al. 2008a). A wide range of soil organ-
isms including various populations of bacteria, fungi, as well as plants are able to
produce enzyme urease, which hydrolysis is urea into ammonium and carbon
dioxide (Tabatabai et al. 2010). Urease-encoding genes (ureC) have been found in
a range of soil ammonia-oxidizing archaea (AOA) and bacteria (AOB) (Lu et al.
2012; Lu and Jia 2013). Metagenomic-based studies displayed that the ureC gene
was widely arranged in various soils and was remarkably positively related to other
genes of N-transforming enzymes, such as amoA and gdh (gene coding the enzyme
glutamate dehydrogenase) (Yang et al. 2013, 2014). However, there are confined
results related to the variety of the ureC genes in soil microbial populations (Singh et
al. 2009).

Genes of proteolytic enzymes (e.g., bpr or aprE) are diversely expressed in
different populations of soil microorganisms (Veening et al. 2008). Many environ-
mental factors including carbon, nitrogen, phosphate and calcium concentrations,
soil pH, moisture and temperature, the quality and quantity of available substrates
sugars, salicylic acid, plant hormones, flavonoids, amino acids, and selected antibi-
otics increase gene expression (Maunsell et al. 2006; Shivanand and Jayaraman
2009; Verma et al. 2015b; Molaei et al. 2017a, b). The secretion of proteolytic
enzymes by soil microbes is constitutive (they are still present in the cells) or
inducible (their synthesis is stimulated by the presence of an appropriate inductor)
as dependent on various growth stages (Burns 1982). The highest expression of
genes coding proteolytic enzymes in bacteria and fungi may be in the initial constant
period of their growth, throughout the exponential growth stage, or for the time of
the late lag period (Allison and MacFarlane 1990).

5 Methodology of the C- and N-Cycling Enzymes: General
Overview and Data Interpretation

Catalase and peroxidase were the first enzymes which activity was determined in soil
more than 100 years ago (Skujins 1978). Since that time, many enzyme activities
have been found and determined in the soil. However, the amount of enzymes in soil
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is significantly higher than those that have been determined because of many
possible sources of enzymes occurring in soil (microorganisms, plants, fauna)
(Ladd 1985). Additionally, by using many assays we are not able to identify the
specific enzyme activity; e.g., during the measurement of casein-hydrolyzing activ-
ities, there is no possible to identify the specific bonds that are hydrolyzed or
products that are released. Many methods of enzyme activities determination in
soil have been developed by Tabatabai and coworkers (Tabatabai and Bremner
1969, 1970; Tabatabai and Singh 1976). Later, at least three books devoted to the
methodology of soil enzymes were published (Alef and Nannipieri 1995; Scinner et
al. 1995; Dick 2011).

Enzymes in soil are willingly determined since the assays are generally simple,
accurate, sensitive, and relatively rapid. A range of enzyme activities and a large
number of samples can be analyzed over a period of a few days using small
quantities of soil. Changes in enzyme activities depend not only on variations of
gene expression but are also affected by environmental and anthropogenic factors
(Nannipieri 1994; Tabatabai 1994). Therefore, the determination of enzyme activi-
ties in soil requires the effective extraction followed by the exact assessment of the
remaining substrate or the products formed during the reaction. Because most of the
assays for assessment of the resulting product or decreasing substrate are based on
colorimetric measurements, it is recommended to use buffers, which generally do
not release organic matter from the soil. Interference by the color development
originating from soil organic matter constituents is commonly known during color-
imetric measurement. Every soil enzyme assay has its own optimum conditions,
such as the suitable substrate concentration, the defined buffer pH, and the temper-
ature of the incubation. At a substrate concentration that exceeds the value that limits
the reaction rate, the incubation time should warrant a linear decrease of the substrate
or product release and ought to be as short as possible in order to show a quantifiable
part of the activity. Long-time incubation should be avoided due to the possible
microbial proliferation and growth, the activities of intracellular enzymes, and the
synthesis of new enzymes (Burns 1978; Burns and Dick 2002).

Current methods in soil enzymology allow us to determine rather the potential
than in situ activity. This is due to the fact that the incubation conditions are selected
in order to guarantee the highest rate of substrate conversion. Additionally, in
enzyme assays, we use soil slurries to limit the spreading restriction. Thus, the
assay conditions used in laboratories are dissimilar from those that occur naturally
in soil, where pH, temperature, and moisture are rarely optimal and change very
often, and the substrate concentration is usually in low concentration (Burns 1978).

The main problem in interpreting measurements of enzyme activities is to
distinguish among many components contributing to the overall activity (Burns
1982; Nannipieri 1994; Gianfreda and Bollag 1996). The activity of any particular
enzyme in soil depends on enzymes that can have different locations (living cells,
dead cells, cell debris, soil solution, adsorbed by inorganic colloids and associated in
various ways with humic molecules) (Datta et al. 2017a). In addition, abiotic trans-
formations, the so-called enzyme-like reactions, can contribute to the overall activity
(Gianfreda and Ruggiero 2006). The significant fractions of soil enzymatic activity
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are intracellular enzymes that are present in cells of plants, animals, and microor-
ganisms. Taking into account that visible plant and animal residues are removed
during the soil preparation before enzyme determination and that enzymes which
have been liberated from dead cells are quickly degraded by microorganisms or
inhibited by various unbeneficial factor occurring in soil environment, it can be
assumed that enzymes in living and proliferating microbial cells are the most crucial
part of intracellular enzymes found in soil. Thus, assessment of the intracellular
enzyme activities can provide significant knowledge about the functional diversity
of soil microorganisms. As regards the extracellular localization, the free enzymes
are assumed to be short-lived as compared to enzymes associated with soil colloids
(Burns 1982; Ladd 1985; Nannipieri 1994). With the currently used methodology, it
is not possible to separate between enzyme activities originated from different
locations. The following factors restrict advances in soil enzymology: (1) inability
to isolate extracellular from intracellular enzymatic activity, (2) inability to extract
and purify enzymatic proteins from soil, and (3) lack of suitable methods to extract
quantitatively products of enzyme reactions occurring in soil (Tabatabai and Dick
2002). Another problem that is connected with the methodology of soil enzymes is
the lack of standardization. The methodologies adopted for soil enzyme measure-
ment are not universal and create difficulty in comparing soil enzyme research.
Differences between substrates, assay conditions, incubation times, and detection
methods (Marx et al. 2001; Burns et al. 2013) contribute to differences in the enzyme
readings. The various experimental conditions that are used to determine soil
enzyme activities are presented in Table 4.

Generally, there are two groups of methods used for soil enzymatic activity
determination. One group is based on measuring of the substrate concentration
decreases, and the other group is related to an increase in the concentration of the
product released during the reaction. Techniques most often used in soil enzymology
are presented below or in Tables 4 and 5.

A. Colorimetric/spectrophotometric methods are based on the absorption of light
(visible or ultraviolet) by the substrates and/or products released during the
enzymatic reactions. The amount of the substrate remaining after reaction or
product extracted from soil sample after incubation with an appropriate substrate
and buffer, that are incubated at a specific temperature, pH, and time, is deter-
mined using colorimeter (or spectrophotometer). Most of the C and N cycle
enzymes can be determined using these methods (Tabatabai and Dick 2002).

B. Distillation – titration methods are used to determine the amidohydrolases, such
as L-asparaginase, L-glutaminase, L-aspartase, amidase, and urease. These
methods are based on the incubation of the soil with the proper substrate, and
proper pH buffer after which the NH4

+ produced is assayed. After incubation,
the enzymatic reaction is stopped by adding 2MKCl that contains Ag2SO4. The
defined volume of the obtained mixture is distilled with MgO, and the NH3 that
is released is collected in boric acid that contains the appropriate indicators and is
titrated with standard H2SO4. The detailed methodology was presented earlier by
Tabatabai (1994).
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C. Fluorescence methods – some enzyme activities in soils have been detected
using fluorimetric techniques. One of the earliest techniques of this kind was that
proposed by Pancholy and Lynd (1971) for soil lipase activity. The reaction was
based on the hydrolysis of the nonfluorescent butyryl ester of 7-hydroxy-4-
methylcoumarin to 7-hydroxy-4-umbelliferone, the highly fluorescent com-
pound. The fluorescence methods have been used for assaying the
β-glucosidase activity in peat (Freeman et al. 1995) and for assaying
β-glucosidase, β-cellobiase, β-N-acetylgalactosaminidase, and β-xylosidase in
soil (Darrah and Harris 1986). Very important in these methods is to use the
small amount of soil sample (milligrams) or to determine the capacity of the soil
to adsorb the fluorogenic compounds that are liberated to correct the assay
results.

D. A microplate fluorimetric method was proposed by Marx et al. (2001) (as a
modification of the earlier used fluorimetric techniques) to determine the activity
of the hydrolytic enzymes and was based on the application of the
methylumbelliferyl (MUB) substrates. Following incubation for a defined period
of time at the desired temperature, MUF is quantified by terminating the
enzymatic reaction by adding 0.5 M NaOH. The concentration of MUF is
measured by a computerized microplate fluorimeter and is expressed as the
micromoles MUF that are released per kg�1 soil h�1 (Deng et al. 2011). This
method offers increased sensitivity and the possibility to estimate the kinetic
parameter of the enzyme reaction. If it is successful, the advantages of this
methodology are (1) speed of operation (less than 1 h), (2) simultaneous analysis
of a large number of samples, (3) simultaneous use of a range of MUB conju-
gates, (4) measurement under standard conditions, and (5) automatic calculation
of reaction rates. This method, which requires only milligram quantities of
homogenous soil samples, has been used to measure the activities of β-D-
glucosidase, β-D-galactosidase, N-acetyl-β-D-glucosaminidase, β-cellobiase,
and β-xylosidase in a sandy loam and a silty clay loan soil (Marx et al. 2001).
Modified, faster, microplate methods for the high-throughput determination of β-
glucosidase were discussed recently (Hoehn 2016). The evaluation includes the
use of an automated pipetting system and sonication, as well as a reduction in the
number of analytical replicates, which permits a higher sample throughput
suitable for service laboratory use.

6 Conclusions and Future Challenges

Based on the literature, it can be concluded that interest in the enzyme systems
responsible for C and N transformation in soil is currently still high. The problem
with the enzyme activities in soil is however related to the imperfect methodologies,
which do not allow to measure the actual soil functioning. The methods of soil
enzyme activities determination have the following limitations: (1) the methods do
not differentiate between the constituents that contribute to the overall soil enzymatic
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activity, (2) they measure the potential rather than actual enzyme activities, (3) they
do not separate the real enzymatic activity from the so-called “enzyme-like” activ-
ities, (4) there is no methods standardization, and (5) the currently used methods
prevent to detect the origin of the soil enzymes (Gianfreda and Ruggiero 2006). That
is why the development of the better assays of enzyme activity in soil is required.

Future research should also investigate if the enzymes are actively expressed and
if, after expression, they catalyze the proper reactions without inhibition. The other
area in soil enzymology should be devoted to the development of the new methods
suitable to assess the genetic potential and gene expression, as well as the direct
enzyme activity, showing the potential activity in the soil system. This study field
includes research on the shift in the genes that codes for individual enzymatic
proteins and the determination of soil factors that influence the expression of the
specific enzymes (Sect. 5, Krasek et al. 2006). There is a great need to explain the
connection between the genetic diversity and microbial community structure and
functioning (Suenaga 2011; van Elsas and Boersma 2011; Meena et al. 2014). Since
all of the enzymes have their relative genes, they are an ideal base for research on the
relationship between microbial specification and particular processes occurring in
the ecosystem. In this regard, progress in the development of “omics” technologies
such as proteomics and transcriptomics give a great, although not yet proven,
potential to explain a lot of aspects of the regulation of the functioning and ecology
of soil enzymes.
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Factors Affecting Soil Microbial Processes

Lucia Zifcakova

Abstract Soil is one of the most abundant environments on the Earth, where
microbial processes take place, thus understanding the soil microbial processes in
the context of factors influencing their environment is crucial. Soil microbial pro-
cesses control soil nutrient cycling, foremost carbon cycling; therefore they affect
global climate change. Organic and inorganic forms of carbon of natural or anthro-
pogenic origin are sequestered via microbial activity into so-called soil organic
matter that can be preserved in the soil for many decades. Soil microbial processes,
such as carbon cycling, can be described by models emphasizing either the impor-
tance of physicochemical factors or the involvement of microbes. Balancing the
carbon intake (e.g., photosynthesis) and output (e.g., decomposition) is one of the
most important microbial tasks in the soil. Soil microbial processes are mediated by
enzymes and thus are affected by environmental factors affecting enzymatic activ-
ities, such as temperature, water content, pH, and seasonality, but also by factors
affecting diversity and abundance of microorganisms, such as nutrient availability,
amount of soil organic matter, or presence of the symbiotic tree. Some microbial
processes, such as N mineralization, are influenced more by abiotic factors (temper-
ature and moisture) than the diversity of the microbial community since many
groups of microbes are involved in this redundant process.
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Abbreviations

�C Degrees of Celsius
Al Aluminum
C Carbon
Ca Calcium
CDI Climate decomposition index
CH4 Methane
CO2 Carbon dioxide
Cu Cuprum
CUE Carbon use efficiency
DNDC DeNitrification-DeComposition
DOC Dissolved organic matter
H Hydrogen
LIDET Litter decay study
Mn-peroxidase Manganese peroxidase
N Nitrogen
N2O Nitrous oxide
NH4 Ammonium
NO Nitric oxide
NO�

2 Nitrite
NO3 Nitrate
NPP Net primary production
NSP Net secondary production
O Oxygen
P Phosphorus
S Sulfur
SMP Soil microbial processes
SOM Soil organic matter

1 Introduction

Soil is defined byMerriam-Webster dictionary as “the superior layer of earth that can
be plowed and in which plants grow,” but soil is much more than that. Soil
ecosystem is composed of various microhabitats that differ in physicochemical
gradients and represents discontinuous environmental conditions. Due to its hetero-
geneity, soil serves as a medium for the growth of plants, microbes, and diverse
organisms. The soil is made up of organic remains, so-called soil organic matter
(SOM), clay, and rock particles. One of the soil functions is to maintain global
biogeochemical cycles, which affects other biotic and abiotic components of eco-
systems. Soil processes are retroactively controlled by biotic components, such as
plant and microbial communities, and abiotic factors, such as temperature, water
content, pH, etc.
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The knowledge of the interplay between external factors and soil microbes in
simplifying SMP (soil microbial processes) is critical in our understanding of how
global climate changes could affect processes of the terrestrial ecosystem. There is
still a significant gap in our understanding on how different biotic and abiotic factors
and their interaction influence or regulate SMP, which could be due to the complex-
ity of SMP and technical obstacle to study soil microbial community (Hackl et al.
2005; Brockett et al. 2012).

For the purposes of this chapter, we will consider four processes mediated by
microbes involved in C and N cycling: SOM degradation, C sequestration, nitrifi-
cation, and denitrification. These SMP are mediated by microbial enzymes, of which
activity and production can be affected by external factors, such as temperature, pH,
water, seasonality, and interactions among organisms.

Enzymes are one of the key drivers of soil biological process, such as organic
matter degradation, mineralization, or recycling. Activity of hydrolytic enzymes,
ligninolytic oxidases, and peroxidases has a direct effect on the transformation rates
of soil biopolymers into substrates which are easily available to microorganisms and
plants. Thus, studying soil enzyme activities is useful for evaluating the functional
diversity of soil microbes, soil organic mass turnover (Kandeler et al. 1999; Yadav
et al. 2017; Datta et al. 2014), or fertility of soil.

Soil enzymes are the main indicator of soil quality and health due to their quick
response and sensitivity to external environmental factors (Dick 1994; Dick et al.
1996; Datta et al. 2017b). Simultaneous measurement of multiple enzyme activities
can be served as a suitable indicator of soil microbial activities (Bolton et al. 1985).
Such as β-glucosidase activity, catalyzing the hydrolysis of cellulose to glucose and
dehydrogenase activity may be particularly useful enzymes for soil quality monitor-
ing because of their central role in C cycling (Ceccanti et al. 1993; Doi and
Ranamukhaarachchi 2009; Pathan et al. 2017).

2 Importance of Soil Organic Matter (SOM)
in C Sequestration

One of the most abundant microbial processes in soil mediated by extracellular
enzymes is degradation of either plant litter, microbial necromass, or other inputs,
including leachates and exudates from different sources. There is a consortium of
microorganisms that are degrading and utilizing the majority of C compounds
created by NPP (net primary production). NPP turnover supplies energy and forms
blocks for heterotrophs to build their biomass termed NSP (net secondary produc-
tion). NSP could be used in the process of decomposition which takes days to
decades and depends on temperature, moisture, and the quality of the live and
senesced biomass.

A small fraction of plant (NPP) and heterotrophic decomposer constituents (NSP)
are converted into soil organic matter (SOM) that could be persevered for many
decades and is an imperative and stable C pool, making up a significant proportion
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of terrestrial C stocks. Although SOM is mostly a small fraction of the soil, it regulates
air and water availability for plant root growth and provides the resistance against wind
and water erosion. Organic matter content in different soils ranges from 0.2% to 80%,
respectively, in desert and peat soils. In temperate regions, it ranges between 0.4% and
10.0%, with soils of humid region averaging 3–4% and those in semiarid areas 1–3%.
Soil C stocks are created in a process called carbon sequestration, during which CO2 is
removed from the atmosphere via photosynthesis and stored soil carbon pool in the
form of SOM. The different elements of NPP added to the soil differ significantly as a
source of energy and nutrients reflecting their biochemical composition and physical
availability to the microorganisms (Wardle and Giller 1996).

The SOM can be separated into two fractions depending on their biological
degradability: (1) rapid to medium turnover fraction and (2) recalcitrant fraction
with slow turnover. The first one is composed of soluble compounds with small
molecular mass and serves as immediate C sources for the soil biota, thus contrib-
uting to nutrient cycling. The latter fraction is a complex combination of humic and
fulvic acids with different high molecular weight organic molecules attached to soil
inorganic particles, represents sequestered C and thus the energy reservoir, and
improves soil structure as well (Simpson et al. 2007; Schmidt et al. 2011). Carbon
polymers, including hemicellulose, pectins, and cellulose, make up to 50% of NPP
inputs in terrestrial environments. These components are structural part of plant cell
wall and contain macronutrients, mainly N and P. Cytoplasmic components of plant
cells, for example, sugars, organic acids, amino compounds, and proteins, provide
energy and essential nutrients for decomposition and form up to 10% dry weight of
the plant. After the degradation process, a small fraction of C NPP and NSP is
preserved in soil in the form of humic substances by metabolism process or associate
with other soil minerals and protected by soil aggregates. SOM thus comprised of
distorted decayed plant residues, soil microbes, soil fauna, and by-products of
degradation, such as humic substances. Humic substances are results of long oxida-
tion and reduction, causing the material to be increased in C and H but depleted in O
content, compared to the original one. During decomposition, N content of humic
substances is increased because N compounds react through radical coupling with
other compounds, and thus humic substances consist of 50–55% C, 5% H, 33% O,
4.5% N, 1% S, and 1% P. Metals and micronutrients, such as Al, Ca, Zn, and Cu, are
also exist but in much smaller amounts. The dominance of aliphatic compounds
derived from microbial cell walls in SOM (Schurig et al. 2012) suggests that
microbial biomass contribute significantly to stable C pools.

Fungi and bacterial share on total soil biomass is approximately 90% (Rinnan and
Bååth 2009), and thus turnover of their necromass is evaluated to contribute as much
as 80% to the preservation and accumulation of SOM (Liang and Balser 2010).
Throckmorton et al. (2012) hypothesized that cellular biochemistry of different
microbes determines the form and amount of C designated to form stable SOM.
Martin and Haider (1979) suggested that C stored in SOM is mainly of fungal origin
compared to other microbial groups, due to their composite cell walls and pigments
that are resistant to decomposition. Rinnan and Bååth (2009) supported this hypothesis
by the fact that fungi have higher C-use efficiency (CUE) compared to bacteria that
can lead to higher involvement of fungal C to stable SOM. Yet, the overlapping ranges
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of CUEs for some soil fungi and bacteria question this theory (Six et al. 2006). The
composition of the bacterial cell wall is likely to influence its decomposition by soil
microorganisms because Gram-positive bacteria contain more peptidoglycan, which is
associated with slower decomposition, than Gram-negative bacteria. Though the
structure of peptidoglycan in cell wall differs among bacterial species and with growth
conditions, what makes it difficult to predict is its decomposability (Vollmer et al.
2008). Due to the limited field-based assessment on comparing bacterial and fungal
turnover, our understanding is scarce on the contribution of different microbial groups
to SOM (Strickland and Rousk 2010). Throckmorton et al. (2012) reported that the
involvement of various cellular biochemistry of main microbial groups contributed
evenly to maintaining of SOM, but the results were more dependent on the abundance
of microbial groups rather than their unique cellular biochemistries.

Among others, the decomposition processes are regulated by temperature, mois-
ture, soil disturbance, xenobiotics, the quality of SOM as a microbial substrate
(Smith and Paul 1990; Smith 1994; Molaei et al. 2017a, b), and microbial commu-
nity composition (Aber et al. 1990; Couteaux et al. 1995; Fassnacht and Gowerr
1999; Park and Matzner 2003; Pregitzer et al. 2004).

3 Models of Soil Microbial Processes (SMP) Involved
in SOM Degradation Are Either Process- or Organism-
Oriented

C flux is directly or indirectly controlled by soil organisms through the degradation
process. The relative contributions of microbes to CO2 release vs. C storage in soil
are of great interest. The CUE of the organism is the amount of CO2 lost per unit of
energy gained, and environmental conditions can impact CUE (Six et al. 2006).
Nutrients in specific ratios or their lack can modify the amount of energy spent to
decompose SOM. Nutrient availability, substrate quality, and temperature (del
Giorgio and Cole 1998) impact the CUE of soil organisms. Cotrufo et al. (2013)
suggested that microbial efficiency should be modeled as a function of substrate
characteristics, community structure, and environment. This would widen our under-
standing of soil microbiota impact on CO2 flux, SOM retention, C pool composition,
and assembly, as well as an improved our knowledge of energy transformations in
the microbial community. Multicompartmental models of SOM decomposition
dynamics can be either “process-oriented” or “organism-oriented” (Paustian 1994).

Organism-oriented models, also known as “food web models,” emphasize diverse
functional or taxonomic groups of soil organisms in the description of the flow of
organic matter and nutrients (Moore and de Ruiter 2012). Instead of concentrating on
the specific organism’s activity or group, process-oriented models emphasis on the
processes mediating the transformations of organic matter and nutrients.

Most of SOM decomposition dynamics models start by modeling litter decay on
the soil surface. The assumption of these models is that plant litter comprises both
readily decomposable fraction and recalcitrant fraction composed of cellulose and
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lignin. Hence, the SOM and litter decay can be divided into different pools based on
stabilization mechanisms, bioavailability, and biochemical and kinetic parameters,
consisting of small “active” pool with a rapid turnover rate and larger pool with slow
turnover rates from decades to thousands of years. Plant lignocellulose ration is
positively correlated with plant biomass recalcitrant fraction to decomposition.
Many litter decay models work with microbial community as variable and also
presume that the majority of plant lignin (>70%) will be transformed into organic
material. Plant residue decay is well described by first-order rate kinetics that
suggests that inoculation of soil microbes is not limiting factor for degradation rate.

LIDET (litter decay study) (Parton et al. 2007) data was used to assess global
ecosystem models. Bonan et al. (2012) have used LIDET data (litter decay data)
from study of Parton et al. (2007) to determine global ecosystem models and
reported that models should also consider the initial litter N, lignin, labile C content,
and effect of climate decomposition index (CDI) to precisely characterize litter
decomposition dynamics. The most correlated variable was CDI since it embraces
the seasonal patterns of temperature and moisture. From other factors influencing the
results of model, the starting N content had a strong impact on N dynamics.
Microbial N immobilization during the initial phase of decay (>50% of initial C
remaining) was more favorable when N litter content was low (<0.8% N), while high
N litter content (>1.5% N) resulted in the immediate release of simultaneous C and N
during litter decay.

Many models (Schimel 2001) have coupled soil C decay to microbial biomass
and physiology and contain the influence of microbial activity on SOM decay rates
as well (Allison et al. 2010). General hypothesis in these models is that extracellular
enzymes regulate the decomposition of SOM to dissolved organic matter (DOC) and
that DOC availability regulates depolymerization of SOM. Another assumption in
these models is that the production of enzymes is equivalent to the amount of
microbial biomass. These models utilize Michaelis-Menten equation with the max-
imum reaction rate, microbial uptake (Vmax), and half-saturation constant (Km) being
the primary input variables that can represent enzyme reaction rates and microbial
uptake of DOC. Other soil environmental factors (water, temperature, soil pH, N,
and P) can affect the enzymes production rate and their influence on the decompo-
sition rate of SOM pools (Sinsabaugh and Shah 2012).

Additional relevant factor in substrate-enzyme-microbe models is the ratio of
microbial growth to C processing costs known as microbial C-use efficiency (CUE).
Substrate-enzyme-microbe models presume that CUE is influenced by the soil
environmental variables and the SOM pool, whereas conventional SOM models
usually use fixed values for CUE. Thus, conventional SOMmodels can be improved
by counting the influence of soil environmental factors, microbial activity, and
enzyme production on CUE.

Nevertheless, how will soil microbial communities react to external variables is
also influenced by the type of soil ecosystem. When soil microbial community from
the different forests was compared with different climate zones, it was reported that
SMP is significantly influenced by soil water content (Brockett et al. 2012). In
contrast, it was shown that soil organic carbon one of the main factors affecting
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soil microbial community function and structure under different types of vegetation
(Grayston and Prescott 2005; Yao et al. 2006; Franklin and Mills 2009; Katsalirou
et al. 2010). Other studies suggest that soil chemical properties, such as soil C/N ratio
(Fierer et al. 2009), nutrient status (Lauber et al. 2008), and soil pH (Rousk et al.
2009), are highly correlated with soil microbial community composition and func-
tioning. Some other studies suggest that composition soil microbial community in
forest significantly influenced by the chemistry of plant litter (Ushio et al. 2008;
Strickland and Rousk 2010) and spatial pattern of soil properties (Ushio et al. 2010)
and these changes in the composition have a direct impact on the functioning of soil
microbes.

Moreover, Tilman (1995) reported that biodiversity is regulating the SMP rates
and if aboveground species diversity increase could lead to an increase in ecosystem
stability. Klironomos et al. (2000) suggested that the presence/absence of arbuscular
mycorrhizal fungi changed the relationship of plant biodiversity to aboveground
productivity. Diversity and C cycling are significantly correlated to each other
during a decrease in diversity, and when diversity increases, C cycling increased.
Nevertheless, with high diversity, species-specific traits became more influential
than numbers of species. Microbial community functioning can also alter soil
chemistry directly via processes, which increase nutrient availability, such as P
solubilization and N fixation, and/or alter SOM decomposition rates.

Morris and Blackwood (2015) suggested that availability of a diverse range of
organic compounds to varied organisms with a wide range of enzymes could lead to
functional redundancy of the microbial community. Experimental studies over the
last years have challenged this assumption. Strickland et al. (2009) found differences
in C mineralization rates on a community level, using diverse communities, propos-
ing that each combination of microbial communities provided a unique set of
metabolic physiologies resulting in different rates. These studies are also supported
by metagenomic approaches evaluating metabolic gene diversity (Röling et al.
2010). Changes in the composition of soil microbial community are prone to result
in changes of microbial functioning, thus altering SMP (Waldrop and Firestone
2006). For example, increased abundance of microbes producing hydrolytic
enzymes that facilitate C acquirement will support the primary metabolism (Cusack
et al. 2011), but rise in the production of oxidative enzymes, mainly by saprophytic
fungi, will result in higher decomposition of complex compounds (Sylvia et al.
2004). An understanding of the interplay between the function and structure of the
microbial community is necessary for estimating the effect of shifts in the structure
of microbial community on changes in SMP (Weand et al. 2010). The ability to
identify specific soil microbial features driving SOM transformations will expand
our mechanistic understanding on how soil C sink and C sequestration work (Lucas
et al. 2007; Acosta-Martınez et al. 2010). Soil bacterial community regulates SOM
storage in soil by the increase in the C acquisition activity. In contrast, saprophytic
fungi are active in SOM turnover because they produce enzymes involved in the
oxidation of C compounds.

A wide variety of soil microorganisms are able to produce extracellular enzymes,
and some of these enzymes indicate the presence of certain microbial groups (Baldrian
2009). For example, ligninolytic enzymes, such as lignin peroxidase and
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Mn-peroxidase, are produced only by saprotrophic Basidiomycetous fungi (Hofrichter
2002; Baldrian 2008; Datta et al. 2017a). Enzymes involved in cellulose and lignin
decomposition are the most widely assayed enzymes (Cusack et al. 2011). Other
commonly assayed enzymes produced by a wide variety of microorganisms are those
involved in the hydrolysis of proteins, chitin, and peptidoglycan, making organic N, S,
and P accessible for microorganisms (Caldwell 2005). It was discovered that the
relative abundance of particular arbuscular mycorrhizal fungi and Gram-negative
bacteria was correlated with activities of hydrolytic enzymes involved in acquisition
of C by microorganisms (cellobiohydrolase and β-glucosidase), whereas the relative
higher abundance of the saprophytic fungi was associated with the specific activities of
enzymes involved in lignin (phenol oxidase and peroxidase) and chitin
(N-acetylglucosaminidase) degradation (Colpaert and Laere 1996; Courty et al.
2008, Miller et al. 1998; Burke et al. 2011). On the other hand, Gram-positive bacteria
were positively associated with cellobiohydrolases that are involved in cellulose
degradation (Waldrop et al. 2000; Bell et al. 2009). It was found that bacteria respond
most quickly to additions of simple C compounds such as sugars, starch, and amino
acids, while fungi and filamentous bacteria – actinomycetes – dominated when
complex C compounds such as lignin and cellulose were added to the beech litter
(Moller et al. 1999; Datta et al. 2017c).

Other factors related to the soil fertility, such as SOM content, NH4, NO3 and C to
N ratio, were correlated with the structure of the soil microbial community. Bacteria
are usually found SOM rich soils, while the richness of saprophytic fungi rises with
degrade soil (Grayston et al. 2004; Grayston and Prescott 2005; Franklin and Mills
2009; Katsalirou et al. 2010; Wu et al. 2011). The C to N ratio in litter and soil was
positively correlated with the occurrence of saprophytic fungi (Högberg et al. 2006;
Fierer et al. 2009; You et al. 2014). Abundance of bacteria is high clay soil, while the
abundance of saprophytic fungi decreased in clay-rich (Högberg et al. 2006;
Lamarche et al. 2007; Fierer et al. 2009; You et al. 2014). Some recent studies
suggested that the soil microbial community structure is significantly affected by soil
pH (Högberg et al. 2006; Sinsabaugh et al. 2008). On the other hand, it was showed
that composition of plant community is a better predictor of variations in microbial
community composition than the soil properties, which is mostly due to dependence
of litter quality and amount on the plant species, which in turn affects soil physico-
chemical properties (Mitchell et al. 2010; Thoms et al. 2010).

4 Interplay Between Photosynthesis and Decomposition

The relative rates of C uptake via photosynthesis vs. C release in the process of
autotrophic and heterotrophic respiration¼ decomposition represent the fluxes in the
global C cycle in terrestrial ecosystems. The rates of SMP are significantly impacted
by interactions among soil microorganisms and by their interactions with plants. For
example, mycorrhizal symbiosis between fungus and plant increases photosynthetic
rates, mainly under stress conditions such as water or nutrient restrictions.
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Decomposition rates are influenced by competition for resources among decom-
posers, predation on decomposers, and changes in living conditions.

Decomposition and photosynthesis are key ecosystem processes; thus, individual
plant species differentially impact the composition of the soil food webs (Bezemer
et al. 2010; Rout and Callaway 2012; Wolfe et al. 2008; Shamina et al. 2018) as well
as N turnover rates, which were influenced by plant diversity (Bezemer et al. 2010).
Vice versa, the alterations of the microbial community can decrease the flow of
nutrients to plants and thus decrease the flow of energy to the microbial community
as well.

4.1 Effect of Seasonality on SMP

In terrestrial ecosystems, microbial communities are significantly influenced by
dominant primary producers – plants. Plants provide not only novel niches for the
microbial communities to thrive but most importantly C and N for microbial growth
in the form of plant detritus used by saprotrophs, root exudates available for the
symbionts, and root-associated microbial communities. Energy input into soil micro-
bial communities highly rely on NPP. Thus the amount of microbial biomass that can
be supported in soil depends on plant contributions through root exudates, leaf, or
root litter. In temperate zone, photosynthesis associated with the rhizodeposition of
easily decomposable C compounds into the soil, either directly or through the root-
associated mycorrhizal fungi, is limited to the vegetation period of spring and
summer (Ekblad and Högberg 2001). Approximately 30% of the NPP is allocated
to roots and soil via root exudates (Beidler et al. 2014). The allocation of C into the
soil via plant roots shows several-fold seasonal changes corresponding to the change
in intensity of photosynthesis throughout the year (Högberg et al. 2010). Seasonality
can be found in plant carbon balance that is positive in the summer due to higher
photosynthesis than respiration but negative in winter due to respiration and low
photosynthesis (Ryan 1991). Carbon in the form of root exudates derived from plant
photosynthates is rapidly consumed by microorganisms, which highlights short-term
dynamics in degradation by microbial soil communities (Bellemain et al. 2012). Ten
to fifty percent of all assimilated C of plant origin is translocated into mycelia of
ectomycorrhizal fungi. Thus they play a role in soil carbon storage, and carbon sink
in the boreal forest is driven by these fungi (Orgiazzi et al. 2016).

Seasonality that is represented by changes in plant growth, temperature, and
precipitation affects the structure and abundance of microbial community (Högberg
et al. 2010; Kaiser et al. 2010; Voriskova et al. 2013). Such seasonal changes in the
composition of microbial community and function were observed in the mixed
temperate forest (Zhang et al. 2014) and in the Arctic ecosystem (Mundra et al.
2015). One of these changes was the dominance of saprotrophic fungi in spring that
was correlated to spring fine root turnover (Satomura et al. 2006), and
ectomycorrhizal ones in late summer, when the maximal growth of spruce fine
roots occurred (Stober et al. 2000) in temperate (Jumpponen et al. 2010; Voriskova
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et al. 2013; Wallander et al. 2001) and boreal forests (Davey et al. 2012; Santalahti
et al. 2016). Fungal richness and diversity increased more than three times between
spring and summer in Quercus petraea forest soil (Voriskova et al. 2013). The
increase in fungal richness in the Arctic environment was found to correlate with the
increase in soil temperature (Mundra et al. 2015), which was showed to be a growth-
limiting factor for ectomycorrhizal fungi in these environments (Robinson 2001;
Timling and Taylor 2012). Spring snowmelt was correlated to the decrease of fungal
biomass and increase of Gram-positive bacteria and Actinobacteria biomass in the
soil of Alpine tundra soil, while the Gram-negative bacteria were abundant in
summer in the same environment (Bjork et al. 2008). In contrast to the fungal
community, bacterial community structure in the soil was responsive to a summer
peak of rhizodeposition in a temperate oak forest (Lopez-Mondejar et al. 2015).
Seasonal shifts of the relative abundances of individual bacterial groups were found
in the alpine soils (Lipson 2007; Kuffner et al. 2012) and were connected to C
fluctuations in plant roots. A metaproteomic study in coniferous and deciduous
forest showed that the fungi to bacteria ratio have increased in spring compared to
winter (Schneider et al. 2012). It was also found that fungi produced more than half
the transcribed enzymes involved in SOM degradation, especially in summer in the
temperate coniferous forest (Zifcakova et al. 2015, 2017). Enzymes involved in
breakdown of complex polysaccharides (endocellulases and endoxylanases) and
those decomposing fungal cell wall (N-acetylglucosaminidases) were more active
in summer, while cellobiohydrolases involved in cellulose degradation were active
in spring (Baldrian et al. 2013). Results of Zifcakova et al. (2017) showed increase in
the transcription of enzymes that involved fungal biomass turnover in summer,
whereas expression of other compounds such as starch or trehalose is increased
during the winter season. Seasonality has a significant influence on gene in soil
compared to litter and transcription of the ligninolytic, and cellulolytic enzyme
increased during the summer than the winter. Winter communities of microorgan-
isms produced more cellulases and amylases and thus were able to decompose
complex carbon substrates, as indicated by decreased mineralization of SOM,
while summer communities were able to utilize glucose more effectively since
there was the higher availability of dissolved organic carbon in summer than in
winter (Koranda et al. 2013). In temperate forest, seasonal differences in the enzyme
pools with maxima in summer were found for N-mineralization and denitrification
enzymes, but the pool of β-glucosidases enzymes present in most microorganisms
did not show any regular seasonal pattern (Rastin et al. 1988; Bohlen et al. 2001) but
their transcription varied between summer and winter season (Pathan et al. 2017).
Activities of phenol oxidases and peroxidases were highest in late summer, while
activities of cellulases and proteases peaked in winter in beech forest soil (Kaiser
et al. 2010). The structure of the fungal community of cellulases producers was
different in the summer and winter, and it was also suggested that lignin breakdown
starts later in summer with the increase of Basidiomycota in metaproteomic data
(Schneider et al. 2012). At least in the tundra, the main factor influencing seasonal
differences in enzyme activities was temperature (Wallenstein et al. 2009). The total
annual enzyme activity in the boreal coniferous forest was 7–32% in winter while
68–93% in summer (Wittmann et al. 2004). Overall, there are evidences not only for
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the seasonal change in enzyme activities but also for seasonal shifts in abundance of
saprotrophic and mycorrhizal fungi also shifts in the bacterial community
composition.

4.2 Temperature Dependence of SMP

Correlation of SMP and temperature is complex because individual microbes vary in
their optimal temperature, and thus diverse soil microbes may be active at various
temperatures. At the top of it, divergent microorganisms have distinctive abilities to
adapt to the temperature by changing their physiology, such as membrane fluidity
and permeability and structural flexibility of proteins, including enzymes. Due to
temperature dependence of enzymatic reactions and biological processes, tempera-
ture is one of the key factors affecting SMP. Rise in the temperature by 10 �C will
increase the activity of most enzymes by 50 to 100% (Martinek 1969).

The relative temperature sensitivity of microbial activity can be indicated as a
Q10 function that is essentially the change in activity proportional to change of
temperature about 10 �C and is used to explain the temperature sensitivity of SMP,
such as respiration of soil microorganisms. It is generally accepted that microbial
activity at 30 �C is twice as high as at 20 �C and activity of soil microbes is usually
greatest within 20–40 �C. The metabolic activity of the most microbes decreases
drastically around 5 �C referred to as biological zero.

Though activity of microbes is lower at lower temperatures, SMP rates are much
higher and more sensitive to temperature changes than predicted from mesophilic
temperature range studies. For example, values of Q10 for decomposition of SOM,
soil respiration, and N mineralization were quite high, near 8–10, when soil tem-
perature was around 0 �C (Kirschbaum 2013). Microbial activity in SMP during cold
periods with dormant plants and barren soil plays a crucial role in the winter losses of
soil nutrients, such as N leaching and denitrification, especially during freeze/thaw
cycles.

Due to the influence of temperature and moisture on microbes, it is clear that SMP
will be modified with climate change; however, it is not yet certain which processes
will decrease or increase. It is certain that alterations of nutrient’s mineralization
rates that are needed by plants and microbes will change ecosystem productivity.
Whether the rates of SMP increase or decrease can depend on the changes in
temperature and moisture and their impacts on microbial efficiencies but also on
the selection of microbial species under the new conditions.

Net flux of CO2 to the atmosphere is thought to rise over time under most models
because microbial decomposition of SOM shall increase with higher temperature
and moisture, predominantly in Arctic ecosystems. In the last 100 years, Earth global
temperature is increased by 0.5 �C and will be increased by 1 �C–6 �C by 2100,
predicted by different model studies. Even though it is only a few degrees’ increases,
global warming will intensely increase microbial decay rates of the SOM stored in
the boreal forests and tundra regions, which contain 30% of the global soil
C (Kirschbaum 1995).
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Currently, there are studies available that are dealing with the relative contribu-
tions of soil microbes to C flux, C-use efficiency, the effect of elevated level of CO2,
and climate change on these fluxes. The main concern is that SOM decomposition is
much more accelerated than in NPP representing the C input to SOM. Theory also
implies that the decomposition of recalcitrant SOM compounds, such as cellulose
and hemicellulose that are usually a rate-limiting step in CO2 emissions, would
become essentially easier at higher temperatures (Davidson and Janssens 2006).
More CO2 atmosphere can positively affect NPP via C fertilization and increased
water use efficiency. In addition to losses in soil C, it is anticipated that rising CO2

will increase emissions of CH4 and N2O formed by increased root growth and
lowered soil water losses (van Groenigen et al. 2011).

Though, feedback mechanisms that are representative for all biogeochemical
fluxes may inhibit the impacts of temperature changes. Soils are complex ecosys-
tems affected by factors, such as change in soil water storage, nutrient cycling, and
rainfall patterns that will have an impact on mostly on NPP.

Many of the environmental factors have an influence on decomposition by
changing effective SOM (substrate) concentrations at the site of enzymatic reaction,
where decomposition occurs. Thus one of the factors to consider in SOM decom-
position rates are enzyme affinity levels. Other external factors that are considered in
models of the effects of global warming on C cycling are kinetic and thermodynamic
properties of extracellular enzymes.

Temperature indeed affects the kinetics of enzymatic reactions but also changes
microbial community composition. 5 �C increase in temperate forest soil influences
relative abundance of the bacterial community which leads to high bacterial to fungal
ration (DeAngelis et al. 2015). Microbial communities react to global warming, and
other ecosystem disturbances through resistance, which is facilitated by the plasticity
of microbial traits, or via resilience as the community returns back to its initial
compositions of species after the stress is gone (Allison and Martiny 2008). Changes
in the composition of soil microbial communities are thought to mediate changes in
SMP, assuming that a special group of soil microorganisms is different in their
functional traits or control a rate-limiting step of SMP (Schimel and Schaeffer
2012). For example, specific microbial groups govern ecosystem functions such as
methanogenesis (Bodelier et al. 2000), denitrification (Bakken et al. 2012; Salles et al.
2012), N fixation, and nitrification (Isobe et al. 2011). Changes in the richness of one
group of microorganisms that regulating specific processes can have a straightforward
impact or influence on the process rate, conversely, some processes occurring at a
cruder scale, for example, N mineralization, are more correlated with abiotic factors
(temperature and moisture) than composition of microbial community as wide variety
of microorganisms is involved in these processes (Hooper et al. 2005).
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4.3 Nitrification and Denitrification Models of SMP

Soil macronutrient cycles are strongly connected via microbes’ nutrient demands at
the time of decomposition, so few of the multicompartmental models of SOM
decomposition focusing on C cycle are also able to predict the fluxes of other
macronutrients such as N, P, and S. Flows within the N cycle are mainly driven by
N fixation (capture of atmospheric N2 to forms usable for the microbes), minerali-
zation (represented by nitrification and ammonification) of organic N from plant and
animal necromass and biomass, and gaseous loses via denitrification and ammonia
volatilization. The microbes drive important processes in N cycle, so mutualistic
relationships between plants and soil microorganisms, such as Frankia (phylum
Actinobacteria) and Rhizobium (class Alphaproteobacteria), are very important. In
soil systems, where organic N is not yet available, microbial N fixation delivers the
initial N source allowing plants to grow. With the increase in plant production, the
most N in the ecosystem will originate from the decomposition of plant litter by
microorganisms. Such accessible N can either be assimilated by plants or by soil
microorganisms via immobilization process when N becomes part of microbial
rather than plant cells.

The DNDC (DeNitrification-DeComposition) model simulates plant growth and
soil processes (Li et al. 1992) and has few submodules. The nitrification submodule
simulates the nitrification rate, the turnover rates of nitrifiers, as well as N2O and NO
productions and is controlled by temperature, moisture, ammonium, and DOC
(dissolved organic carbon) concentrations. Denitrification submodule is influenced
by soil temperature, moisture, and substrates (DOC, NO�

3, NO
�
2, NO, and N2O)

concentrations and can predict changes in denitrification process, as well as changes
in the size of the population of denitrifiers. The fluxes of N2O and NO� induced by
denitrification are calculated dynamically from soil aeration status, gas diffusion,
and substrate limitation. As a source of NO�production in soils, chemo-
denitrification is often considered, and it is dependent on soil pH and nitrite
availability. Nitrification occurs mainly in the aerobic fraction of soil, while denitri-
fication is preferred in the anaerobic environment. Denitrification rates can be
expressed by Nernst (redox potential) and Michaelis-Menten (enzyme kinetics)
equations. When the anaerobic conditions in soil are common and favorable, few
processes can happen: (1) more substrates (DOC, NO�

3, NO
�
2, NO, or N2O) will be

allocated to the N pool, (2) rates of sequential denitrification reactions will increase,
and (3) the intermediate product gases (N2O, NO, etc.) will take longer to diffuse
from the anaerobic to the aerobic fraction, increasing the rate of N gases being
reduced to N2. The overall effect will be the loss of N from the soil. If N is limiting
nutrient in the soil, the microbes will “win” the competition for N between plants and
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microbes, which will limit the amount of N available for plants and thus decrease
NPP and litter quality (van der Heijden et al. 2008). The most of nitrogen found
naturally in soil was a product of either N fixation by free-living or symbiotic
microbes or of microbial decomposition of organic materials. This does not apply
nowadays because anthropogenically generated N is entering soil ecosystems via
fertilization and pollutant dispersal and this has resulted in two times increase in the
amount of N available for plants. Such nitrogen additions boost soil respiration,
reduce microbial biomass, and change enzyme activity in many studied soils,
implying significant effect of these N supplements on the soil microbe functions
(Ramirez et al. 2012).

4.4 Importance of Soil Water Content in SMP

Another factor influencing not only N and C cycles but all SMP is the soil water
content. Soil water influences not only the moisture available to microorganisms and
osmotic pressure but also soil aeration status, the solubility of organic materials, and
the pH as a function of the soil solution. Physically, water is a transportation agent by
mass flow but also a solvent, where enzymatic and chemical reactions happen. Water
retention in soil is facilitated by water adsorbing via hydrogen bonding and dipole
interactions to soil particles, and thus it is a function of the size of pores in the soil. In
soils, where water content is non-limiting, biological activity depends mainly on the
temperature, which can be predicted by standard Arrhenius theory. However, when
soils dry out, moisture becomes a greater determining factor of SMP than temper-
ature. It is likely that moisture and temperature do not impact the microbial activity
in a linear manner, but in complex, nonlinear fashion that reflects the responses of
individual microorganisms and their enzyme activities.

Even though the many microbes are capable of tolerating soil stress by accumu-
lation of amino acids and polyols (osmolytes) or altering their outer membrane, soil
microbes are significantly affected by rapid dry-wetting cycles and undergo osmotic
shocks and induce cell lysis. Following such catastrophic event, there is often a peak
in the activity of surviving microbes, called the Birch effect, which is caused by
mineralization of the released content of microbial cells.

Further, the lack of soil moisture amplifies the differences in temperature sensi-
tivity of bacterial and fungal community (Briones et al. 2014). Another difference
between fungi and bacteria toward the effect of moisture is that bacterial communi-
ties respond rapidly to moisture pulses, while the slower-growing fungal community
delays in their feedback (Bell et al. 2008; Cregger et al. 2012; Cregger et al. 2014).
On the other hand, fungal communities may shift in dominant representatives even
with small changes in soil moisture availability (<30% reduction in water holding
capacity), while the representatives of bacterial communities do not change. These
observations indicate a higher plasticity of fungal community during wet-dry cycles
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(Kaisermann et al. 2015), but soil communities that are adapted to wet-dry cycles or
to low water availability will show less functional and compositional changes (Evans
et al. 2011). The soil moisture plays a crucial role in S and N cycles as well. For
example, sulfur (Thiobacillus sp.) and ammonium oxidizers (Nitrosomonas sp.) are
less tolerant of water stress than are the ammonifiers (Clostridium sp., Penicillium
sp.). Ammonium can pile up in dry soils at the water potentials when ammonification
is still possible, but nitrification is restricted, which results in decreased soil pH
affecting SMP but also changing the microbial community composition.

4.5 Soil pH as One of the Factors Influencing SMP

A measuring of pH of soil solutions presents a necessary approach allowing to
predict of reactions of microbes involved in SMP and enzyme activity in soil.
Although pH is easily measured in soil solution, it could be difficult to interpret
due to concentrations of cations that are sorbed to the negatively charged soil
surfaces and are 10–100 times higher than ones of the soil solution. It has implication
for enzyme activity measurements in soil because enzyme sorbed to colloid surfaces
in soil have 1–2 pH units’ lower optimum as the same and not sorbed enzyme (Marfo
et al. 2015 Lojkova et al. 2015).

Although certain microbes can alter pH by acidifying soil in their vicinity to the
disadvantage of competitors, the most diverse composition of soil bacterial
populations is found near-neutral pH. Acidity, on the other hand, enhances the
activity of soil fungi, and it explains why fungi dominate in forested soils, which
are acidic, while bacteria usually prevail in rangeland soils and in mildly acidic
subhumid to semiarid prairie. Fungi can tolerate low pH and are able to decompose
recalcitrant compounds, unlike bacteria, which are thought to be limited by low pH
and less enzymatic equipment and have higher requirements for some nutrients and
lower tolerance of environmental changes (Allison and Martiny 2008). A pH was
found to be the most important factor in determining bacterial community compo-
sition (Högberg et al. 2006), and thus Acidobacteria and Alphaproteobacteria are
highly abundant in acidic soils (Bryant et al. 2008; Jones et al. 2009; Baldrian et al.
2011; Shen et al. 2013), but on the other hand, the amount of Bacteroidetes and
Actinobacteria increase with more basic pH (Lauber et al. 2008; Lauber et al. 2009;
Jeanbille et al. 2015). In addition, the abundance of Acidobacteria in soil is nega-
tively correlated with the dissolved organic carbon availability, which indicates they
are slow-growing oligotrophs and are most probably adapted to nutrient limitation
(Naether et al. 2012; Garcia-Fraile et al. 2015). Acidobacteria were suggested to be
very adaptable to environmental modifications due to the high metabolic versatility
that allows them to use even highly complex C substrates originated from SOM
(Rasche et al. 2010; Naether et al. 2012).
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5 Conclusions

Overall, the research suggests the existence of complex interactions between the
abiotic and biotic factors that affect the functioning of soil microbial communities in
SOM transformations via changes in the allocation of plant-derived C to microbial
communities and through modifications of the fungal and bacterial community
structure activities.

Particularly, it was found that both soil water and temperature are important
drivers of changes in soil microbial community structure (Hackl et al. 2005; Djukic
et al. 2010; Brockett et al. 2012). The presence of soil water was positively correlated
with the abundance of Gram-negative bacteria, while soil temperature was positively
linked with the abundance of saprophytic fungi but negatively with the bacterial
community abundance (You et al. 2014). Structure of the soil microbial community
was also profoundly affected by SOM, fine root mass, clay content, and C/N ratio. In
addition, the relative abundance of Gram-negative bacteria, saprophytic fungi, and
actinomycetes was enough to explain most of the variations in the soil enzymes
activities involved in SOM transformations (You et al. 2014). The abundance of
fungi was found to be associated with activity of enzymes involved in C oxidations,
while the abundance of bacteria was linked to activity of extracellular enzymes
participating in C transformation (You et al. 2014; Zifcakova et al. 2017). Research
findings demonstrate the existence of complex interplay among soil physiochemical
properties, soil microenvironment, and plant traits in the decomposition of SOM via
regulations in microbial communities. Moreover, external factors that affect the
structure of soil microbial communities have also direct/indirect impact on their
functioning in soil microbial processes.
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Carbon and Nitrogen Mineralization
Dynamics: A Perspective in Rice-Wheat
Cropping System

Kirti Saurabh, Rakesh Kumar, J. S. Mishra, Hansraj Hans,
Narendra Kumawat, Ram Swaroop Meena, K. K. Rao, Manoj Kumar,
A. K. Dubey, and M. L. Dotaniya

Abstract Rice-wheat cropping system (RWCS), one of the prominent agricultural
production systems, at an area of ~26 M ha is confined to the Indo-Gangetic Plains
(IGPs) in South Asia and China. Crop residues obtained from field crops are
essential sources of nutrition and organic carbon (40% of total dry biomass consti-
tuted by C) for the next crops, and hence they not only increase the agricultural
productivity but also are responsible for the better quality of soil, water, and air.
Perhaps the most important challenge facing exhaustive RWCS in all regions of the
world is effective management of post-harvest crop residues. Disposal of wheat
residue is easy as it can be used to feed animals. However, due to the presence of
high silica content, rice residue is usually burned. Residue burning is the main
method of disposal in areas under combined harvesting in the IGPs of eastern
India as it reduces cost. However, burning of crop residue (CR) is not eco-friendly
as it results in fast degradation of soil organic matter and nutrients and increased CO2

emission creating intense air pollution as well as global warming. Therefore, exploi-
tation of CR is a crucial element for a sustainable production system, and it has
generated much interest in the recent years by reducing the consequence of residue
burning and increasing the soil organic matter (SOM) and the nutrient-supplying
capacity. CR retention infield can be considered a key element in promoting soil
health with increased physical, chemical, and biological properties. In RWCS,
residue management can be done by (1) wheat residue retention in rice and its
residual effect in succeeding wheat crop, (2) rice straw retention in wheat and its
residual impact in following rice, and (3) wheat straw retention in rice and rice straw
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retention in wheat (cumulative effect). All these crop residue management systems
depend on a systematic understanding of the factors that control residue decompo-
sition and their careful application. Significant factors, such as tillage/CR manage-
ment, influence soil microbial activity and biomass, bulk density, soil moisture
content, porosity, soil structure stability, and nutrient-supplying capacity of the
soil. Thus, the variations in soil properties consequently bring change in soil C
and N dynamics and have an impact on plants’ nutrient uptake capacity.

Furthermore, residue quality and quantity are found to affect C and N mineral-
ization rates. Plant remains with higher quality (high N contents; low ratios of C/N;
low lignin, cellulose, and polyphenol contents; and lignin/N) show high C decom-
position and N mineralization rates. In this way residue retention leads to enhancing
nutrient balances and better crop yield. However, there is a requisite to study
decomposition and nutrient dynamics in RWCS soil under different residue man-
agement system, so that accurate composition of integrated nutrient management
(INM) can be developed for this prominent system.

Keywords Carbon · Nitrogen · Crop residues · Residue decomposition · Nutrient
dynamics

Abbreviations

AMF Arbuscular mycorrhizal fungi
CEC Cation exchange capacity
CR Crop residue
CRM Crop residue management
FDA Fluorescein diacetate
GHG Greenhouse gas
GM Green manuring
GWP Global warming potentials
IGPs Indo-Gangetic Plains
INM Integrated nutrient management
MWD Mean weight diameter
NT No-tillage
OM Organic matter
PRQI Plant residue quality index
RT Reduced tillage
RWCS Rice-wheat cropping system
SCS Soil carbon storage
SMB Soil microbial biomass
SMBC Soil microbial biomass carbon
SOC Soil organic carbon
SOM Soil organic matter
TN Total nitrogen
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WSA Water-stable aggregates
ZT Zero tillage

1 Introduction

Being the most important and major cropping system of IGPs, rice and wheat are
harnessing enormous soil fertility; therefore, to maintain the productivity of this
RWCS, replenishment of soil nutrients is necessary (Subehia and Sepehya 2012;
Kumar et al. 2013, 2017d). The RWCS is a heavy feeder of the nutrients. It has not
only resulted in the removal of major nutrients (NPKS) from the soil but also caused
a nutrient imbalance, leading to a decline in the soil health and quality. For instance,
deficiencies of NPK are most widespread. In the production of 1 ton of wheat grains,
the estimated removal of 24.5, 3.8, and 27.3 kg N, P, and K, respectively, is found,
whereas there is a removal of 20.1 kg N, 4.9 kg P, and 25.0 kg K with similar
production of rice grains (Tandon and Sekhon 1988; Bohra and Kumar 2015). In
India, Punjab alone produces ~20.8 Mt and 23.3 Mt of rice and wheat residue
annually, respectively (Dhar et al. 2014; Chand et al. 2017). Clearance of CRs by
burning is often criticized as it is associated with the making of poor soil and air
quality by accelerating the losses of soil organic matter (SOM), increasing CO2

emission, causing extreme air pollution, and reducing microbial activity in the soil
(Choudhary et al. 2013; Bhanwaria et al. 2013). Most of the residue from the wheat
field is removed and utilized as animal silage, while most of rice residue (82%) is
cleared by burning in the field before growing the next crop (Sodhi et al. 2009).
Reddy et al. (2003) studied that integrated use of plant nutrients with mineral
fertilizers has either maintained or enhanced soil quality or improved performance
of the crop along with the cropping system. Therefore, proper crop residue manage-
ment (CRM) can increase SOM and nutrient-supplying capacity of the soil, reducing
the effects of the environmentally hazardous process, i.e., residue burning, as this
leads to the destruction of SOM as well as plant nutrients, i.e., NPKS (Mandal et al.
2004). Addition of CRs in soil is beneficial in many ways as it improves the soil
nutrients and water holding capacity by returning the good quantity of carbon to the
soil (Jeet et al. 2010), which improves its structure (Granatstein et al. 2017).
Residues are a source of many nutrients like K, which are not available in inorganic
fertilizers. Therefore, integration of residues along with green manure can be a good
option. The use of renewable N and C sources, i.e., green manures and CRs in
RWCS of South Asia, may lead to increased grain yield, SOC, and reduced soil bulk
density (Naresh et al. 2017).

Apart from cattle feed, the crop residues can be used for numerous purposes like a
bed for animals, thatching substance for houses, and fuel energy. The beginning of
the mechanized harvesting compelled farmers to burn large quantities of in situ crop
residues as these hinder with seeding and tillage operations for the succeeding crops
(Ali and Nabi 2016). This practice has a vital role in recycling of nutrients contained
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in crop residues and organic matter content of the soil. In this way, CRs are
wonderful natural resources, not waste materials that require disposal. Narang and
Virmani (2001) analyzed factors liable for a sign of a yield plateau in RWCS of IGP
of India; in this regard, one important priority job is to develop agro-technology to
reutilize massive quantity of rice and wheat residues. Recycling of nutrient in the
soil-plant ecology is an essential phenomenon of sustainable agriculture (Kumari
et al. 2012, 2014). Though fertilizer application is taking place as a dominant role in
the RWCS from the last three decades, crop residues still show an imperative part in
the nutrient cycling (Kumari et al. 2010, 2013). The total of N, P, and K nutrient
potential was 0.634 Tg with the availability of 37.87 Tg of rice and wheat residues
for recycling (Samra et al. 2003). According to Sarkar et al. (1999), RWCS is
comprised of one-fourth of the total CR production in India. One ton of rice residue
contains nearly 6.1 kg N, 0.8 kg P, and 11.4 kg K, while 1 ton of wheat residue holds
~4.8 kg N, 0.7 kg P, and 9.8 kg K. Many soils under RWCS in IGP region are low in
nutrient supplies and organic matter. Exploitative agriculture and declining inputs as
organic materials have directed to severe depletion of the soil quality, resulting in a
decrease in soil organic matter, soil fertility, and productivity (Kumar et al. 2017a).
CRs are the chief source of C inputs and methods that have positive effects on soil
physical, chemical, and biological properties (Kumar and Goh 2000). Incorporation
of CRs modifies the soil environment, which in turn stimulates the soil microbial
population/activity and affects subsequent nutrient transformations (Kumar et al.
2015a). Through this sequence of procedures, application of crop residues controls
the efficiency of use of resources like fertilizer and water in RWCS. No single
residue management practice is superior under all condition (Kumar and Kumawat
2014). Therefore, there is a need to determine the benefit and adverse effect of
residue management options before recommending them to the farmers. Different
studies carried out in the last few years, which are related to residue management,
and their effects on soil properties (chemical, physical, and biological) following
fertilizer management practices in RWCS provide valuable guidelines for efficient
management of CRs in RWCS.

2 Availability of Crop Residues in Rice-Wheat Cropping
System

India ranks at the top position in the production of several crops (e.g., jute, rice,
wheat, sugarcane, cotton, and groundnut). Thus, because of the agricultural potency
of the country, CR production is also huge. Every year in India, over 500 Mt of
agricultural residues are produced. Residue production has increased significantly
with the increased production of rice and wheat. However, distribution and avail-
ability of CRs are highly spatiotemporal in nature in India due to diversity in the
cropping system and agroclimatic condition (Chauhan 2010). Highest crop residue
production was recorded for Uttar Pradesh (60 Mt). Other high crop residue-
producing states were Punjab (51 Mt) and Maharashtra (46 Mt) (Fig. 1).
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The contribution of cereal crops (rice, wheat, maize, millets) is around 70% of total
crop residues (352 Mt) in which rice contributes 34% and wheat 22%. Nearly
one-fourth of total crop residues produced in the country is contributed by RWCS
(Sarkar et al. 1999). Extra CR amount existing in India is projected between the
ranges of 84 and 141 Mt year–1, whereas cereal crops contribute ~58% of the 82 Mt
of surplus CRs; the amount of residue burned annually is around 70 Mt (44.5 Mt rice
straw and 24.5 Mt wheat straw) (Singh and Singh 2003).

3 Problem with Residue Management

Huge quantities of CRs are generated in India by RWCS. Rice and wheat crops in
India are mainly harvested through the combine harvester, leaving a huge amount of
residues in the field. While ~75% of wheat straw is used as fodder for cattle chopped
by cutting machine, still this requires additional task and investment. Due to high silica
content, rice straw is considered as poor feed for animals. Because of higher-silica
percentage (12–16% vs. 3–5%) and a minor content of lignin (6–7% vs. 10–12%), rice
residue differs from other straws (Datta et al. 2017b). Managing rice straw is quite
problematic than wheat straw, since there is a very small interval available between
rice harvest and wheat sowing and due to the absence of appropriate knowledge for
recycling. Other possibilities for CRmanagement include burning, bailing/removal for
use as fodder/bedding for animals, in situ integration in the soil, and complete/partial
preservation on the surface as mulch using ZT or reduced tillage. After bailing, CRs
can be used for paper and ethanol production, bioconversion, and engineering appli-
cation. Since rice residue has low commercial value due to a shortage of labor, farmers

Crop residue generation
70

60

50

40

30

20

10

0

A
nd

hr
a 

P
ra

de
sh

A
ru

na
ch

al
...

A
ss

am

B
ih

ar

C
hh

at
tis

ga
rh

G
oa

G
uj

ar
at

H
ar

ya
na

H
im

ac
ha

l..
.

Ja
m

m
u 

an
d.

..

Jh
ar

kh
an

d

ka
rn

at
ak

a

ke
ra

la

M
ad

hy
a.

..

States

C
ro

p
 r

es
id

u
e 

(M
t 

yr
-1

)

M
ah

ar
as

ht
ra

M
an

ip
ur

M
eg

ha
la

ya

M
iz

or
am

N
ag

al
an

d

O
di

sh
a

P
un

ja
b

R
aj

as
th

an

S
ik

ki
m

T
am

ilN
ad

u

T
rip

ur
a

U
tta

ra
kh

an
d

U
tta

r 
P

ra
de

sh

W
es

t B
en

ga
l

Crop residue surplus Crop residue burnt

Fig. 1 State-wise data of generation and remaining surplus of crop residues in India; Pathak et al.
(2010) and Devi et al. (2017)
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are not in the position to invest in cleaning the field by the use of chopper. In this way,
all these practices require other operations which surge the cost. Therefore, farmers in
India consider burning as inexpensive and the simplest way of disposing of large tons
of residues left after rice crop so that they can grow wheat quickly after rice. At
present, 80% or above rice straw of total annual production is being burnt by farmers
during the month of October–November (Yadvinder-Singh et al. 2010). Gupta et al.
(2004) estimated that the burning of rice straw could cause gaseous emission of about
70% CO2, 7% CO, 0.66% CH, and 2.09% NO.

Satellite images released by NASA of some northern and northwestern states of
India during October and November 2015 exposed the scenario of crop residues
burning in Punjab, Haryana, and Uttar Pradesh. These images further revealed the
decrease in air quality due to more production of smog, particulate matter, and
greenhouse gas. This leads to hazy weather mainly due to the burning of field
CRs, which ultimately influences human and animal health in these areas. Therefore,
the government of India, Ministry of Agriculture and Farmers’ Welfare, formulated
the “National Policy for Management of Crop Residues” and circulated it to all
states/UTs, to make sure stoppage of burning of CRs, by incentivizing acquisition of
recent equipment to curtail leftover CR in the field, in situ management, mixing of
residue in soil to increase fertility, multiple uses of crop residue, and formulation of
fodder pellets. In situ disposal of CRs through burning resulted in decrease in soil
organic matter and valuable nutrients like N and S. Yadvinder-Singh et al. (2010)
observed that in Punjab itself annually around 20 Mt of rice and wheat remains are
being burned in situ, which results in an 8 Mt of C loss equivalent to a CO2 load of
about 29 Mt per year and around 1� 105 tons of N loss; besides this another nutrient
like S is also lost and damaged of useful microflora of soil. Disposal of CRs for
several other purposes outside of the farm (except for composting and animal feed)
possibly has adversarial effects on nutrient supply causing a monetary loss in short
term; nevertheless it will have undesirable influence on soil in a long term like
quality of water and agriculture sustainability as validated by many studies. There is
a requirement of additional nutrient (NPK) fertilization so that the nutrients
harnessed by the CR removal can be substituted to maintain the soil fertility in the
long term. Some of the farmers in India sell CRs to complement their source of
income as cattle feed or as biofuel, whereas others burn/remove it in the absence of
marketplace for crop residue; therefore, it befits farmers to use machinery without
crop residues on field (Erenstein 2002; Kumar et al. 2016a).

4 Importance of Residue Retention in the Field in Relation
to C and N Mineralization

CRs are considered a vital natural resource for conserving and sustaining soil
productivity. Addition of CRs to the soil is a useful practice and helps in maintaining
and increasing amounts of SOM (Kumar et al. 2015b). Therefore, it is considered
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that soils have major potential for C storage and to alleviate the atmospheric CO2

(Nieder and Benbi 2008). CRs can supply essential plant nutrients after mineraliza-
tion. So, CR addition is suggested as a potential means of sustaining the soil fertility
and productivity over long term (Kumar et al. 2018a). Major benefits of residue
incorporation are enhancement in physical and biological conditions of soil and
prevention of soil degradation. Effective management of CRs is a fundamental
constituent of sustainable cropping as it contributes to increasing soil carbon content
and nutrient-supplying capacity, reducing harsh effects of residue burning. For
recycling CRs, many researchers reported that in situ incorporation and mulching
with reduced or NT are the foremost residue management possibilities (Kumar
2015a; Bohra and Kumar 2015; Mishra and Kumar 2017). Ortega et al. (2002)
reported that due to the dispersal of CRs incorporated into the soil, there was intense
variation in soil with the introduction of NT in agroecosystems. CR management in
conservation tillage has a critical effect on soil chemical biological and physical
properties. Thus, a better knowledge of about tillage and residue management
(surface retained or soil incorporated) is essential. Changes in this condition should
affect soil C and N dynamic CR decomposition, and N mineralization dynamics of
residue C and N is critical to enumerate probable profits of variations in tillage
practices and residue on soil health and agriculture productivity. CRM as practiced
in RWCS is of three types: (1) wheat straw management in rice and its residual effect
in following wheat, (2) rice straw management in wheat and its residual effect in
following rice, and (3) wheat straw management in rice and rice straw management
in wheat (cumulative effect) (Kumar et al. 2016b). Residue management affects crop
productivity as well as soil fertility and environmental condition so that it plays a key
role in the sustainability of cropping systems. Incorporation of CRs offers labile C
and N to soils liable to the decomposition rates and synchrony of nutrient mineral-
ization (Murungu et al. 2011).

Mineralization of organic matter indicates a great share in providing essential
nutrient to the plant development. Soil husbandry and CRs affect C mineralization
and nutrient availability in wetland ecosystems (Kuotsuo et al. 2014). CRM can
modify C and N dynamics and subsequently bring significant variations in greenhouse
gas emission and crop yields (Liu et al. 2014). For instance, stubble incorporation can
stimulate the GHG emissions through increasing C availability for methane-producing
microbes in paddy fields and denitrifiers in dryland soils (Yan et al. 2005). Likewise,
in comparison to CT, NT and reduced tillage can augment soil C sequestration by
reducing soil C breakdown and/or C turnover and, thus, mitigate GHG emission (Ruan
and Philip Robertson 2013). Additionally, reduced tillage and residue addition alone
or together increase yields by enhancing the fertility of soil (Küstermann et al. 2013).
Either rice or wheat crop residues incorporated or surface applied immobilized soil
mineral N. Incorporated residues increased SOC and soil aggregate stability signifi-
cantly by 18% and 55%, respectively (Naresh et al. 2018). CRs incorporated into soil
have higher decomposition rate with a quicker mineral N release and more SOM
buildup and soil structure improvement than retaining CRs at the soil surface. Com-
post amendment also considerably lowered specific actions of invertase in macroag-
gregates and silt + clay fraction, and this effect was more prominent than the addition
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of fertilizer NPK (Neupane et al. 2011). In contrast, inorganic fertilizer and
composting expressively improved specific activities of a cellobiohydrolase in the
soil, macroaggregates, and microaggregates (but not in silt + clay fraction) and
xylosidase in microaggregates. Increase in SOC in composted soil was hence probably
linked with the buildup of lignocellulose and sucrose in macroaggregates, lignocellu-
lose and hemicellulose in microaggregates, and lignin and nonstructural carbohydrates
in silt + clay fraction. The C and N mineralization processes have great implication in
preserving soil potency and hence agronomic sustainability. Soil management and
cropping techniques are known to major elements that affect most of the soil biological
properties. Earlier studies have shown that CR retention positively influenced micro-
bial population, activity, and biomass in the soil (Islam andWeil 2000; Pal et al. 2013)
and soil moisture content, bulk density, porosity, nutrient distribution, and structure
stability (Lobe et al. 2001). These modifications may decrease or increase C and N
dynamics and have an impact on nutrient uptake by plants (Kumar and Kumawat
2014). CRs of good quality are, i.e., having high N contents; low lignin, cellulose, and
polyphenol contents; and low ratios of C/N and lignin/N that generally result in fast
decomposition and N mineralization (Raiesi 1998). Degradation of CRs is directed by
N and lignin contents and C/N ratio. However, residue quality is documented as an
element affecting C and N mineralization rates. Residue management affects soil
nutrient cycling by altering the rate of SOM addition and soil physical and chemical
properties, which all affect C and N dynamics in soil (Graham et al. 2002; Shivran
et al. 2012; Kumar et al. 2016c). Decomposition of CRs is mostly restricted in
wetlands (Qualls and Richardson 2000; Shivran et al. 2013), and decreased decom-
position of CRs may bring a reduction in N mineralization and henceforth decrease the
rate of N available for plants. Therefore, in wetland soils, management of CRs is
decisive. Besides, soil and CRM may interactively stimulate nutrient content
that would further have an impact on mineralization of C and N in soil (Salinas-
Garcia et al. 2001).

4.1 Soil Organic Nitrogen Mineralization

Rice and wheat residues affect soil organic N mineralization by various processes
(Kumar et al. 2017b). Shindo and Nishio (2005) witnessed the rise of organic N
mineralization by CRs, potentially caused after enhanced organic matter decompo-
sition present naturally in soil or through hastened turnover of N from microbial
biomass (Singh et al. 2017a, b). In contrast, Bradley and Grenon (2006) noticed the
negative effect, caused by competition between microorganisms specialized in fresh
organic matter decomposition or use of polymerized SOM for energy and nutrient. In
addition, surface-applied residue results in cooler and wetter soil environment than
open soils (Edwards et al. 2000).
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4.2 Organic Nitrogen Mineralization of the Plant Residues

Organic N mineralization from remaining residue can increase soil inorganic N
concentration (Kumar et al. 2017c, 2018b). Shindo and Nishio (2005) noted that
~10% of organic N existing in wheat straw was converted into microbial biomass
and soil inorganic N content derived from wheat straw ranged between 1.93 and
2.37 mg N/kg. When plant residues are given back to the soil, mineralization of crop
residue N contributes to the soil inorganic nitrogen pool. The magnitude of this
contribution is governed by the quality of CRs. However, abiotic immobilization of
N by CRs can decrease the content of soil mineralizable organic N. Because added
inorganic N in CR is transformed into microbial nitrogen, microbial biomass nitro-
gen, microbial residual nitrogen, and the subsequent nitrogen remineralization rate
are enhanced by adding straw residues to the soil (Singh et al. 2017c). However, the
effects of CRs on direct inorganic N transformations to soil organic nitrogen remain
unknown. There is close interaction between C and N dynamics during the decay of
plant stubbles due to the immediate assimilation of C and N by heterotrophic soil
microflora involved in the process. CR addition to the soil along with mineral N can
act together in a different way. In high C/N crop residues, immobilization related
with residue decomposition was increased by adding mineral N. Addition of mineral
N also amplified C mineralization during maize residue decomposition and also had
no effect on C mineralization (Green et al. 1995). In many cases, high microbial
demand for N causes the availability of N (soil + residue N) to be a factor that limits
straw decomposition in short term. Rates of C mineralization and N immobilization
from high C/N ratio maize straw were ascribed to initial mineral N content of soil
(Recous et al. 1995). Similarly, N mineralization from high C/N ratio barley stubble
was restricted by the availability of mineral N in the soil to fulfill immobilization
requirement (Probert et al. 2005). Influence of N on breakdown of C materials or N
availability in soil has been studied in plentiful surveys under laboratory, mainly by
changing the initial C/N ratio of the soil residue system by one of the following
procedures: (i) incubating one type of residue (maize straw) containing different
amounts of N (Scheller and Joergensen 2008), (ii) adding different amounts of
mineral N with organic residue (Sall et al. 2007), and (iii) using different types of
residues with different initial N content (Bruun et al. 2006). Many studies on N
mineralization from high C/N ratio organic materials described the N immobilization
under a fixed rate of CR addition by changing the rate of addition of mineral N,
though a few have considered both rates of application of residues and mineral N.

5 Decomposition of Crop Residues

Nutrients in the organic form are directly not available to plant and have to undergo
decomposition, a process whereby organic nutrient is converted into a mineral form
and made available to plant. CR decomposition releases C as CO2 and nutrients into
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the mineral nutrient pool. Yadvinder-Singh et al. (2010) conducted a litterbag study
to show that rice residue decomposition followed a first-order exponential equation.
At the end of the decomposition study, approximately 80% of the rice residue lost its
initial weight, and release of total N from buried stubble at maximum tillering stage
was ~6 kg N ha�1 (15% of initial) in sandy loam and 12 kg N ha�1 (27% of initial) in
silt loam. CRs are not unwanted but quite a valuable natural resource. About 25% of
N and P, 50% of S, and 75% of K are taken up by cereal crops that are allocated in
CRs, making them valuable resources of nutrient. Sidhu et al. (2007) assessed the
amount of nutrients available in rice and observed that the paddy straw has 39 kg/
ha N, 6 kg/ha P, 140 kg/ha K, and 11 kg/ha S. Sidhu and Beri (2005) shared
estimated quantity of the nutrients existing in straw, which was burnt, was
106, 65, and 237 thousand tons, respectively, of N, P2O5, and K2O in addition to
secondary and micronutrient.

5.1 Factors Affecting Crop Residue Decomposition and Rate
of Release of Nutrients

CR decomposition is a process controlled by its quality (Goh and Tutua 2004) and
environmental factors, and the most important factors are rainfall and temperature.
Accordingly, residues with high decomposition and N mineralization rates are
usually considered to be of high quality. According to Palm et al. (2001), residues
can be divided into four quality classes based on criteria such as N, polyphenol, and
lignin content. Similarly, plant residue quality index (PRQI), calculated based on
residue C/N ratio, lignin, and polyphenol, was proposed by Tian et al. (1995a). In
this index, a higher PRQI value usually specifies greater residue quality, more N
mineralization potential, and quicker decomposition. Nutrients in organic form are
unavailable to plant, and they have to undergo decomposition, a process whereby
organic nutrient is converted into a mineral form made available to the plants.
Usually, organic matter accumulates in the soil surface and tends to decrease with
depth. Accordingly, decomposition in the field was found to be intensive in topsoil
and a decrease with increase in depth (Manjaiah et al. 2000). Purnomo et al. (2000)
studied stratification of SOM mineralization in an Australian wheat field. They
found that, over the growing season, 32% of total N mineralized in top 20 cm of
soil originated from 0 to 2 cm layer, 74% was from 0 to 60 cm, and only 12% was
from the soil below 20 cm. To understand the processes which are involved in CR
decomposition and nutrient release mainly, N needed to develop efficient soil
fertility and management practices; it is important to know factors that govern the
processes of decomposition. These processes may be influenced by many factors,
such as temperature, moisture, and type of residue, compositions, and placement.
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5.1.1 Chemical Composition

The decomposition and mineralization rate of plant materials depend on the chem-
ical composition of the plant tissues. These qualities are the C/N ratio and lignin,
cellulose, hemicellulose, and polyphenol content of residues (Palm et al. 2001).

5.1.1.1 N Content and C/N Ratio

Residues having a low content of nitrogen but high in fiber are hard to decay and
decompose more slowly than crop residues that are high in N and low in fiber. The
leaves of corn, sorghum, soybean, and wheat are all somehow high in N and low in
fiber and decompose rapidly (Vigil and Sparks 2004). Earlier studies showed that
factor like polyphenol in residue governs the low rates of decomposition of plant
materials with narrow C/N ratio. It was stated that the C/N ratio is an important
ecological index in the decomposition of OM (Frankenberger and Abdelmagid
1985). In this context, in a lower C/N ratio, easier decomposition of OM would
take place and vice versa. In decomposition of OM generally, there are three levels of
C/N ratio, the first one with high C/N ratio (>35) and low N contents where N
mineralization process is reduced. The second one is medium C/N ratio (20) where
mineralization and humification can take place at similar rates and, the last one, low
C/N ratio (<10) with high N content, where there is rapid mineralization and releases
of N (Duchaufour 1984). There were numerous studies that showed that net N
mineralization from different organic materials was correlated with N content.
Seneviratne (2000) stated that through decomposition studies of tropical litter from
agroforestry that litter with limited N concentration (<1%), N release is controlled by
initial N concentration. Nonlegume CRs (wheat, barley, maize, canola, rice, sor-
ghum, sugarcane) with high C/N ratio and/or lignin content may involve the use of
fertilizer N to meet microbial N necessities and to ease decomposition. The decom-
position dynamics of CRs could be altered by manipulation of quality, principally N,
lignin, and polyphenol content, and hence a potentially significant approach to
manage N supply in relation to crop demand, thereby improving NUE (Whitbread
et al. 2003). When fertilizer N is effective under the thatch layer in the mineral soil
with marginal residue disturbance, this reduces the potential for immobilization of
the fertilizer N during the decay of wide C/N ratio crop residues (Kumawat et al.
2013b). High N leaf residues from lucerne, medics, pea, and clover can be miner-
alized relatively fast because of easy decomposition. Crop residues like wheat, rice,
sorghum, and maize are composed of high C/N ratio with high lignin content that
requires the application of inorganic fertilizer externally to satisfy the microbial N
demand which facilitates decomposition. Therefore, the absence of application of
fertilizer N can cause immobilization of nutrients by microorganisms when wide
C/N ratio-ranged CRs are added (Bhupinderpal-Singh et al. 2006). However, high
lignin content may interact with soil or plant residue N, suppressing N availability
(Wang et al. 2004) due to the formation of recalcitrant organic N forms.
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Intercropping speeds up the decomposition of SOM. Cong et al. (2015) observed 1.5
times increased C decomposition (%) in maize/fava bean intercropping. The maize/
fava bean root mix decomposes faster (6%) than estimated from the single litters that
were nitrogen rich and hastens decomposition than the litter with less N (Handa et al.
2014). This is likely because allocation of N from high N litter to poor N litter
supplies N in the decomposer community, thus accelerating decay of the N-deprived
litter (Seastedt 1984).

5.1.1.2 Lignin and Polyphenols

Lignin is a recalcitrant compound, and its relative concentration in residues was
reported to increase in initial stages and decline as decomposition proceeds (Berg
and Tamm 1991). During decomposition of residues, soluble sugars were reported to
be lost rapidly, followed by polysaccharides, cellulose, hemicellulose, and finally
lignin (Berg et al. 1982). Mafongoya et al. (1998) reported that N released from
leguminous leaves indicated that the (lignin + polyphenol)/N ratio was the utmost
vital factor in forecasting N mineralization.

5.1.2 Environmental Factors

Environmental factors are one of the major determinants of the activity of the
decomposer community as they directly affect the rate of metabolism (Tanaka
1986). It was observed that in the warm, humid tropics, legumes might be incorpo-
rated a few days prior to planting the succeeding crop (Ranells and Wager 1992),
while in drier or cooler areas, this may occur as late as 8–9 months prior to planting
(Janzen et al. 1990).

5.1.2.1 Temperature

It is evident that N mineralization from slowly decomposable (K ¼ 3.38%;
N¼ 3.4%) CRs is increased by a rise in temperature than from highly decomposable
materials (K ¼ 5.36%, N ¼ 1.9%). DeNeve et al. (1996) established a strong
correlation between temperature and resistance to degradation. The rise in temper-
ature of 1 �C in areas with an annual mean temperature of 5 �C could eventually lead
to a loss of over 10% of SOC, but in the areas with annual mean temperature of
30 �C, the same rise in temperature leads to a loss of only 3% of SOC. This showed
that the sensitivity of organic matter decomposition increases with temperature in the
temperate region (Kirschbaum 1995). Homann and Grigal (1996) revealed that
decomposition of belowground organic materials increased with temperature on
cool forest slopes than in a warm field.
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5.1.2.2 Moistures

Linn and Doran (1984) stated moisture content is an important factor in controlling
decomposition. In their study, they found that the optimum moisture content of the
soil for microorganism’s activity was 60% water field capacity. Researchers found in
most of the soils there is a linear correlation among net N mineralization and
moisture content in the range between �0.03 and 4.0 M Pa. It was found that
ideal moisture content for net N mineralization corresponded to a soil pore water
potential between 0.01 and 0.3 M Pa while that at which no net N mineralization
occurred was close to 4.0 M Pa. Although moisture content is an important factor in
controlling decomposition, previous studies showed that K was the only nutrient
affected by water regime and seemed to increase as water increases due to leaching,
because it is not associated with the structural components of the plant cell
(Marschner 1995). Parsons et al. (1990) observed higher mass loss (14%) in the
first two weeks of decomposition and they attributed large amount of mass loss to
high precipitation (>60 mm), which removed most of water-soluble material from
leaves during the study period, at the end of the 5-month period, they found that a
mass loss of 35% compared with first 2 week. Huang and Schoenau (1997) stated
initial litter decomposition rates vary significantly since they were strongly affected
by precipitation and moisture.

5.1.3 Soil Condition

In addition to the characteristics of decomposing organic materials in decomposition
and release of nutrients, soil characteristics are also very important: soil texture and
structure (Lutzow et al. 2002), soil porosity and particle size (Fruit et al. 1999), soil
N content (Trinsoutrot et al. 2000), pH (Saggar et al. 1999), cation exchange
capacity (Amato and Ladd 1992), sodicity (Nelson et al. 1996), soil fauna (Tian
et al. 1995b), specific surface area of clay, nature of clay mineral, and initial soil
fertility.

5.1.3.1 Soil Texture

Effects of soil texture in the decomposition of organic matter incorporated into soil
seemed to be inconsistent. Skjemstad et al. (1993) stated fine soil particles and
organic material interact in the soil to form complexes and microaggregates that
render organic substances less susceptible to biodegradation. Pare and Gregorich
(1999) comparing between different soil textures showed that after 60 weeks, the
proportion of alfalfa N (C/N ¼ 13) mineralized in sandy soil was higher (41%) than
clay/loam. In contrast, soybean (C/N ¼ 26) and maize (C/N ¼ 18) residue N were
mineralized more in clay or loam soil, 12% and 15%, respectively. They concluded
higher mineralization in the fine texture soil was due to their high organic N contents
and the presence of clay materials that probably favor mineralization because of their
large surface area.
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5.1.3.2 Soil pH

Decomposition of residues decreases at low pH due to a decrease in microbial
activities (Motavalli et al. 1995). Therefore, the release of N from decomposing
plants is influenced by soil pH. The activity of cellulose-degrading enzymes in most
terrestrial fungi lies between soil pH 4 and 7 (averaged 5.5), whereas those of their
hemicellulose-degrading enzymes ranged from 3.5 to 5.0 (averaged, 4.3) (reported
by Wood and Kellogg (1988)).

5.1.3.3 Soil Fauna

Generally, decomposition is thought to proceed through an initial rapid leaching
phase followed by a slow stage in which soil fauna activity becomes predominant.
For plant materials, decay occurs through initial fragmentation by soil macrofauna
(earthworm, millipedes, and termites) with further transformations being accom-
plished by microbial activity and by enzyme production (Tian et al. 1995b). Each
stage basically involves the partial conversion of C to CO and synthesis of microbial
tissue. For instance, simple sugars, amino acid, most proteins, and cellulose decom-
pose rapidly (bacterial action), while lignin and microbial melanin decay slowly,
mostly through the action of actinomycetes and fungi (Mary et al. 1996; Datta et al.
2017a, c).

5.1.3.4 Soil Nutrients

According to Smethurst and Nambiar (1990), leaf, bark, twigs, stem, and branch
material, generally, contain large pools of nutrients. These nutrients were released
either by physical leaching or by chemical fragmentation of organic components by
soil organisms. Kwabiah et al. (1999) found that release of P was accelerated due to
leaching which satisfied the needs of decomposer organisms during decomposition.
Forest managers prefer burning of harvest residues as a common practice, as this
permits easy access to the site for cultivation, quick nutrient availability, and weed
control (O’Connell et al. 2000). Nevertheless, this results in a substantial amount of
nutrient loss in the long term, especially N (Raison et al. 1993). If crop residue is
reserved, the breakdown of this nutrient-rich material will help to maintain site
nutrient capital and will contribute to nutrient supply for the next crop. At the
same time, decomposing residues become an important site for immobilization of
some nutrients like N (Carlyle et al. 1998). Thus, incorporation of CRs in soil acts as
a buffer against nutrient losses by reducing leaching during early stages of plantation
development, when root systems are not well developed, have limited spatial
coverage, and are unable to utilize available nutrients.
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6 Effect of Crop Residues on Soil Properties

Organic matter returned to the soil by decomposing CRs improves soil properties
(physical, chemical, and biological), and their interaction affects the nutrient-cycling
ability of the soil. Here, we have discussed below the effect of residue management
on some important chemical properties like SOC, pH, CEC, structure, texture,
porosity, runoff, erosion, compaction, temperature, infiltration, and moisture content
and on biomass soil micro- and macrofauna. Higher crop yields will result in the
huge production of crop residue after harvest (Fig. 2).

6.1 Chemical Property

6.1.1 Soil Organic Carbon

CRs are the main input in maintaining SOC and nutrients in agricultural soils. Higher
amount of SOC helps in achieving better soil health by improving important
parameters like the stability of soil aggregate and soil water holding capacity and
acts as a soil nutrient pool, therefore, considered as an important indicator of soil
quality and agricultural sustainability (Liu et al. 2006). Continuous addition of CRs
for long-term determines SOC retention/loss or nutrient cycling as it is governed by
the heterotrophic and autotrophic respiration processes of soil in which carbon is
released as CO2. However, anthropogenic activities, such as a change in land use,
particularly alteration to agricultural field and paddock, removal of CRs, and cattle
grazing, are responsible of the liberation of even larger amounts of C in the air as
CO2 (Dhillon and Wuehlisch 2013). Disturbance in SOC pool by agricultural
practices makes the soil a large possible source of emission of N2O, CH4, and
NOx gasses; decline in soil C can thus lead to degraded soil health and increase

Fig. 2 Effect of SOM on soil properties and plant growth (Oshins and Drinkwater 1999)
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stress on food security and sustainable crop production system (Lal 2007). SOC
concentration can be increased in soil either by application of the heavy amount of
organic matter inputs, by decreasing the rate of decomposition, or both (Shahbaz
et al. 2017). The ease of availability of nutrient and carbon stock accumulation
depends on labile pool and humus pool of SOM. The labile pool is easily
decomposed by microorganisms, while humus pool is recalcitrant in nature and
takes more time to decay and thus permits for carbon accumulation in soil.
According to Oades (1993), the main reason for the recalcitrant nature of humus
pool is because of physical and chemical stabilization which is governed by factors
like type of soil, its management, and climatic factor (Lal 2018). The presence of
elevated SOC in sandy soils was measured when there was mulch ripping treatment
with residue retention compared to clean ripping with residue removed (Chivenge
et al. 2007; Meena et al. 2018). Bruun et al. (2015) observed there was around 40%
of total SOC stock remaining after 20 years of cultivation of the vertisol and a
smaller decrease in the SOC stock of a kaolinite-dominated ultisol. Salinas-Garcia
et al. (2001) examined SOC sequestration in two places in Mexico, Apatzingán and
Casas Blancas, for 6 long years under rainfed maize production with different
conservation tillage and residue treatments. SOC content was found greater (46%
in Casas Blancas and 39% in Apatzingán) under all conservation tillage treatments
compared to CT and NT with no residue; there might be less contact of CRs applied
on surface with soil microorganisms under NT, and therefore decomposition process
was steadier as compared to CT where mixing of residue in soil increases the contact
with microorganisms (Reicosky et al. 1997; Molaei et al. 2017a, b). Kushwaha et al.
(2001) reported a similar result that with elevated rates of decomposition and
temperatures, the concentration of SOC and total N noticed maximum under min-
imum tillage with surface-applied residue compared to incorporation at Varanasi,
India. Soil management practices are used to enhance SOC, fertility, and crop
productivity around the world (Kumar et al. 2014, 2015a; Kumar 2015b). Memon
et al. (2018) designed a field experiment to investigate the impact of different rates of
stubble incorporation and tillage methods [reduced tillage (RT) and CT] on crop
yield, SOC, total nitrogen (TN), and soil carbon storage (SCS) in RWCS. SOM and
SCS were significantly higher by 17.1% and 14.2%, respectively, in RT with 60%
straw incorporation.

6.1.2 Soil pH

After the addition of crop residue, there may be changes in soil pH due to the
chemical composition of residue and soil properties (Butterly et al. 2011). Xu and
Coventry (2003) reported that the pH of the soil is highly affected when residues are
high in nitrogen and ash alkalinity, for example, when residues of legume are
incorporated in soil compared to lower content residue such as rice and wheat. In
another experiment Butterly et al. (2011) concluded that the concentration of organic
anions and nitrogen content of the applied residues are responsible for bringing
change in soil pH. The change in soil pH with decomposition of organic anions is
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governed by the following mechanisms: (1) decarboxylation of organic anions that
consume H+ anions (if initial soil pH is less than the pKa of weak acid group of the
organic carbon, then the H+ will associate with organic anions and vice versa (Bonn
and Fish 1991)) and (2) ligand exchange with hydroxyl groups of aluminum and iron
oxides. In nitrogen mineralization, initially, there is a change in soil pH due to the
ammonification process by consuming H+ and subsequently releasing H+ during
nitrification. Therefore, the range of final soil pH depends on the balance of these
reactions (Xu and Coventry 2003). Disequilibrium in N cycle can bring the overall
acidifying effect of soil. Ogbodo (2011) observed that with the addition of rice/
legume residue and burnt rice husk there was a significant improvement in soil pH
value when compared with no residue treatment. The OM from residue treatment
enhanced soil pH level by increasing the buffering capacity of the soil. Rice husk ash
after burning specifically increased soil pH over the other treatments due to its higher
concentration of Ca and Mg. Hence, Ca and Mg are found to be most responsible in
ameliorating the soil acidity more than other residue treatments. Effect of CR
retention in an agricultural field on soil pH is generally confined to topsoil; the
effect of incorporation of residue and surface applied on the change in soil pH
remained unclear.

6.1.3 Cation Exchange Capacity

Cation exchange capacity (CEC) is one of the soil quality indicators as it is the
capacity of the soil to hold cations on their surface for exchange with soil solution.
Ogbodo (2011) found significantly higher exchange capacity of soil treated with
CRs. Retention of CRs increased SOM content in such plots, which increases the
level of elements, their retention, and soil buffer capacity. Hulugalle and Maurya
(1991) reported that CR addition increased the CEC and nutrient on treated soil
compared to untreated ones. Georgieva (1998) equally reported that burning of
forest trash had higher soil fertility and lower acidity. Soil pH-dependent CEC
increases after addition of CRs due to increased SOM. Addition of residue in the
soil brought change in topsoil layer CEC only (Duiker and Beegle 2006), and the
effect of surface-retained and surface-incorporated CRs on CEC remained unclear.
Govaerts et al. (2007) observed that after five years, CEC increased in top soil, when
CRs where retained compared to soil without residue, but no difference was noticed
with increasing soil depth.

6.1.4 Nutrient Availability

CR additions can influence the accessibility of nitrogen to crops. Green manuring
(GM) is the most economical means of increasing organic matter content in the soil.
Similarly, several scientists proved the increased content of organic matter as a result
of GM (Kumawat et al. 2012, 2015). It has been observed to maintain and improve
soil structure by addition of SOM and to minimize NPK fixation losses in all types of
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soil. Dhar et al. (2014) noticed that the maximum amount of available N
(206.7 kg ha�1) was recorded by 5 t ha�1 straw incorporated 20 days before sowing
of wheat along with 5 t ha�1 GM as compared to other treatments. GM with the help
of nodule fixed atmospheric N in the soil as well as after incorporation of biomass to
the soil; it also added a significant amount of N in the soil (Kumawat et al. 2010,
2013a). In this way, rice straw incorporation and GM crop add significantly more
nitrogen to the soil. Narayan and Lal (2006) reported an increased amount of
204.5 kg ha�1 N in the soil after GM as compared to 170 kg ha�1 in the initial
soil. Maiksteniene and Arlauskiene (2004) reported that green manure is not rich in
P. However, it improves soil physical properties and at the same time stimulates
microbiological activity, which makes available P in the soil more readily available
to plants. Accumulation of low C/N ratio (e.g., legume) residues resulted in N
mineralization, whereas there was temporary immobilization of N due to the pres-
ence of cereal residues with a high C/N ratio during the process of decomposition
(Govaerts et al. 2006; Kumawat et al. 2017b). Marschner et al. (2015) studied legacy
effect, i.e., the impact of former CR C/N ratio on microbial activity, biomass, and
nutrient availability after addition of the second residue with same or different C/N
ratio. Their results indicated that earlier high C/N residue could decrease net nutrient
mineralization from less C/N residue, possibly as a result of nutrient immobilization
by microbes decomposing the remaining high C/N residue (Kumawat et al. 2017a).
In contrast, initially supplemented low C/N residue could raise nutrient availability
after adding high C/N residue, perhaps because nutrients released from the preceding
residue still existed in the soil. Changes in microbial community structures could
also bring the legacy effect. Retention of CRs on soil surface causes denitrification
loss of mineral nitrogen fertilizer due to an increased moisture content of the soil and
if incorporation of fertilizers is not done properly. Topsoil concentration of P had
been found to be increased after residue addition (Kumawat et al. 2009b, c). This
might be due to the transfer of P excavated from lower soil layers (Zibilske et al.
2002). Release of humic molecules and low molecular weight aliphatic acids
through the process of CR decomposition was found to block aluminum oxide
adsorption sites and subsequently reduce complete adsorption of P. This effect is
highly subjective to CR quality, because low C/N ratio legumes are more responsive
due to augmented decay rates (Kumawat et al. 2009a).

6.2 Physical Property

6.2.1 Soil Structure

The sustainability of crop production system is highly influenced by soil structure
and its ability to resist soil degradation by erosion. Several factors and practices can
alter agricultural soil structure such as rainfall, tillage, machinery use, and residue
management (Panachuki et al. 2011). Verhulst et al. (2010) identified the various
mechanisms involved in improvement of soil structure after retaining CRs in the
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field: (1) soil aggregation increases through retention of organic matter to the top
surface soil, (2) CR retention can protect soil aggregates against runoff from
rainwater drops, and (3) CRs present on soil surface can protect soil from compac-
tion/sealing caused by raindrop impact due to less contact. The stability of aggrega-
tion and rate of aggregate turnover entirely influenced by the amount and
biochemical constituents of CRs reverted to soils. Martens (2000) has found a
correlation between water-stable aggregates (WSA), mean aggregate size, and
mean weight diameter (MWD) with the biochemical composition of plant residues
lignin, phenols, proteins, saccharides, and alkaline extractable humic acids in soil
and phenolic acids such as vanillin-vanillic acid in the residue. Corn residues are
high in phenols, and its application increases aggregation compared with other
crops, although continuous incorporation of corn decreases macroaggregates com-
pared to corn grown in the rotation (Martens 2000). Higher soil aggregate stability
was observed under continuous alfalfa (Raimbault and Vyn 1991). When there is
soybean cultivation, low aggregation of soil is observed which is attributed to the
low concentration of phenols (Martens 2000) along with low residue return to
the soil.

6.2.2 Soil Moisture Status

The retention of soil moistures is considered one of the most important benefits of
residue covering on the surface in increasing the crop yields under the rainfed
condition, where producing the crop is restricted due to nonavailability of the soil
moisture. Crop residue retention has been confirmed to regulate the wastage of water
through runoff and reduce the evaporation, causative to more soil water holding and
elasticity in drought-prone ecology (Verhulst et al. 2011b). CRs also check com-
paction or sealing of surface; the rate of infiltration for ZT in irrigated condition can
be markedly higher compared to traditional cultivation (Verhulst et al. 2011a).
Acharya et al. (1998) noticed that distinctly increased soil moisture status in 0–30
cm soil layers in conservation practices with mulching of wild sage and eupatorium
as compared to traditional farming. However, mulching contributes to the higher
yields of wheat as compared to CT, where the crop residues incorporated. In NER of
India, water is insufficient as rainwater runs off slopes. In a study of rice farming in
this region, comparing no-till vs. crop residue retention of the surface with minimum
tillage showed that both NT and minimum tillage with retention of residue kept more
soil moistures. In the upland area of rice-pea rotation with NT, pea performed better
with 75% and 50% retention of rice residue. This might be due to improved water
retention by covering the residue since no-till without residues exhibits loss of soil
moisture to a great extent. Though researchers in many studies noticed the positive
effect of maintenance of crop residues on soil moistures and some negative conse-
quences like in semiarid areas with small/frequent rainfall, residue covers intercept
precipitation and enhance evaporation (Kozak et al. 2007). On the other hand, crop
residues bring about excessive soil moisture and water logging in areas receiving
excess rainfall (Rusinamhodzi et al. 2011; Datta et al. 2014; Yadav et al. 2017).
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Distinct effect of residue cover on soil surface, on soil moisture, and on crop yield
was noted by Thierfelder and Wall (2009). Excessive precipitation and compact
runoff contributed to the maximum water accrual which reduced crop yields.
However, way out to check the negative impact of waterlogging in areas with
excessive precipitation can be the use of permanent raised beds that permit runoff
of undue water along with furrow bottoms while holding residues on top bed (Sayre
2004). On the other hand, if precipitation is not extreme, conservation practices with
residue retention shrink the threat of failures of crops (Thierfelder and Wall 2009).

6.2.3 Soil Temperatures

The retention of crop residues on soil surface resulted in shrinking in soil temper-
ature at daytime (Verhulst et al. 2010). Under hot humid tropical climate, this may be
beneficial because soil temperature is possibly too high for optimum crop develop-
ment, whereas climates with low-temperature consequence may be harmful to crops.
Acharya et al. (1998) noticed that there were lowering in the maximum soil temper-
atures and increase in the minimum soil temperature in 0–5 cm soil layer in
conservation agricultural practices with mulch as compared to CT. This formed a
congenial situation for the growth of root attributes. The lowering consequence of
retention of the surface crop residue on temperature is in line with results of others as
well. Under the cooler climatic condition, reduced soil temperature from crop
residue covering can possibly be an inconvenience as it could be dawdling yields
of the crops (Verhulst et al. 2010). The consequence of crop residues on the soil
temperature is restricted by residues. However, dark-colored crop residues due to
more absorption of sunlight resulted in elevated midday temperatures as compared to
light-colored residues (Sharratt and Campbell 1994). Under the soil having NT with
mulch in northern China, deferred soil heating in early spring delayed sowing and
affected germination badly (Wang et al. 2002). Therefore, to tackle this as major
issues, Zhang (2011) suggested the use of cold-resistant crops/cultivars for NT with
mulching of crop residues. On the other hand, the crop residues possibly are
detached from the seed/root zone, in order to uphold the beneficial effect of retention
of the crop residues. In spite of differences in seed/root surroundings, no variations
in seed emergence after 20 days or in crop yields were reported between CT and NT
treatments. Additional study is mandatory to look at whether no-tillage in-row crop
residue exclusion/strip tillage leads to higher yields as compared to following the
usual no-tillage system with crop residue retention on the soil surface. In most of the
climatic condition, removal/burning to a certain extent than recycling of crop
residues deteriorates the physical properties of the soil (Prasad and Power 1991).
Integration of wheat straw into the soil before rice transplanting over a 5-year
cropping period of the rice-wheat system promoted the configuration of the soil
aggregates as well as amplified the mean weight diameter of aggregates. However,
varied applications of green manuring and crop residues were more effectual than
their alone applications. The inclusion of residues alone/in conjunction with green
manuring also lowers bulk density of surface soil. Similarly, integration of rice and
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wheat straw with reference to their burning/removal augmented both infiltration rate
and cumulative infiltration. In broad spectrum, the inclusion of crop residues into
rice-cultivated soils reduces physical properties like bulk density, penetration resis-
tance, and compaction in the rice-wheat system.

6.3 Biological Properties

Microflora (bacteria, fungi), microfauna (nematodes, protozoa), mesofauna (acarids,
enchytrae), and macrofauna (earthworms, termites, large arthropods) together are
called as soil biodiversity. Different types of agricultural practices and systems affect
the soil diversity in different ways, and the response may be either positive or
negative. Addition of fertilizers and manures, which alter the C/N ratio, and tillage
practices play a great role in the maintenance of agroecosystems.

6.3.1 Microbial Activity

Important parameters of soil like soil moistures, nutritional availability in
agroecosystems, and soil structure are governed by the disintegration of SOM by
the soil microorganism. The soil microbial biomass (SMB) can be defined as live
part of SOM. It has been projected as another helpful and important sign of soil
qualities, as it is a source and pool of organically accessible nutrients and encourages
the formation of soil structure and aggregation. The presence of soil microbial
population in soil is possibly affected by many ecological factors like soil temper-
ature and moistures (Debosz et al. 1999) and by soil management practices, i.e., crop
residue inputs (Govaerts et al. 2007). The maintenance of crop residues is a signif-
icant aspect in exciting SMB and microbes’ activities in the soil. Lou et al. (2011)
compared the treatments with straw retained and straw removed in Northeast China
and noted significantly higher SMBC levels, when straw was applied because of
enhanced C and N contents, improved soil moistures/porosity, and reduced soil
temperature caused by crop residue covers. Integration of CRs in soil surges soil
temperature and aeration and proliferates microorganism growth and better contact
between them and CR, which resulted in an increase in the rate of decomposition and
overall the loss of soil organic carbon (Fontaine et al. 2007). This is dependable with
changes in total organic carbon pool due to changes in carbon quantity from residues
that are reflected in microbial biomass (Franzluebbers et al. 1999). In the tropical and
subtropical condition where temperatures and precipitation is high, residue retention
on the surface with no-tillage had increased SOC on topsoil compared to integration
(Bayer et al. 2000). This is because of the hindrance of contact between CRs and
microorganisms under no-till soil. Thus the rate of decomposition is low. Arbuscular
mycorrhizal fungi (AMF) help in recovering the nutritional accessibility to the
plants. The AMF is an example of symbiotic relationships between plant roots and
fungi, where plant exudates provide glucose to fungi and from fungal hyphae
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phosphate is delivered to plant root. In addition to that, AMF hyphae and the
production of glycoprotein, glomalin helps in soil particle bonding, which improves
stability of the aggregate (Wright et al. 1999; Marfo et al. 2015; Lojkova et al. 2015).
The SOM inputs had an encouraging result on AMF growth and spore population
(Emmanuel et al. 2010; Shamina et al. 2018), whereas disturbance of the soil by
tillage is recognized to harmfully shock the development of mycorrhizal hyphal
(Usuki et al. 2007). Samal et al. (2017) deliberated alteration in microbial properties
under long-term scenarios in rice-wheat system and reported that the highest SMBC
was recorded in 0–10 cm soil depth S3 (89.32 � 3.46 μg Cg�1 soil). Microbial
attributes (MBC, FDA) were improved with an increase in CR carbon addition and,
therefore, the buildup in SOC (Fig. 3).

6.3.2 Earthworms

A very important role is played by the larger soil fauna/soil macrofauna, i.e.,
earthworms in the soil environment. Earthworms carry out numerous significant
tasks in the soil. They increase soil structure, water infiltration, nutrient cycling, and
subsequently plant growth. They are not the only sign of healthy soil systems, but
they also represent a healthy ecosystem. They in a straight line influence carbon and
nitrogen cycles by overriding, storing, and cycling nutrients through their biomass,
releasing enormous amounts of N through excretion and mortality (Whalen et al.
2000). They add organic matter to the soil through their gut and in their structures
like casts, burrows, and middens which ultimately affect soil aggregate stability and
have an effect on C and N cycles. Earthworms respond positively to retention of crop
residues and minimum tillage practices because of improved soil properties

Fig. 3 Total active and passive pool of soil organic carbon in 0–30-cm-depth soil influenced by
tillage and crop management practices
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(Errouissi et al. 2011). Low soil temperature helps in prolonged retention of crop
residue on the soil surface which acts as food reservoir to the worms and can lead to
increase in earthworm number and their biomass (Chan and Heenan 2006). On the
contrary, the process of incorporating the crop residues into the soil through tillage
had a harmful impact on earthworm population because it causes physical damage,
increases their exposure to predators on surface soil, and destroys their burrows
(Chan 2001) Therefore, the CR retention had a varying consequence on the earth-
worm population, however, depending on their ecological niche (Wuest et al. 2005).
On the contrary, in fields with high earthworm numbers, burying the crop residues in
soil instead of leaving it on the soil surface can lessen loads, even with superficial
tillage, since they feed on the surface (Metzke et al. 2007). The consequence of
residues on soil fauna including earthworm can thus vary depending on types of
tillage, tillage frequency, plowing depth, residue application method, types of crop
residues, amount and quality, etc. The soil microorganisms cooperate significant
function in mediating alterations in TOC via mineralization-immobilization of SOM
(Breulmann et al. 2014). Progression of residue rotting is chiefly facilitated by the
soil microbes and is exaggerated by many another factors, i.e., soil texture, residue
quality, and climatic condition (Chen et al. 2014). However, soil microbial diversity
reacts in a different way to different stages of residue decay (Marschner et al. 2011).
During the 1st stage, there is more abundance of bacterial communities, and fungi
dictate the previous stage (Marschner et al. 2011). However, maize straw retention
for a longer period (30 years) increased fungal biomass but did not affect bacterial
biomass in summer maize-winter wheat system in China (Zhao et al. 2016).

7 Emission of Greenhouse Gasses

Methane (CH4) and nitrous oxide (N2O) are considered as important GHGs with
global warming potentials (GWP) of 25 and 298 times larger than that of carbon
dioxide (CO2), respectively, on a 100-year horizon. Rice field is identified as the
important source of CH4 emission which contributes about 15–20% of the total
methane produced anthropogenically (Aulakh et al. 2001). According to the Kyoto
protocol, both CH4 and N2O after CO2 were listed as GHGs which production
should be controlled. Thus, it is vital to launch technologies and practices for
dropping CH4 and N2O emissions from rice and wheat fields while sustaining or
increasing rice productivity. Rice-wheat cropping system unavoidably produces
huge amounts of straw residues. To increase soil fertility and soil organic carbon
storage, crop residue retention in the field is highly recommended. However, the
common exercise of incorporating crop stubble uniformly into the surface soil offers
a readily available C, which has been proved to significantly augment CH4 emission
and slightly reduce N2O emission (Zou et al. 2005) from rice fields. Consequently,
there may be the opportunity to both sustain soil productivity and mitigate CH4 and
N2O emissions with appropriate management of fresh CRs. There are other methods
of placement of crop residues apart from the common practice of incorporation in
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topsoil. Ma et al. (2009) studied the effect of five wheat straw application methods
(no straw, evenly incorporating, burying straw, ditch mulching, and strip mulching)
prior to rice cultivation on CH4 and N2O emissions and found that the best manage-
ment practice for wheat residue addition full or partially is strip mulching onto the
field surface, as the method reduced CH4 emission (by 32% as compared to evenly
incorporated) from rice fields without compromise in rice yield. Ditch-buried
(DB) method of residue application was reported by Zhu et al. (2012), in which
fresh wheat straw was buried in two parallel ditches (20 cm depth) and the remaining
area of the field is implemented with shallow rotary tillage (3–5 cm depth).
According to earlier studies, DB showed the great potential of C sequestration and
decreased the threat of N loss (Yang et al. 2015), showing a new promising way to
manage emission of GHG from crop straw addition in a rice-wheat system. Time of
incorporation also plays a great role in GHG emission as the incorporation of cereal
residues into rice fields before the transplanting can help in minimizing the adverse
effect on rice growth and CH4 emissions. Ma et al. (2007) observed insignificant
effect on N2O emission when wheat straw was integrated before the transplanting of
rice due to immobilization of mineral N due to high C/N ratio of the straw.
Researchers noticed elevated N2O emission where CRs were retained on the surface
as mulch compared to integration due to more retention of water in soil leading to an
anaerobic condition which is favorable for denitrification (Baggs et al. 2003). CR
integration in upland cropping system (including wheat) brings no significant pro-
duction of CH4 gas. Formation of CH4 requires anaerobic microsites in the soil for
methane-producing bacteria to grow. Therefore, any management practices (irriga-
tion or mulch application) which make soil anaerobic are supposed to increase the
threat of CH4 release. As in submerged condition, any act that results in stubble to
decay before becoming anaerobic will minimize the possibility of CH4 emission.
From the perspective of alleviating GHG productions from the wheat crop in RWCS,
residues are not main crop management concern. Soil moisture at or near field
capacity results in the slight CH4 formation and N2O emission, and effect of CR
application would be insignificant. Neither surface-applied nor integrated paddy
residue into wheat crop would be estimated to have a very substantial influence on
CH4 release in the following rice crop, as the integrated or surface-covered residue
would decompose greatly during the upland crop season (Abao et al. 2000).

8 Summary and Conclusions

An important role is played by crop residues in the cycling of essential nutrients for
plants despite the principal role of chemical fertilizers in crop production. Crop
residue management controls the efficiency with which fertilizer, water, and other
resources are used in a cropping system. Due to intensive cropping of rice-wheat
system that prevailed in the South Asian region, it is necessary to manage the huge
quantity of its residues, which are good source of carbon, nitrogen, and potassium.
Several types of research at field and laboratory condition have been done taking
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different factors since nutrient-supplying capacity and rate of mineralization of
organic sources of nutrients vary greatly with soil tillage, residue placement, residue
quality, residue quantity, soil type, soil moisture level, temperature, cropping sys-
tem, etc. Sufficient amount of addition of organic materials to soil is important to
improve the soil health as the organic material addition enhances the population of
microbes in soil, which are responsible for nutrient transformation resulting in the
availability of nutrients, particularly N, P, and S. Therefore, we should incorporate
those practices that increase organic matter addition to the soil fertility and crop
productivity and also replace the fertilizer nutrients with nutrients supplied from crop
residues. After harvesting of the wheat crop and rice transplanting/planting, there is
the sufficient availability of time to grow a green manure crop, which has the
potential to substitute 50% of the N needs of rice. Therefore, residue quality should
be taken into account during soil management. Another important practice is the
placement of these residues in the field when the residue is retained on soil surface;
this not only lessens runoff and soil loss by erosion but also increases soil physical
health and raises SOM concentration, specifically in the surface layer. Furthermore,
proliferation in soil microbial biomass and activity after crop residue addition can
increase the nutrient-supplying capacity of soil and reduce nutrient losses. Incorpo-
ration of CRs by tillage practice may decrease the soil carbon storage by elevation in
decomposition process as compared to conservation tillage practice, in this manner
making nutrients susceptible to losses (leaching, volatilization, and denitrification),
if crop demand and release of nutrients are not matched. Many researchers have
reported in their short-term laboratory and field studies that acidic soil can be
ameliorated to normal by the application of crop residues. The burning of CRs is
beneficial in short term because burnt CRs result in the production of alkalinity of the
soil. Burning of CRs could also increase the nutrient-supplying capacity of CRs in
the short term by reducing microbial population and their decomposing activity, thus
decreasing nutrient immobilization. On the other hand, the effect of long-term
residue burning can hasten soil erosion, severely affect soil physical conditions,
and increase losses of soil organic matter and related nutrients. The intensity of these
ill effects will rest on the frequency and span of CR burning and the soil properties.
The quantity of crop residues given back to soil affects soil potency through a
sequence of chemical, physical, and biological changes in the soil. Consistent
indicators of soil quality changes that show a relationship in line with critical aspects
of soil physical, chemical, and biological fertility could offer the basis for emerging
sustainable CR management strategies. For instance, the change in the labile fraction
of soil organic matter and alteration in soil microbial biomass and functions is a
reliable indicator of changes in soil quality parameter due to variation in CR
management. Clear-cut evidence as an increase in SOM content and other properties
which improves the soil quality and health can be seen only in long-term experi-
ments as these factors depend upon local climatic and edaphic conditions. These
kinds of long-term field studies, particularly in tropical regions of the world, should
be established and maintained by judiciously selecting the sites considering varia-
tions in temperature, moisture, soil mineralogy, and residue management
representing different cropping systems across regions.

Carbon and Nitrogen Mineralization Dynamics: A Perspective in Rice. . . 487



9 Research Need

This book chapter emphasized the requirement of long-term trials to understand the
effects of residue application practices in different regions. It also highlights the
practices that involve combinations of interventions at the farm level to design
systems that preserve soil health for higher crop production and at the same time
provide higher profit to farmers. To distinguish the nutrient-supplying capacity
through residues under rice-wheat cropping system in IGPs, there is a need for
analysis of yield data of both above- and belowground crop residues. More data
needs to be compiled on the effect of management (including soil tillage, residue
placement, residue quality, residue quantity, soil type, soil moisture level, temper-
ature, cropping system, etc.) on decomposition and nutrient release rates. Develop-
ment of technologies for fast in situ decomposition of CRs by irrigation, fertilization,
tillage, and application of decomposing microbial consortia for the intensive RWCS
is required. Long-term experiments regarding soil property change and nutrient
cycling are needed to be performed as several soil properties may clearly be visible
after 10 or more years of CR management, and long-term outcomes may vary from
those achieved over the short term. Thus, there is a robust necessity to begin long-
term experiments at sites judiciously selected for deviations in temperature, mois-
tures, soil mineralogy, and agricultural management covering RWCS in IGPs.
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