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Abstract

Beneficial microbes in soil biota are known to enhance plant growth by stimulating the nutrient supply and by devising
certain mechanisms to cope up with the biotic (diseases) or abiotic (salinity, drought, and pollution) stresses. Owing to their
effectiveness and sustainability concerns, the application of microbes in the agricultural sector has seen a positive surge
recently. Biochar has been commended as an exemplary carrier material for beneficial microbes in the soil ecosystem. Biochar
is generally produced from the waste biomasses, which not only resolve the management crisis of agricultural wastes but
also render many benefits such as enhancement of soil properties, alteration of nutritional dynamics, removal of pollutants,
and in the stimulation of beneficial microbial diversity in soil. The strategic application of biochar in agricultural land could
help provide agronomic, economic, and environmental benefits. Since certain risks are associated with the application of
biochar, attention needs to be paid while preferring for soil amendments. This present review focused on highlighting the
role of microbes in plant growth. The influence of biochar on soil biota along with its detailed mechanisms was discussed
further to delineate the scope of biochar in soil amendments. Further, the risks associated with the biochar amendments and
the future perspectives in this research arena were highlighted.

Keywords Biochar - Sustainable agriculture - Soil biota - Microbes - Plant growth - Microbial interaction

1 Introduction

The main challenge with the current agriculture practice is to
increase productivity in a more sustainable and environment
friendly manner (Patel et al. 2015; Hamilton et al. 2016).
Postgreen revolution agricultural practices increased their
reliance on chemical fertilizer for ensuring higher productiv-
ity. Chemical fertilizers do increase productivity, but at the
same time, jeopardize the sustainability of the environment
by engendering major ecological imbalances such as loss of
biodiversity, global warming, incorporation of heavy met-
als in living organisms, etc. (Srivastav et al. 2020; Ye et al.
2020). Consequences of the dramatic change in global cli-
mate, rapid urbanization, and extensive use of agrochemicals
have collectively affected crop production worldwide and
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created an odious situation for food security (Glick 2014;
Rashid et al. 2016). The decrease in fertile agricultural lands
is further endangering the global food security. The gen-
eration of a significant amount of agricultural wastes piles
up the additional burden to the agricultural sector. One of
the possible ways to tackle the multidimensional challenges
faced by the agricultural sector is to increase productivity
without compromising environmental sustainability.

The role of microorganisms in improving nutrient avail-
ability to plants is an important strategy and related to cli-
mate-smart agricultural practices (Sammauria et al. 2020;
Pereg and McMillan 2015). Many researchers documented
the distinctive properties of plant growth-promoting rhizo-
bacteria (PGPR) and mycorrhizal fungi in enhancing the
plant growth with the appropriate precautionary response
towards the diseases causing pathogens and different stress-
ful environments (Singh et al. 2011; Bach et al. 2016;
Moreira et al. 2020; Bhatt and Maheshwari 2020; Rincon-
Molina et al. 2020; Santana et al. 2020). Exploration of a
diverse range of stress-tolerant microbes and their effects on
host plant species with appropriate management of agricul-
tural habitats in a stressed environment is urgently needed
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(Goswami and Suresh 2020). Thus, adopting a more natu-
ral way of farming will reduce the dependency on chemical
fertilizers and provide a more promising way to maintain
the sustainability of agricultural practice. A large number
of articles have been published in the literature advocating
the use of biochar in promoting the biodiversity of plant
growth-promoting microbes.

Biochar is the product of the thermochemical conversion
of organic material under limited supply of air (pyrolysis).
It is a carbon-rich solid product having a high porous struc-
ture and large surface area (Lehmann and Joseph 2009).
Conversion of biomass into biochar is a carbon-negative
process and has been reported to sequester up to 87% of
carbon (Yu et al. 2018). This not only addresses the issue
of waste management of agricultural residues but also pro-
vides a sustainable and economical method of converting
waste into value-added products. Owing to its unique surface
properties, biochar displays exceptional efficiency in remov-
ing pollutants like herbicides, dyes, pesticides, antibiotics,
and heavy metals and plays an important role in mitigating
global climate change (Oliveira et al. 2017). Biochar can
also act as a supercapacitor (Rui et al. 2020), reinforcement
in rubber, and asphalt flow modifier in the removal of phos-
phate, as well as help in enzyme immobilization (Pandey
et al. 2020).

Biochar can store carbon (C) in the soil for a much longer
period compared to that of unpyrolysed biomass (Gupta
et al. 2020). Application of biochar in soil has been reported
to enhance several characteristics of soil such as electrical
conductivity (EC), pH, cation exchange capacity (CEC),
nutrient level, porosity, bulk density, and microbial com-
munity structures (Dai et al. 2020; Zeeshan et al. 2020; El-
Naggar et al. 2018; Sheng and Zhu 2018). Biochar has been
noticed to effectuate significant modification in the abun-
dance and composition of soil ecology (Liu et al. 2020a, b;
Briones et al. 2020; Zrim et al. 2018; Liang et al. 2010). Due
to its porous structure, biochar provides additional habitat
to microorganisms, thus transforming the available nutrients
in the soil to be utilized by plants (Sheng and Zhu 2018).
Changes brought by biochar and microbes to soil properties
could enhance soil fertility, improve water holding capacity
and nutrients level, and decrease the leaching of elements
essential for plant growth, and thus enhances agricultural
productivity (Liu et al. 2017; Wang et al. 2017).

The exact mechanism of biochar affecting the microbial
population is not yet known properly, but several possible
ways had been suggested in recent years regarding the inter-
action of biochar with soil biota. Although biochar has a net
positive effect on soil quality, product yield, nutrient cycling,
and removing herbicides, the outcomes may vary depend-
ing upon biochar characteristics, dosage, and soil properties.
The study of biochar effect on soil biota is fascinating the
researchers due to its effect on soil structure and its stability,
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nutrient recycling, aeration, disease resistance, water use
efficiency, and C storage capacity (Wang et al. 2018).

The present review is an attempt to disclose the key solu-
tions for some of the pressing challenges faced in the agri-
cultural sector such as loss of soil fertility and consequent
agricultural productivity. Emphasis was given on how to
utilize the current microbiological techniques in the soil to
enhance plant growth under both biotic and abiotic stress
environments. The overall objective of this review is to
provide an outline of the impact of biochar amendment on
soil biota along with its detailed possible mechanisms. The
future challenges and scope of the research-based upon the
biochar and microbial interactions were also reviewed.

2 Biochar properties

The safe disposal of the huge amount of generated wastes is
a big concern for an agricultural-based country like India.
The decreasing nutritional property of agricultural land is
creating distress among the practitioners. The burning of the
crop residues leads to the emission of several greenhouse
gases, further damaging the environment and decreasing the
sustainability of the agricultural practices.

Biochar could end the prolonged search of long-term car-
bon sequestration specifically in the soil (Schiermeier 2006).
Many researchers have recommended biochar as a potential
soil additive that could promote carbon storage (Lehmann
et al. 2006), further it could add value to agricultural prod-
ucts and promote plant growth (Oguntunde et al. 2004).
Lehmann et al. (2006) estimated that by the year 2100,
approximately 9.5 billion tons of carbon could potentially be
stored in the soil with the implementation of various biochar
initiatives. For sequestering the carbon in the soil, biochar
produced at higher temperatures is recommended, as it has
a more stable carbon structure and high C/N ratio (Table 1).
This enhances biochar stability by making their degradation
intractable by the microbes (Zhu et al. 2018). So the better
comprehension of biochar interaction and soil microbiota
could assist in the attainment of carbon sequestration and
potentially contribute to climate change mitigation.

Further, the burning of crop residues poses a huge risk of
biodiversity loss and causes soil erosion. Thus, management
of agricultural waste needs a more appropriate approach,
burning the waste in a controlled environment (pyrolysis)
converts the waste into valuable products like biochar and
bio-oil. It was observed that lower-to-moderate temperature
during the pyrolysis process favours the formation of more
biochar (Abhijeet et al. 2019). Biochar retains the nutrients
in it, and its further application in soil enhances fertility and
at the same time addresses the problems like air pollution
caused by open burning of agricultural wastes.
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The physical and chemical properties of a material are the
major considerations while selecting a suitable carrier for
microbes. Biochar’s unique physical and chemical proper-
ties make it highly stable, enhance water holding capacity
and provide better-buffering capacity that allows the addi-
tion of bacterial nutrients, hence, supporting the growth of
huge microbial populations as well as providing pesticidal
effect. Production from wastes and cost-effective production
strategies have given the economic feasibility and practical
viability of biochar compared to the other carrier materi-
als. The chemical and physical properties along with their
advantages as well as the repercussion on soil properties
have been discussed underneath.

2.1 Chemical properties

Biochar is a pyrolytic product with higher aromatic propor-
tion that increases the stability of biochar in the soil, which
allows it to remain in the field for a significant amount of
time as compared to other organic materials (Nguyen et al.
2010). Percentage of aromatic carbon has been observed to
increase with the increase in pyrolytic temperature (Table 1).
Biochar’s stability reduces its availability of carbon for
microbes; however, the microbial abundance and their activ-
ity could be stimulated by mineralization caused by a readily
leachable fraction of char. This fraction is termed as volatile
matter (Steiner et al. 2008). Biochar has a higher portion of
ash that is contained with several macro- and micronutrients,
which are considered as valuable resources in the soil food
web. Ash content of biochar plays an important role in orga-
nometallic chemical interactions occurred amid the pyroly-
sis process, consequently, resulting in the incorporation of
metals in biochar (Leinweber et al. 2007). Application of
metal-modified biochar could serve as a ready-made source
of a specific desired metal element for plants. Biomass with
higher ash content is supposed to have greater CEC, pH,
and charge density. The high operational temperature dur-
ing pyrolysis decreases CEC but enhances the surface area
of biochar (Nguyen et al. 2010). Biochar produced at higher
pyrolytic temperature was observed to increase its alkalinity;
however, it could also be affected by the nature of selected
biomass (Nguyen and Lehmann 2009). The pH of biochar
plays a vital role in adjusting the soil alkalinity on which it
has been applied. During the thermal decomposition of feed-
stock, persistent free radicals (PFRs) are formed and PFRs
could activate reactive oxygen species (ROS), which ena-
bles the transfer of electrons between biochar and microbial
cells, further helping in the degradation of the organic con-
taminant and heavy metal transformation. Table 1 presents
the chemical and physical characteristics of biochar. All the
reported carbon content, aromatic content, ash content, pH,
CEC, C: N ratio, and surface area of biochar were observed
to follow a similar correlation with temperature. However,
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apart from the pyrolytic conditions, the consideration of the
difference in the biomass characteristics has equal impor-
tance in determining the properties of biochar.

2.2 Physical properties

Due to its unique characteristics, the physical properties of
biochar play a major role in altering the soil properties. Bio-
char and soil properties differ a lot, therefore when biochar
is mixed with soil, it positively affects certain soil properties
such as its tensile strength, soil-hydrodynamics, and trans-
portation of gases. Depending upon the experimental pro-
duction conditions and biomass characteristics, micro- and
macrostructural changes are expected to take place, which
could have major impacts on the soil characteristics (Downie
et al. 2009).

Since the biochar has low tensile strength, the application
of biochar to the soil has been majorly observed with the
decline in tensile strength of the soil which further facilitates
the root penetrability in soil. In this way, the application of
biochar could accelerate root growth (Bengough and Mullins
1990). Biochar has macro- and micropores, due to its hollow
structure, it has low bulk density, so when it was mixed with
soil, the bulk density of the soil got reduced significantly.
Downie et al. (2009) found that the reduction in bulk density
enhanced the soil water relation, rooting pattern, and soil
fauna. The surface charge, pore structure, pore size, and its
distribution pattern vary according to the pyrolysis condi-
tion and feedstock nature. The porosity of biochar enhances
its sorption potential of minerals and organic matter, which
consequently affects the energy availability and ensure req-
uisite pore space to soil biota (Kasozi et al. 2010). A large
surface area of biochar could be compared to an aggregated
soil structure, which serves many purposes such as it pro-
tects organic matter, provides habitat for soil biota, and aids
in the retention of soil moisture and nutrients within the
biochar-amended soil (Tisdall and Oades 1982). Aggregated
structure of biochar helps in the preferential oxidation of
biochar outer surface compared to the interior of biochar,
which results in limited O, flux to the interior of biochar.
Such differential redox conditions not only influence the
organic matter but also enhance metallic element transfor-
mation (Cheng et al. 2006).

Biochar has the potential to improve the soil properties
and sustainably increase agricultural productivity. Biochar
production conditions could be varied according to the
demands of the soil and the targeted crop. The following
are a few general recommendations that could be imple-
mented to increase productivity while performing the bio-
char amendments.

Biochar with higher water holding capacity could be used
to grow crops under drylands conditions. Biochar could be
applied to improve the alkalinity of acidic soil, and biochar



Biochar (2020) 2:287-305

293

produced at higher temperatures is observed to have more
alkalinity. The use of biochar in alkaline soil is not recom-
mended; however, it could be used along with the acidic
chemical fertilizer. The biochar application rate has not been
optimized for a large-scale application, so it is not recom-
mended for the farmers to apply biochar at a higher rate.
However, several pots and greenhouse studies have been per-
formed and hence biochar could be a cost-effective option
for nursery and small-scale farmers. Particular type of bio-
char could not resolve all soil issues, so biochar could be
modified or engineered as per the specific soil defects. For
example, soil with reduced organic matter content could be
treated with the biochar-compost mixture to overcome the
deficiency and increase productivity. Biochar could contain
certain toxic chemical compounds, so the toxicity analysis
of biochar needs to be done before its application in the soil.

The above recommendations are general and could be
modified with special needs. Further, there should be more
research on the above suggestions to strengthen the points
and increase their reliability. Due to the desired character-
istics, biochar can be used as an efficient carrier for PGPR
and microbes. The detailed analysis of biochar application
on soil properties and its effect on agricultural productiv-
ity could be found in Al-Wabel et al. (2018). Owing to its
unique properties, biochar could be used to enhance the soil

Chemical
properties
Biochar
Physical -
properties

biota. Before advocating the application of biochar in soil
and its effect on soil microbiota, it is essential to understand
the role of microbes in plant growth and the underlying
mechanism behind it. Figure 1 summarizes the properties
of biochar and its potential impact on soil biota.

3 Soil biota
3.1 Importance of soil biota in agriculture

The green revolution witnessed a big boom in the agricul-
tural industry by significantly increasing land productivity
in the initial years. Although the use of chemical fertilizers
has addressed the immediate challenge of productivity and
ensures food security, it doesn’t fully solve the challenge of
nutritional security (Hamilton et al. 2016). Chemical ferti-
lizers are not economically affordable for the majority of
farmers from developing countries and prolonged applica-
tion further decreases soil fertility. Therefore, the applica-
tion of chemical fertilizers possesses an acute and complex
challenge. Intensifying environmental concerns and global
hunger attract attention towards environment-friendly, sus-
tainable, and climate-smart agricultural practices (Singh
et al. 2011; Rashid et al. 2016).

Volatile T
Aromicity
matter
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Fig. 1 Physical and chemical properties of biochar and their relevance in soil ecology and plant growth
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Figure 2 depicts the various challenges in agriculture
from the social, economical, and environmental viewpoint.
Although all the challenges demand equal attention for
healthy agricultural practices, this review is confined to
focus on the challenges related to the environmental sector
and in specific about soil fertility. It is also crucial to under-
stand that problems in agriculture are interlinked and need
a sustainable approach for their mitigation.

The application of microbes in soil biota and their role
in improving the accessibility of nutrients to plants is a key
strategy related to climate-smart agricultural technologies
(Pereg and McMillan 2015; Hamilton et al. 2016). Many
strains of bacteria and fungi contribute to plant growth
through several mechanisms. One of the prominent class
of these types of microbes is the plant growth-promoting
rhizobacteria (PGPR) which are naturally occurring soil
(rhizosphere) bacteria capable of benefitting agriculture by
improving the plant’s productivity and immunity.

3.2 Soil biota benefiting plant growth

There are several mechanisms reported in different works of
the literature on the adoption of PGPR/fungi for promoting
plant growth. However, these mechanisms could be broadly
summarized into the following four different categories: (1)
by synthesizing the substances that could be assimilated by
the plants; (2) by inducing the resistance in plants against
the environmental stresses; (3) by mobilizing nutrients; and
(4) by preventing diseases in plants.

PGPR produces a range of substances in the rhizosphere
niche that helps in stimulating plant growth by promoting

Poor

implementation of
policy
Agricultural —
challenges _% Land holdings of

farmer are less

Lack of awareness
among farmer

beneficial microbial communities (Etesami et al. 2020). In
general, PGPR/fungi can directly enhances plant growth by
synthesizing the nutrients (nitrogen, phosphorus, potassium,
and essential minerals) which can be directly assimilated
by the plants. Also, microbes have been reported to have
the ability to synthesize the phytohormones (auxin, cyto-
kinins, gibberellins, and ethylene) which are vital for plant
growth (Costacurta and Vanderleyden 1995). The second
way in which microbes facilitate plant growth is to help
them either by accommodating the plants with the biotic/
abiotic stress or by devising certain mechanisms to fight
with the environmental stresses. For instance, Pseudomonas
strains enhance the asparagus seedling growth as well as
seed germination under salt and water-stress conditions
(Yao et al. 2010). The third way in which microbes facili-
tate plant growth is carried out by mobilizing the insoluble
major nutrients such as phosphorous (P) and potassium (K)
into a soluble form so that it could be easily uptaken by
the plants. Micrococcus, Pseudomonas, Bacillus, and Fla-
vobacterium have been reported to act as an efficient P and
K solubilizers (Dastager et al. 2010; Pindi and Satyanarayan
2012; Sheng et al. 2006). Fe(III) primarily chelated from the
environment by an organic compound was named sidero-
phores (Crowley 2006). Streptomyces form siderophores that
promote Azadirachta indica plant growth by increasing the
availability of the required amount of iron. And the fourth
way, in which microbes facilitate plant growth is to protect
the plants from various pathogens by acting as a biocontrol
agent, root colonizers, and environmental protectors (Qu
et al. 2020). PGPR competes with pathogens for the lim-
ited nutrient available in the rhizosphere and rhizoplane by
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Fig.2 Social, economical, and environmental challenges in the agricultural sector
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reducing the contact surface between pathogen and plant
roots or by interfering with the mechanisms leading to plant
disease (Jayaprakashvel et al. 2019). The more detailed
analysis of the mechanisms involved microbial influence on
plant growth can be found in Singh et al. (2018).

Microbes could either act as biofertilizers by directly con-
tributing to plant growth or they could enhance the plant by
protecting them from pathogenic bacteria with their bacteri-
cidal effect. The mode of mechanisms used by microbes for
the growth of plants has been summarized in Fig. 3.

These PGPR or other beneficial microbes are inoculated
in soil with a carrier material, which acts as vehicles for the
bacteria in the formulation of biofertilizer. There are differ-
ent materials available that could be used as carriers such
as talc, peat, vermiculite, perlite, bentonite, zeolite, diato-
maceous earth, rice or wheat bran, rock phosphate pellets,
soil, sawdust or compost and biochar. The selection of car-
rier material generally depends on the mode of application
(liquid, powder, granulated, or as a seed coating) or the basis
of viability of the bacteria transported. Biochar could be
an effective carrier material for bacterial transportation and
growth in the soil. The rationale behind choosing biochar as
a carrier material, its influence on soil microbiota, and the
possible mechanism for the effects have been described in
the following section.
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Fig. 3 Microbial biofertilizer and biopesticide activities in soil biota

4 Influence of biochar on soil biota

Biochar’s ability in sequestering carbon, enhancing soil
fertility, and its ability in remediating contaminants have
increased its applicability in soil amendments. The presence
of free radicals, volatile organic compounds (VOCs), and
minerals in biochar could enhance the microbial niches, soil
enzyme activity, catalysis of biogeochemical processes and
have the potential of reshaping the microbial diversity that
exists in the soil (Ahmad et al. 2016; Mackie et al. 2015).
Due to the beneficial effects of biochar on soil and microbial
communities, it could be considered as an effective agent
in increasing agricultural productivity by retaining the soil
biodiversity. The results of the soil amendment are not spe-
cific and could vary based upon the type of biochar, mode
of application, and soil properties; thus, several mechanisms
were reported in the literature for describing biochar inter-
action with the soil microbiota and its effect on soil prop-
erties. The majority of the documented results highlighted
the positive effect of biochar application on soil microbiota;
however, few works of the literature reported the negative
effect of biochar on the microbiota ecosystem and raised
question-related to the risk associated with the application
of biochar for soil amendments. In the following section,
both advantages and risks associated with the application of
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biochar towards the soil microbiota have been outlined with
possible mechanisms resulting in the corresponding effect.

4.1 Positive effect of adding biochar on soil biota

Biochar has a porous structure that provides shelter to
microbes which further allows them to attach on its sur-
face and helps in thriving against predators (Bamminger
et al. 2016). Geobacter metallireducens and Methanosar-
cina barkeri were taken from bacterial co-culture. When
they were applied to the biochar amended soil, it was
observed that they were attached on the surface of biochar
within the 20 days of their application on soil (Chen et al.
2014). Pores enable the sorption and desorption of a diverse
range of molecules such as organic compounds, ammonia,
nitrates, minerals, and other nutrients, thus play a vital role
in enhancing microbial activity. Biochar helps in reducing
soil acidity that favors the growth of the microbial popula-
tion significantly. Application of char increases organic C
and Ca content, which helps in reducing the toxic effect of
metals like aluminium (Bashir et al. 2018). Biochar has been
observed to increase the water holding capacity and thus
plays a crucial role in microbial growth. The application of
biochar shows a significant improvement in fungal activ-
ity and microbial community structure. Biochar application
enhances the growth of Arbuscular mycorrhizal (AM) and
ectomycorrhizal (EM) fungi which further helps plants in
assimilating nutrition (Holste et al. 2017; Toju and Sato
2018). Biochar properties such as its morphology, elemental
composition, redox capacity, conductivity, pH, CEC, VOCs,
and porosity are primarily influenced by the experimental
condition during the pyrolysis process and on the feedstock
nature (Zhu et al. 2017). Autotrophic ammonia-oxidizing
bacteria (AOB) are microbes mediating nitrification. The
addition of biochar to soil could alter the local microsite
pH as biochar increases the alkalinity of the soil, which
provides a more favorable habitat for nitrifying organisms,
in particular, AOB (Deboer and Kowalchuk 2001). Biochar
application to soils has been reported as an enhancing agent
for biological nitrogen fixation (BNF) in legume crops (Mia
et al. 2018; Scheifele et al. 2017). Among these two param-
eters, feedstock nature plays a critical role in determining
the properties and consequently the application of biochar.
Feedstock having high lignin content will have greater C
content and thus result in an increased C:N ratio, which fur-
ther indicates the slower mineralization rates.

Woody biomass pyrolysed at higher temperature losses
most of the acidic functional group so biochar produced
from woody biomass can be used to control the alkalinity of
the soil. Biochar obtained from feedstock having high ash
content such as crop residues and manures could facilitate
CEC and increase nutrient content, which facilitates micro-
bial growth. Thus, biochar could be used to improve soil
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fertility. Apart from having biofertilizer properties, biochar
could inhibit the growth of pathogens. For example, bio-
char obtained at lower temperature has low molecular VOCs,
which could have a toxic effect on the microbial population.
Hence, these types of biochar could inhibit the microbial
population and thus have the potential to be used for limit-
ing the growth of soil-borne pathogens. Application of bio-
char was reported to induce resistance in pepper and tomato
plants against two fungal pathogens such as Botrytis cinerea
and Leveillula taurica (Elad et al. 2010). Biochar produced
at moderate temperature has good sorption and electron
capacity; thus, it could be considered for soils waste reme-
diation purpose (Zhu et al. 2017). Many researchers have
confirmed that biochar enhances the growth of microbial
abundance and diversity by providing shelter, nutrition, and
a suitable environment for their growth.

Some of the broad and prominent mechanisms that could
explain the positive effects of biochar on soil microbes have
been discussed underneath and further experimental veri-
fication is required for increasing the certainty of biochar
amendment in soil. Broadly, the supplementation of bio-
char to the soil acts as a shelter for microbes. Further, bio-
char supplies nutrients, resist toxicity, assists in altering the
enzyme activity of microbes, and enhances the microbial
communications for strengthening the interactions within
soil microbial ecology.

4.1.1 Providing shelter for microorganisms

Biochar has a relatively more habitual pore volume per unit
volume than soil, which helps in accommodating a large
variety of microbes and further increases their abundance
on its surface. Microbes take shelter in biochar by attaching
themselves to its surface (Li et al. 2018). Microbial coloniza-
tion on biochar surface depends on the aging process of bio-
char; as the age increases, the surface area and volume start
decreasing. On the contrary, biochar pores have less nutrient
accessibility as compared to soil pores, and pores of biochar
can be blocked by organic compounds such as humic acids
(Zhu et al. 2018). Biochar supplementation leads to the enu-
meration of beneficial microorganisms (Stella et al. 2019).

4.1.2 Supplying nutrients to microbes

Due to high pore volume, surface area, and negative surface
charge, biochar enriches the soil with nutrients. Biochar con-
tains cations like K, Mg, Na, N, and P which are vital for
microbial growth (Rodriguez-Vila et al. 2016). Biochar has
high CEC and thus retained the cations for a longer period.
Biochar minimizes the nutrient losses that facilitate micro-
bial metabolism and ensures their growth. Nutrient content
in biochar is largely determined by the operational condi-
tions and nature of the feedstock. Biochar obtained from
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manure and crop residues were observed to have higher ash
content as compared to woody biochar, which could increase
nutrient availability for plants (Akhter et al. 2015). Further,
biochar slowly releases the nutrients and thus contributes to
long-term benefits of soil.

4.1.3 Microbial habitat modification by biochar

The addition of biochar in soil decreases the bulk density of
soil and helps in enhancing the soil aeration. The improved
bulk density of the soil increases the available water con-
tent and facilitates the availability of the essential nutrients
to microbes. Biochar improves soil physical properties and
provides an ideal environment that could boost the micro-
bial population. Biochar porosity increases its water stor-
ing capacity, it stores the excess water that is not available
directly to the plants; however, this could be beneficial to the
plants grown mainly in sandy or degraded soil. The impor-
tance of pyrolysis operational conditions (time, pyrolysis
temperature, and heating rate) and biomass (elementary and
biochemical composition) needs special attention as these
parameters play an important role in determining the poros-
ity, stable carbon content, biochar stability, and thus indi-
rectly influence the adsorptive capacity of nutrients (Abit
et al. 2012; Cantrell et al. 2012; Chen et al. 2008). Biochar
could be utilized as an effective liming agent to neutralize
the soil pH (Yuan et al. 2011). Pyrosequencing analysis
of the soil bacterial community showed a strong correla-
tion between soil pH and microbial colony composition.
Microbes like Acidobacteria, Actinobacteria, and Bacteroi-
detes have shown a strong positive correlation with the pH
increment from 3.5 to 9 (Lauber et al. 2009). Carbonate and
an alkaline ash content of biochar were reported to alter the
microbial diversity abundance, and composition of nitrifying
bacteria in the soil. Thus biochar has the significant potential
to enhance and alter the microbial populations.

4.1.4 Enzyme activity alteration by biochar

Enzyme response towards biochar may vary depending upon
its type, application rate, and soil properties (Luo and Gu
2016). Biochar could affect the enzyme activity by allow-
ing the enzyme and substrate to interact on its surface.
The enzyme activity could be affected with the alteration
of soil’s physicochemical properties, or with the release
of small molecules (aromatic hydrocarbons, heterocyclic
compounds, polycyclic, and benzofurans) that could act
as allosteric regulators or inhibitors for specific enzymes
(Bailey et al. 2011; Zimmerman et al. 2010). Biochar could
reduce the activation energy of an enzyme-catalysed reaction
thus making the process more spontaneous. Bandick and
Dick (1999) found that the response of soil enzyme towards
organic matter amendments is quick; hence, changes in soil

properties with biochar application can reasonably influence
soil enzyme activities. These are some of the most generally
reported mechanisms to explain the influence of biochar on
enzymatic activities; however, there could be several other
mechanisms that could also influence the enzymatic activity.
So, further study needs to be performed to investigate and
evaluate the other possible mechanisms of biochar.

4.1.5 Biochar effect on intra- and interspecific
communication of organisms

Biochar adsorbed signaling molecules like N-acyl-homoser-
ine lactone (AHL), which have the potential to modify
microbial cell-to-cell interaction. Masiello et al. (2013)
found that sorption is the main mechanism that enables bio-
char in capturing signaling molecules. Sorption capacity
generally depends on the physical properties of biochar and
is mainly influenced by properties such as on the surface
area and total pore volume of biochar. However, recent stud-
ies accounted for the role of the functional group present
on the surface for effective adsorption. Gram-negative soil
bacteria like nitrogen-fixing plant symbionts use N-3-oxo-
dodecanoyl-L-homoserine lactone (AHL) as their signal-
ing molecule for regulating gene expression and enhance
intraspecific communication (Masiello et al. 2013). With
the adjustment of soil pH, biochar can promote and inhabit
signaling compounds that are responsible for enhancing the
interaction between microbes and their activities. While bac-
terial signals are pH-sensitive, the fungal signaling molecule
is less sensitive towards pH. Consequently, the application
of biochar could shift the ratio between the fungal and bac-
terial populations of soil (Gao et al. 2016). The application
of biochar could induce the microbe’s communication with
plants by enhancing their activity in the niche of the rhizo-
sphere (Akhter et al. 2015; Elad et al. 2011). For a better
understanding of the interaction mechanism between bio-
char and soil microbiota, identification and quantification
need to be performed for the compounds that are released
from biochar and they could have a potential effect on the
microbial activity.

Biochar could interact with soil biota and facilitate their
growth in several ways as represented in Fig. 4. The opera-
tional conditions and biomass nature predominantly affect
the physicochemical characteristics of biochar and, conse-
quently, influence the soil microbiota directly or indirectly.

4.2 Risk of biochar amendments on soil biota

Although the biochar has many positive effects on soil biota,
its negative impacts and the risk associated with its applica-
tion have been reported by a few pieces of literature. For
instance, Shaaban et al. (2018) reported that the biochar
application enhances the transport of viruses in soil and
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Fig.4 Various strategies of biochar on influencing the soil biota

its sediments, which further increases the risk of pathogen
contamination in soil. Further, the possible leaching of bio-
char could lead to the contamination of drinking water on
nearby wells. Several field trials revealed that oak biochar
couldn’t alter the surface area when applied for four months
at a dose of 7.5 Mg ha~!. Application of oak biochar was
reported to increase the difficulty in penetration of water in
the soil by 10-18% (Mukherjee and Lal 2014). Murphy et al.
(2011) found that biochar addition to soil decreased micro-
bial biomass carbon (MBC), which resulted in a decrease in
soil organic matter. These findings revealed that it is equally
important to be cautious about the possible negative effect
such as a decrease in microbial mass, activity, and struc-
tural diversity during the amendment of biochar into the
soil. Thus in certain cases, the excessive application of bio-
char could also kill the beneficial microbes in soil biota.
In certain cases, the fatalistic effect on microbial commu-
nities was observed to hamper crop production. Similarly,
Mierzwa-Hersztek et al. (2016) reported the adverse effect
of biochar on soil enzymatic activity, which resulted in a
declined yield of grass crops. The long-term effect of the
biochar application on dissolved organic carbon in the soil
has been investigated by Zhang et al. (2012). The applica-
tion of biochar has been reported in decreasing the dissolved
organic carbon in the soil, which may be due to the fixation
of dissolved organic carbon by the added biochar.

When biochar obtained from eucalyptus wood was
applied to a sandy loom soil, it reduced the dry root weight
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by 13% and P in leaves by 26% as compared to the control
samples of the tomato (Solanum lycopersicum) (Nzanza
et al. 2012). Growth of maize shows a reduction in pot
experiments when a variety of biochar was amended to
loamy soil at different application rates, ranging from O to
2.0% w/w (Rajkovich et al. 2012). Biochar produced from
green waste at 520°C increased the N,O emission by 54%
when applied to sandy loam Haplic Calcisol soil (Sanchez-
Garcia et al. 2014). From the above-reported cases, it could
be concluded that biochar application sometimes inhibits
microbial growth and consequently results in reduced crop
yield. The mechanism in which biochar could negatively
affect the biota has been discussed below.

4.2.1 Toxicity of biochar towards microbial population

Compounds such as benzene, methoxyphenol, phenol,
furans, ketones, carboxylic acids, and polycyclic aromatic
hydrocarbons (PAHs) are formed during pyrolysis under
certain circumstances, and these compounds are known to
inhibit the microbial growth. The presence of these com-
pounds could be determined by water or organic solvent
extractions of biochar. Biochar produced at moderate tem-
perature (300—400 “C) is found to contain toxic compounds
like PAHs and polychlorinated dioxins and furans. Volatile
organic compounds (VOCs) present in fresh biochar are
essential for certain microbes; however, their presence in
higher concentration (especially for some low molecular
weight oxygenated VOCs, including alcohols, carbonyls, and
acids) may inhibit microbes (Ghidotti et al. 2017). During
pyrolysis, persistent free radicals (PFRs) such as semiqui-
nones, phenoxyl, cyclopentadienyls, and phenols are pro-
duced, which are toxic to the microbial cell. Oxidative stress
induced from the free radicals could decrease the integrity
of the cell membrane with the generation of reactive oxygen
species (ROS) such as hydrogen peroxide, the superoxide
radical anion (O,), and hydroxyl radicals (OH) (Liao et al.
2014; Balakrishna et al. 2009). Further, free radicals play
a significant role in the degradation of organic matters and
thus endanger the microbial populations by extinguishing
the C and N sources.

Different soils have different properties and choosing spe-
cific biochar that could fulfill the additional requirements
of the soil is an important step that needs careful considera-
tion before applying the biochar for soil amendments. The
toxic compounds present in biochar could be both benefi-
cial and harmful depending upon the amount and type of
compound. Therefore, before administering the biochar as
a soil amendment, the analysis for toxic elements present in
biochar should be considered.

Biochar has the potential to affect the soil biota directly or
indirectly according to production conditions and the nature
of its feedstock. Some of the positive and negative impacts
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Table 2 Impact of different biochar on soil biota and crop yield reported in the published literature

Feedstock type Effect Mode of impact Changes Reference

Acacia arabica Positive  Biofertilizer Increased the availability of N, P, K by 75%, 28%, and Zeeshan et al. (2020)
17%, respectively. Enhance the tomato yield by 48%

Bamboo Positive  Biopesticidal Decrease the leaching of organic pollutants Gomez-Eyles et al. (2011)

Bamboo Positive  Biofertilizer Preferentially enhance the fungi population which are Herrmann et al. (2019)
promoting the growth of rubber plant

Black carbon Positive  Biofertilizer Maize yield increase by 28% when biochar applied in Major et al. (2010)
Oxisol soil at a rate of 20 t ha™!

C. fistula fruits Positive  Biofertilizer Increased rice plant seedlings shoot height by 18% and ~ Swagathnath et al. (2019)
increased bacterial community

Charcoal Positive  Biofertilizer Moong yield increase by 22% when biochar applied in ~ Glaser et al. (2002)
Delhi soil at a rate of 0.5 t ha™'

Cow manure Positive  Biofertilizer Increase nutrient uptake and yield of maize by 98% Uzoma et al. (2011)

Date palm fronds Mixed Enhance water retention and pH and CEC by (2.5 upto  Khalifa and Yousef (2015)
6.7 meq 100 g1

Eucalyptus sp. barks Positive  Biofertilizer Increased rice plant seedlings shoot height by 12% and ~ Swagathnath et al. (2019)
increased bacterial community

Eucalyptus-wood Negative Microbial inhibition Decrease in tomato dry weight by 13% and phosphorous Nzanza et al. (2012)
in leave by 26%

Green waste Positive  Biofertilizer Radish yield increase by 266% when biochar applied in ~ Chan et al. (2008)
Alfisol soil at a rate of 100 t ha™!

Hardwood Positive  Biofertilizer Maize yield increase by 10% when biochar applied in Rogovska et al. (2014)
Midwestern mullsoils soil at a rate of 68 t ha™'

Herbaceous plant cutting Neutral - No improvement in soil aggregate stability and hydro- Jeffery et al. (2015)
logical properties

Mixed crop Positive  Biofertilizer Increase water holding capacity when applied in loamy  Liu et al. (2016)
soil at a dose of 16 t ha™!

Mixed wood chip Positive  Biofertilizer Increase pH by 0.9 and CEC by (+4 up to Kloss et al. (2014)
8.9 mmol kg™!) when applied to sandy loam clay slit
soil

Oak Negative — Penetration resistance of soil decrease by 10-18% Mukherjee and Lal (2014)

Orchid pruning Positive  Biofertilizer Grape yield increase by 20% when biochar applied in Genesio et al. (2015)
sandy clay loam soil at a rate of 22 t ha™!

Palm kernel shell Neutral — Enhance soil chemical properties. However, not effective Igalavithana et al. (2017b)
for microbial population

Peanut husk Negative Microbial inhibition The decrease in organic carbon and total nitrogen Qian et al.
content (2014)

Pecan shell Positive  Biofertilizer Reduce nitrate leaching and increase the availability of =~ Novak et al. (2010)
phosphorous

Poultry litter Positive  Biofertilizer Radish yield increase by 42% when biochar applied in ~ Chan et al. (2008)
Alfisol soil at a rate of 51.5 t ha™!

Poultry manure Positive  Biofertilizer Reduce odor emission, loss of nitrogen, and form mature Dias et al. (2010)
compost with balanced nutrient composition

Rice straw Positive  Biofertilizer Increase C: N ratio when applied to acidic soil Xu et al. (2014)

Secondary forest wood ~ Positive  Biofertilizer Rice yield increase by 50% when biochar applied in Glaser et al. (2002)
Xanthic ferrosolsoil at a rate of 68 t ha™

Sewage sludge Positive  Biofertilizer Increase pH, nitrogen, and carbon content of acidic soil ~ Khan et al. (2013)

Vegetable waste Positive  Biofertilizer Enhancement of the soil chemical properties and micro- Igalavithana et al. (2017a)
bial population

Wheat straw Positive  Biofertilizer Rice yield increase by 14% when biochar applied in Zhang et al. (2010)
Paddy soil at a rate of 40 t ha™!

Wheat straw Neutral — No improvement in soil properties when added to

Wheat straw

Sandplain soil

Negative Microbial inhibition Enhancement in crop growth. However, a huge amount

of biochar application (60 t ha™") reduces plant benefi-
cial fauna population

Liu et al. (2020b)
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Table 2 (continued)

Feedstock type Effect Mode of impact Changes

Reference

Wood Positive  Biopesticidal

Induce systematic resistance in Strawberry

Harel et al. (2012)
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Fig. 5 Positive and negative impact of biochar on soil biota

of biochar produced from a wide array of feedstocks along
with its supplementation to the soil are listed in Table 2. And
the overall impact of biochar on soil biota can be generalized
as illustrated in Fig. 5.

5 Summary and future scope

The agricultural sector in developing and poor countries
is currently struggling to cope with the increased demand
for food due to population explosion. Although the use of
chemical fertilizer has increased productivity, its extensive
use has engendered many serious complications such as the
degradation of soil ecology, reduced soil fertility, and caused
environmental pollution. For increasing the soil fertility and
productivity without compromising the sustainability of the
agricultural practices, the utilization of beneficial microbe
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could be implemented as one of the economical and sustain-
able approaches. The application of microbes was reported
to enhance the plant growth and further was observed to
strengthen the soil microbial ecology. To enumerate the ben-
eficial microbes in the soil, biochar could be a sustainable
and economically viable option. The numerous advantages
and few risks associated with the application of biochar
have been reported in different studies. Overall, the biochar
has been observed to increase the microbial abundance and
diversity in the soil, which strengthen the soil ecology and
yield numerous benefits for the plant growth.

The mode of biochar effect on microbial population needs
further investigation, for new mechanisms and strengthening
the existing ones. The physical and chemical characteristics
that influence the soil biota primarily depend upon the nature
of the feedstock and operational condition (pyrolysis tem-
perature, heating rate, time). Therefore, more research could
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be performed to investigate the individual or combined effect
of biomass characteristics and experimental conditions on
biochar properties. As the agricultural productivity has been
observed to differ with the application of the different types
of biochar, more studies could be performed to underlie the
root cause of the varying results, and emphasis could be
given to bring the uniformity in the application procedure
and yield outputs. Based on the soil requirements, differ-
ent novel modifications have been undertaken by engineer-
ing biochar with various chemical and physical treatments.
More research could be performed to compare the efficacy
of engineered biochar with the pristine biochar. And the eco-
nomic feasibility of the modified biochar could be analysed
for increasing the applicability. Further, the risk associated
with the biochar application on soil microbiota should be
investigated in detail to ensure the reliability of the biochar
application. It is high time to shift our focus towards mate-
rial like biochar and its engineering, and more studies need
to be performed to investigate its impact on soil biota for
economical, sustainable, and eco-friendly agriculture.

Acknowledgements Financial support from the Science and Engi-
neering Research Board (SERB), Government of India (File No.
ECR/2017/003397) is greatly acknowledged. The authors thank the
Department of Biotechnology and Medical Engineering of National
Institute of Technology Rourkela for providing the necessary research
facilities.

Compliance with ethical standards

Conflict of interests The authors declare no conflict of interest to dis-
close.

References

Abhijeet P, Swagathnath G, Rangabhashiyam S, Rajkumar MA, &
Balasubramanian P (2019) Prediction of pyrolytic product com-
position and yield for various grass biomass feedstocks. Bio-
mass Conversion Biorefinery, 1-12. https://doi.org/10.1007/
$13399-019-00475-5

Abit SM, Bolster CH, Cai P, Walker SL (2012) Influence of feedstock
and pyrolysis temperature of biochar amendments on transport
of Escherichia coli in saturated and unsaturated soil. Environ
Sci Technol 46:8097-8105. https://doi.org/10.1021/es300797z

Ahmad M, Ok YS, Kim B-Y, Ahn J-H, Lee YH, Zhang M, Moon DH,
AlWabel MI, Lee SS (2016) Impact of soybean stover- and pine
needle-derived biochars on Pb and As mobility, microbial com-
munity, and carbon stability ina contaminated agricultural soil.
J Environ Manag 166:131-139. https://doi.org/10.1016/j.jenvm
an.2015.10.006

Akhter A, Hage-Ahmed K, Soja G, Steinkellner S (2015) Compost and
biochar alter mycorrhization, tomato root exudation, and devel-
opment of Fusarium oxysporum f. splycopersici. Front Plant Sci.
https://doi.org/10.3389/fpls.2015.00529

Al-Wabel MI, Hussain Q, Usman AR, Ahmad M, Abduljabbar A,
Sallam AS, Ok YS (2018) Impact of biochar properties on soil

conditions and agricultural sustainability: a review. Land Degrad
Dev 29(7):2124-2161. https://doi.org/10.1002/1dr.2829

Bach E, Seger GDS, Fernandes GC, Lisboa BB, Passaglia LMP (2016)
Evaluation of biological control and rhizospHere competence of
plant growth promoting bacteria. Appl Soil Ecol 99:141-149.
https://doi.org/10.1016/j.aps0il.2015.11.002

Bailey VL, Fansler SJ, Smith JL, Bolton H Jr (2011) Reconciling
apparent variability in effects of biochar amendment on soil
enzyme activities by assay optimization. Soil Biol Biochem
43:296-301. https://doi.org/10.1016/j.s0ilbio.2010.10.014

Balakrishna S, Lomnicki S, McAvey KM, Cole RB, Dellinger B, Corm-
ier SA (2009) Environmentally persistent free radicals amplify
ultrafine particle mediated cellular oxidative stress and cytotoxic-
ity. Part Fibre Toxicol. https://doi.org/10.1186/1743-8977-6-11

Bamminger C, Poll C, Sixt C, Hogy P, Wiist D, Kandeler E, Marhan
S (2016) Shortterm response of soil microorganisms to biochar
addition in a temperate agroecosystem under soil warming.
Agric Ecosyst Environ 233:308-317. https://doi.org/10.1016/].
agee.2016.09.016

Bandick AK, Dick RP (1999) Field management effects on soil
enzyme activities. Soil Biol Biochem 31:1471-1479. https://
doi.org/10.1016/S0038-0717(99)00051-6

Bashir S, Zhu J, Fu Q, Hu H (2018) Cadmium mobility, uptake and
anti-oxidative response of water spinach (Ipomoea aquatic)
under rice straw biochar, zeolite and rock phosphate as amend-
ments. Chemosphere 194:579-587. https://doi.org/10.1016/j.
chemosphere.2017.11.162

Bengough AG, Mullins CE (1990) Mechanical impedance to
root growth: a review of experimental techniques and
root growth responses. J Soil Sci 41:341-358. https://doi.
org/10.1111/.1365-2389.1990.tb00070.x

Bhatt K, Maheshwari DK (2020) Zinc solubilizing bacteria (Bacillus
megaterium) with multifarious plant growth promoting activities
alleviates growth in Capsicum annuum L. 3 Biotech 10(2):36.
https://doi.org/10.1007/s13205-019-2033-9

Briones MJI, Panzacchi P, Davies CA, Ineson P (2020) Contrasting
responses of macro-and meso-fauna to biochar additions in a bio-
energy cropping system. Soil Biology and Biochemistry, 107803.
https://doi.org/10.1016/j.s0ilbi0.2020.107803

Cantrell KB, Hunt PG, Uchimiya M, Novak JM, Ro KS (2012) Impact
of pyrolysis temperature and manure source on pHysicochemical
characteristics of biochar. Bioresour Technol 107:419-428. https
://doi.org/10.1016/j.biortech.2011.11.084

Chan KY, Van Zwieten L, Meszaros I, Downie A, Joseph S (2008)
Agronomic values of greenwaste biochar as a soil amendment.
Soil Res 45(8):629-634. https://doi.org/10.1071/SR07109

Chen B, Zhou D, Zhu L (2008) Transitional adsorption and partition
of nonpolar and polar aromatic contaminants by biochars of pine
needles with different pyrolytic temperatures. Environ Sci Tech-
nol 42:5137-5143. https://doi.org/10.1021/es8002684

Chen SS, Rotaru AE, Shrestha PM, Malvankar NS, Liu FH, Fan W,
Nevin KP, Lovley DR (2014) Promoting interspecies electron
transfer with biochar. Sci Rep. https://doi.org/10.1038/srep05019

Cheng CH, Lehmann J, Thies JE, Burton SD, Engelhard MH (2006)
Oxidation of black carbon by biotic and abiotic processes.
Organic Geochem 37(11):1477-1488. https://doi.org/10.1016/j.
orggeochem.2006.06.022

Costacurta A, Vanderleyden J (1995) Synthesis of pHytohormones by
plant-associated bacteria. Crit Rev Microbiol 21:1-18. https://
doi.org/10.3109/10408419509113531

Crowley DA (2006) Microbial SideropHores in the Plant RhizospHere.
In: Barton LL, Abadia J (eds) Iron Nutrition in plants and rhizos-
pheric microorganisms Netherlands, Springer, Netherlands; 169—
190. https://doi.org/10.1007/1-4020-4743-6_8

Dai Y, Zheng H, Jiang Z, Xing B (2020) Combined effects of biochar
properties and soil conditions on plant growth: a meta-analysis.

@ Springer


https://doi.org/10.1021/es300797z
https://doi.org/10.1016/j.jenvman.2015.10.006
https://doi.org/10.1016/j.jenvman.2015.10.006
https://doi.org/10.3389/fpls.2015.00529
https://doi.org/10.1002/ldr.2829
https://doi.org/10.1016/j.apsoil.2015.11.002
https://doi.org/10.1016/j.soilbio.2010.10.014
https://doi.org/10.1186/1743-8977-6-11
https://doi.org/10.1016/j.agee.2016.09.016
https://doi.org/10.1016/j.agee.2016.09.016
https://doi.org/10.1016/S0038-0717(99)00051-6
https://doi.org/10.1016/S0038-0717(99)00051-6
https://doi.org/10.1016/j.chemosphere.2017.11.162
https://doi.org/10.1016/j.chemosphere.2017.11.162
https://doi.org/10.1111/j.1365-2389.1990.tb00070.x
https://doi.org/10.1111/j.1365-2389.1990.tb00070.x
https://doi.org/10.1007/s13205-019-2033-9
https://doi.org/10.1016/j.biortech.2011.11.084
https://doi.org/10.1016/j.biortech.2011.11.084
https://doi.org/10.1071/SR07109
https://doi.org/10.1021/es8002684
https://doi.org/10.1038/srep05019
https://doi.org/10.1016/j.orggeochem.2006.06.022
https://doi.org/10.1016/j.orggeochem.2006.06.022
https://doi.org/10.3109/10408419509113531
https://doi.org/10.3109/10408419509113531
https://doi.org/10.1007/1-4020-4743-6_8

302

Biochar (2020) 2:287-305

Sci Total Environ 713:136635. https://doi.org/10.1016/j.scito
tenv.2020.136635

Dastager SG, Deepa CK, Pandey A (2010) Isolation and characteriza-
tion of novel plant growth promoting Micrococcus sp NII-0909
and its interaction with cowpea. Plant PHysiolBiochem 48:987—
992. https://doi.org/10.1016/j.plaphy.2010.09.006

DeBoer W, Kowalchuk GA (2001) Nitrification in acid soil: micro-
organisms and mechanisms. Soil BiolBiochem 33:853-866. https
://doi.org/10.1016/S0038-0717(00)00247-9

Dias BO, Silva CA, Higashikawa FS, Roig A, SanchezMonedero
MA (2010) Use of biochar as bulking agent for the compost-
ing of poultry manure: effect on organic matter degradation and
humification. Bioresour Technol 101:1239-1246. https://doi.
org/10.1016/j.biortech.2009.09.024

Downie A, Crosky A, Munroe P (2009) PHysical properties of biochar.
In: Lehmann J, Josep HS (eds) Biochar for environmental man-
agement: science and technology. Earthscan, London, pp 13-32

Elad Y, David DR, Harel YM, Borenshtein M, Ben Kalifa H, Silber A,
Graber ER (2010) Induction of systemic resistance in plants by
biochar, a soilapplied carbon sequestering agent. Phytopathol-
ogy 100:913-921. https://doi.org/10.1094/PHYTO-100-9-0913

Elad Y, Cytryn E, Harel YM, Lew B, Graber ER (2011) The biochar
effect: plant resistance to biotic stresses. Phytopathol Mediterr
50:335-349

El-Naggar A, Awad YM, Tang XY, Liu C, Niazi NK, Jien SH, Tsang
DCW, Song H, Yong SO, Sang SL (2018) Biochar influences
soil carbon pools and facilitates interactions with soil: a field
investigation. Land Degrad Dev. https://doi.org/10.1002/1dr.2896

Etesami H, Adl SM (2020) Plant growth-promoting rhizobacteria (pgpr)
and their action mechanisms in availability of nutrients to plants.
In: Phyto-microbiome in stress regulation, Springer, Singapore,
pp 147-203. https://doi.org/10.1007/978-981-15-2576-6_9

Figueiredo C, Lopes H, Coser T, Vale A, Busato J, Aguiar N, Canellas
L (2018) Influence of pyrolysis temperature on chemical and
physical properties of biochar from sewage sludge. Arch Agron-
omy Soil Sci 64(6):881-889. https://doi.org/10.1080/03650
340.2017.1407870

Gao X, Cheng H-Y, Del Valle I, Liu S, Masiello CA, Silberg JJ (2016)
Charcoal disrupts soil microbial communication through a com-
bination of signal sorption and hydrolysis. Acs Omega 1:226—
233. https://doi.org/10.1021/acsomega.6b00085

Genesio L, Miglietta F, Baronti S, Vaccari FP (2015) Biochar increases
vineyard productivity without affecting grape quality: Results
from a four years field experiment in Tuscany. Agric Ecosyst
Environ 201:20-25. https://doi.org/10.1016/j.agee.2014.11.021

Ghidotti M, Fabbri D, Hornung A (2017) Profiles of volatile organic
compounds in biochar: insights into process conditions and qual-
ity assessment. Acs Sustain Chem Eng 5:510-517. https://doi.
org/10.1021/acssuschemeng.6b01869

Glaser B, Lehmann J, Zech W (2002) Ameliorating physical and
chemical properties of highly weathered soils in the tropics with
charcoal-a review. Biol Fertil Soils 35(4):219-230. https://doi.
org/10.1007/s00374-002-0466-4

Glick BR (2014) Bacteria with ACC deaminase can promote plant
growth and help to feed the world. Microbiol Res 169:30-39.
https://doi.org/10.1016/j.micres.2013.09.009

Gomez-Eyles JL, Sizmur T, Collins CD, Hodson ME (2011) Effects of
biochar and the earthworm Eisenia fetidaon the bioavailability
of polycyclic aromatic hydrocarbons and potentially toxic ele-
ments. Environ Pollut 159:616-622. https://doi.org/10.1016/].
envpol.2010.09.037

Goswami M, Suresh DEKA (2020) Plant growth-promoting rhizobac-
teria—alleviators of abiotic stresses in soil: a review. Pedosphere
30(1):40-61. https://doi.org/10.1016/S1002-0160(19)60839-8

Gupta DK, Gupta CK, Dubey R, Fagodiya RK, Sharma G, Keerthika
A, Shukla AK (2020) Role of Biochar in Carbon Sequestration

@ Springer

and Greenhouse Gas Mitigation. In: Biochar Applications in
Agriculture and Environment Management, Springer, Cham, pp
141-165, https://doi.org/10.1007/978-3-030-40997-5_7

Hamilton CE, Bever JD, Labb’e J, Yang XH, Yin HF (2016) Mitigat-
ing climate change through managing constructed https://doi.
org/10.1016/j.agee.2015.10.006

Harel YM, Elad Y, Davide DR, Borenstein M, Shulchani R, Lew B,
Graber ER (2012) Biochar mediates systemic response of straw-
berry to foliar fungal pathogens. Plant Soil 357:245-257. https
://doi.org/10.1007/s11104-012-1129-3

Herrmann L, Lesueur D, Robin A, Robain H, Wiriyakitnateekul
W, Briu L (2019) Impact of biochar application dose on soil
microbial communities associated with rubber trees in North
East Thailand. Sci Total Environ 689:970-979. https://doi.
org/10.1016/j.scitotenv.2019.06.441

Holste EK, Kobe RK, Gehring CA (2017) Plant species differ in early
seedling growth and tissue nutrient responses to arbuscular
and ectomycorrhizal fungi. Mycorrhiza 27:1-13. https://doi.
org/10.1007/s00572-016-0744-x

Igalavithana AD, Lee SE, Lee YH, Tsang DC, Rinklebe J, Kwon EE,
Ok YS (2017a) Heavy metal immobilization and microbial com-
munity abundance by vegetable waste and pine cone biochar
of agricultural soils. Chemosphere 174:593-603. https://doi.
org/10.1016/j.chemosphere.2017.01.148

Igalavithana AD, Park J, Ryu C, Lee YH, Hashimoto Y, Huang L, Lee
SS (2017b) Slow pyrolyzedbiochars from crop residues for soil
metal (loid) immobilization and microbial community abundance
in contaminated agricultural soils. Chemosphere 177:157-166.
https://doi.org/10.1016/j.chemosphere.2017.02.112

Jayaprakashvel M, Chitra C, Mathivanan N (2019) Metabolites of plant
growth-promoting rhizobacteria for the management of soilborne
pathogenic fungi in crops. In: Secondary metabolites of plant
growth promoting rhizomicroorganisms, Springer, Singapore, pp.
293-315. https://doi.org/10.1007/978-981-13-5862-3_15

Jeffery S, Meinders MB, Stoof CR, Bezemer TM, van de Voorde
TF, Mommer L, van Groenigen JW (2015) Biochar applica-
tion does not improve the soil hydrological function of a sandy
soil. Geoderma 251:47-54. https://doi.org/10.1016/j.geode
rma.2015.03.022

Kameyama K, Miyamoto T, Iwata Y, Shiono T (2016) Influences
of feedstock and pyrolysis temperature on the nitrate adsorp-
tion of biochar. Soil Sci Plant Nutr 62(2):180-184. https://doi.
org/10.1080/00380768.2015.1136553

Kasozi GN, Zimmerman AR, Nkedi-Kizza P, Gao B (2010) Catechol
and humic acid sorption onto a range of laboratory-produced
black carbons (biochars). Environ Sci Technol 44:6189-6195.
https://doi.org/10.1021/es1014423

Keiluweit M, Nico PS, Johnson MG, Kleber M (2010) Dynamic molec-
ular structure of plant biomass-derived black carbon (biochar).
Environ Sci Technol 44(4):1247-1253. https://doi.org/10.1021/
es9031419

Khalifa N, Yousef LF (2015) A short report on changes of quality indi-
cators for a sandy textured soil after treatment with biochar pro-
duced from fronds of date palm. Energy Procedia 74:960-965.
https://doi.org/10.1016/j.egypro.2015.07.729

Khan S, Chao C, Waqas M, Arp HPH, Zhu YG (2013) Sewage sludge
biochar influence upon rice (Oryza sativa L) yield, metal bioac-
cumulation and greenhouse gas emissions from acidic paddy soil.
Environ Sci Technol 47(15):8624-8632. https://doi.org/10.1021/
es400554x

Kloss S, Zehetner F, Wimmer B, Buecker J, Rempt F, Soja G (2014)
Biochar application to temperate soils: effects on soil fertility
and crop growth under greenhouse conditions. J Plant Nutr Soil
Sci 177(1):3-15

Lauber CL, Hamady M, Knight R, Fierer N (2009) Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial


https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1016/j.plaphy.2010.09.006
https://doi.org/10.1016/S0038-0717(00)00247-9
https://doi.org/10.1016/S0038-0717(00)00247-9
https://doi.org/10.1016/j.biortech.2009.09.024
https://doi.org/10.1016/j.biortech.2009.09.024
https://doi.org/10.1094/PHYTO-100-9-0913
https://doi.org/10.1002/ldr.2896
https://doi.org/10.1007/978-981-15-2576-6_9
https://doi.org/10.1080/03650340.2017.1407870
https://doi.org/10.1080/03650340.2017.1407870
https://doi.org/10.1021/acsomega.6b00085
https://doi.org/10.1016/j.agee.2014.11.021
https://doi.org/10.1021/acssuschemeng.6b01869
https://doi.org/10.1021/acssuschemeng.6b01869
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1016/j.envpol.2010.09.037
https://doi.org/10.1016/j.envpol.2010.09.037
https://doi.org/10.1016/S1002-0160(19)60839-8
https://doi.org/10.1007/978-3-030-40997-5_7
https://doi.org/10.1016/j.agee.2015.10.006
https://doi.org/10.1016/j.agee.2015.10.006
https://doi.org/10.1007/s11104-012-1129-3
https://doi.org/10.1007/s11104-012-1129-3
https://doi.org/10.1016/j.scitotenv.2019.06.441
https://doi.org/10.1016/j.scitotenv.2019.06.441
https://doi.org/10.1007/s00572-016-0744-x
https://doi.org/10.1007/s00572-016-0744-x
https://doi.org/10.1016/j.chemosphere.2017.01.148
https://doi.org/10.1016/j.chemosphere.2017.01.148
https://doi.org/10.1016/j.chemosphere.2017.02.112
https://doi.org/10.1007/978-981-13-5862-3_15
https://doi.org/10.1016/j.geoderma.2015.03.022
https://doi.org/10.1016/j.geoderma.2015.03.022
https://doi.org/10.1080/00380768.2015.1136553
https://doi.org/10.1080/00380768.2015.1136553
https://doi.org/10.1021/es1014423
https://doi.org/10.1021/es9031419
https://doi.org/10.1021/es9031419
https://doi.org/10.1016/j.egypro.2015.07.729
https://doi.org/10.1021/es400554x
https://doi.org/10.1021/es400554x

Biochar (2020) 2:287-305

303

community structure at the continental scale. Appl Environ
Microbiol 75:5111-5120. https://doi.org/10.1128/AEM.00335
-09

Lehmann J, Josep HS (2009) Biochar for environmental management:
an introduction. In: Lehmann J, Josep HS (eds) Biochar for envi-
ronmental management: science and technology. Earthscan, Lon-
don, pp 1-12

Lehmann J, Gaunt J, Rondon M (2006) Bio-char sequestration in ter-
restrial ecosystems—a review. Mitig Adapt Strat Glob Change
11(2):403-427. https://doi.org/10.1007/s11027-005-9006-5

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crow-
ley D (2011) Biochar effects on soil biota—a review. Soil Biol
Biochem 43(9):1812-1836. https://doi.org/10.1016/j.s0ilb
i0.2011.04.022

Leinweber P, Kruse J, Walley FL, Gillespie A, Eckardt K-U, Blyth R,
Regier T (2007) Nitrogen K-edge XANES e an overview of refer-
ence compounds used to identify unknown’ organic nitrogen in
environmental samples. J Synchrotron Radiat 14:500-511. https
://doi.org/10.1107/S0909049507042513

Li Y, Hu S, Chen J, Miiller K, Li Y, Fu W, Wang H (2018) Effects
of biochar application in forest ecosystems on soil properties
and greenhouse gas emissions: a review. J Soils Sediments
18(2):546-563. https://doi.org/10.1007/s11368-017-1906-y

Liang B, Lehmann J, Sohi SP, Thies JE, O’Neill B, Trujillo L, Gaunt
J, Solomon D, Grossman J, Neves EG, Luizao FJ (2010) Black
carbon affects the cycling of non-black carbon in soil. Organic
Geochem 41:206-213. https://doi.org/10.1016/j.orggeochem
.2009.09.007

Liao SH, Pan B, Li H, Zhang D, Xing BS (2014) Detecting free radicals
in biochars and determining their ability to inhibit the germina-
tion and growth of corn, wheat and rice seedlings. Environ Sci
Technol 48:8581-8587. https://doi.org/10.1021/es404250a

Liu C, Wang H, Tang X, Guan Z, Reid BJ, Rajapaksha AU et al (2016)
Biochar increased water holding capacity but accelerated organic
carbon leaching from a sloping farmland soil in China. Environ
Sci Pollut Res 23(2):995-1006. https://doi.org/10.1007/s1135
6-015-4885-9

LiuZ, He T, Cao T, Yang T, Meng J, Chen W (2017) Effects of bio-
char application on nitrogen leaching, ammonia volatilization
and nitrogen use efficiency in two distinct soils. J Soil Sci Plant
Nutr 17. https://doi.org/10.4067/S0718-95162017005000037

LiuJ, Ding Y, Ji Y, Gao G, Wang Y (2020a) Effect of maize straw bio-
char on bacterial communities in agricultural soil. Bull Environ
Contam Toxicol 104(3):333-338. https://doi.org/10.1007/s0012
8-020-02793-1

Liu T, Yang L, Hu Z, Xue J, Lu Y, Chen X, Liu M (2020b) Biochar
exerts negative effects on soil fauna across multiple trophic levels
in a cultivated acidic soil. Biology and Fertility of Soils, 1-10.
https://doi.org/10.1007/s00374-020-01436-1

Luo L, Gu J-D (2016) Alteration of extracellular enzyme activ-
ity and microbial abundance by biochar addition: implication
for carbon sequestration in subtropical mangrove sediment. J
Environ Manag 182:29-36. https://doi.org/10.1016/j.jenvm
an.2016.07.040

Mackie KA, Marhan S, Ditterich F, Schmidt HP, Kandeler E (2015)
The effects of biochar and compost amendments on copper
immobilization and soil microorganisms in a temperate vineyard.
Agric Ecosyst Environ 201:58-69. https://doi.org/10.1016/j.
agee.2014.12.001

Major J, Rondon M, Molina D, Riha SJ, Lehmann J (2010) Maize
yield and nutrition during 4 years after biochar application to a
Colombian savanna oxisol. Plant Soil 333(1-2):117-128. https
://doi.org/10.1007/s11104-010-0327-0

Masiello CA, Chen Y, Gao X, Liu S, Cheng H-Y, Bennett MR, Rudg-
ers JA, Wagner DS, Zygourakis K, Silberg JJ (2013) Biochar
and microbial signaling: production conditions determine effects

on microbial communication. Environ Sci Technol 47:11496—
11503. https://doi.org/10.1021/es401458s

Mia S, Dijkstra FA, Singh B (2018) Enhanced biological nitrogen fixa-
tion and competitive advantage of legumes in mixed pastures
diminish with biochar aging. Plant Soil 424(1-2):639-651. https
://doi.org/10.1007/s11104-018-3562-4

Mohanty P, Nanda S, Pant KK, Naik S, Kozinski JA, Dalai AK (2013)
Evaluation of the physiochemical development of biochars
obtained from pyrolysis of wheat straw, timothy grass and pine-
wood: effects of heating rate. J] Anal Appl Pyrol 104:485-493.
https://doi.org/10.1016/j.jaap.2013.05.022

Mukome FN, Six J, Parikh SJ (2013) The effects of walnut shell and
wood feedstock biochar amendments on greenhouse gas emis-
sions from a fertile soil. Geoderma 200:90-98. https://doi.
org/10.1016/j.geoderma.2013.02.004

Murphy DV, Cookson WR, Braimbridge M, Marschner P, Jones DL,
Stockdale EA, Abbott LK (2011) Relationships between soil
organic matter and the soil microbial biomass (size, functional
diversity, and community structure) in crop and pasture systems
in a semi-arid environment. Soil Res 49(7):582-594. https://doi.
org/10.1071/SR11203

Mierzwa-Hersztek M, Gondek K, Baran A (2016) Effect of poultry
litter biochar on soil enzymatic activity, ecotoxicity and plant
growth. Appl Soil Ecol 105:144—-150. https://doi.org/10.1016/j.
apsoil.2016.04.006

Moreira H, Pereira SI, Vega A, Castro PM, Marques AP (2020)
Synergistic effects of arbuscular mycorrhizal fungi and plant
growth-promoting bacteria benefit maize growth under increas-
ing soil salinity. J] Environ Manage 257:109982. https://doi.
org/10.1080/15226514.2015.1131231

Mukherjee A, Lal R (2014) The biochar dilemma. Soil Res 52:217-230

Nguyen B, Lehmann J (2009) Black carbon decomposition under vary-
ing water regimes. Organic Geochem 40:846-853. https://doi.
org/10.1016/j.orggeochem.2009.05.004

Nguyen B, Lehmann J, Hockaday WC, Josep HS, Masiello CA (2010)
Temperature sensitivity of black carbon decomposition and
oxidation. Environ Sci Technol 44:3324-3331. https://doi.
org/10.1021/es903016y

Novak JM, Busscher WJ, Watts DW, Laird DA, Ahemdna MA, Nian-
dou MAS (2010) Short-term CO,mineralization after additions
of biochar and switchgrass to a Typic Kandiudult. Geoderma
154:281-288. https://doi.org/10.1016/j.geoderma.2009.10.014

Nzanza B, Marais D, Soundy P, (2012) Effect of arbuscular mycor-
rhizal fungal inoculation and biochar amendment on growth and
yield of tomato. Int J Agric Biol 14:965-969. https://hdl.hand]l
e.net/2263/20948

Oguntunde PG, Fosu M, Ajayi AE, Van De Giesen N (2004) Effects
of charcoal production on maize yield, chemical properties and
texture of soil. Biol Fertil Soils 39(4):295-299. https://doi.
org/10.1007/s00374-003-0707-1

Oliveira FR, Patel AK, Jaisi DP, Adhikari S, Lu H, Khanal SK (2017)
Environmental application of biochar: current status and perspec-
tives. Biores Technol 246:110-122. https://doi.org/10.1016/j.
biortech.2017.08.122

Pandey D, Daverey A, Arunachalam K (2020) Biochar: Production,
Properties and Emerging role as a Support for Enzyme Immo-
bilization. Journal of Cleaner Production, 120267. https://doi.
org/10.1016/j.jclepro.2020.120267

Patel JS, Singh A, Singh HB, Sarma BK (2015) Plant genotype, micro-
bial recruitment and nutritional security. Front Plant Sci 6:1-3.
https://doi.org/10.3389/fpls.2015.00608

Pereg L, McMillan M (2015) Scoping the potential uses of ben-
eficial microorganisms for increasing productivity in cotton
cropping systems. Soil BiolBiochem 80:349-358. https://doi.
org/10.1016/j.s0ilbio.2014.10.020

@ Springer


https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1107/S0909049507042513
https://doi.org/10.1107/S0909049507042513
https://doi.org/10.1007/s11368-017-1906-y
https://doi.org/10.1016/j.orggeochem.2009.09.007
https://doi.org/10.1016/j.orggeochem.2009.09.007
https://doi.org/10.1021/es404250a
https://doi.org/10.1007/s11356-015-4885-9
https://doi.org/10.1007/s11356-015-4885-9
https://doi.org/10.1007/s00128-020-02793-1
https://doi.org/10.1007/s00128-020-02793-1
https://doi.org/10.1016/j.jenvman.2016.07.040
https://doi.org/10.1016/j.jenvman.2016.07.040
https://doi.org/10.1016/j.agee.2014.12.001
https://doi.org/10.1016/j.agee.2014.12.001
https://doi.org/10.1007/s11104-010-0327-0
https://doi.org/10.1007/s11104-010-0327-0
https://doi.org/10.1021/es401458s
https://doi.org/10.1007/s11104-018-3562-4
https://doi.org/10.1007/s11104-018-3562-4
https://doi.org/10.1016/j.jaap.2013.05.022
https://doi.org/10.1016/j.geoderma.2013.02.004
https://doi.org/10.1016/j.geoderma.2013.02.004
https://doi.org/10.1071/SR11203
https://doi.org/10.1071/SR11203
https://doi.org/10.1016/j.apsoil.2016.04.006
https://doi.org/10.1016/j.apsoil.2016.04.006
https://doi.org/10.1080/15226514.2015.1131231
https://doi.org/10.1080/15226514.2015.1131231
https://doi.org/10.1016/j.orggeochem.2009.05.004
https://doi.org/10.1016/j.orggeochem.2009.05.004
https://doi.org/10.1021/es903016y
https://doi.org/10.1021/es903016y
https://doi.org/10.1016/j.geoderma.2009.10.014
http://hdl.handle.net/2263/20948
http://hdl.handle.net/2263/20948
https://doi.org/10.1007/s00374-003-0707-1
https://doi.org/10.1007/s00374-003-0707-1
https://doi.org/10.1016/j.biortech.2017.08.122
https://doi.org/10.1016/j.biortech.2017.08.122
https://doi.org/10.3389/fpls.2015.00608
https://doi.org/10.1016/j.soilbio.2014.10.020
https://doi.org/10.1016/j.soilbio.2014.10.020

304

Biochar (2020) 2:287-305

Pindi PK, Satyanarayana SDV (2012) Liquid microbial consortium—a
potential tool for sustainable soil health. J BiofertilBiopest 3:1-9.
https://doi.org/10.4172/2155-6202.1000124

Qu Q, Zhang Z, Peijnenburg WJGM, Liu W, Lu T, Hu B, Qian H
(2020) Rhizosphere microbiome assemble and its impact on plant
growth. J Agricultural Food Chem. https://doi.org/10.1021/acs.
jafc.0c00073

Qian L, Chen L, Joseph S, Pan G, Li L, Zheng J et al (2014) Biochar
compound fertilizer as an option to reach high productivity but
low carbon intensity in rice agriculture of China. Carbon Manage
5(2):145-154. https://doi.org/10.1080/17583004.2014.912866

Rajkovich S, Enders A, Hanley K, Hyland C, Zimmerman AR,
Lehmann J (2012) Corn growth and nitrogen nutrition after addi-
tions of biochars with varying properties to a temperate soil.
Biol Fertil Soils 48:271-284. https://doi.org/10.1007/s0037
4-011-0624-7

Rashid MA, Mujawar LH, Shahzad T, Almeelbi T, Ismail IMI, Oves
M (2016) Bacteria and fungi can contribute to nutrients bioavail-
ability and aggregate formation in degraded soils. Microbiol Res
183:26-41. https://doi.org/10.1016/j.micres.2015.11.007

Rechberger MV, Kloss S, Rennhofer H, Tintner J, Watzinger A, Soja
G, Zehetner F (2017) Changes in biochar physical and chemical
properties: accelerated biochar aging in an acidic soil. Carbon
115:209-219. https://doi.org/10.1016/j.carbon.2016.12.096

Rinc6n-Molina CI, Martinez-Romero E, Ruiz-Valdiviezo VM,
Velazquez E, Ruiz-Lau N, Rogel-Hernandez MA, Rincén-
Rosales R (2020) Plant growth-promoting potential of bac-
teria associated to pioneer plants from an active volcanic site
of Chiapas (Mexico). Appl Soil Ecol 146:103390. https://doi.
org/10.1016/j.aps0il.2019.103390

Rodriguez-Vila A, Forjan R, Guedes RS, Covelo EF (2016) Changes
on the pHytoavailability of nutrients in a mine soil reclaimed
with compost and biochar. Water Air Soil Pollut. https://doi.
org/10.1007/s11270-016-3155-x

Rogovska N, Laird DA, Rathke SJ, Karlen DL (2014) Biochar
impact on Midwestern Mollisols and maize nutrient availabil-
ity. Geoderma 230:340-347. https://doi.org/10.1016/j.geode
rma.2014.04.009

Rui B, Yang M, Zhang L, Jia Y, Shi Y, Histed R, Fan L (2020) Reduced
graphene oxide-modified biochar electrodes via electrophoretic
deposition with high rate capability for supercapacitors. Jour-
nal of Applied Electrochemistry, 1-14. https://doi.org/10.1007/
s10800-020-01397-1

Sammauria R, Kumawat S, Kumawat P, Singh J, Jatwa TK (2020)
Microbial inoculants: potential tool for sustainability of agri-
cultural production systems. Arch Microbiol, 1-17. https://doi.
0rg/10.1007/s00203-019-01795-w

Séanchez-Garcia M, Roig A, Sanchezmonedero MA, Cayuela ML
(2014) Biochar increases soil N20 emissions produced by nitri-
fication-mediated pathways. Front Environ Sci 2:25. https://doi.
org/10.3389/fenvs.2014.00025

Santana SRA, Voltolini TV, dos Reis Antunes G, da Silva VM, Simoes
WL, Morgante CV, Fernandes-Junior PI (2020) Inoculation of
plant growth-promoting bacteria attenuates the negative effects
of drought on sorghum. Archiv Microbiol 1-10. https://doi.
org/10.1007/s00203-020-01810-5

Scheifele M, Hobi A, Buegger F, Gattinger A, Schulin R, Boller T,
Maider P (2017) Impact of pyrochar and hydrochar on soybean
(Glycine max L.) root nodulation and biological nitrogen fixation.
J Plant Nutr Soil Sci 180(2):199-211

Schiermeier Q (2006) Putting the carbon back: the hundred billion
tonne challenge. Nature 442(7103):620-624

Shaaban M, Van Zwieten L, Bashir S, Younas A, Nufez-Delgado A,
Chhajro MA et al (2018) A concise review of biochar application
to agricultural soils to improve soil conditions and fight pollution.

@ Springer

J Environ Manage 228:429-440. https://doi.org/10.1016/j.jenvm
an.2018.09.006

Sheng XF, He LY (2006) Solubilization of potassium-bearing minerals
by a wild-type strain of Bacillus edaphicus and its mutants and
increased potassium uptake by wheat. Can J Microbiol 52:66-72.
https://doi.org/10.1139/w05-117

Sheng Y, Zhu L (2018) Biochar alters microbial community and carbon
sequestration potential across different soil pH. Sci Total Environ
622:1391-1399. https://doi.org/10.1016/j.scitotenv.2017.11.337

Singh I (2018) Plant growth promoting rhizobacteria (PGPR) and their
various mechanisms for plant growth enhancement in stressful
conditions: a review. Euro J Biol Res 8(4):191-213

Singh JS, Pandey VC, Singh DP (2011) Efficient soil microorganisms:
a new dimension for sustainable agriculture and environmen-
tal development. AgrEcosyst Environ 140:339-353. https://doi.
org/10.1016/j.agee.2011.01.017

Srivastav AL (2020) Chemical fertilizers and pesticides: role in
groundwater contamination. In: Agrochemicals detection, treat-
ment and remediation, 143—-159, Butterworth-Heinemann, https
://doi.org/10.1016/B978-0-08-103017-2.00006-4

Steiner C, Das KC, Garcia M, Forster B, Zech W (2008) Charcoal and
smoke extract stimulate the soil microbial community in a highly
weathered xanthicferralsol. Pedobiol Int J Soil Biol 51:359-366.
https://doi.org/10.1016/j.pedobi.2007.08.002

Stella M, Theeba M, Illani ZI (2019) Organic fertilizer amended with
immobilized bacterial cells for extended shelf-life. Biocataly-
sis Agricultural Biotechnol 101248. https://doi.org/10.1016/j.
bcab.2019.101248

Swagathnath G, Rangabhashiyam S, Murugan S, Balasubramanian P
(2019) Influence of biochar application on growth of Oryzasa-
tiva and its associated soil microbial ecology. Biomass Conver-
sion Biorefinery 9(2):341-352. https://doi.org/10.1007/s1339
9-018-0365-z

Tisdall JM, Oades JM (1982) Organic matter and water-stable aggre-
gates in soils. J Soil Sci 33:141-163.

Toju H, Sato H (2018) Root-associated fungi shared between arbuscu-
lar mycorrhizal and ectomycorrhizal conifers in a temperate for-
est. Front Microbiol 9 https://doi.org/10.3389/fmicb.2018.00433

Uzoma KC, Inoue M, Andry H, Fujimaki H, Zahoor A, Nishihara E
(2011) Effect of cow manure biochar on maize productivity under
sandy soil condition. Soil Use Manage 27:205-212. https://doi.
org/10.1111/j.1475-2743.2011.00340.x

Wallace CA, Afzal MT, Saha GC (2019) Effect of feedstock and micro-
wave pyrolysis temperature on physio-chemical and nano-scale
mechanical properties of biochar. Bioresources Bioprocessing
6(1):33. https://doi.org/10.1186/s40643-019-0268-2

Wang Y, Liu Y, Liu R, Zhang A, Yang S, Liu H, Yang Z, Yang Z
(2017) Biochar amendment reduces paddy soil nitrogen leaching
but increases net global warming potential in Ningxia irriga-
tion. China Sci Rep 7:1592-1602. https://doi.org/10.1038/s4159
8-017-01173-w

Wang C, Liu D, Bai E (2018) Decreasing soil microbial diversity
is associated with decreasing microbial biomass under nitro-
gen addition. Soil Biol Biochem 120:126-133. https://doi.
org/10.1016/j.s0ilbio.2018.02.003

Xu G, Sun J, Shao H, Chang SX (2014) Biochar had effects on phos-
phorus sorption and desorption in three soils with differing
acidity. Ecol Eng 62:54-60. https://doi.org/10.1016/j.ecole
ng.2013.10.027

Yao L, Wu Z, Zheng Y et al (2010) Growth promotion and protec-
tion against salt stress by Pseudomonas putida Rs-198 on cot-
ton. Eur J Soil Biol 46:49-54. https://doi.org/10.1016/j.ejsob
.2009.11.002

Ye L, Zhao X, Bao E, LiJ, Zou Z, Cao K (2020) Bio-organic fertilizer
with reduced rates of chemical fertilization improves soil fertility


https://doi.org/10.4172/2155-6202.1000124
https://doi.org/10.1021/acs.jafc.0c00073
https://doi.org/10.1021/acs.jafc.0c00073
https://doi.org/10.1080/17583004.2014.912866
https://doi.org/10.1007/s00374-011-0624-7
https://doi.org/10.1007/s00374-011-0624-7
https://doi.org/10.1016/j.micres.2015.11.007
https://doi.org/10.1016/j.carbon.2016.12.096
https://doi.org/10.1016/j.apsoil.2019.103390
https://doi.org/10.1016/j.apsoil.2019.103390
https://doi.org/10.1007/s11270-016-3155-x
https://doi.org/10.1007/s11270-016-3155-x
https://doi.org/10.1016/j.geoderma.2014.04.009
https://doi.org/10.1016/j.geoderma.2014.04.009
https://doi.org/10.3389/fenvs.2014.00025
https://doi.org/10.3389/fenvs.2014.00025
https://doi.org/10.1016/j.jenvman.2018.09.006
https://doi.org/10.1016/j.jenvman.2018.09.006
https://doi.org/10.1139/w05-117
https://doi.org/10.1016/j.scitotenv.2017.11.337
https://doi.org/10.1016/j.agee.2011.01.017
https://doi.org/10.1016/j.agee.2011.01.017
https://doi.org/10.1016/B978-0-08-103017-2.00006-4
https://doi.org/10.1016/B978-0-08-103017-2.00006-4
https://doi.org/10.1016/j.pedobi.2007.08.002
https://doi.org/10.1007/s13399-018-0365-z
https://doi.org/10.1007/s13399-018-0365-z
https://doi.org/10.3389/fmicb.2018.00433
https://doi.org/10.1111/j.1475-2743.2011.00340.x
https://doi.org/10.1111/j.1475-2743.2011.00340.x
https://doi.org/10.1186/s40643-019-0268-2
https://doi.org/10.1038/s41598-017-01173-w
https://doi.org/10.1038/s41598-017-01173-w
https://doi.org/10.1016/j.soilbio.2018.02.003
https://doi.org/10.1016/j.soilbio.2018.02.003
https://doi.org/10.1016/j.ecoleng.2013.10.027
https://doi.org/10.1016/j.ecoleng.2013.10.027
https://doi.org/10.1016/j.ejsobi.2009.11.002
https://doi.org/10.1016/j.ejsobi.2009.11.002

Biochar (2020) 2:287-305

305

and enhances tomato yield and quality. Sci Rep 10(1):1-11. https
://doi.org/10.1038/541598-019-56954-2

Yu KL, Show PL, Ong HC, Ling TC, Chen WH, Salleh MAM
(2018) Biochar production from microalgae cultivation through
pyrolysis as a sustainable carbon sequestration and biorefinery
approach. Clean Technol Environ Policy 20(9):2047-2055. https
://doi.org/10.1007/s10098-018-1521-7

Yuan JH, Xu RK, Zhang H (2011) The forms of alkalis in the biochar
produced from crop residues at different temperatures. Biore-
sour Technol 102:3488-3497. https://doi.org/10.1016/j.biort
ech.2010.11.018

Zeeshan M, Ahmad W, Hussain F, Ahamd W, Numan M, Shah M,
Ahmad I (2020) Phytostabalization of the heavy metals in the soil
with biochar applications, the impact on chlorophyll, carotene,
soil fertility and tomato crop yield. J Clean Prod 255:120318.
https://doi.org/10.1016/j.jclepro.2020.120318

Zhang A, Cui L, Pan G, Li L, Hussain Q, Zhang X, Zheng J, Crowley
D (2010) Effect of biochar amendment on yield and methane
and nitrous oxide emissions from a rice paddy from Tai Lake
plain, China. Agric Ecosyst Environ 139(4):469-475. https://doi.
org/10.1016/j.agee.2010.09.003

Zhang MK, Bayou WD, Tang HJ (2012) Effects of biochar, s appli-
cation on active organic carbon fractions in soil. J Soil Water
Conserv 26(2):127-131

Zhang H, Chen C, Gray EM, Boyd SE (2017) Effect of feedstock
and pyrolysis temperature on properties of biochar governing
end use efficacy. Biomass Bioenerg 105:136-146. https://doi.
org/10.1016/j.biombioe.2017.06.024

Zhang X, Zhang P, Yuan X, Li Y, Han L (2020) Effect of pyroly-
sis temperature and correlation analysis on the yield and

physicochemical properties of crop residue biochar. Biores Tech-
nol 296:122318. https://doi.org/10.1016/j.biortech.2019.122318

Zhao L, Cao X, Masek O, Zimmerman A (2013) Heterogeneity of bio-
char properties as a function of feedstock sources and production
temperatures. J Hazard Mater 256:1-9. https://doi.org/10.1016/j.
jhazmat.2013.04.015

Zhou Y, Gao B, Zimmerman AR, Fang J, Sun Y, Cao X (2013)
Sorption of heavy metals on chitosan-modified biochars and
its biological effects. Chem Eng J 231:512-518. https://doi.
org/10.1016/j.cej.2013.07.036

Zhu X, Chen B, Zhu L, Xing B (2017) Effects and mechanisms of
biochar-microbe interactions in soil improvement and pollution
remediation: a review. Environ Pollut 227:98-115. https://doi.
org/10.1016/j.envpol.2017.04.032

Zhu X, Wang Y, Zhang Y, Chen B (2018) Reduced bioavailability
and plant uptake of polycyclic aromatic hydrocarbons from soil
slurry amended with biocharspyrolyzed under various tempera-
tures. Environ Sci Pollut Res 25(17):16991-17001. https://doi.
org/10.1007/s11356-018-1874-9

Zimmerman AR, Ahn M-Y (2010) Organo-mineral enzyme interactions
and influence on soil enzyme activity. In: Shukla GC, Varma
A (eds) Soil Enzymes, Springer, Berlin Heidelberg. https://doi.
org/10.1007/978-3-642-14225-3_15

Zrim J, Nuutinen V, Simojoki AJ, Penttinen PJ, Karhu LK, Glaser B,
Tammeorg P (2018) Effects of softwood biochars on soil biota
in medium-term field experiments in Finland. In: 3rd Conference
on Ecology of Soil Microorganisms. https://hdl.handle.net/10138
/299562

@ Springer


https://doi.org/10.1038/s41598-019-56954-2
https://doi.org/10.1038/s41598-019-56954-2
https://doi.org/10.1007/s10098-018-1521-7
https://doi.org/10.1007/s10098-018-1521-7
https://doi.org/10.1016/j.biortech.2010.11.018
https://doi.org/10.1016/j.biortech.2010.11.018
https://doi.org/10.1016/j.jclepro.2020.120318
https://doi.org/10.1016/j.agee.2010.09.003
https://doi.org/10.1016/j.agee.2010.09.003
https://doi.org/10.1016/j.biombioe.2017.06.024
https://doi.org/10.1016/j.biombioe.2017.06.024
https://doi.org/10.1016/j.biortech.2019.122318
https://doi.org/10.1016/j.jhazmat.2013.04.015
https://doi.org/10.1016/j.jhazmat.2013.04.015
https://doi.org/10.1016/j.cej.2013.07.036
https://doi.org/10.1016/j.cej.2013.07.036
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1007/s11356-018-1874-9
https://doi.org/10.1007/s11356-018-1874-9
https://doi.org/10.1007/978-3-642-14225-3_15
https://doi.org/10.1007/978-3-642-14225-3_15
http://hdl.handle.net/10138/299562
http://hdl.handle.net/10138/299562

	Biochar amendments and its impact on soil biota for sustainable agriculture
	Abstract
	1 Introduction
	2 Biochar properties
	2.1 Chemical properties
	2.2 Physical properties

	3 Soil biota
	3.1 Importance of soil biota in agriculture
	3.2 Soil biota benefiting plant growth

	4 Influence of biochar on soil biota
	4.1 Positive effect of adding biochar on soil biota
	4.1.1 Providing shelter for microorganisms
	4.1.2 Supplying nutrients to microbes
	4.1.3 Microbial habitat modification by biochar
	4.1.4 Enzyme activity alteration by biochar
	4.1.5 Biochar effect on intra- and interspecific communication of organisms

	4.2 Risk of biochar amendments on soil biota
	4.2.1 Toxicity of biochar towards microbial population


	5 Summary and future scope
	Acknowledgements 
	References




