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Abstract

Biochar is a solid material of biological origin obtained from biomass carbonization, designed as a mean to reduce greenhouse gases emis-
sion and carbon sequestration in soils for a long time. Biochar has a wide spectrum of practical utilization and is applied as a promising
soil improver or fertilizer in agriculture, or as a medium for soil or water remediation. Preparations of biochar increase plant growth and
yielding when applied into soil and also improve plant growth conditions, mainly bio, physical and chemical properties of soil. Its physical
and chemical properties have an influence on bacteria, fungi and invertebrates, both in field and laboratory conditions. Such effects on
rhizosphere organisms are positive or negative depending on biochar raw material origin, charring conditions, frequency of applications,
applications method and doses, but long term effects are generally positive and are associated mainly with increased soil biota activity.
However, a risk assessment of biochar applications is necessary to protect food production and the soil environment. This should be
accomplished by biochar production and characterization, land use implementation, economic analysis, including life cycle assessment,

and environmental impact assessment.
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Introduction

The rhizosphere is defined as the layer of soil around
the roots that is influenced by the roots (Hiltner, 1904).
It supports the development and activity of many
diversified microbial communities, which can be up
to 1000 times richer in microorganisms than bulk soil,
because plant roots secrete organic compounds utilized
by microbes as nutrients. Plant roots can modify the
rhizosphere chemistry in a number of ways: (I) by the
release and uptake of organic compounds, (II) by the
gaseous exchange (CO,/O,) associated with the respi-
ration of roots and rhizosphere microorganisms, and
(IIT) by water and nutrient uptake or release, which is
associated with the uptake or extrusion of protons and
modification of the redox potential (Neuman and Rom-
held, 2012). As they grow through the soil, the roots
also modify the physical properties of the rhizosphere
soil, such as aggregate stability, hydrophobicity and the
number and size of micropores, which are also modi-
fied by the presence of polymeric substances (Neuman
and Romheld, 2012). About 5-20% of the carbon fixed
by plants is secreted, mainly as root exudates (Marsch-
ner, 1995). Microorganisms living in the rhizosphere
have different trophic, or living, habitats, and varied
inter- and intra-relationships: saprotrophic, symbiotic
or antagonistic (Kobayashi and Crouch, 2009). Benefits

of mycorrhizal colonization include direct access to P
and organic N and their better uptake, increased heavy
metal and Al tolerance, decreased disease susceptibility,
and in some cases improved water uptake. However,
mycorrhizal colonization comes at a cost to plants,
which have to supply the fungi with carbon (Marsch-
ner, 2012).

Biochar is a material originating from organic mat-
ter, produced by pyrolysis at high temperature in the
absence of oxygen. Charred materials include: wood
chips, crop residues, food industry wastes, animal
manure, sewage sludge, microalgae biomass (Chan et al.,
2007; Sohi et al., 2010; Farrell et al., 2013; Marks et al.,
2014a; 2014b; Hosseini Bai etal., 2015) and chemical
co-products such as bio-oil and syngas (Bridgwater and
Peacocke, 2000). The chemical and physical character-
istics of biochars vary depending on the conditions of
the thermochemical conversion applied to the biomass
(Table I). Biochars produced from the same biomass
under similar pyrolysis conditions, but in different plants
can result in various properties of the final product
(Spokas et al., 2012a). The final product can constitute
a material that contains no residual structures of the
original feedstock material or can have relic structures
(Spokas et al., 2010). The physical structure of biochars
affects the organic and inorganic composition: the pH
can range from 5.6 to 13.0, the C content from 33.0% to
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Table I
Physicochemical parameters of selected types of biochar in comparison with compost
Feedstock material pH C N Ash cd Cu 7n P Connfluc— Density
and temperature @0y | %) | @) | %) tivity (kg 1) CEC References
(if given) 2 N N B (mgkg™) (mScm) |8
Compost 7.1% | 270 | 22 0.14 | 86.0 | 321.0 1.4 0.77 Alchter
(for comparison) ’ ) ’ - ’ ’ ’ - ’ ) - etal., 2015
Biochar derived from:
Akhter
Beech wood 8.78 | 80.3 | 04 15.2 | <2.00 | 16.0 93.0 - 0.54 0.36 9.83**
etal., 2015
Garden waste residues 9.03 | 79.8 | 0.7 19.3 | <2.00 | 21.0 95.0 - 1.67 0.34 12.85**
Lehmann
° — — — _ _ %ok
Oak wood (350°C) 4.80 | 74.9 1.1 12 294.2 etal, 2011
Oak wood (600°C) 6.38 | 87.5 - 1.3 - - 29 - - 75.7%%*
Corn stover (350°C) 9.39 | 60.4 - 11.4 - - 1889 - - 419.3%%*
Corn stover (600°C) 9.42 | 70.6 - 16.7 - - 2114 - - 252.1%%*
Poultry litter (350°C) 9.65 | 29.3 - 51.2 - - 21256 - - 121.3%0%*
Poultry litter (600°C) 10.33 | 23.6 - 55.8 - - 23596 - - 58.7***
Gl 64,6 | 0,0 Steinbeiss
tcose - e - B B B - - - etal., 2009
Yeast - 674 | 5.5 - - - - - - -
Eucalyptus wood 20 0.4 | 06 0.6 Atkinson
(350°C) ) ) ) - B B ) - - - etal., 2010

Norte: (-) Parameter not measured, * measured in CaCl,, ** (mmol 100 mL™"), *** (mmolc kg™")

82.7%, N content from 0.1% to 6.0%, and the C: N ratio
can range from 19 to 221 (Jha et al., 2010; Spokas et al.,
2012b). Biochar can also contain appreciable quantities
of P, K, Ca, Mg and micronutrients (Cu, Zn, Fe, Mn)
with ashes accounting for 5-60% of the weight, depend-
ing on the source of the biomass and pyrolysis condi-
tions (Cheng et al., 2008b; Enders et al., 2012).

The main goal of biochar applications in previous
years was carbon sequestration in soil deposits (Jha
etal., 2010). Now the goal is also to increase crop yields
(Jeftery et al., 2011) and to nowadays the main focus is
also to increase soil fertility (Atkinson et al., 2010) using
biochar-induced specific properties of soil (Blackwell
etal.,2010; Anderson et al., 2011; Parvage et al., 2013).

Biochar as a soil amendment exhibits some mecha-
nisms that could explain its influence on soil organisms.
They include:

o changing in the availability of soil nutrients
and shifts soil nutrients ratios: N, P and others
(Gundale and DeLuca, 2006; DeLuca et al., 2006;
Prendergast-Miller et al., 2014; Ojeda et al., 2015),
stimulating soil microbial processes by absorbing/
detoxifying inhibitory compounds (DeLuca et al.,
2006; Elad et al., 2010),
altering signalling dynamics between plants and
their symbionts by binding both signalling or
stimulatory molecules produced by soil micro-
organisms or plant roots and can serve as a sec-
ondary source of signal molecules (Akiyama et al.,

2005; Spokas et al., 2010; Ni et al., 2011; Masiello
etal., 2013).

biochar also can serve as a refuge for soil micro-
organisms, which colonize biochar particles and
can be protected from soil predators like large pro-
tozoans, nematodes, mites and collembola (Ezawa
et al., 2002; Thies and Rillig, 2009).

biochar is also an effective sorbent of heavy metals
and organic pollutants (Jiang et al., 2012), which
can have an influence not only on soil microbiota,
but also on plants (Cao et al., 2009) and soil fauna
(Denyes et al., 2012).

Plant growth regulation by biochar

Biochar addition to soil has a great impact on plant
development and root colonization by microorgan-
isms (e.g. mycorrhizal fungi) and nematodes (Table II).
Experiments have shown that biochar additions to soil
can increase the biomass of the roots of maize (Yamato
et al., 2006) and barley (Prendergast-Miller et al., 2014),
but low doses (2.5-10t/ha) of charred plant biomass
didn’t impact corn seed germination on sand or fine
sandy loam soils, in comparison to non-treated control
soil group (Free et al., 2005). Biochar addition influenced
root growth of Satsuma mandarin (Citrus unshiu Marc.)
trees on trifoliate orange (Poncirus trifoliata Raf.) root-
stocks, which were reported to be 1.5 times longer and
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Table IT
Comparison of biochar effects on different horticultural crops and root colonization by AMF and nematodes
T f bioch
Crop plant ypeo bloc, ar/ Effect on plants and soil Reference
raw material
Apple acacia hardwood Better plant growth Eyles etal., 2015
Apple woody residues Higher soil microorganisms activity, increased Ventura et al., 2014
root growth
Apple rootstock | Green waste Increased nutrient content and higher dry mass Street et al., 2014
Apple seedlings | rice husk at 450 °C biochar | enhanced the plant height, fresh weight, Wang et al., 2016
and photosynthetic parameters
Peach Pinewood Higher biomass and better nutrient content in plants Atucha and Litus, 2015
Strawberry Citrus wood or greenhouse | Fungal disease suppress Meller Harel et al., 2012
wastes char
Tomato Wood chips biochar (WB) | According to control: WB decrease root and shoot Akhter etal., 2015
mixed with compost or dry weight, decreased AMF colonization
green waste biochar (GWB) | GWB increased root and shoot dry weight,
mixed with compost decreased AMF colonization
Tomato Powdered wood charcoal | Better plant growth and higher yield Yilangai et al., 2014
Tomato rice husk and shell Better water use efficiency in reduced irrigation Akhtar et al., 2014
of cotton seed at 400°C regimes and yield similar as in full irrigation
Carrot Spelt husk biochar Bigger biomass of tap roots and fine roots of nematode | George et al, 2016
and wood residues biochar | Pratylenchus penetrans treated plants in comparison
to control
Lettuce -sewage sludge, slow -Stimulation of plant growth Marks et al., 2014a; 2014b
pyrolysis char gasification
-fast-pyrolysis pine -Strong inhibition of plant growth
and poplar wood char
Lettuce rice-husk char increased final biomass, root biomass, plant height Carter etal., 2013
Chinese cabbage and number of leaves
Beans grass with horse dung No influence on height, higher number and longer leaves | William and Qureshi, 2015
at 300°C

had a bigger mass in biochar-treated trees, in compari-
son with the control (Ishii and Kadoya, 1994). There is
also evidence that roots prefer to grow towards biochar
particles (Prendergast-Miller etal., 2014). Biochar’s
influence on root growth is visible as clusters of biochar
particles bound to plant roots, root hairs and hyphae of
mycorrhizal fungi (Joseph et al., 2010; Lehmann et al.,
2011). The mechanisms of root-biochar interactions
coincide with biochar impact on soil: pH, bulk density,
aeration and water holding capacity, nutrient content
and availability (Jones et al., 2012; Prendergast-Miller
etal., 2014). Biochar has also an influence on micro-
bial communities in soil (Rutigliano et al., 2014) and on
particles signalling molecules in the soil, by absorbing
or releasing them (Akiyama et al., 2005; Spokas et al.,
2010). Results of experiments show that biochar has
greater impact on plants grown in nutrient-rich soils,
in comparison with poor soils or poor, but fertilized
soils (Noguera et al., 2010). Following the application
of biochar, the levels of some available nutrients in soil
gradually increase in subsequent years, but this effect
is not obvious immediately after raw biochar has been
introduced into soil (Dong et al., 2013).

The formation and growth of root hairs, which are
essential for normal root growth (Gilroy and Jones,
2000), is also regulated by soil microbiota. Arbuscular
mycorrhizal fungi and other soil microorganisms can
inhibit the formation of root hairs and limit their length
in maize roots (Zea mays) (Kothari etal., 1990). On
the other hand, application of Azospirillum brasilense
strain ATCC 29710 onto young wheat plants increases
the total number of root hairs, like applications of IAA
(Martin et al., 1989). Biochar addition can inhibit the
development of root hairs, in comparison with the con-
trol without biochar. This observation can be explained
by a higher phosphorus content of biochar-enriched
soil (Prendergast-Miller et al., 2014).

Biochar influence
on rhizosphere microorganisms

The kind of influence of biochar on the number and
biomass of microorganisms, and their effectiveness in
colonizing plant roots is most likely associated with
the type of the soil into which it has been introduced
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Table IIT

Biochar influence on soil microorganisms in different soils

Type of biochar/raw material

Effect on soil microorganisms

Soil type

Reference

Willow wood and swine manure
digestate feedstock:

Increased microbial biomass
in both cases and:

slowly pyrolyzed at 350°C biochar

-Increased dehydrogenase activity

slowly pyrolyzed at 700°C biochar

-Decreased dehydrogenase activity

Sandy loam

Ameloot etal., 2013

Biochars: poultry litter (PL) and pine
chips (P) at 400 or 500°C

Increased SOM and microbial biomass,
higher N mineralization in (PL)

Silt loam

Ameloot et al., 2015

Mixed leafy tree chipped trunks

increased soil respiration, fungal

Eutric cambisol

Jones et al., 2012

and branches biochar and bacterial growth rate

Fast-pyrolysis wood-derived biochar

increased microbial abundance with

Sandy loam/ clay/clay loam Gomez et al., 2014
Gram-negative

bacteria-domination

Wheat straw pyrolysis between

350°C and 550°C gene copy

-increased in bacterial 16S rRNA

-decreased fungal 18S rRNA gene copy

Hydragric anthrosol Chen etal., 2013

Compost inoculated or not
with AMF as a control and:

Sterilized soil-sand-clay Akhter etal., 2015

mixture inoculated or not

Wood biochar + compost

-Increased root colonization by AMF
in Fol+ treatment in comparison to Fol-

with E oxysporum f.sp.
lycopersici (Fol+ or Fol-)

Green waste biochar + compost

-Decreased root colonization by AMF
in Fol+ treatment in comparison to Fol-

Empetrum nigrum L. twigs
charcoal (EmpCh) forest humus
charcoa (HuCh), both prepared
at 450°C for 30 min

Imcreased microbial biomass carbon
and number of cell in both biochar
treatments in comparison to control

Pietikdinen
etal., 2000

Scots pine and Norway spruce
forest humus

(Table III). Biochar can increase the biomass of micro-
organisms and their activity in soils. Kolb et al. (2009)
observed that increased doses of charcoal increase
the populations of soil microbes as measured by their
respiration activity. Opposite effect of different kinds
of biochar added into soil on microbial activity was
observed by Chintala et al. (2014). Corn stover biochar
(CS), switchgrass biochar (SG), and Ponderosa pine
wood residue biochar (WC) decrease of microorgan-
isms activity measures as activity of dehydrogenase and
esterase. Miscanthus biochar addition increase abun-
dances of genera of phosphorus and sulphur mobilizing
bacteria like Acidothermus, Bacillus, Isosphaera, Planc-
tomyces, Bradyrhizobium, Rhodobium, Pseudolabrys
and Rhodanobacter (Fox et al., 2016). Rice stem biochar
(3% in soil) increased the abundance of living cells of
Neorhizobium huautlense T1-17 strain in soil in a pot
experiment (Wang et al., 2016).

Microorganisms can also change the properties of
biochar, especially when causing it to oxidize the sur-
face of particles, which increases the oxygen content
(from 7% to 24%) and decreases the carbon content
(from 91% to 71%) in biochar particles (Cheng et al.,
2008a). These results in the formation of oxygen-con-
taining groups, which form negatively-charged surfaces,
leading to a greater cation exchange capacity (CEC) of
biochar (Glaser et al., 2002) and nutrient retention in

soil (Liang et al., 2006), in comparison to new, non-
oxidized biochar. Microbial oxidation of biochar is
more effective when it is conducted in the presence of
organic matter, whereas in the absence of organic mat-
ter it does not produce oxidation effects as measured
by CEC (Cheng et al., 2006).

Biochar activity in the rhizosphere
and bulk soil

Various mechanisms, such as water holding, chan-
ges in soil pH, mineral nutrient content, shifts in soil
nutrient ratios, absorption or detoxification of inhibi-
tory compounds, altering signalling dynamics between
plants and their symbionts, have great impact on soil
microbiota (Table IV). Biochar modifies water infiltra-
tion and soil water retention (Ajayi et al., 2009; Ojeda
etal., 2015). Biochar affects soil pH (liming effect)
(Chan et al., 2007; Beesley et al., 2010; van Zwieten et al.,
2010), has positive impact on cation exchange capac-
ity and electrical conductivity (DeLuca et al., 2009).
Nutritional properties of biochar are associated with
nutrients as nitrogen, phosphorus or sulphur content of
biochars (DeLuca et al., 2009; Atkinson et al., 2010; Sohi
etal., 2010). Biochar addition modifies nitrogen flux
in soil and reduces gaseous N emission (Rondon et al.,
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Table IV
Summary of possible mechanisms by which microbial abundance is affected by biochar additions to soil
Rhizobia .
Mode of action or other N OtheF Mycorr}}ual Othe.r References
. bacteria fungi fungi
assimilators

Better soil hydration rnk + rnk + Pietikdinen et al., 2000; Thies and Rilling, 2009
Increased N availability +or — rnk rnk rnk Laird et al., 2010; Wang et al., 2013;

Giierefa et al., 2015; Wang et al., 2015,;
Improved other macronutrient rnk + + rnk Laird et al., 2010; Yao et al., 2012;
availability Postma et al., 2010; Hammer et al., 2014
Increased pH + rnk rnk Beesley et al., 2010
Habitat formation and/or rnk +or - rnk Ishii and Kadoya, 1994; Pietikdinen et al., 2000;
protection from grazers Gryndler et al., 2006, Birk et al., 2009,

Rillig et al., 2010; Warnock et al., 2010,

Jaafar, 2014
Sorption/transformation rnk + rnk + Kim et al., 2013; Mitchell et al., 2015
of inhibitory compounds
Sorption of signalling compounds | rnkor - rnk rnk rnk Ni et al., 2011, Masiello et al., 2013
Biofilm formation + + rnk rnk Piscitelli et al., 2015
Sorption of dissolved OM as an rnk + nc rnk Pietikidinen et al., 2000; Steiner et al., 2008
energy source for microorganisms

Note: (+) indicates that relative abundance may increase (not necessarily better growth conditions); (=) indicates that relative abundance decreases;

(nc) - no change; (rnk) — reaction not known.

2006). As another positive factor biochar increases
nitrification activity (nitrification potential, net nitri-
fication, gross nitrification) in forest soils, whereas such
changes are not observed in grassland soils. This effect
may be caused by the absorbing properties of biochar,
which can alleviate the factors inhibiting soil microbes
(DeLuca etal., 2006). Biochar also contributes to the
reduction in N,O emissions from soil (Rondon etal.,
2006), but this is not associated with the liming proper-
ties of biochar (Yanai et al., 2007). In a laboratory exper-
iment, biochar addition resulted in a decrease in low
weight aromatic acids (cinnamic and coumaric acids),
which are important allelochemicals (Ni et al., 2011).
Additionally biochar modifies nitrogenase dynamics in
soil. Mia et al. (2014) showed that application of biochar
had an influence on nodules formation and N fixation
(lower rate at high biochar doses). On the other hand,
biochar can decrease soil enzymes activity by blocking
or absorption of substrates (Bailey et al., 2011). Biochar
has been also found to decrease nutrient leaching on
its own (Downie et al., 2007; Diinisch et al., 2007), as
well as after incorporation within soil (Lehmann et al.,
2003). Soil phosphorus seems to be more available for
plants in biochar-enriched soils (Edelstein and Tonjes,
2011) due to less binding to non-soluble forms (Cui
etal.,2011). Animal bone char (ABC) is a suitable mate-
rial as a source of phosphate for plants and as a carrier
for beneficial soil bacteria, meanwhile reusing P from
wastes of the food chain (Postma et al., 2010). ABC, as
fertilizer, should be supported by microorganisms which

can solubilize phosphorus from char. These beneficial
microorganisms belong, for example, to the genera:
Arthrobacter, Bacillus, Burkholderia, Collimonas, Paeni-
bacillus, Pseudomonas, Serratia, Streptomyces and
Aspergillus (Postma et al., 2010; Vassilev et al., 2013).

Biochar particles as microbial habitats

Thanks to its physicochemical properties, biochar
can be utilized as a habitat by soil microorganisms.
Biochar’s properties of absorbing organic compounds
from the environment may help form new habitats for
soil microbiota, different from those formed in e.g. soil
humus (Pietikéinen et al., 2000). Biochar as a refuge for
soil microorganisms can reduce the extent of preda-
tion caused by predatory soil micro- and mesofauna
like large protozoas, nematodes, mites or collembola
(Ezawa et al., 2002; Thies and Rillig, 2009).

Biochar changes the physical and chemical proper-
ties of the soil. One of the biochar’s modes of action on
rhizosphere microbes is to shift soil microbial popu-
lations into PGPRs or soil beneficial fungi (Graber
etal., 2010). On the other hand, biochar additions can
also decrease the abundance of mycorrhizal fungi by
reduced mycorrhizal symbiosis requirements due to
increased nutrient and water availability, changes in
soil physical or chemical properties and direct negative
effect on mycorrhiza formation, including high levels
of nutrients or heavy metals (Gryndler et al., 2006; Birk
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etal., 2009; Warnock et al., 2010). However, Ishii and
Kadoya (1994) observed higher rates of root coloniza-
tion by arbuscular mycorrhizal fungi in the roots of
S. mandarin (C. unshiu Marc.) trees grafted on root-
stocks of trifoliate orange (P, trifoliata Raf.) planted in
soil with biochar. Rillig et al. (2010) have shown that
hydrochar (biochar obtained from hydropyrolysis pro-
cess) produced from beet root chips had positive effects
on AM fungal root colonization up to an addition rate
0f20% (by volume), and demonstrated that the material
could stimulate germination of spores of an AM fungus.

Upon improving soil water capacity, biochar addi-
tions can also favour some zoospore-forming patho-
gens like Pythium or Phytophtora, in comparison with
bulk soil (Thies and Rilling, 2009).

The role of biochar in plant disease reduction

Biochar addition to soil or other growing media can
reduce the susceptibility of plants to diseases. There are
a few mechanisms of this action.

One of them is a modification of metabolic path-
ways. It has been observed that biochar is capable of
mediating plant systemic resistance against diseases,
for example, of greenhouse pepper and tomato, in
which the severity of the disease caused by Botrytis
cinerea was reduced in biochar-amended treatments
(Mehari et al., 2015). A similar effect of increased sys-
temic resistance against B. cinerea, Colletotrichum acu-
tatum and Podosphaera apahanis was also observed in
strawberry plants, which was confirmed by the results
of a qPCR study of defence-related gene expression
(Meller Harel etal., 2012). Biochar reduced the sus-
ceptibility of Asparagus officinalis to Fusarium root rot
so that the extent of root infection is 50% in biochar-
containing soils, in comparison with 93% in soil-only
treatment. Supplementing of biochar also increased
the colonization of Asparagus roots by AM fungi
(Matsubara et al., 2002). The effect of improved root
colonization by AMF in biochar-enriched soils has also
been observed in other trials (Elmer and Pignatello,
2011). In addition, it has also been observed that bio-
char can increase the resistance of plants to leaf mites,
e.g. in pepper (Elad et al., 2010).

Another mechanism of biochar protective proper-
ties is absorption and detoxification of xenobiotics, like
for example phenolic compounds, noted by Wang et al.
(2014). Besides direct absorption of allelochemicals,
biochar also offers other mechanisms, which enhance
soil microorganisms and plant growth and their resist-
ance to biotic and abiotic stresses. Biochar is initially
a sterile material and its compounds in residual tars
may have direct toxic properties on soil pathogens.
There is a number of identified biochar compounds
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that are known to adversely affect microbial growth and
survival. These include ethylene glycol and propylene
glycol, hydroxy-propionic and butyric acids, benzoic
acid and o-cresol, quinones and 2 phenoxyethanol
(Schnitzer et al., 2007; Graber et al., 2010). When used
in low doses, these compounds could suppress the sen-
sitive species of soil microbiota, thereby resulting in
the proliferation of resistant communities and inducing
resistance mechanisms in plants (Graber et al., 2010).

Biochar influence on soil meso-
and macrofauna

There has been so far only a minor number of stud-
ies on the influence of charcoal/biochar on soil fauna,
but there have been a lot of studies on wildfire charcoals
in forest soils, not on biochar in agricultural soils, so
the results of those studies are not applicable to research
on synthesized biochars (McCormack etal., 2013).
Dry biochar introduced into the soil causes desicca-
tion of the soil environment. Earthworms, for example,
avoided the soil freshly enriched with biochar but wet-
ted biochar reduced this problem (Li et al., 2011). Addi-
tion of biochar to the soil also has a direct influence on
soil fauna. Liesch et al. (2010) observed that the addi-
tion of a biochar derived from poultry manure caused
higher mortality and weight loss in earthworms Eise-
nia fetida than the biochar obtained from pine chips.
The toxic effect of the poultry manure biochars can be
explained by high Na and Mg content, which led to
high salinity and subtoxic levels of some metals ions
(Fe, Cu, Zn, Al, As). Weight loss in E. fetida was also
observed by Gomez-Eyles etal. (2011) in treatments
with hardwood-derived biochar.

On the other hand, biochar reduces the adverse
effects of organic pollutants on soil fauna. For example,
the reduction in PCB (polychlorinated biphenyl) in the
tissues of E. fetida earthworm was from 52% (2.8% of
biochar) up to 88% (11.1% of biochar) (Denyes et al.,
2012). Biochar also decreased the amounts of 4-ring and
heavier polycyclic aromatic hydrocarbons (PAH) and
heavy metal ions in earthworm tissues, but increased
the amount of 2-ring PAH (Gomez-Eyles et al., 2011).
Biochar addition positively influenced the growth
and reproduction of E. fetida used for vermicompost-
ing of the mixture of sewage sludge and wheat straw
(Malinska et al., 2016). Preference for biochar in soil
by E. fetida was also evident in another study, in which
another earthworm species, Aporectodea caliginosa, was
susceptible to biochar amendments (Hale et al., 2013).
Combining together biochars and earthworms in dif-
ferent types of soils increases the biomass (total, shoot
and root), yield and grain number, and weight of rice
plants grown in three different types of soils, and the
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effects are clearly visible on both nutrient-rich and poor
soils, but mineral fertilization decreases the benefits of
using biochar and earthworms (Noguera et al., 2010).
Other soil macroorganisms, for example collembolas
also respond positively to biochar-amended soil (Hale
etal., 2013; Marks et al., 2014a; 2014b).

Biochar as an ingredient for fertilizers
and biofertilizers

Biochar, thanks to its physico-chemical properties
is promising carrier for beneficial microorganisms and
can replace current carriers like peat, lignite, vermi-
culite or perlite (Saranya et al., 2012; Hale et al., 2015;
Glodowska et al., 2016) (Table V). Of course not all
types of biochar are applicable for this purposes (Hale
etal., 2015). Conditions of feedstock material pyroly-
sis, additives and biochar particles surface treatment
with chemical reagents or dissolving agents also has big
influence on survival rate of bacterial inoculum (Vanek
etal., 2016). The improvements of biochar based biofer-
tilizers are focused on shelf life and inoculum poten-
tial of different strains of microorganisms (Sun et al.,
2016). Another trials are focused on selection of the
most efficient strains of microorganisms for the best
utilization of nutrients contained in biochar (Postma
etal., 2010; Zwetsloot etal., 2016). These works will
allow to develop new microbiologically enriched bio-
char preparations for wide range of crops.

Biochars of different origins are also tested as a sup-
port material for slow release mineral fertilizers (Steiner
etal., 2009; Gonzélez et al., 2015) or as a fertilizer itself.
This is conducted with another properties of biochar,
especially cation exchange capacity (an important para-
meter in retaining inorganic nutrients in soil) and water
holding capacity (Lee etal., 2013; Glaser etal., 2015).
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Biochar made from Miscanthus was tested as a slow
release silicon fertilizer (Houben et al., 2014) whereas
animal bone biochar seems to be good phosphorus fer-
tilizer (Vassilev et al., 2013; Siebers et al., 2014).
Biochar alone is widely offered as a soil conditioner
but there are only some biochar based bioorganic fer-
tilizers on the market containing except biochar also
beneficial microorganisms and another ingredients. For
example SEEK Organic BamBoo Power BBP No.2 is
bio-organic fertilizer, which consists bamboo biochar,
bamboo vinegar, humic acids, amino acids, beneficial
soil organisms (not specified in product description)
(20x109-g™') and other amendments. This granular
preparation is recommended for organic horticulture,
including vegetables, fruits and flowers, especially for
berries, such as blueberry, strawberry, raspberry, grapes,
etc. (www.seekfertilizer.com). Another biopreparation
enriched in biochar are available on local and global
markets like: Biochar Organic Bio Fertilizer Bacteria
Fertilizer made by Hebei Woxin Bio-Technology Co.,
Ltd but they are not characterized and described as
good as biochar based fertilizer of SEEK company.

Conclusions

Biochar, when incorporated into soil, has a great
impact on dynamics and modification of rhizosphere
processes. It has direct effect on soil pH, nutrients
content and moisture of treated soils. On the one
hand biochar increase content of some nutrients like
K or P in soil, but contrarily absorbs nitrogen ions and
causes possible deficiencies of this nutrient for soil
microorganisms and plants. Effects of biochar appli-
cations will include not only changes to the chemical
and physical soil properties, but also its impact on
the composition of the soil biological community and

Table V
Selected utilization of biochar as a microorganism carrier or ingredient of fertilizers

Type of biochar/raw material Utilization

Effects Reference

Hardwood or softwood biochar

fast pyrolyzed at 700°C libanensis for seed coating

Softwood slow pyrolyzed at 450°C

Carrier for bacteria Pseudomonas

Life cells of bacteria viable more | Glodowska etal., 2016

than twenty weeks

Life cells of bacteria viable not
more than two weeks

Pinewood biochar slow pyrolyzed at

600°C, supplemented with LB broth | putida UW4

Carrier for bacteria Pseudomonas

Life cells of bacteria detectable Sun etal., 2016

up to five months

Miscanthus, draff pyrolyzed
at 650°C mixed with mineral
fertilizer or organic residues

Ingredient of fertilizer

Increased yield according Glaser et al., 2015

to mineral fertilizer

Miscanthus straw pyrolyzed at 600°C

Slow release silicon fertilizer

Increased Si amount in com Houben etal., 2014

parison to bulk soil

Pig bone char pyrolized 1 h at 850°C | Bacteria carrier and slow

release phosphorus fertilizer

Lifespan of majority of bacterial | Postma et al., 2010

strains longer than 100 days
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plant-soil-microbial interactions. Understanding these
complex interactions is crucial for developing on-farm
soil management and conservation practices to improve
soil properties and agricultural productivity in environ-
mentally sustainable ways.

Adsorbing properties of biochars are applicable in
contaminated soils improvement, when toxic for micro-
organisms and plants compounds like heavy metal ions
or organic xenobiotics are inactivated on biochar par-
ticles. On the other hand biochar itself can be source
of compounds which negatively affects soil micro-
organisms and plant roots. It is especially related to poly
aromatic hydrocarbons (PAH) and heavy metals ions.

The wide spectrum of possible consequences of bio-
char use in soil is still unknown and requires further
scientific inquiry, especially in natural landscapes, to
avoid the negative consequences of these works.

The work has been supported by a grant from the
EU Regional Development Fund through the Polish
Innovation Economy Operational Programme, contract
No. UDA-POIG.01.03.01-10-109/08-00.
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