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Abstract: There is mounting research on microbial diversity and their products,
especially those associated with soil amendments such as biochar and compost. There
is increasing recognition of the effects of biochar, which, applied in suitable amounts
and forms, can stimulate soil microbial activity, soil microbes, and the symbiotic
microorganisms, such as mycorrhizal fungi. Mycorrhizas may have an important role in
determining the impact of biochar on plant communities. Biochar influences carbon (C)
sequestration in soils as a simple instrument to counterbalance C emissions related to
the burning of fossil fuels. Among soil microorganisms, most plant species associate
with mycorrhizas and/or other symbiont. Mycorrhizas permit the plant to perform
better under unfavorable conditions, mostly carried out at the soil superficial layers.
Due to their key position in the soil-root interface, the study of mycorrhizas in
combination with biochar/ compost has the potential to make a significant contribution
to the biochar effect. The appreciation of alternatives to cope with environmental
constraints, such as the use of soil amendments such as biochar and compost, is also of
interest for understanding the drought effect on crops. This chapter explores current
information on mycorrhizas in agroecosystems with respect to the benefits of biochar/
compost amendments.
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1. INTRODUCTION

The interest in climate change is rising with increased recognition that global changes
can negatively affect biodiversity and ecosystem services (Winfree, 2013; Pagano,
2013; van der Wal et al., 2013; Sala et al., 2000). Similarly, the interest in
ecologically sustainable plantations and agroforestry systems is also growing with a
greater understanding of the adverse effects of agricultural intensification (Borie et
al., 2006; Duarte et al., 2013) and the potential of terrestrial carbon (C) sequestration



(see King, 2011). However, plantations and crops affect the soil’s physical and
chemical properties, modifying the number, diversity and activity of the soil
microbiota, including both free and symbiotic fungal populations (Cardoso and
Kuyper, 2006; Kahiluoto et al., 2009; Nyfeler et al., 2011; Pagano et al. 2011).

Legumes that host N-fixing bacteria and plant species associated with
mycorrhizas, which enhance nutrient uptake, can offer a route for the return of C
substrate directly to microbes and soil (Azcon and Barea, 2010). Additionally, the
increased microbial nitrogen (N) inputs can intensify soil C stocks by influencing
decomposition processes (reviewed by Stockmann et al., 2013). For example, the
rhizobial and mycorrhizal symbioses with plants have been increasingly studied with
respect to their benefits. Consequently, it is known that different arbuscular
mycorrhizal fungi (AMF) communities can be found in degraded vs. pristine forest
(Haug et al., 2010; Pagano et al., 2011; Soteras et al., 2013; De Souza et al., 2013),
which can consequently affect reforestation, plant production or plant succession.

In addition, there are some alternatives to cope with various environmental
constrains, for example the use of soil amendments. Among them, the use of biochar
and compost, which can stimulate soil microbial activity (Ogawa, 1994a; Nishio,
1996), have rapidly increased their inclusion in projects worldwide. Biochar
application can also stimulate AMF colonization (Ogawa and Okimori, 2010; Saito,
1990) and rhizobia, which can fix atmospheric N2 supply to leguminous vegetation
(Nishio and Okano, 1991). Some field experiments in Indonesia have showed that
biochar could increase yield of maize together with 500 kg/ha of NPK (15 : 15 : 15)
fertiliser application (Yamato et al., 2006). Benefits of biochar to plant nutrition and
microbial activity have been found in the humid tropics (Lehmann and Rondon, 2006)
as well as in temperate forest (Zackrisson et al., 1996; Pietikéinen et al., 2000).
Furthermore, ancient anthropic soils found in the humid tropics show high fertility
over long time usage, and serve as historical model for biochar (Falcdo et al., 2003;
Glaser and Birk, 2012; Jorio et al., 2012).

This chapter explores current information on biochar and compost in plantations
with respect to the benefits of AMF symbioses. Possible mechanisms through which
biochar affects the relationship between crops and mycorrhizal fungi, as well as
research paths that are necessary for the increased understanding of mycorrhizal
benefits, are discussed.

2. SOIL AMENDMENTS

Forests store ~45% of terrestrial C and can sequester large amounts of C (Bonan,
2008). Carbon uptake by forests contributes to terrestrial C sink of anthropogenic C
emission from fossil fuel and land use change (Denman et al., 2007). However, soil C
sequestration can be 4 times higher: 2344 Gt of organic C is stored at the top 3 m of
soil (54% of which is stored in the first meter), reducing global warming. This
counteracts with 9 Gt of anthropogenic CO: liberated in the atmosphere, which
improves-glebalwarming (Stockmann et al., 2013).

It is known that biochar may help to sequester C in soils as a simple instrument to
counterbalance C emissions related to the burning of fossil fuels (Lehmann and
Joseph, 2009 a,b; Atkinson et al., 2010; Powlson et al., 2011), though it may also act
as soil amendment to improve soil fertility.

Other indirect effects of biochar addition are the following: increased water and
nutrient retention, improvements in soil pH, increased soil cation exchange capacity,
effects on phosphorus (P) and sulfur (S) transformations and turnover, neutralization
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of phytotoxic compounds in the soil, improved soil physical properties, promotion of
mycorrhizal fungi, and alteration of soil microbial populations and functions (the
mechanisms are not yet understood). Biochar addition may alter the microorganism
populations that stimulate plant health and resistance to biotic stresses (Reviewed by
Elad et al., 2011).

Moreover, some authors have suggested that biochar induction of responses in
systemic plant resistance results in controlling diseases (reviewed by Elad et al.,
2011). It is also known that biochar can be used to mitigate salt stress effects (Thomas
etal., 2013).

In addition, because black-C can be found in varied environments, it is crucial to
elucidate alterations of its natural oxidation under different climatic and soil regimes.
Black-C oxidation may be improved by biotic (Hamer et al., 2004) and abiotic
processes, such as greater temperature (Cheng et al., 2006) and moisture. Opposite,
black-C oxidation may diminish with better aggregate protection (Glaser et al., 2000;
Brodowski et al., 2005) e.qg. in fine-textured soils (See Cheng et al., 2008).

Several studies reported experiments using laboratory-produced biochar, but only a
few showed the elemental concentrations and specific surface area of the samples
(Baldock and Smernik, 2002; Czimczik et al., 2002; Nguyen et al., 2004; Zhu et al.,
2005; Brown et al., 2006; Turney et al., 2006). Nevertheless, it is known that the final
formation temperature and gas composition during heating influence char properties
(Brown et al., 2006). Additionally, the temperature of formation is difficult to
measure and is rarely known in natural chars (Hammes et al., 2006).

Due to the relevance of this topic a Conference on biochar the “INTERNATIONAL
CONFERENCE BCD” 2013 (Biochars, Composts, and Digestates) — Production,
Characterization, Regulation, Marketing, Uses and Environmental Impact, took place
in Italy. Among the topics discussed were recent scientific results: (i) research from
companies and current issues related to technological processes, analysis and
characterization; (ii) sustainable uses and certification, regulation and marketing sides
of biochar; and (iii) compost and digestate applications, waste, soil and water sciences,
agriculture and environmental sciences and ecotoxicology (International Conference
BCD, 2013). In this Conference 80 oral presentations and 107 research posters were
registered, including composting of olive mill waste, management of urban
biodegradable waste, rice cropping systems amended with waste-derived material,
action of humic substances to name just a few.

The effects of biochar soil amendment on the different soil-plant-microbe interactions
that may have a role in plant health have been little studied. Among the extended
benefits of biochar is also improvement of plant responses to disease. Historical and
new black-C samples have been examined worldwide, including samples collected
from the remnants of historical charcoal (Cohen-Ofri et al., 2006, 2007; Cheng et al.,
2008), black-C from Amazonian dark soils, also known as TPI (Terra Preta do indio)
(Falcdo et al., 2003; Glaser and Birk, 2012; Jorio et al., 2012) and newly produced
black-C (Sohi et al., 2010).

Biochar has been compared to the historical black-C samples retrieved from
Amazonian dark earth. However, evidence suggests that besides incorporating
charcoal into the soil, the Amazonians practiced intensive soil composting (Reviewed
by Briones, 2012). The following reference gives a detailed review of the effect of
biochar for environmental management (Lehmann and Joseph, 2009a).

In parallel, there is greater availability of research on the compost as a peat substitute
as well as on their known effects on biocontrol agents for plant disease management



(see Martin and Brathwaite, 2012). The use of peat is critically viewed as a limited
natural resource of unsustainable use (Joosten and Clarke, 2002).

Since 1898 approximately 14,752 peer reviewed journal papers on compost have
been reported all over the world (Scopus survey conducted in March 2014), of which
259 are due to be out in 2014. Composting is the controlled microbial aerobic
decomposition and stabilization of organic substrates. The result is a stable product
without pathogens and viable weed seeds that is employed in the cultivation of plants.
Additionally, there is substantial interest on compost teas (the liquid obtained from
compost) as plant diseases suppressors (Martin and Brathwaite, 2012).

In order to improve access to technical information on compost and its potential to
mitigate soil-borne diseases, more attention is nowadays paid to research and review
papers compiling all this information (Martin and Brathwaite, 2012). Traditionally,
compost has been created in rural farming areas of most developing tropical countries
using small-scale, slow-rate, open composting methods, particularly heap and pit
structures (Persad, 2000), whereas in urban areas and most developed countries, larger
scale techniques involving windrow or in-vessel have been adopted.

However, with growing rates of organic waste generation (in both rural and urban
areas), technologies with higher turnovers, able to produce more stable end products,
such as windrow and in-vessel systems, have been proposed (Reviewed by Martin and
Brathwaite, 2012). Nowadays, innovative technologies have increasingly won the
market. In Italy, for example, companies such as Tersan Puglia Composting Plant and
Biovegetal® Fertilizers Production Plant, transform urban organic waste, crop
residues and agro-industrial waste into organic fertilizers (Fig. 1a). This is achieved in
a composting plant in the industrial area of the city of Bari. In Brazil, compost
(leaves, stems, grass and animal faeces) is transformed at the Federal University of
Minas Gerais-Campus (Fig. 1b). After 6 months of maturity, the product is used for
ornamental plant cultivation throughout the Campus. In Europe and elsewhere,
organic waste is generally separated from the rest of urban waste (glass, paper, plastic,
woods, metals, etc.). The level of separate collection is increasing worldwide. In Italy,
for example, ~38% of municipal waste is separated. The growing worldwide attention
to the high levels of wastes will lead to a constant increase in their separation.

Research on biochar is more recent. The first published reports on biochar in the
Scopus database were in 2000, after the first report on compost (non in the SCOPUS),
which was in 1898 from Germany. In the last years approximately 1,291 peer
reviewed journal papers on biochar were reported all over the world (Scopus survey
conducted in March 2014) of which 16 are due to be out in 2014. Biochar may help in
reforestation projects and reclamation of degraded rangelands (Stavi, 2012),
improving our understanding of belowground ecology. Conservation practices such as
agroforestry systems and application of biochar in soil are considered the most
promising options to efficiently sequester large amounts of carbon in the long run
(Stavi and Lal, 2013).

Nowadays biochar may also help to deal with wetland restoration practices. In the
USA, Ballantine et al. (2012) found better soil properties, essential for ecological
functioning, thus being useful for restoration ecology. Both biochar and compost
contain high levels of stable carbon and can be incorporated in the soil to improve soil
quality. Thus, the use of biochar and compost can increase soil organic C level
compared to no amendment in long field experiments (D’Hose et al., 2013).

3. MORPHOLOGY AND COMPOSITION OF HISTORICAL BLACK-C


http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Stavi%2C+I)

Black carbon, the residue of incomplete combustion of biomass or fossil fuel, is
considered a chemically and biologically very stable carbon that can persist in nature
for a long time (Schmidt and Noack, 2000; Knicker, 2007). Research into active
management of BC as a means to sequester atmospheric carbon dioxide in soils is
increasingly encouraged. However, the long-term persistence of black-C does not
mean that the properties of black-C persist after its deposition. Cheng et al. (2006)
showed rapid oxidation of black-C in short-term incubations, and altered black-C
properties (formation of oxygen-containing functional groups). Moreover, black-C
transport (Hockaday et al., 2006), erosion (Rumpel et al., 2006), stability (Bird et al.,
1999; Czimczik and Masiello, 2007), and cation retention (Liang et al., 2006,2008)
will depend on the oxidation in soils. Up to now, detailed research on the natural
oxidation of black-C in soils remains scarce and little is known about such aspects as
to how fast or to what extent black-C is oxidized.

Ancient anthropic soils in the humid tropics provide interesting model for a
stable soil that exhibit unusually long fertility, being chemically and microbially
stable. The high fertility has been ascribed to the millenary black-C found in these
black earth soils (Falcéo et al., 2003; Glaser and Birk, 2012; Jorio et al., 2012). By
applying materials science tools, including scanning and transmission electron
microscopy, energy dispersive X-ray, electron energy loss spectroscopy and Raman
spectroscopy, it has been show that the stable carbon materials found in the
Amazonian dark earth (names TPI-carbons, from “Terra Preta de indio”), exhibit a
complex morphology, with particles ranging in size from micro- to nanometers, from
the core to the surface of the carbon grains, and are rich on specific elements that are
important for fertility and carbon stability (Jorio et al., 2012, Ribeiro-Soares et al.,
2013; Archanjo et al., 2014, 2015).

Scanning Electron Microscopy (SEM) images of TPI-carbon grains exhibit
morphology in the micro-scale that is similar to that of charcoal, and consistent with
the type of black carbon appearing naturally in nature (Jorio et al., 2012; Archanjo et
al., 2015). The TPI-carbon grains exhibit a “fractal-like” structure, where a “compact
core surrounded by porous shell” structure repeats itself when zooming in at different
scales, from hundreds of micrometers down to nanometers (Jorio et al., 2012; Jorio
and Cancado, 2012; Archanjo et al., 2014; Ribeiro-Soares et al., 2013).

The chemical composition at the microscopic level has been obtained for
hundreds of grains, revealing that besides carbon, silicon, and oxygen, common to all
grains, elements like Al, Fe, Cl, Ca, Mg, P, K Ti, Na, Mn, Ti and Pt can be found
(Jorio et al., 2012; Archanjo et al., 2014, 2015). The main observations are (i) the core
is composed mostly by carbon, but oxygen and calcium are spread over the whole
structure; (ii) the other elements are located majorly in the grain shell. Metal oxide-
rich nanoparticles were visible on a scale of 10-100 nm. The presence of Ca and P in
the TPI-carbons has been attributed to bone fragments and animal residue.

To probe the chemical state of both the core and the external regions of the
TPI-carbon grains, spatially localized electron energy loss spectroscopy (EELS) have
been performed, demonstrating a aromatic carbon structure (Jorio et al., 2012).
Raman spectroscopy measurements are consistent with aromatic carbon
nanocrystallites (Jorio et al., 2012b; Ribeiro-Soares et al., 2013). EELS show four
well-defined main peaks related to aromatic-C, phenol-C, aromatic carbonyl and
carboxyl. The relative peak intensities for the EELS spectral peaks indicate that the
core is more graphitic than the surface, the external region of the grain demonstrating
a deeper level of oxidation, which caused an increase in the abundance of phenol,
carbonyl and carboxylic groups. Spatially-resolved mapping of each chemical group
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have been performed, and chemical maps confirms that the grain core has a tendency
to be more aromatic (graphitic) than the grain surface (shell) (Archanjo et al., 2015).
In addition, the results clearly show the aging induced oxidation is not homogeneous
in the sample, with the spatial resolution of 15 nm revealing chemical domains that go
from 20 nm? up to hundreds of nm? (Archanjo et al., 2015).

Theoretical calculations based on density functional theory have been
performed to explore the role of oxygen and calcium for the TPI-carbon stability
(Archanjo et al., 2014). Other theoretical studies address the stability dependence on
the TPI-carbon nanocrystallite size (Jorio et al., 2012). Insights about the in-plane
dimension of the nanocrystalline structures composing these grains were obtained
from Raman spectroscopy analysis, and the crystallite size distribution for TPI-
carbons were found in the 3-8 nm range, while for charcoal, it was typically found
between 8 and 12 nm (Jorio et al., 2012; Jorio and Cancado, 2012; Ribeiro-Soares et
al., 2013).

All these works demonstrate the uniqueness of TPI-carbon morphology,
scaling from microns to nanometers. Morphology and composition likely plays
important role on the functionality of the historical black-C, providing a model to a
chemically and microbially stable soil environment. It has been observed that
increasing soil depth in a Terra Preta de indio site, decreased soil nutrient content and
associated microbiota abundances (Pagano et al., unpublished). Understanding the
interplay between black-C morphology and microbiota might elucidate the importance
of black-C in soil fertility.

4. MYCORRHIZAL PLANTS AND BIOCHAR

To date, few studies (e.g., Solaiman et al., 2010; Warnock et al., 2010) have focused
on the effects of biochar on the mycorrhizal fungi (Table 1). Other reports only
mention mycorrhiza, but with focus on biochar with regard to soil organic matter
protection (Stockmann et al., 2013) or to soil aggregation (George et al., 2012) to
name just a few.

Biochar application can have positive effects on beneficial soil microorganisms,
improving the mycorrhizal root colonisation, biological N2 fixation by rhizobia
(associated only with legumes) and activity of plant growth promoting organisms in
the rhizosphere (see Solaiman et al., 2010; Quilliam et al., 2013).



Table 1. Database survey conducted in March 2014 (Scopus) for journal articles
dealing with arbuscular mycorrhizas (AMF) and biochar

Key words Number of journal articles
Biochar 1,528

Microbes + biochar 21

Mycorrhizas + biochar 14

Biochar + ectomycorrhiza 3

Table 2 illustrates reviews or papers dealing with biochar and AMF. For a review of
some pioneering works in biochar research, see Ogawa and Okimori (2010). Ogawa
(1998) was among those interested in the use of symbiotic microorganisms and
charcoal. He observed that most symbiotic biota prefer to propagate in or around char.
However, knowledge about how biochar affect soil aggregation and whether
mycorrhizal fungi or active-C source might be needed to increase water stable
aggregates in biochar-amended soils is still limited. It has been shown that the highest
concentration of black-C was observed in the finest size fraction (< 0.53 um) of soil
aggregates (Brodowski et al., 2006). Nevertheless, a preferential embedding of black-
C particles has been suggested compared to other organic compounds within soil
aggregates (reviewed by Mukherjee and Lal, 2013).



Table 2. Sample reviews and papers dealing with arbuscular mycorrhyzal fungi

(AMF) and biochar

Focus

Country/ Review

References

Biochar, mycorrhizal
fungi,

and nitrogen fertilizer
Charosphere

Biochar, ectomycorrhizal
fungi

Terra preta, biochar

Carbon sequestration, soil
microbes
Biochar effect

Carbon remediation and
microbes

Biochar use in agriculture
and forestry

Mycorrhizas in managed
environments

Biochar effects on soil
biota

Biochar effects on

soil organisms,
Mycorrhizas

Arbuscular mycorrhizas

Mycorrhizas

North America/
greenhouse experiment

UK

Canada

Several countries
Review
Review

Review

Review

Several countries
Review

Review

Field experiment in

Colombia
Review

LeCroy et al. (2013)

Quilliam et al. (2013)

Robertson et al. (2012)

Briones (2012)

Ennis et al. (2012)
Elad et al. (2011)
King (2011)

Ogawa and Okimori
(2010)

Solaiman et al. (2010)
Lehmann et al. (2011)

Thies and Rillig (2009)

Warnock et al. (2010)

Warnock et al. (2007)

Based on the scarce published research on biochars and mycorrhizas reviewed here,
application stimulates arbuscular mycorrhizal colonisation increasing P supply to
plants. Solaiman et al. (2010) tested different rates of biochar addition to soils
together with two types of commercial fertilizers (soluble and slow-release mineral
fertilizers) on wheat in field conditions. Moreover, mineral fertilisers contain several
beneficial and non-pathogenic fungi including mycorrhizas (Glomus intraradices) and
bacteria (Azospirillum, Azotobacter, among others benefic microorganisms). They
showed that at 30 kg/ha of soluble fertiliser, the highest rate of biochar (6 t/ha)



increased the uptake of all nutrients by plants. With regard to root colonization by
AMF, the inoculated treatment presented higher root colonization, which increases
with biochar addition, especially in unirrigated samples. The presence of mycorrhizal
fungi can increase the surrounding soil explored by hypha, which can cope with the
drought stress during the dry period. Furthermore, soil amendments can influence the
mycorrhizal colonization and establishment of plants. Biochar was shown to directly
stimulate mycorrhizal root colonization resulting in better plant growth and yield of
wheat. Additionally, a positive residual effect of biochar application on mycorrhizal
root colonization, plant growth and nutrition of wheat was found after 2 years.
Quilliam et al. (2013) analyzed the relation between biochar addition in agricultural
soil and the associated microbiota. They proposed the term charosphere for the soil
surrounding the biochar, directly influenced by the chemical and physical properties
of the char, which can in turn influence soil plant microbe interactions. In order to
determine the level of microbial colonization of field-aged (3 years) biochar, the
authors showed only sparse colonization by microorganisms. They found that it was
difficult to identify the advantages of colonizing fresh or newly applied biochar, as
most microorganisms will be unable to utilize the limited resources. There was
heterogeneity of colonization (microorganisms were frequently found in the
longitudinal remains of the vascular tissue of the feedstock), increase the implications
of biochar addition to soils. The authors suggest that along the years, microbial
colonization of biochar can be improved through the influence of abiotic factors.
Thus, a partial microbial decomposition of biochar will provide both nutrient supply
and habitat. Finally, they suggest that the physical breakdown of biochar may
accelerate microbial colonization, and this can be achieved by biochar powders
amendment.

Some studies in Table 2 report that biochar addition can enhance soil properties and
the early growth of pine and alder in sub-boreal forest soils, but ectomycorrhizal
abundance does not change (Robertson et al. 2012). However, some cases showed
that the combined treatment of biochar, mycorrhizal fungi, and high nitrogen can
decrease aboveground plant biomass, but it can promote mycorrhizal root colonization
(LeCroy et al. 2013). The authors ascribe the effect to an induced parasitism of the
mycorrhizal fungus in the presence of nitrogen and biochar along the experiments.
However, AMF colonization of biochar in soils with mycorrhizae and less nitrogen
showed more surface oxidation. They conclude that soil nitrogen can act as a switch
controlling the capacity of char to influence the AMF association and, consecutively,
the degree to which the fungi oxidize the char surface.

Lehmann et al. (2011) compiled information on biochar effects on soil biota. They
discussed biochar addition as inoculant carrier, instead of peat. They highlighted the
possible incorporation of mycorrhizal inoculum to biochar and the lack of debate on
this topic. As biochar will remain in the soil it may affect the inoculated
microorganisms. For instance, Ogawa (1989) reported the preservation of spores
of Gigaspora margarita for more than 6 weeks into balls of biochar. Other studies
(Rutto and Mizutani 2006) showed reduced mycorrhizal symbiosis in combination
with activated carbon. Nevertheless, the properties of biochar (pH, origin, production,
etc.) should be appropriated for the inoculated microorganisms. In the future, a
combination of approaches to design biochars as inoculant transporters may be very
useful, but soil type should be also considered (Lehmann et al., 2011).


http://www.sciencedirect.com/science/article/pii/S0038071711001805#bib193
http://www.sciencedirect.com/science/article/pii/S0038071711001805#bib217

5. MYCORRHIZAL PLANTS AND COMPOST

We know that recycling organics from agricultural and urban wastes can help to deal
with serious environmental challenges. However, our understanding of the factors that
affect compost management is limited. Composting has developed rapidly in order to
manage poultry, swine and cattle remains, but also to rehabilitate degraded soils.
Moreover, due to the rising cost of peat and transmission of several soil-borne
diseases, peat is frequently substituted by compost (see Raviv, 2011, 2013).

Benefits of compost to soils and vegetation are well researched. Compost (a source of
organic matter) decreases bulk density and soil erosion; intensifies aggregate stability,
soil aeration, water infiltration and retention. Furthermore, compost carries micro and
macro nutrients, providing a wider range of nutrients than inorganic fertilizers, with
less nitrate leaching and water contamination (Gagnon et al., 1997; Mamo et al.,
1999). However, better knowledge of the C and N turnover from composts and in the
soil organic matter pools will be crucial for a specific control of negative impact on
the ground water (see Amlinger et al., 2003). It is worth mentioning that an
international journal named Compost Science and Utilization by Taylor & Francis
Group has been published (4 issues per year) since 1995.

The positive effect of adding organic substrates and humic substances of particular
concentrations on the growth of numerous plants is well documented (Thangarajan et
al., 2013; Scharenbroch et al., 2013; Nikbakht et al., 2008; Verlinden et al., 2009).
Copious reports on compost have been published; however, mycorrhizas, a special
group of fungi, are still understudied. Mycorrhizas are not typically viewed in the
same mode as compost addition. This can be due to the difficulties in inocula
preparation as AMF are not culturable microorganisms (Smith and Read, 2008).

In the last years approximately 112 peer reviewed journal papers on compost and
mycorrhizas were reported all over the world (Scopus survey conducted in March
2014), of which 4 were out in 2014. 58 % of these journal papers comprise research
dealing with arbuscular mycorrhizas. Among them, Tanwar et al. (2013) tested
different sugarcane bagasse substrate and one arbuscular mycorrhizal (AM) species
(Funneliformis mosseae) in order to improve plant growth. Moreover, Daynes et al.
(2013) tested sterilised Compost (< 2 mm) inoculated with indigenous microbes and
AMF (mostly Glomus sp.) in a controlled pot experiment. They showed that Compost
(at least 6%), living roots and AMF resulted in a more stable soil structure.

Bashan et al. (2012) showed that, in the Sonoran Desert, Mexico, small quantities of
compost supplementation (cow manure and wheat straw) and bioinoculation helped
three native leguminous trees in restoration of eroded soil to survive. For inoculation
they tested plant growth promoting bacteria (Azospirillum brasilense and Bacillus
pumilus), and native AMF (from sorghum plants inoculated with Glomus spp. of a
consortium of native species collected under mesquite trees). Those microorganisms
can enhance drought resistance of plants. Compost was mixed with soil and added to
each planting hole at a proportion of 1:8 (735 g : 10 kg, w/w). Interesting, survival
and growth of the trees depended on the plant species.

Marosz (2012) showed that green waste compost and AMF can improve the nutrient
uptake of woody plants grown under salt stress (principal deicing agents on roads).
Application of compost enhanced the growth of certain species of trees and shrubs,
and the inoculation of mycorrhizal fungi (AM fungal propagules), before planting
trees sensitive to salinity, were useful in such stressful conditions.
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For instance, the AMF inocula used in experiments can consist of several fungi
species, mainly from Glomus or other as yet not completely identified taxonomically
species (site-specific mixture species). Inoculum can consist of AM fungal propagules
(spores, colonized roots) mixed with sphagnum peat. The inoculum is placed under
the roots of trees or shrubs during planting. The knowledge about this issue is
surprisingly scant, taking into account that inoculation with mycorrhizas greatly
affects plant and soil health.

In 2010, Viti et al. tested the agricultural use of compost in both conventional and
organic maize production showing that, while the use of the compost as an
amendment may exert a restricted impact on AMF, it can significantly modulate the
composition of plant growth-promoting rhizobacteria in the rhizosphere of maize.
They found only species of Glomus.

All these reports show that Glomus is generally associated with compost. It will be
expected due to the prevalence of this Genus in agricultural experiments and field
trials (Oehl et al., 2005, Miras-Avalos et al., 2011) highly susceptible to disturbance.
This is due to the life-history of Glomus, which is generally considered an r-
strategist’. Glomus species belonging to the Glomeraceae 1 (GIGrA) b clade
(Schwarzott et al., 2001) show an opportunistic behaviour similar to r-strategists
(Sykorova et al., 2007). For instance, most different compost amendments are tested
with Glomus as inoculant (Ustiiner et al., 2009; Adewole and llesanmi, 2011). This is
also because most crops, vegetables, fruits and cereals associate with Glomus species
such as Glomus mosseae (nowadays named Funneliformis mosseae) (Miranda, 2008;
Naher et al.,, 2013). This also depends on the cultivation system, as shown by
differences observed in rice cultivation systems (Watanarojanaporn et al., 2013).

6. CONCLUSION

The large variety of organic matter types utilized as soil amendments including
composts, crop residues, peat and organic wastes, adds to the heterogeneity of organic
C delivered into ecosystems. In the context of increasing rates of organic wastes,
emissions of CO2 and other gases from industrial and agricultural development, which
alter global C balance and climate C sequestration, strategies highlight the use of
biochar. However, our understanding of the factors that affect biochar use and the
notable variability of its biochemical qualities is limited. In the last decade, new
throughput analytical techniques, such as Raman spectroscopy, have helped with
biochar characterization, including the elucidation of historical black-C structure
found in ancient anthropic soils. Understanding the interplay between black-C
morphology and microbiota is an important direction for future research work.

Many studies have demonstrated that biochar can influence microbial activity by
providing a favourable microhabitat, or that AM fungi can extend their extraradical
hyphae into biochar, which helps nutrient conservation in soils. However, the weak
alkalinity and strong dependence on pH of biochars may provide grounds for the
variability of field observations. Since the interrelation of climate, land, water,
vegetation and human activity affects ecosystems, increasing research on soil
amendments and agroecosystem management is needed.

LA rapid colonizer of plant roots, which produces high numbers of spores in a brief period, traits that
are favoured in unstable environments.
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Figure

Fig. 2.1. Large-scale composting techniques. (a) Compost produced in Italy at Biovegetal®
production plant (www.biovegetal.it). (b) Compost produced on the campus of the Federal
University of Minas Gerais, Belo Horizonte, Brazil (photographs by M. Pagano with

permission).
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