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1.1 Growing human population and the need for sustainable practices

The world’s population reached a staggering 7.8 billion in mid-2020, adding a
supplementary 1 billion to 2008’s figure and 2 billion more than in 1996. The
global population is projected to further hit 8.5 billion in 2030, while rising
steadily to approximately 9.7 billion in 2050 and 10.5 billion in 2100 (United
Nations, 2019). This rapid growth in world population and gradual decrease in
available cultivable lands and freshwater reserves have stimulated a discussion on
the need for sustainable farming practices (Garnett et al. 2013; Godfray and
Garnett 2014). Even though land use could be multiplied to meet the mounting
pressure on crop demand to some extent, this could have a high detrimental effect
on the environment (Garnett et al. 2013). Moreover, apart from the fact that the
land capacity that provides sustenance for human and their bioenergy
requirements is inadequate, it is also deteriorating the soil quality in numerous
ways (Lal, 2014; Konuma, 2016; FAO, 2015). Of late, land snatching system
where affluent countries with big populations and/or a scarcity of land resources
purchase arable land from impoverished countries like Africa accentuates the

striking opinion that “fertile soils” are a limited world-wide resource.
1.2. Shifting cultivation in NEH region of India

The Northeast Himalayan (NEH) region of India is one of the four biodiverisity
hot-spots in India extending over 26 million ha, of which forested land makes up
for about 65% of the total geographical area and 16% falls under cultivated lands
(Saha et al., 2012). Agriculture occupies a central position in the economy of the
region and the main agricultural practice is shifting cultivation also known as
slash and burn, or locally known as ‘Jhumming.” This form of cultivation is
practiced in approximately 1.47 million ha of the NEH region (Yadav, 2013).
According to Jha (1997) shifting cultivation is distinguished as an agricultural
system that is distinguished by clearing the land using slash and burn, cropping
for short periods of time (1-3 years) interspersed with lengthy periods of fallow
(up to 20 years though this is frequently as short as 6-8 years) and rotating fields
rather than crops. While Mertz et. al (2009) defined it as a crop cultivation



strategy in which the land is left fallow for an extended length of time to enhance
the fertility of the natural soil with woody vegetation that will be burned away

before the plantation is established.

Mizoram is the 23rd state of India and is located at the eastern extension of the
Himalayas. About 70% of the state’s entire land area is situated on slopes steeper
than 33° making Mizoram’s landscape distinctively unique than several other
tropical areas where jhumming is carried out (Grogan et al., 2012). Since time
immemorial, the Mizos, particularly those living in the rural areas has been
practising this type of cultivation and this system not only act as a major source
of income, but is closely associated with the socio-cultural aspect of life and
ecological landscapes. Approximately 54% of the rural population in Mizoram are

involved in shifting cultivation (Maithani, 2005).
1.3 Concerns about sustainability related to shifting cultivation

One of the key concerns associated with shifting cultivation is the unselective
felling of trees. Large-scale deforestation developed as a result of the careless
cutting down of natural forest to make way for shifting agricultural practices.
Based on estimates, shifting agriculture significantly decreased India's forest
acreage by 765 km? in a brief period between 2017 and 2019 (ISFR, 2019). About
10% of the loss of forested regions in Latin America (Houghton et al., 1991), 30%
to 35% of the loss of forest in the Amazon (Serrdo et al., 1996), and 50% of the
loss of forest in Indonesia were attributed to shifting cultivation (Jong, 1997).
Apart from the loss of forests, there was worry that the damage to soils may
jeopardise the biodiversity of forests (FAO, 1985; Myers, 1993; Bandy et al.,
1993; Brady, 1996). According to Singh and Singh (1981), the amount of soil lost
in the first year, second year, and abandoned jhum owing to erosion from steep
slopes (60-79%) was calculated to be 147, 170, and 30 t ha'lyr'l. Reduced water
infiltration and percolation, broken pore continuity from surface to subsurface,
disintegration of soil stable aggregates, and increased surface runoff are all caused
by bare soil and shorter jhum cycles. Additionally, this technique resulted in an

annual loss of 10669, 372, and 6051 tonnes of N, P, and K from the northeast



Indian soils (Sharma, 1998). The contents of Fe, Mn, Cu, and Zn in the region's
soils were also greatly lowered by the conversion of forests to jhum lands
(Choudhury et al. 2021). In addition, it is possible that the shifting cultivation
areas contribute significantly to global warming (Fearnside, 2005), and the soil
may contribute to atmospheric CO, emissions (Brown and Lugo, 1990), which
would not be offset by secondary forest growth in the fallow season. Deforestation
and shifting cultivation are responsible for around 20% of the world’s yearly CO,
emissions (Jurvélius, 2004). Notwithstanding the extent of the challenges, it is
possible to overcome them by increasing agricultural intensity while lowering
nutrient imbalances and inefficiencies (Mueller et al., 2012; Withers et al., 2015).
One such possibility is the use of biochar technology, which can both slow down
climate change and help recover nutrients from waste while increasing crop yields
(Woolf et al., 2010; Woolf et al., 2016).

1.4 Biochar and its uses

The use of biochar as a soil conditioner was increasingly explored in the recent
years owing to the assumed positive impacts on soil characteristics such as soil
pH, cation exchange capacity, soil water holding capacity, carbon sequestration as
well as on crop productivity and offsetting greenhouse gas emission (Chan et al.,
2007; van Zwieten et al., 2020; Case et al., 2012; Biederman and Harpole 2013;
Cayuela et al., 2014). Many studies reported the beneficial effect of biochar and
compost combination on soil quality and plant growth by increasing the potential
to use nutrients efficiently, improved soil structure and water holding capacity and
reducing the dependency on inorganic fertilizer (Fischer and Glaser, 2012;
Trupiano et al., 2017). Barus (2017) found a significant increase in the number of
pods, dry weight of grain and biomass of soybean as compared to control when
husk biochar was applied in combination with compost to the soil. Similarly, a 10-
year study in sub humid regions of Kenya showed a positive response in crop
yield in all the sites when amended with a mixture of biochar and mineral
fertilizer in a maize-soybean rotation (Katterer et al., 2019). The superior

performance of biochar combined with compost or organic manures rather than



biochar or compost alone is probably to the high porous structure and recalcitrant
properties of biochar which helps in retaining the nutrients from the organic
compost or manure, which otherwise would have been easily mineralised. The
high specific surface area of biochar helps in nutrient retention and aids in uptake
of available nutrients by plants while increasing the fertilizer use efficiency and
decreasing leaching (Steiner et al., 2008; Roberts et al., 2010). Another important
area where biochar might contribute is to levels of soil carbon. Significantly,
modern agricultural practices have resulted in degradation of soil carbon and as
consequence levels of carbon are much lower now than they were several decades
ago (Jones et al., 2011). Biochar is highly resistant to decomposition in soil; its
residence time ranges from tens of years to millions (Verheijen et al., 2010) The
persistent nature of biochar-C in soil shows that it will contribute to soil C-
sequestration (Ennis et al., 2012; Lai et al., 2013) and reduce GHGs emissions

(Stewart et al., 2013).

Vermicompost is produced by a simple biotechnological process of composting
organic materials involving the joint action of earthworms, especially FEisenia
foetida to enhance the process of waste conversion and produce a better end-
product. It has the potential to make unavailable nutrients more available.
Vermicompost has many beneficial effects on the soil such as improving soil
properties like soil aeration, soil aggregation, Water Holding Capacity (WHC) and

it also increases microbial population and diversity.
1.5  Scope of the study:

Although jhum cultivation has a great adverse effect on the environment, a vast
majority of rural and semi-urban household still continues to practice this form of
farming system, thereby degrading the soil further leading to reduced crop yield.
Also, the cutting down and clearing of forest continues to increase the emission of
carbon dioxide into the atmosphere. Many studies have shown that biochar acts as
a soil conditioner besides having the potential to sequester carbon. In Mizoram,
maize and sugarcane are grown in a large scale. Area under maize cultivation is

5695 ha and area under sugarcane cultivation is 1476 ha (Agricultural Statistical



Abstract, 2014-2015). Sugarcane juice locally called as futui is commonly
produced on a small commercial scale in Mizoram. After the juice is extracted out,
the sugarcane bagasse is simply thrown away. Therefore, sugarcane bagasse and
maize cobs have tremendous potential to be used as biochar for improving
degraded land by increasing soil productivity as well as sequestering soil organic
carbon. Hence this study aims to evaluate the impact of these two agricultural

waste biochar on nutrient recovery and soil carbon pool in jhumland.
1.6 Objectives

The general objective of this study is to determine the impact of agricultural waste
biochar and organic amendments on soil nutrient recovery and carbon pool in

jhum land.

With this main objective, the study was designed to cover the following specific

objectives:

1. To determine the quality of biochar made from maize cob and sugarcane
bagasse.

2. To assess the impact of biochar and vermicompost on soil properties in
jhumland.

3. To assess soil carbon pool in jhumland with application of biochar and
vermicompost.

4. To determine the effect of biochar and vermicompost on growth and yield

of soybean in jhumland.






2.1 Biochar production and properties

Biochar is distinguished from charcoal by its purpose as a soil amendment rather
than as an industrial appliance (Lehmann and Joseph, 2009). It is produced by
thermal degradation of organic materials at very high temperatures in the presence
of little or no oxygen, a process called pyrolysis. The process of pyrolysis not only
produces biochar but also oil and gas according to the kind of feedstock used and
the varying temperatures. It can be produced from a variety of organic materials
such as forest and agricultural residues, kitchen wastes, etc. Substrates such as
wood chips and pellets, tree trimmings, bagasse, distiller grains, press cakes from
the oil and juice industry, rice husks and crop residues are largely used (Parmar et
al., 2014). However, other biomass sources like sewage sludge, poultry litter,
dung, bones, dairy manure, etc., can also be utilised for biochar production in
addition to lignocelluloses (Kumar et al., 2016). Because food-industrial waste
sludge contains a high organic matter content, phosphorous adsorption coefficient,
and a variety of macro- and micronutrients, it is also regarded as reusable biomass
(Aggelides and Londra, 2000; Elliott and Dempsey, 1991; Ippolito et al., 2003;
Logan and Harrison, 1995). Moreover, water treatment sludge contains less
pathogens and heavy metals as compared to sewage sludge making it suitable for
use as a soil amendment (Elliott and Dempsey, 1991; Dayton and Basta, 2001; Oh
et al.,, 2010). Biochar's physicochemical characteristics might vary greatly based
on the kind of substrate utilised to make it as well as the pyrolysis circumstances
(Pituello et al., 2015). Biochar can be produced by three common methods such as
fast pyrolysis, slow pyrolysis and gasification (Ahmad et al., 2014; Mohan et al.,
2014). The byproducts of pyrolysis are charcoal, synthetic gas (a mixture of
hydrocarbons gases), and oil which is a mixture of hydrocarbons (Lewandowski et
al., 2010; Verheijen et al., 2010). Each of these distinct byproducts has a different
ratio based on the pressure, range of temperature, duration etc. (Lewandowski et
al., 2010; Brewer, 2012; Cheah et al., 2016). Slow pyrolysis is the most widely
used method as the maximum yield of biochar is generated by this method
(Manya, 2012). Biochar yield from slow pyrolysis is typically around 35.0% in
relative to its dry biomass weight (Cheah et al., 2016). Biochar obtained via slow

8



pyrolysis is a solid carbonaceous material, highly porous in nature, relatively
stable organic compound comprising of oxygen functional groups and aromatic
surfaces (Amonette and Joseph, 2009). Contrastingly, fast pyrolysis and
gasification generates maximum yields of liquid (bio-oil) and gas (syngas),
respectively (Mohan et al., 2014). Additionally, the physical and chemical
characteristics of biochar depend on the production condition and the type of
feedstocks used (Brewer et al., 2011; Meyer et al., 2011) which may impact the
soil properties and crop yield. Biochar produced by wood-based feedstocks
mostly possess the highest surface area whereas the highest cation exchange
capacity is found in straw-based feedstocks and the highest N and P concentration
is found in manure feedstocks. These findings were according to a review of 5400

studies done by Ippolito et al. (2020).
2.1.2 Mechanism of biochar on soil properties
2.1.2.1 On soil physical properties

The use of charred biomass residue in soils developed from research studies
conducted in the Amazonian soils known as “Terra Preta de indios” (TPI). These
soils encompassed substantial areas and were utilized by farmers belonging to a
number of tribes. These dark and fertile Amazonian soils are believed to be
approximately 7000 years old holding three times more nitrogen (N) and
phosphorus (P) and eighteen times more organic matter than the adjoining soils
(Lal, 2009). While the knowledge of using charred biomass has been in existence
for a very long time now, the actual production and utilization of biochar as a soil
amendment in agricultural lands has gained much importance only recently. A
higher rate of biochar addition resulted in enhanced soil texture and characteristics
of a hardened soil beside a considerable decrease in tensile strength (Chan et al.,
2007). Several studies have reported increased soil water holding capacity (Asai et
al., 2009; Karhu et al., 2011), improved soil porosity (Asai et al., 2009), increased
saturated hydraulic conductivity, decreased soil strength, changed bulk density
(Laird et al., 2010), and changed aggregate stability (Busscher et al., 2010; Peng
at al., 2011). According to Abrol et al. (2016), adding biochar to soil can reduce



bulk density and soil penetration resistance, and enhanced water holding capacity.
The ability of biochar to retain a lot of water is due to its high porous surface area.
However, some studies suggested that biochar application did not significantly
alter the soil water retention (Khan et al., 2018) and soil water holding capacity
(Gaskin et al., 2007). This indicates that it is yet unclear how biochar affects the
physical characteristics of soil, including how much water it retains (Sohi et al.,
2009). Amendment of biochar with chemical fertilizer (CNPK) and amendment of
straw with chemical fertilizer (SNPK) increased the total soil porosity by 24.6 %
and 63.5% and air permeability coefficient by 19.2 and 49.4%, respectively over
NPK only amended soils. Whereas, bulk density reduced considerably by 13.95
and 26.7 % and soil hardness by 12.6 and 22.4 %, respectively (Zheng et al.,
2019). Similarly, in a study conducted by Katterer et al. (2019) using biochar
produced from Acacia spp., bulk density remained significantly lower in the plot
amended with biochar as compared to amended bare fallow even after five years
after biochar addition indicating the persistent effect of biochar. Additionally,
water holding capacity was also higher in the biochar amended soil than
unamended bare fallow. In another study (Khan et al., 2017), application of
biochar at 0.5 t ha without chemical fertilizer substantially enhanced soil
infiltration rate from 140 mm ha™ to 165mm ha™. They also observed an increase
in stable aggregates by 34% in soil treated with biochar. Soil porosity and
aggregate stability is significantly increased by the application of biochar which
results in the enhancement of soil infiltration rate (Jones at al., 2010). This
increase in soil infiltration rate on application of biochar is also observed by
Dumroese et al. (2014). Addition of more biochar to soil increases its aggregate
stability, which reduces the soil’s susceptibility to erosion (Zhang et al., 2007).
When added to the soil, biochar gradually transforms into stable humus
(Brodowski et al., 2007). According to previous studies, humus-containing soil
can improve the stability of the soil aggregate (Piccolo and Mbagwu, 1990;
Piccolo et al., 1997). The aggregate stability of soil can be considerably increased
by using charcoal and biochar to form a link with soil minerals through carboxylic

and phenolic groups (Topoliantz et al., 2005).
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2.1.2.2 On soil chemical properties

Approximately, half of the world’s cultivable land, predominantly in humid
tropics is affected by the problem of soil acidity (Von Uexkull and Mutert, 1995).
In India’s context, soil acidity affects nearly one-third i.e., 49 M ha of the total
arable land (Mandal, 1997). Acidic soils are characterized by aluminium (Al) and
iron (Fe) toxicity, phosphorus (P) deficiency, and other problems associated with
acidity which adversely affects the crop productivity (Manoj et al., 2012; Patiram,
1991). To offset this problem, liming can be a possible alternative; however, it is
not a cost-effective option for resource poor farmers. Moreover, it does not solve
the problem of subsoil acidity. Although studies conducted by Berek et al. (1995)
and Xu Tang and Chen (2006) have reported an improvement in soil acidity by
direct addition and combination of green manures, animal wastes, and crop
residues, this effect is short lived because of the speedy mineralization of the
added organic amendments. While the use of chemical fertilizers enhances crop
productivity boosting crop yields by roughly 30-50% (Zhu et al., 2002), the
increased use of it and the less organic input into the land has become one of the
major issues in intensive agriculture owing to the low efficacy of fertilizer
utilization and probable environmental pollution (Zhao et al., 2016; Choudhary et
al., 2017). Jha et al. (2016) observed an increase in the soil pH, electrical
conductivity, exchangeable base cations while reducing the concentration of
exchangeable aluminium (Al) during an incubation study of acidic alfisol
incorporated with Leucaena biochar. They also observed that the addition of
biochar enhanced the process of nitrification and led to a significant reduction in
ammoniacal-N while increasing the nitrate-N content. Several other studies also
reported a reduction in Al toxicity due to increase in soil pH while making some
nutrients such as magnesium, potassium, phosphorus and nitrogen more
accessible on addition of biochar (Srinivasarao et al., 2013; Alling et al., 2014).
Biochar's high molecular weight organic chemicals may have complexed with
aluminium to reduce its toxicity (Alleoni et al., 2010). The increase in electrical
conductivity as well as cation exchange capacity of the soil on addition of biochar

is corroborated by several other studies (Carter et al., 2013; Lentz et al., 2014;
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Partey et al., 2016; Mohan et al., 2018). The high surface area and oxygen
retention capacity of biochar contributes to their high CEC (Lee et al., 2010).
Carbonyl, carboxyl, and phenolic groups that are present in biochar's oxygen
content help to stimulate CEC. Therefore, in addition to augmenting soil CEC,

biochar can also act as a long-term carbon sequestration agent (Abdel- Fattah et

al., 2015).
2.1.2.3 On soil microbial activity

Due to their sensitivity to environmental changes, soil microorganisms have been
extensively employed as markers of alterations in soil quality (Marschner et al.,
2003). According to a number of recent studies, biochar amendment of soil altered
the microbial community structures and abundances of some taxa-specific
communities, thereby influencing the physicochemical properties and nutrient
availability of the soil (Khodadad et al., 2011; Lehmann et al., 2011; Gomez et al.,
2014; Mitchell et al., 2015). The addition of 40 t ha of biochar over control
resulted in a considerable increase in soil microbial biomass carbon (MBC) and
microbial biomass nitrogen (MBN), but not at the rate of 20 t ha™ (Chen et al.,
2016). Conversely, Li et al. (2018) found that whereas larger doses of biochar (40
kg ha™') dramatically reduced MBC, a moderate application of biochar (20 kg ha™)
increased microbial diversity and MBC. Past researches have also shown that
biochar's porous structure and wide surface area provide an ideal environment for
microbial colonisation (Pietikainen et al., 2000; Ezawa et al., 2002; Saito and
Marumoto, 2002; Luo et al., 2013). According to Kolb et al. (2009), adding
charcoal to the soil enhanced its surface area, encouraged the growth of soil
microorganisms, and consequently raised the biomass and activity of those
microbes. According to Zavalloni et al. (2011), biochar also absorbed hazardous
and toxic compounds from the soil, which indirectly raised the MBC of the soil.
According to Zhang et al. (2016) and Fierer and Jackson (2006), low microbial
abundance and diversity are often linked to acidic soil. Therefore, it is possible

that such turnover will be observed in acidic soil, where amendment of biochar
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has been hypothesised to promote microbial communities via multiple

mechanisms.
2.1.2.4 On greenhouse gas emissions

One of the biggest risks to our survival and well-being today is the climate change
(IPCC, 2021). Concerns about the effects and symptoms of climate change are
becoming more and more obvious every day. The main factor contributing to the
surplus of carbon in our atmosphere is human-caused climate change acceleration.
One key to reducing or reversing the effects of climate change is reestablishing
the natural equilibrium and figuring out a way to sequester carbon from the
atmosphere (IPCC, 2021). Stable carbon storage is not addressed by the current
mitigation efforts for climate change (Krier, 2012). Furthermore, it is imperative
to persistently investigate every possible option and adjust in line with our
constantly evolving surroundings. Climate forcing in the atmosphere is mainly
caused by the GHGs such as carbon dioxide (CO;), methane (CH4) and nitrous
oxide (N,O) (Lal, 2004; Lal, 2008; Van Zwieten et al., 2009). These GHGs
especially CHs and N,O are emitted by several agricultural practices such as
drainage of wetlands, ploughing, land use modification, rice paddy fields,
application of fertilizers including rearing of livestock in addition to other
anthropogenic activities such as fossil fuel burning and industrial processes (Luo
et al., 2010; Minamikawa et al., 2011; Gogoi and Baruah, 2012; Yao et al., 2012).
Researchers have long studied the potential of biochar as a soil amendment and as
a resource to combat climate change (IPCC, 2014). When plants use
photosynthesis, carbonaceous plant metabolites are produced. These metabolites
are then converted back to CO, during the plant's decomposition process (Conte et
al., 2016). Up to 60% less carbon is released when plants are harvested and turned
into biochar. When plant matter is allowed to break down naturally, carbon is
released far more quickly than in the form of charcoal, or biochar. By preventing
the possibility of decomposition, this mechanism lowers the amount of CO; in the
atmosphere (Conte et al., 2016). According to theoretical frameworks proposed by

Matthews (2008), Preston (2009), Lee et al. (2010), and others, sustainable
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systems utilise biomass to generate energy and charcoal, which when applied to
land, transfers carbon from the short-term cycle mediated by photosynthesis to a
long-term storage. Therefore, the energy produced in this way has the potential to
be certified as carbon negative and can create income through both its sale and the
creation of tradable carbon credits (Mathews, 2008). However, applying biochar
amendments may either have no effect at all or even raise GHG emissions

(Zimmerman, 2010; Zimmerman et al., 2011; Jones at al., 2011).

2.1.2.4.1 Emission of N,O from soils treated with biochar

Studies conducted in the field and during incubation have indicated a decrease in
nitrogen dioxide emissions from soils treated with biochar (Rogovska et al., 2011;
Castaldi et al., 2011; Zhang et al., 2012). In a field trial, for instance, biochar from
wheat straw (Triticum sativum) produced at 350-550 °C was added to hydroagric
Stagnic Anthrosol paddy soil. The results showed that, at application rates of 10
and 40 Mg ha™', respectively, N,O emission decreased by 50 and 70% and CHy
emission increased by 31 and 49% (Zhang et al., 2012). The addition of biochar
has sometimes led to notable decreases in the amount of N,O released after
incorporation; this is often measured by laboratory incubations (Spokas and
Reicosky, 2009; Yanai et al., 2007; Case et al., 2014; Smith et al., 2010).
Theoretically, this is caused by the biochar's effects on the microbial population
(Lehmann et al., 2011) and the microorganisms that fix nitrogen (Zhang et al.,
2010). According to Castaldi et al. (2011), soil N,O fluxes in biochar-treated plots
varied from 26 to 79% lower than those in control plots. Conversely, high N-
containing biochars have also been found to increase N>O emissions (Spokas and
Reicosky, 2009; van Zweiten et al., 2010). These findings showed how biochar
applications could be used to control the rates of nitrogen cycling in soil systems
by affecting ammonia adsorption and nitrification rates, as well as increasing
ammonium ion storage by raising the CEC in the soils (Spokas et al., 2012). This
would increase the efficiency of N inputs into agroecosystems (Clough and
Condron, 2010). A long-term column incubation experiment in a different study

showed that N>O emission was reduced but CO, emission was increased on a fine
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loamy Clarion soil modified with biochar made from oak (Quercus spp.) and
hickory (Carya spp.) at 450-500 °C. An increase in soil aeration decreased N,O
emission, according to this study's modest correlation between soil BD and N,O
flux (Rogovska et al., 2011). N,O emission from treated sandy loam was,
nonetheless, inhibited up to 98% as compared to the control in another soil
incubation investigation using hardwood biochar; however, this impact was not
due to the biochar amendment's augmentation of soil aeration (Case et al., 2012).

While the majority of researches show that soils treated with biochar reduce N,O
emissions, there are some instances where N,O emissions are increased by the
altered soils. Singh et al. (2010) reported, for instance, an early increase in N,O
owing to the greater labile N content of biochar and microbial activity; however,

this spike gradually subsided over time.

2.1.2.4.2 Emission of CO, and CHy4 from soils treated with biochar

Soils treated with biochar have the potential to increase CO, and CH4 emissions,
as opposed to typically decreasing N,O emissions (Rondon et al., 2005, Spokas et
al., 2009). Biochar-amended soils have initial surges in CO, emission due to both
biotic and abiotic processes (Zimmerman et al., 2005; Smith et al., 2010;
Zimmerman et al., 2011; Jones et al., 2011). According to Liu et al. (2011), adding
bamboo (Bambuseae spp.) and rice straw biochar that has been pyrolyzed at 600
°C to paddy soil reduced CH4 and CO; emissions by 51 and 91%, respectively. In
a greenhouse experiment, acidic soil supplemented with biochar inhibited CHy4 by
100% and N,O by 80% (Rondon et al., 2005). In another study, addition of
biochar to rice paddy soil decreased the emission of CO, and increased the
emission of CHy (Zhang et al., 2010), but biochar addition does not always
decrease CO, emission. There have been reports of both rises and falls in CO,
emissions in soils modified with 16 different kinds of biochar (Spokas and
Reikosky, 2009). The addition of pine wood biochar to Swiss loam soil did not
alter CO, emissions; however, the addition of biochar generated from grass
increased CO; emissions (Hilscher et al., 2009). Mohan et al. (2018) observed that

when compared to control soil and 3.0% wt/wt corn stover-amended soil, the CO,
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emission from the corn stover biochar -amended soil was 15% lower and 84%
lower, respectively implying that instead of reusing the stover directly in
agricultural areas, a significant amount of CO, emissions might be prevented by
first turning it into biochar. Application of biochar may occasionally initially
increase CO, emissions. According to Jones et al. (2011) the short-term CO,
emission's initial carbon loss is insignificant in comparison to the carbon stored in
the biochar, and as such, it should not overwhelm the long-term carbon
sequestration potential of biochar. However, 17%-23% of biochar-C has the

potential to be mineralized and release CO, (Rogovska et al, 2011).

2.1.2.4.3 No shift in the emissions of CH4 or CO,

In field trials or laboratory incubation studies with biochar, some researches have
shown negligible effects or no discernible variations in the net GHG fluxes
(Spokas and Reikosky, 2009; Scheer et al., 2011; Singh et al., 2010; Castaldi et
al., 2011). Meanwhile, a field study conducted by Scheer et al. (2011) in Australia
found no apparent change in greenhouse gas fluxes between treated red Ferrosol
treated with biochar made from cow dung at 550 °C. and control. When
comparing the CO, concentrations in soil amended with biochar to controls, eight
of the 16 biochar utilised showed no significant change, according to Spokas and
Reicosky (2009). Correspondingly, according to Singh et al. (2010), the addition
of biochar did not significantly increase CO, emission overall, but it did lower
N>O emission from wood and poultry manure biochar-amended Alfisols and

Vertisols by 73% when compared to the control.

2.1.2.5 On crop performance and productivity

The efficiency of crop production worldwide has been influenced greatly by the
depletion in soil fertility owing to erosion and reduced or imbalanced organic
matter (Foley et al., 2015). Although mineral fertilization is regarded as one of the
options to counterbalance this problem, long term application can increase soil

acidification which adversely affects edaphon and nutrient cycling therefore
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declining agricultural output (Pietri and Brookes, 2008). About one-third of the
arable land in India is affected by soil acidity (Mandal, 1997). Acidic soils limit
crop productivity due to Al and Fe toxicity, low Phosphorus content and other
acidity-related soil fertility and available nutrient problems (Manoj et al., 2012).
Soil pH has a strong correlation with nutrient availability. The availability of
macronutrients for plants is decreased in low-pH soil, which lowers agricultural
output. Although, ashes from the burning of biomass may provide a liming effect
and supply nutrients to the soil, its accumulation on the soil is short lived because
of the loss through erosion. Biochar is not readily susceptible to chemical and
biological degradation because of its aromatic formation and hence can remain in
soil for a long period of time (Singh et al., 2015). Besides increasing the soil pH,
biochar has the ability to enhance soil carbon sequestration, retain soil nutrients,
improves the soil properties and increases crop production (Chan et al., 2007,
Basso et al., 2013; Song et al., 2018, Zheng et al., 2019). The application of
biochar enabled the effective utilization of fertilizers, significantly increasing the
rice yield by 15.3-44.9 % as compared to the sole application of chemical
fertilizers (Zhang and Kwang, 2014; Wang et al., 2015). Zheng et al. (2019) found
an increase in total porosity and air permeability and a decrease in bulk density
and hardness of soil in soils amended with a combination of biochar and chemical
fertilizers as compared to un-amended control. They also reported a significant
increase in rice yield with the combined application of biochar and chemical
fertilizer. A quantitative review of 177 different papers by Jeffrey et al. (2011)
indicated a marginal, yet statistically significant increase by 10% in crop yield as
a result of biochar application to soils. The marginal increase might be because of
the varied biochar feedstock and substrates under different conditions (Schulz et
al., 2013). Moreover, the outcome is liable to differ because of the types of soil,
climate and crop, resulting in slightly negative to highly positive effect on crop
productivity (Liu et al., 2013). There are numerous studies which investigated and
reported the positive effect of biochar on the growth and yield of soybean
(Suppadit et al., 2012; Yooyen et al., 2015) whereas others did not find any
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significant effect on the growth parameters (Sukartono and Sudantha, 2016; Ma et
al., 2019).

2.1.3 Negative impact of biochar on soil and plants

While many researches have shown the beneficial effects of biochar, there are also
several studies which proved the negative effects of using biochar as a soil
amendment especially from biochar that are freshly yielded. This may lead to a
decline in the growth of plants owing to nutrient immobilisation caused
particularly by dissolved organic carbon (DOC) and adsorption of mineral
nitrogen (Nmin) (Ding et al., 2010; Graber and Elad, 2013; Jin, 2010; Taghizadeh-
Toosi et al., 2011). One proposed method to reduce or neutralize any detrimental
impacts of biochar is to supplement freshly created biochar with organic or
mineral nutrients (Alburquerque at al., 2012; Bruun et al., 2011; Gathorne-Hardy
et al., 2009; Joseph et al., 2013). The combined application of biochar with
fertiliser can stimulate plant development, as demonstrated by Chan et al. (2007),
Asai et al. (2009), and Saarnio et al. (2013). However, without fertilisation, a
negative effect may occasionally be seen due to lower bio-availability through
nitrogen sorption (Zavalloni et al., 2011; Case et al., 2012). In another study, a
decrease in vegetable growth was found with increasing application of macadamia
nut (Macadamia integrifolia) charcoal without fertiliser. This is possibly due to
phenolic and other C compounds in the charcoal by inducing microbial
immobilisation and growth (Deenik et al., 2010). Zimmerman et al. (2011) also
reported on the negative C mineralization priming effect of biochar, and they
discovered that the amount of this effect depended on the kind of biochar and the
content of soil organic C (OC). Meanwhile Lentz and Ippolito (2012) observed
that in 2009, biochar had minimal effect on the nutrients contained in maize
silage; however, in the following year, yields and concentrations of TN and S in
silage were reduced. The 2010 yield decreased may be attributed to the decreased
availability or uptake of one or more nutrients, depending on the concentration of
nutrients in the silage corn. Their findings indicate that the delayed impact of

biochar on maize silage N, micronutrient uptake, and yield may indicate two
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possible reasons: either the mechanism was not fully understood until the
amendment had aged, or biochar interacted with an unidentified factor in 2010
that changed its impact on the crop or soil compared to 2009. Time-dependent
characteristics or impacts of soil-applied biochar exist.

The review of literature reveals that although a lot of work has been conducted on
the effect of biochar on soil physical and chemical properties, the role of biochar
on carbon emission reduction, and on crop productivity, the works pertaining the
objectives of the present study are very and far between in Indian context, and
there are substantial gap to our understanding the role played by maize cob and
sugarcane bagasse biochar on soil physical and chemical properties including their
ability to SOC sequestration, carbon forms (labilility level) and effect on growth
and yield of soybean when applied alone and in combination with vermicompost

in the degraded jhum lands.
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Table 2.1. Effect on soil properties based on the literatures

Reference Country Amendment Soil property Results
Mohan et al., India Rice husk biochar and corn Water holding capacity Increased
2018 stover biochar
Jhaetal., 2016 India Leucaena leucocephala Soil EC, Exchangeable Increased, increased,
biochar base cations, exchangeable reduced, reduced
Al content, available P,
Zheng et al., Northeast Rice straw Biochar with Bulk density, soil hardness Decreased
2019 China chemical fertilizer
Carter et al., Cambodia Rice husk biochar Soil pH Increased in both
2013 CEC
Mensah and Ghana Corncob biochar + pH, exchangeable bases, Increased in all,
Frimpong, 2018 compost exchangeable acidity, decreased exchangeable
ECEC, mineral N acidity
Tian et al., 2018 China Corn straw biochar TOC, TN, soil inorganic Increased in all except in
N, pH, available P, available P
available K
Katterer et al., Kenya Acacia spp. biochar Bulk density, water Increased, decreased
2019 holding capacity
Alburqueque et Southern Wheat straw and olive tree Soil field capacity, bulk Increased, decreased
al., 2013 Spain pruning biochar density
Coumaravel and India Cottonstalk biochar + Available N, P, and K, Increased
Maragatham, NPK + FYM + organic carbon
2015 azospirilium
Partey et al., Africa Tectona grandis biochar + Available N, available P, Increased in all
2016 organic fertilizer CEC
Naeem et al., Pakistan Wheat straw biochar + pH, EC, SOC Decreased, increased,
2018 compost + fertlizer increased
Trupiano et al., Italy Orchard pruning biochar + EC, Piot, Pav, Crot Increased in all

2017

olive waste compost
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Table 2.2. Effect on the yield of various crops based on the literatures

Soil type Crop Location Duration of Type Biochar type Biochar rate Major findings Ref
expt. of expt.
Inceptisol Cotton China 3 years Field Corn straw 0-20 t ha +10 to 17.1% (2013); +9.6 to 13.5 % | Tian et al.,
(2014); +8.1 to 18.6 % (2015) 2018
Acrisol Rice Africa 3 cropping | Field Tectona 0-5tha’ Mean grain yield 1.8 t ha” (biochar | Partey et al.,
seasons grandis amended plot); 1.3 t "' (unamended | 2016
plot)
Calcerous Maize China 2 years Field Straw 0-40 t ha +11.9t035.4 % Zhang et al.,
inceptisol 2016
Alfisol Radish Australia 6 weeks Pot Green waste 0-100 t ha™ +95 to +266 % Chan et al.,
2007
Light clay Maize Australia 1 year Field Wood 0-25tha +81t029 % Agegnehu et
al., 2016
Calcerous Maize China 2 years Field Wheat straw 0-40 t ha™ +11.9 % (2011); +35.4 % (2012) Zhang et al.,
inceptisol 2015
Oxisol Beans Colombia 75 days Pot Eucalyptus 0-90 g kg +39 % (biomass increase at 60 g kg' | Rondon et
deglupta "); biomass decrease to the level of | al., 2016
control at 90 g kg™
Andisol and | Lettuce u.S 4-6 weeks Greenhous | Macademia nut | 0-20 % | -22.5 and -73.2 % decline in lettuce | Deenik et al.,
Ultisol and corn e/ lab shell (w/w) dry matter (DM) production at 10 and | 2010
20 % w/w, respectively; - 45 and -39
% decline in corn DM production at
10 and 20 %, respectively
Ferrosol and | Radish, Australia 42-56 days | Pot Waste wood | 48.6%; 69.3 | Increased radish biomass production | van Zwieten
Calcarosol wheat, chips % for both biochars in the ferrosol and | etal., 2010
soybean increased biomass for biochar 2 in the
calcarosol; 2.5-fold increase in wheat
biomass production in the
biochar+fertiliser treatment in the
ferrosol; significant decrease in the
wheat and radish biomass production
Xanthic Oryza Brazil 2 yearss Field Charcoal 11 mgha Highest cumulative grain yield (12.4 | Steiner et al.,
ferralsol sativa L. mg ha™) and stover production (14.2 | 2007
and mg ha') in charcoal + chicken

Sarahiim

manunre
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Oxisol Maize Colombia 4 years Field Wood 0-20 tha™ +28 t ha”' (2004); +30 t ha' (2005); | Major et al.,

+140 t ha (2006) 2010
Inceptisol; Rice Colombia 10 weeks Greenhous | Eucalyptus 25.5 and 45.5 | +294 %, +800% total grain increase | Noguera et
Oxisol; e deglupta g/dry kg of | in biochar amended and | al.,2020
Grassland soil biochar+earthworm amended soil; -
oxisol 21% decrease in sole earthworm

amended soil
Laotian Rice Laos 1 year Field Teak and | 0-16 tha Higher grain yield in Dbiochar | Asai et al.,
paddy rosewood amended sites with low P availability; | 2009

highest rate (16 t ha) cause N

limitation resulting in low grain yield
Sandy clay | Wheat Australia 2 years Field Oil mallee 0-6tha Enhanced tillering biomass at low | Solaiman et
loam fertliser rate; +18 % increase in plot | al., 2010

banded with 6 t ha™ and 30 kg/ha
soluble fertlisers
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3.1 Study site

Mizoram is the 23rd state of India located at 21°58’ to 23°35° N latitude and 92°15’ to
93°29’ E longitude. It is surrounded by Tripura, Assam and Manipur in north-frontier
regions; Bangladesh in west; and Myanmar in east and south. The altitudinal range of
Lushai hills varies from 21 to 2157 m above the mean sea level (average 920 m) with
an annual rainfall of 2000-3200 mm. During winter, the temperature varies from 11-
21°C; and in the summer, it varies between 20-29 °C. The entire area is under the
direct influence of the South-West monsoon with heavy rainfall from May to
September. The soils of Mizoram are dominated by sedimentary formation. The soils
in the hills are highly acidic with pH ranging from 4.5 to 5.5, whereas the soils in
alluvial deposits are less acidic in nature. The present study was carried out in a jhum
fallow under Sakawrtuichhun village, Aizawl district of Mizoram. The site has been

left fallow since 2015.The soil of study site falls under sandy loam textural class.
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Figure 3.1. Map of India showing the location of the study area.
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3.2 Climate

Mizoram's Aizwal district is located in the northeastern region of the state. It is
bordered to the north and northeast by the Mizoram district of Kolasib and a portion
of Manipur, to the south by the Serchip district, to the east by the Champhai district,
and to the west by the Mamit district. It is 3,576.3 square kilometres in size. There
are five different numbers of blocks that make up the district. The district has a
tropical humid climate with chilly summers and frigid winters. The typical range of
winter temperatures is 11° to 13° C. However, there isn't any snow throughout the
winter. The annual rainfall average is 2,794 mm, while the normal amount is 2,216
mm. The monsoon season, which runs from early May to late September, is what
causes the rains (Central Ground Water Board North Eastern Region Ministry of

Water Resources Guwahati).
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Figure 3.2. Monthly rainfall in Aizawl during 2018 and 2019.

Source: Directorate of Economics & Statistics, Planning & Programme
Implementation Department,Government of Mizoram.
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Figure 3.3. Maximum and minimum Monthly relative humidity in Aizawl during
2018 (a) and 2019 (b).

Source: Directorate of Economics & Statistics, Planning & Programme
Implementation Department, Government of Mizoram.
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3.3 Soil

The Aizawl soils are characterised by extremely deep, dark yellowish to dark brown,
extremely acidic surfaces and subsurfaces, clay loam to clay, well-drained, hillside
slopes with significant erosion. Due to the existence of Umbric epipedon and Cambic
horizon, the soils and pedons of Aizawl were classified as Inceptisols and Ochrepts
suborder. Its thickness is less than 25 cm, and its temperature regime is warmer than
mesic. The pedons are classed as belonging to the Dystrochrepts soil group since
their base saturation (BS) is less than 60% and they have an udic soil moisture
regime. Because of their fairly deep, deep to hard rock and decreasing organic carbon
content with depth, the soils of Aizawl are classified as belonging to the Typic
subgroup. In general, the soils in Aizawl's various profiles range from moderate to
moderately acidic (pH 4.56 to 6.08), and they also experience moderate to severe soil

erosion (Colney and Nautiyal, 2013).
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4.1 Introduction

Biochar can be prepared from a variety of feedstock such as crop residues, forest
residues, algae, sewage sludge, and manure (Duku et al., 2011). The properties of
biochar such as pH, Cation Exchange Capacity (CEC), ash content, volatile matter
content, particle size and surface area greatly depend on the pyrolysis methods and
the parent material used. Biochars from different feedstock sources or pyrolysis
methods differ in pore size, pH, CEC, surface area and charge, etc. (Ahmad et al.,
2012) and, therefore, behave differently in contrasting soils owing to their varying
adsorption behavior and biological activity (Fungo et al., 2014). Woody feedstocks
produce small amounts of ash (<1% by weight), whereas biomass with high mineral
contents, such as grass, grain husks and straw residues, produce high ash biochar
(Demirbas, 2004). On the other hand, biochar yield from the same feedstock depends
on the conditions of pyrolysis temperature, heating rate, time and particle size (Uzun
et al., 20006; Tsai et al., 2007). Three by-products such as bio-oil, syngas and biochar
are produced depending on the temperature and speed of pyrolysis (Peter, 2007;
Laird, 2008). Biochar produced per unit biomass is higher when the pyrolysis
temperature is lower while higher temperature pyrolysis produces more syngas
(Peter, 2007). Likewise, fast pyrolysis, produces 60% bio-oil, 20% biochar and 20%
syngas; while slow pyrolysis produces about 50% biochar. According to Lehmann
and Joseph (2009), biochar and charcoal are differentiated based on their intended
uses: biochar is intended for carbon sequestration and environmental management,
whereas charcoal is used for energy and fuel. Another type of char is the hydrochar
which is yielded from hydrothermal carbonization of biomass (Libra et al., 2011).
Hydrothermal (wet) biomass carbonisation under pressure is used to make hydro
chars, whereas dry biomass (up to 10% moisture) is typically used to produce
carbonisation, pyrolysis, or gasification biochar. Biochar is distinctively
differentiated from other organic matter due to the greater percentage of aromatic C
and compact aromatic configurations, as compared to other aromatic configurations
of soil organic matter, such as lignin (Schmidt and Noack, 2000). The
microbiological diversity and taxonomy of the soil may vary as a result of the
physical and chemical characteristics of biochar, which can also shield
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microorganisms from predators and desiccation and change the soil's nutrition and C
content (Lehmann et al., 2011). Biochar produced by low pyrolysis temperature is
distinguished by a considerable amount of unstable matter that consists of easily
degradable surface which enhances the growth of plants (Robertson et al., 2012;
Mukherjee and Zimmerman, 2013). Whereas, biochars produced from high
temperature pyrolysis have a large surface area and aromatic carbon content, thereby
increasing the adsorption ability, which can be favorable for bioremediation and also
increases the sequestration potential of carbon (Lehmann et al., 2007)? Additionally,
large specific surface area, high concentration of surface functional groups, pH, and
porosity are its typical characteristics (Hernandez-Mena et al,. 2014; Lehmann et al.,
2011). Hernandez-Mena et al. (2014) demonstrated the high porosity of biochar, with
longitudinal pores varying in size from micro- to macropores. The ultimate effect of
biochar on soil is greatly influenced by the type of feedstock since its properties are
determined by the nature of the original material. For example, manure-based
biochars have higher cation exchange capacity as compared to wood-based biochars
(Singh et al., 2010) whereas soil applied with wood chip biochar exhibited greater
saturated hydraulic conductivities as compared to soil treated with manure biochar
(Lei and Zhang, 2012).

The objective of this chapter is to examine the physical and chemical
properties as well as the surface morphological characteristics and functional groups

present in the two biochar utilized in this study.

4.2 Materials and Methods

4.2.1 Preparation of biochar

The feedstock were collected, sun dried while retaining at least 10% of the moisture
and cut into uniform sizes. Biochar was prepared separately for each feedstock using
drum retort method proposed by NICRA, Central Research Institute for Dryland
Agriculture, Hyderabad. The feed stocks were burned separately by slow pyrolysis at
about 300°C for about 2.5 h. Water was poured into the drum until self-lighting and

combustion ceased. After the biochar was taken out, it was grounded and made to

31



pass through 2mm sieve prior to applying it on the field. The yield of biochar was

calculated using the following Equation (1):

weight of biochar converted after pyrolysis (kg)

Conversion efticiency (%) = X 100 (1)

weight of feedstock used for pyrolysis (kg)

4.2.2 Physical and chemical analysis of biochar:

4.2.2.1 Determination of pH

Biochar pH was measured by using 1:20 solid: solution ratio (deionised water; DIW)
ratio after shaking the suspension on a mechanical-shaker for 90 min in deionized
water (Rajkovich et al., 2012). After this, samples were allowed to stand for 30 min
and then pH was measured using a calomel electrode—glass electrode system. The pH

meter was calibrated using buffers of pH 7 and 10.

4.2.2.2 Determination of EC

EC was also measured by using 1:20 solid: solution ratio (deionised water; DIW)
ratio after shaking the suspension on a mechanical-shaker for 90 min in deionized
water (Rajkovich et al., 2012). After this, samples were allowed to stand for 30 min

then EC was measured using a pre-calibrated EC meter.

4.2.2.3 Determination of moisture content

The thermal drying method proposed by Rengaraj et al. (2002) was utilised to
determine the biochar samples’ moisture content. 1 g of each biochar sample was
measured in triplicate and put in a dried crucible and weighed after which the
crucibles were placed in an oven at 105 °C and the sample was dried for 4 h till a
constant weight was achieved. The moisture content was obtained by calculating the

difference between the initial and final mass of the carbon as shown in Equation (2).

. Loss in weight on dryin
Moisture content (%) = Y Ying (9)

x 100 2)

initial weight (g)
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4.2.2.4 Determination of ash content

To determine the ash content, crucibles were weighed after pre-heating it to about
500 °C and cooled in a desiccator. 1 g of each of the biochar sample was placed in
the crucibles, re-weighed, and then placed in the furnace at 500 °C for around 1 hour
30 min. Then the crucibles were allowed to cool in a desiccator to room temperature
(30 °C) and their weights taken again. The ash content was computed as shown in

Equation (3).

Weight of biochar ash(g)

Ash content (%) =
(/0) Weight of biochar used for heating (g)

X100  (3)

4.2.2.5 Determination of volatile matter
To determine the volatile matter, 1.0 g of each sample was heated for 10 minutes at

500 °C. The volatile matter was calculated as shown in Equation (4).

Weight of volatile component (g) % 100 (4)

Volatile matter (%) = Oven dry welght (@)

where volatile weight is the difference in weight before and after heating of the

samples.

4.2.2.6 Determination of fixed carbon
The fixed carbon was calculated as shown in Equation (5)

Fixed carbon (%) = 100- (ash % + volatile matter %) (5)

4.2.2.7 Determination of CEC

A known quantity of pulverized samples was burnt for 6 hours in the muffle furnace
at 760 °C to determine the nutrient contents such as Ca, Mg, Na and K. The ash
obtained was mixed with HCL, diluted with deionized water and kept for further
nutrient analysis. The determination of sodium and potassium was done by using
flame photometer whereas atomic absorption spectrophotometer was used for
determining Mg. Cation exchange capacity (CEC) of soil was calculated by summing

the base cations Ca, Mg, Na and K (Antonangelo et al., 2024).
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4.2.2.8 Determination of biochar surface morphology

To determine the surface morphology of biochar, Scan Electron Microscope (JEOL
Model JSM -5910 SEM) at 20 kV imaging at various magnification levels was
employed (Al-Wabel et al., 2013) and the images were obtained by using the
proprietary JEOL software.

4.2.2.9 Fourier Transform Infra-Red Spectroscopy (FT-IR)
Biochar samples derived from different agricultural residues were analyzed on FTIR

(IRAffinity-IS, Shimadzu) and the values were expressed in cm’™.

4.3 Results and Discussion

Table 4.1 demonstrates the acquired result of pH, EC and CEC of the two biochar
namely sugarcane bagasse biochar and maize cob biochar. The pH of the two biochar
examined were found to be alkaline with the pH value of sugarcane bagasse biochar
slightly higher (8.97) than maize cob biochar (8.52). These results are in accordance
with previous studies which indicated that dry biochar produced by slow pyrolysis
are usually alkaline in nature (Inyang et al., 2010; Enders et al., 2012). According to
Lehmann and Joseph (2015) and Yuan and Xu (2011), the partial burning of various
carbon-based biomass results in the production of extremely alkaline biochar with a
sizable quantity of carbonaceous portion. It may be noted that the pH of biochar
varies with the nature, the content and mineral constituent of the feedstock used, and
the pyrolysis condition which is employed for its production (Chan and Xu, 2012;
Singh et al., 2010). Similarly, the EC of sugarcane bagasse biochar was found to be
slightly higher than maize cob biochar with 1.74 dSm™ and 1.25 dSm’', respectively.
Previous literature contains reports of biochar EC values ranging from 0.04 dSm™
(Rajkovich et al. 2012) to 54.2 dSm™ (Smider and Singh, 2014). Like pH, the
feedstock and pyrolysis temperatures affect the EC of biochar samples. Higher
pyrolysis temperature typically results in biochar with higher EC values (Cantrell et
al., 2012; Claoston et al., 2014; Rehrah et al., 2014). This phenomenon has been
ascribed to the rising concentration of residues or ash resulting from the pyrolysis

process's loss of volatile material (Cantrell et al., 2012). According to Rehrah et al.
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(2014), variations in the ash levels of biochar made from various feedstock have
been linked to variations in their EC. There are variations within each of these major
categories, although biochars made from wood and paper waste often have lower EC
values than biochar made from manure (Singh et al., 2010; Rajkovich et al., 2012).
For instance, biochar made from feedlot and dairy dung exhibited lower EC values
than biochar made from poultry litter, according to Cantrell et al. (2012). Both the
biochar investigated had low CEC values. The CEC estimates for biochar in the
literature vary widely; they typically fall between 5 and 50 cmol (+) kg™ (Agegnehu
et al., 2016; Berek and Hue, 2016; Budai et al., 2014; Gamage et al., 2016; Nelissen
et al., 2015; Singh et al., 2010; Song and Guo, 2012) and even up to 69 to 204 cmol
(+) kg™ (Lou et al., 2016; Mukherjee et al., 2011; Pandit et al., 2018; Yuan et al.,
2011). These estimates of the wide range of CEC values could be attributed to many
factors influencing the surface characteristics of biochar, including feedstock and
charring temperature (Budai et al., 2014; Suliman et al., 2016). It could possibly be
related to analytical method errors that have not been adequately addressed yet. The
probable sources of error in the CEC assessment of biochar were outlined in a
previous study (Graber et al., 2017). These sources could be related to the biochar's

intrinsic hydrophobicity, porosity, or presence of ashes.

Table 4.1. pH, EC and CEC of SBB and MCB

Characteristics SBB MCB

pH 8.97 (+0.02) 8.52(+0.03)

EC (dSm™) 1.74 (£0.02) 1.25 (+0.04)
CEC (Cmolc/kg) 4.05 (£0.05) 4.36 (£0.04)

SBB-sugarcane biogases biochar; MCB-maize cob biochar, EC-electrical
conductivity, CEC-cation exchange capacity

4.3.1 Yield and Proximate analysis of biochar

The yield and proximate analysis of the biochars are displayed in Table 4.2. The
biochar yield attained from SBB was more than that attained from MCB. According

to Behera et al. (2020), biomass with high lignin content, such as sugarcane bagasse
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typically yields more biochar. In particular, the amount of lignin and inorganic
components like ash and fixed carbon have a significant impact on the biomass’s
biochar output (Cheng and Li, 2018). Although, our study did not investigate the
lignocellulosic composition of the two biochars used, findings from previous studies
have reported higher lignin content in sugarcane bagasse as compared to maize cob
(Prasad et al., 2007; Oni et al., 2019). In addition, the biomass growing conditions,
age, location, harvesting method, and time of year are likely to have an impact on the
biochar yield. Furthermore, the primary determinants of biochar's quantitative and
qualitative yield, as well as its product composition, are the production temperature
and the type of feedstock (Guida and Hannioui, 2017; Zhao et al., 2017). In fact,
temperature influences the properties of biochar more so than heating rate and
residence time (Zhao et al., 2018). Behera et al. (2020) reported a larger yield of
biochar when the lignocellulosic material is heated at a lower temperature than at a
higher temperature which can be attributed to the fact that biochar breaks down at
temperatures higher than 500 °C. They observed that at 600 °C, the production of
sugarcane bagasse biochar dropped precipitously from 56.27 weight per cent at 300
°C to 18.30 weight per cent at 600 °C.

The proximate analysis of biochar comprises of the volatile matter, moisture,
ash, and fixed carbon content. From our result, it is observed that except for fixed
carbon, sugarcane bagasse biochar possessed greater ash, moisture, and volatile
matter content than maize cob biochar. The gradual concentration of inorganic
components and the loss of other elements during pyrolysis are typically the causes
of the increase in ash, which is the inorganic fraction that cannot be volatilized or
destroyed by combustion (Hadey et al., 2022). Meanwhile, the greater fixed carbon
content in maize cob biochar is probably due to the increased loss of volatile matter
(Crombie et al., 2013).
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Table 4.2 Yield and Proximate composition of SBB and MCB

Characteristics SBB MCB
Yield (%) 27.57 23
Ash content (%) 9.01 (£0.19) 6.33 (£0.14)
Moisture (%) 4.71 (£0.35) 3.10 (+0.23)
VM (%) 38.29 (+1.44) 36.18 (£2.82)
FC (%) 44.38 (+1.98) 48.29 (£2.75)

SBB-sugarcane biogases biochar; MCB-maize cob biochar

4.3.2 Surface morphological analysis of biochar

Following the carbonisation of biomass, structural differences in terms of porosity
in char particles can be investigated using SEM imaging. SEM micrographs of the
two feedstocks and the biochars are given in Figure 4.1. The pore structure and pore
size of the two feedstocks before and after conversion to biochar shows a
significant difference. Ozgimen and Ersoy—Mericboyu (2010) suggest that
comparing the photos of biochar and its raw feedstock could help us comprehend
the morphological changes that occur during the carbonisation stage. With many
pores of various diameters, both biochars have a very heterogeneous and
complicated structural makeup. However, the MCB showed uneven particle sizes
and shapes as well as a rougher, more heterogeneous surface than the SBB which
may be attributed to devolatilization during pyrolysis process confirmed by low
values of volatile matter detected for maize cob biochar samples (Table 4.2). The
degree of devolatilization is influenced by the densities, porosities, and pore
structure of the biochar generated. Many hollow channels were seen on the surfaces
of the biochar made from sugarcane bagasse and maize cob. It is probable that these
porous structures will offer a large internal surface area, the capacity to adsorb
inorganic nutrients and soluble organic matter, as well as an ideal environment for
microorganisms like arbuscular mycorrhizal fungus and bacteria. In addition to

causing shrinkage, melting, and cracking, the slow pyrolysis that was the focus of
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this study also released hemicellulose, lignin, and volatile organic matter, all of

which increased the materials' porosity.
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Figure 4.1. Scanning electron micrograph (SEM) images of sugarcane bagasse
(a), sugarcane bagasse biochar (b), maize cob (c) and maize cob biochar (d).
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4.3.3 FTIR analysis of biochar

Functional groups identified from the FT-IR spectra for the two biochar were also
investigated in this study (Figure 4.3). Four primary bands at wave numbers 3250-
3550 cm'l, 2920 cm'l, 1710 cm'l, and 1620 cm’ distinguished the biochar's spectra
for SBB. In contrast, the biochar's spectra for MCB showed that there were just two
main bands, located at 1710 and 1620 cm', respectively. Broad bands at 3250-3550
cm’ are indicative of O-H stretching (Wu et al., 2012), whereas aliphatic C-H,
carbonyl (C=0), and C—C absorption bands were assigned to the bands at 2920 cm
(Li et al., 2016), 1710 cm ', 1710 cm ', and 1620 cm ', respectively. In contrast to
SBB, it was discovered that the degree of O-H stretching in MCB was less
noticeable. The stretching vibrations of metal-halogen in both organic and inorganic
halogen compounds are responsible for the bands below 600 cm™ (Hossain et al.,
2011). Tack—Keun et al. (2012) stated that the biochar have the potential to improve
the soil's adsorbent ability and cation exchange capacity due to the presence of

functional groups like carboxyl and hydroxyl groups.
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Figure 4.2. FTIR spectra of sugarcane bagasse biochar and maize cob
biochar
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4.4 Conclusion

Different physical and chemical properties were observed in the biochar made from
sugarcane bagasse and maize cob validating the existing theory that biochar
characteristics are influenced by the feedstock type. The results show that the pH of
the two biochar examined were found to be alkaline and therefore have the potential
to be used as a soil amendment to increase the pH of the soil in acidic soil. Similarly,
the surface morphology between the two biochar also varied implying that the
structural properties of biochar is also dependent on the biomass used. From the
SEM macrograph of the two biochar, it is evident that numerous macropores are
dispersed on the surface which indicates its potential to act as an appropriate
adsorbent and creates an environment that is conducive to the growth of soil
microorganisms. The utilisation of biochar may offer a potential solution to the main
issue of managing and disposing of the waste biomass, as the pyrolytic process

reduces the volume of waste biomass.
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5.1 Introduction

Policy makers and researchers in India have historically placed greater emphasis
on the chemical health of the soil than on the physical and biological health of the
soil in an effort to increase crop productivity (Acharya et al., 1998). Research has
demonstrated, however, that crop output ultimately depends on the soil's
biological and physical condition in addition to its productive capacity (Acharya
et al., 1998; Ghosh et al., 2012). Based on estimates, the amount of accessible
nutrients (NPK) in India that come from organic sources is five million tonnes
(mt) per year, and by 2025, it is predicted to rise to 7.75 mt (FAO, 2005). But
because cattle dung is also used for other household needs, such as firewood and
plastering kachha homes, its availability as a traditional source of organic soil
amendment has significantly declined over time. FAO (2005) reports that in the
early 1970s, 70% of all cattle manure that was available was used to fertilise
crops; by the early 1990s, that percentage had dropped to 30%. In addition, in
2005, farmyard manure application rates were significantly lower—about 2 tonnes

per hectare—than the recommended rate (10 tonnes per hectare) in the soil.

Soil possesses various physical qualities, such as the structural cohesiveness that
aids in its resistance against erosion and the electrostatic forces that link its
microscopic particles. Among these qualities are bulk density (BD), porosity,
aggregate stability, penetrability, tensile strength, and its hydrological
properties—that is, how it takes in, holds, and releases water. It directly affects
the chemistry and biology of soils and regulates how easily plant roots can get
into the soil to absorb water, oxygen, and nutrients. Particle size distribution
(texture), or the proportions of clay, silt, and sand relative to one another, as well
as the quantity and quality of SOM, are the elements that affect these qualities.
The physico-chemical characteristics of low-quality soils can be remediated by
applying biochar as a soil conditioner (Boivin et al., 2009; Liang et al., 2006),
which can result in higher crop yield in situation where the crop growth is
restricted by the properties of the soil (Lehmann et al., 2003; Peng et al., 2011;
Steiner et al., 2008; Van Zweiten et al., 2010). The highly porous nature of

biochar can modify numerous physical properties of soil comprising bulk density
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(Laird et al., 2010; Lei and Zhang, 2013; Sun and Lu, 2014), total porosity (Abel
et al., 2013; Oguntunde et al., 2008; Verheijen et al., 2010), pore-size distribution
(Devereux et al., 2012; Hardie et al., 2013; Major et al., 2009), water retention
(Auerswald et al., 2003; Major et al., 2009; Rawls et al., 2003), water-holding
capacity (Atkinson et al., 2010; Basso et al., 2013; Jones et al., 2010) and
aggregate stability ( Jones et al., 2010; Tejada and Gonzalez, 2007; Verheijen et
al., 2010). Besides modifying the physical properties of soil, the sole application
of biochar or in combination with organic matter can enhance the productivity of
crops as well as soil microbes (Xu et al., 2012; Singh et al., 2017). The fertility of
soil in agroecosystem as well as forest ecosystem can be indicated by the presence
of soil microbial biomass implying that greater the soil microbial biomass, greater
the soil fertility (Khodadad et al., 2011). Due to the porous structure and large
surface area of biochar, it can harbour thousands of soil microbes and protect
them from soil predators (Yadav et al., 2017). Moreover, by interacting with
minerals, microorganisms, and soil organic matter (SOM), biochar can influence
soil aggregation. This can impact the rate of infiltration (Asai et al., 2009;
Brockoff et al., 2010) as well as saturated hydraulic conductivity (Asai et al.,
2009; Uzoma et al., 2011). The depth and density distribution of plant roots can
be modified due to change in physical properties brought about by the addition of
biochar (Devereux et al., 2012; Brunn et al., 2014). As a result, the plants’
capacity to take up water and soluble nutrients from the soil is altered (Devereux
et al., 2012). Another important function of biochar is the prevention of nutrient
leaching (Hussain et al., 2016).

We hypothesized that (i) application of biochar will have a significant positive
effect on soil physical and chemical properties, (ii) biochar co-applied with
vermicompost will have a greater benefit on soil as compared to the sole biochar

application.
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5.2 Materials and Methods
5.2.1 Experimental layout

A randomized block design with three replicates and 8 treatments was established
for a total of 24 experimental plots. The treatments were untreated control (T0),
vermicompost at 5t/ha (T1), sugarcane bagasse biochar at 5t/ha (T2), Maize cob
biochar at 5t/ha (T3), vermicompost + sugarcane biochar (T4) at 2.5 t/ha each,
vermicompost + maize cob biochar at 2.5 t/ha (T5), sugarcane biochar + maize
cob biochar at 2.5 t/ha (T6), vermicompost + sugarcane biochar + maize cob
biochar at 1.66 t/ha each (T7). The experimental plot was constructed with the
size of 2m x 1.5 m and a buffer zone of 0.5 m was maintained between each

treatment rows to reduce any external effect.
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5.2.2 Soil sampling:
5.2.2.1 Initial soil characterisation

Prior to sowing, soil samples were collected from each plot at two soil depths i.e.,
0-15 cm and 15-30 cm. The soil samples were packed in the polythene bag and
brought to the laboratory, air dried, grounded and passed through 2 mm sieve for

analyzing their physico-chemical properties.
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5.2.2.2 Seasonal soil characterisation

Soils samples were collected twice each season viz. before sowing and after
harvesting soybean. The soil samples were collected from each plot at two soil
depths i.e., 0-15 cm and 15-30 and immediately transferred to the laboratory,
mixed uniformly, and sieved at field moist state within three days. A portion of the
samples were air-dried and sieved to a size of 2 mm for further laboratory

analysis.

5.2.3 Laboratory analyses:

5.2.3.1 Bulk density

The soil bulk density was determined using the soil core method (Blake and
Hartage, 1986). Undisturbed soil core samples were collected using a stainless-
steel coring pipe from each plot at 0-15 and 15-30 cm depths. Soil cores were
collected and oven dried at 105 ° C for 24 hours. Bulk density was calculated by

dividing the mass of oven dried soil by the core volume.

5.2.3.2 Soil moisture content

Moisture content was determined by oven drying method (Anderson and Ingram,
1989) 100 g of soil sample from each plot by oven-drying (65° C) until constant

weight is reached, and soil moisture content was calculated as

. . weight of fresh sample—weight of oven dried sample
Soil moisture content (%) = —— i £ 2= %100
weight of oven dried sample

5.2.3.3 Soil texture

The percentage of sand, silt and clay in the inorganic fraction of soil using
hydrometer method (Bouyoucos, G.J. 1962). This method is based on Stoke’s law
governing the rate of sedimentation of particles suspended in water. The sample is
treated with sodium hexametaphosphate to complex Ca™, A13+, Fe3+, and other
cations that bind clay and silt particles into aggregates. Organic matter is
suspended in this solution. The density of the soil suspension is determined with a

hydrometer calibrated to read in grams of solids per liter after the sand settles out

46



and again after the silt settles. Corrections are made for the density and

temperature of the dispersing solution.
5.2.3.4 Soil pH

Soil pH was measured by using 1:2.5 solid: solution ratio (deionised water; DIW)
ratio after shaking the suspension on a mechanical-shaker for 90 min in deionized
water (Rajkovich et al., 2012). After this, samples were allowed to stand for
30 min and then pH was measured using a calomel electrode—glass electrode
system. The pH meter was calibrated using buffers of pH 7 and 10.

5.2.3.5 Available Nitrogen

Available Nitrogen was determined by the Alkaline permanganate method

(Subbiah and Asija, 1956)

(S-B) x 0.00028
20

Available N (kg/ha) = x 10° x2.24

Where S and B stands for the titre values of sample and blank, respectively.

The factor 0.00028 is arrived at by considering the following simple
equation:

2NH4OH + HZSO4 = (NH4)ZSO4 + 2H20
Or 98 g of H,SO4 (or 1L of 2N H,SO4) =28 g N
Or 1 ml of 0.02 N H,SO4 = 0.00028 g N

5.2.3.6 Available Phosphorus

Soil available phosphorus was determined by Bray’s P-1 (Bray and Kurtz, 1945).

Q XV x 2.24 x10°
A XS x 106

Available P (kg ha-') =
Where, Q = quantity of P in ug read on X- axis against a sample reading
V = volume of extracting reagent used (ml)

A = volume of aliquot

S = weight of sample (g)
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5.2.3.7 Available Potassium

Soil available potassium was determined by normal neutral IN ammonium acetate

extractant, adjusting pH 7.0 with using of flame photometer (Jackson, 1973).
5.2.3.8 Microbial Biomass Carbon

Microbial biomass Microbial biomass carbon (MBC) was estimated by the
commonly used technique, i.e., the fumigation-extraction method. 10 g of soil was
fumigated for 24 h at 25 °C with pure ethanol-free chloroform (CHCls). The
samples were then added with 50 mL 0.5 M potassium sulfate (K,SO4) for 1/2 h
on a horizontal shaker at 200 rev per minute. The suspensions were then filtered
by a filter paper (Whatman No. 42). Similarly, 10 g of soil was extracted for non-
fumigation at the same time (Brookes et al. 1985). SOC in the extracts was
measured by the titration technique. Then MBC was determined as microbial

biomass C = (C fumigated — C non-fumigated) X 2.64.
5.2.3.9 Soil organic carbon content

Soil organic carbon content was estimated through Wet digestion or rapid titration
method (Walkey and Black method) following standard procedures described by
Ravindranath and Madelene (2008). It was calculated using the following

equation:
SOC (%) =[(X-Y)/2 x 0.003 x 100]/ S
Where,
Weight of the sample = Sg
Volume of FAS used in the blank= Xg
Volume of FAS used to oxidise SOC =Yg
Normality of FAS =N
Volume of 1 N K2Cr207 used for oxidation of carbon = (X-Y)/2

1 ml of 1 N K2Cr207 = 0.003 g SOC
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5.2.3.10 CEC of soil

Soil CEC was determined by a modified ammonium acetate compulsory
displacement method (Gaskin et al., 2008). Briefly, 2.0 g of soil were leached with
five portions of 20 mL deionized water to remove excess of salts with vacuum
filtration and a 0.45 pm pore size filter. In sequence, samples were washed with a
1.0 mol L™ sodium acetate (pH 8.2) three times, followed by five portions of 20
mL ethanol to remove free (not-adsorbed) Na” ions. Samples were then washed
with 20 mL of 1.0 mol L™' ammonium acetate four times to displace the Na* on
the exchangeable sites of the soil. The leachates were collected and stored in a 100
mL volumetric flask, and Na' contents in leachates were determined by flame

photometry. The CEC

corresponds to the amount of Na" displaced per unit mass of soil or kg C in the

biochar, expressed in cmolc kg .
5.3 Statistical analyses

Using a one-way analysis of variance (ANOVA), the software SPSS 20.0 (SPSS
Inc.) was utilised to investigate significant variations in the soil physical and
chemical properties among different treatments.

5.4 Results and Discussion

The initial physico-chemical properties of the experimental site are presented in
Table 5.1. The sandy loam soil has low pH and SOC, moderate bulk density and
OM content and low level of available of P, while available N and available K

content were fairly moderate.
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Table 5.1. Some selected physico-chemical properties of soil measured before the

experiment
Soil depth (cm)
Parameters 0-15 15-30
oH 429 4.85
SMC (%) 24.39 26.19
BD (g/cm’) 0.94 1.03
SOM (% 4.51 4.4
SOC (%) 1.63 1.27
Available N (kg/ha) 303.25 286.12
Available P (kg/ha) 8.93 7.86
Available K(kg/ha) 65.20 48.38
Textural class Sandy loam

Table 5.2 and 5.3 shows the effect of biochar on bulk density and moisture content of
soil. In the first year, soil bulk density was found to be significantly different
between the biochar amended and un-amended control plot at 0-15 and 15-30 cm
before sowing but after harvest, no significant differences were observed. Similarly,
no statistically significant difference were found among the treatments in the second
year. In addition, bulk density was found to be higher in the subsoil than in the top
soil. Because the bulk density of biochar is significantly lower than that of mineral
soils, applying biochar may result in a decrease in the bulk density of the soil by
increasing the volume of soil per unit weight. Also, owing to its high porosity,
biochar is anticipated to alter the bulk density and other physical characteristics of
soil (Jones et al., 2010; Devereux et al., 2012; Lei and Zhang, 2013; Sun and Lu,
2014). According to Tammeorg et al. (2014), biochar application on sandy textured
soils over time under field conditions has been shown to reduce soil bulk density and
enhance porosity. Due to the resistant nature of biochar to decompose, the results of
this and other research indicate that the effects of applying biochar under field
settings may not materialise within a short period of time. Meanwhile, biochar
application had no effect on soil moisture content at all times of sampling during the
course of experiment. Considering all that has been mentioned thus far regarding

biochar’s capacity to increase water holding capacity, one may anticipate that SMC
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would be higher in the majority of soils that BC has been applied to, except for
saturation. This could, however, rely on whether a significant percentage of the BC
particles, to which a large amount of the available water may be bound, were present
in the samples that were collected. Another plausible explanation may be due to the
hydrophobic nature of biochar produced by low temperature pyrolysis. Low
temperature biochar surfaces have the potential to be hydrophobic, which could
decrease the amount of soil water that is retained (Sohi et al., 2009).

Table 5.2. Soil bulk density and moisture content of soil at two sampling times in
2018

Sampling | 1 oo BD (g/cm®) MC (%)

time 0-15 15-30 0-15 15-30
TO 0.83+0.02%° 0.87+0.01° 29.06+1.35° | 29.50+1.11°
T1 0.78+0.01" | 0.85+0.02%* 26.95+2.56° | 26.69+3.57°
T2 0.76+0.02° 0.81+0.04™ 30.69+1.31° | 29.54+0.55°
Before T3 0.78+0.01* | 0.82+0.01°™ 28.87+0.48° | 28.16+0.76°
sowing T4 0.76+0.01° 0.79+0.02¢ 29.11+1.14* | 27.51+0.79°
T5 0.77+0.01° 0.86+0.02%° 30.21+1.98° | 29.14+1.80°
T6 0.80+0.01° | 0.81+0.03% 29.15+2.00* | 29.60+3.91°
T7 0.78+0.01* | 0.82+0.01°™ 31.51+1.75* | 29.50+1.14°
TO 0.81+0.01° 0.85+0.01° 11.28+0.37° | 11.43+0.16°%
T1 0.7620.02° 0.83+0.01° 11.52+41.60° | 11.66+1.37°
T2 0.75+0.01° 0.80+0.02° 12.144052% | 12.27+.79%
After T3 0.76+0.01° 0.80+0.04° 11.1241.24* | 11.09+0.97°
harvest T4 0.75+0.01° 0.78+0.03° 11.36+1.22° | 11.49+1.03°
T5 0.76+0.02° 0.84+0.01° 12.05£1.29° | 12.20+0.94%
T6 0.78+0.02° 0.80+0.02° 11.2240.23% | 11.34+2.38°
T7 0.77+0.02° 0.80+0.01° 12.58+0.89° | 12.79+0.83°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). Ty- control, T;-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ty-
vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.
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Table 5.3. Soil bulk density and moisture content of soil at two sampling times in

2019
Sampling Treatment BD (g/cm®) MC (%)

time 0-15 15-30 0-15 15-30
TO 0.80+0.03° 0.87+0.01% | 29.87+1.17° | 24.97+5.23°
T1 0.78+0.02° 0.83+0.04%® | 24.97+0.45° | 28.65+0.94°
T2 0.79+0.01° 0.83+0.03® | 28.65+2.58% | 26.64+6.64°
Before T3 0.79+0.03° 0.82+0.03® | 26.64+0.94* | 30.02+3.56°
sowing T4 0.7620.02° 0.78+0.01° | 30.02+0.54° | 25.24+0.90°
T5 0.7620.01° 0.81+0.05® | 25.24+153% | 27.58+2.81°
T6 0.79+0.03" 0.81+0.03® | 27.58+2.50* | 25.03+4.22°
T7 0.79+0.01° 0.82+0.01 | 25.03+1.34* | 25.62+1.89°
TO 0.80+0.01° 0.83+0.02° | 10.99+0.72 | 10.40+0.95°
T1 0.79+0.02° 0.81+0.02% | 13.04+1.53% | 11.77+1.00°
T2 0.79+0.01° 0.83+0.03% | 11.52+1.12% | 10.73+1.43°
After T3 0.80+0.02° 0.81+0.01° | 11.89+1.12% | 11.55+1.20°
harvest T4 0.77+0.02° 0.78+0.01* | 11.61+1.10° | 11.07+0.99°
T5 0.7620.03° 0.81+0.03° | 12.21+0.61° | 11.76+0.49°
T6 0.79+0.03° 0.81+0.03° | 10.41+0.56° | 9.73+0.64°
T7 0.79+0.03° 0.81+0.01* | 12.61+1.41% | 11.20+0.73°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). BD-bulk density, MC- moisture contents,
other. Ty- control, Tj-vermicompost @5t/ha, T,-sugarcane bagasse biochar @ 5t/ha,
T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each,
Ts. vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize cob
biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar + maize cob biochar @ 1.66
t/ha each.

Soil pH, organic matter (OM) and cation exchange capacity (CEC) were significantly
increased by biochar addition before and after harvest in the first year (Table 5.4).
Biochar amendment significantly increased soil pH from 4.56 in control to 5.61 in
the soil treated with the combined application of maize cob biochar and
vermicompost (T5) before sowing and 5.07 to 5.59 after harvest at 0-15 cm soil
depth. This is in line with the studies made by previous researchers who also found
an increase in soil pH with the application of biochar (Alburquerque et al., 2013;
Berihun et al., 2017; Tian et al., 2018). Since BC is alkaline (Beesley et al., 2010;
Houben et al., 2013; Van Zwieten et al., 2010), it usually elevates the pH of soil.
This is mostly because BC dissolves metal hydroxides and carbonates that are

retained within its structure (Jones et al., 2011; Lucchini et al., 2014; Singh et al.,
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2010). Soil organic matter increased with biochar addition, and the highest organic
matter content (6.07 %) was again measured in T5 which is approximately 1.04 %
higher than the control. At both soil depths, notable variations were seen between the
treated and control soils. Nigussie et al. (2012) reported that application of biochar to
the soil significantly increased the organic matter. The analysis of variance
demonstrated that the application of biochar led to a significant (P <0.05) increase in
cation exchange capacity (CEC) at 0-15 cm soil depth. The highest CEC value of
11.31 cmol/kg was measured in T5 amended plot. It is also observed that although
there was no distinct trend among the treatments, the addition of biochar led to a
significant increase in T5 amended plot at 15-30 cm soil depth. In addition, it is
unclear why CEC values were found to be lower in some of the biochar amended
plot as compared to the unamended control plot. By adsorbing positively charged
ions, BC, like clay and SOM, contributes a significant negative charge that enhances
the CEC (Major et al., 2009). According to Sohi et al. (2009), mineral soil or SOM
often has a lower inherent CEC than BC. Up to 2% BC increased pH by up to 1 pH
unit and CEC by up to 20% (Laird et al., 2010). On the other hand, no statistically
significant difference was observed in the soil pH between the amended and un-
amended plots, whereas OM and CEC were significantly higher in the amended plots
at 0-15 cm soil depth before sowing in the second year (Table 5.5). In contrast, pH
was significantly higher in T5 as compared to TO at 15-30 cm soil depth. This might
be due to the downward movement or leaching of biochar brought about by the rain.
Furthermore, no statistically significant differences were found among all the
treatments after harvest. Our results contradicted the findings of previous studies
which reported an effectiveness of biochar in the second year as compared to the first
year which can be explained by aging of the raw, un-enriched biochar in soil
overtime wherein biochar gradually enhances soil structure, resulting in better soil
aggregation (Obia et al., 2016; Obia et al., 2017). Jones et al. (2012) examined the
effects of adding 25 and 50 t ha™' biochar over a 3-year period on soil characteristics,
maize and grass yield, and pH-neutral (pH 6.6) sandy clay loam in Wales, UK. Based
on their research, the impacts of biochar were more pronounced in year two

compared to year one. A plausible explanation for the diminishing effect of biochar
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on soil physical and chemical properties in the second year as compared to the first

could be attributed to the fact that biochar was applied only once at a low rate of 5

t/ha at the beginning of the experiment. Another possible reason is due to the biochar

loss owing to soil erosion as our experimental site was located on a slightly sloping

land.

Table 5.4. Few selected soil chemical properties at two sampling times in 2018

Sampling Treatment pH SOM (%) CEC (cmol/kg)
time 0-15 15-30 0-15 15-30 0-15 15-30
TO 4.56+0.24" | 4.41+0.14* | 5.030.28° | 4.18+0.37° | 8.3520.48" | 6.01+0.65"
T1 5.15+0.50%° | 4.87+0.29° | 5.74+0.05* | 4.84+0.09* | 8.3520.46° | 5.21+0.45™
T2 5.31+0.12* | 5.16+0.07° | 5.87+0.04* | 5.01+0.38* | 8.71+0.43" | 4.82+0.20*
Before T3 5.17+0.09% | 5.07+0.07* | 5.95+0.05* | 5.15+0.21* | 8.19£0.54" | 3.700.31°
sowing T4 5.41+0.33* | 5.18+0.19% | 5.90+0.02* | 5.63+0.15* | 9.27+0.41® | 5.53+0.55"
T5 5.61+0.07% | 5.34+0.04% | 6.07+0.05° | 4.62+0.14* | 11.31+0.46° | 9.39+0.50°
T6 5.24+0.02° | 5.22+0.01 | 5.81+0.02% | 5.34+0.26® | 8.24+0.51° | 5.35+0.32
T7 5.18+0.02%° | 4.99+0.01° | 5.85+0.07* | 3.98+0.42 | 7.68+0.33" | 6.430.23"
TO 5.07+0.11° | 4.93+0.02° | 4.84+0.20° | 4.13+0.16" | 6.07+0.06* | 3.86+0.04
T1 5.18+0.05% | 5.07+0.03" | 5.02+0.24% | 4.72+0.26° | 6.67+0.49% | 4.23+0.62
T2 5.11+0.12% | 4.95+0.12" | 5.38+0.06™ | 4.84+0.14% | 5.50+0.07" | 3.61+0.34°
After T3 5.35+0.11% | 5.24+0.12° | 5.41+0.05® | 4.50+0.05® | 7.72+0.85% | 4.87+1.23°
harvest T4 5.25+0.13% | 5.02+0.05" | 5.37+0.01% | 5.20+0.18% | 7.77+0.98® | 4.92+1.24°
T5 5.59+0.21% | 5.25+0.24" | 553+0.02* | 4.82+0.23% | 8.06+0.11% | 5.90+0.25°
T6 5.19+0.02% | 5.05+0.03" | 5.36+0.02%° | 4.58+0.08" | 553+0.19° | 3.96+0.44
T7 5.33+0.08% | 5.13+0.06" | 5.35+0.04% | 4.91+0.24* | 4.70+0.06° | 3.56+0.26°

+ indicates standard error of means.

Values in

same column followed by different letters are

significantly different (p<0.05). SOM-soil organic matter, CEC-cation exchange capacity.To-
control, Ti-vermicompost @5t/ha, T,-sugarcane bagasse biochar @ S5t/ha, T3;-Maize cob biochar
@5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, T;-vermicompost +
sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Table 5.5 Few selected soil chemical properties at two sampling times in 2019

Sarr_lpling Treatment pH SOM CEC

time 0-15 15-30 0-15 15-30 0-15 15-30
T0 4.58+0.06% | 4.25+0.12° | 4.98+0.01° | 4.24+0.33% | 6.27+0.04®* | 4.00+0.39°
T1 5.00+0.15% | 4.75+0.08 | 5.23+0.07" | 4.56+0.26" | 6.07+0.42®" | 4.00+0.68
T2 4.83+0.17° | 4.48+0.12° | 5.4120.05® | 4.89+0.47° | 6.3620.20% | 4.01+0.22°

Before T3 4.94+0.34% | 4.66+0.27® | 5.53+0.02° | 4.77+0.45" | 6.68+0.66® | 3.72+1.30°

sowing T4 5.20+0.20° | 4.90+0.05% | 5.40+0.02% | 4.83+0.57° | 6.40+0.61® | 3.86+0.71°
T5 5.23+0.09° | 4.93+0.03* | 5.57+0.02° | 5.16+0.16* | 7.01+0.23* | 4.83+0.38°
T6 4.83+0.09% | 4.62+0.17% | 5.00+0.21™ | 5.19+0.26° | 5.78+0.27% | 3.64+0.14°
T7 4.83+0.09% | 4.53+0.09° | 5.25+0.06" | 4.68+0.42" | 508+0.24° | 3.46+0.20°
T0 4.38+0.05" | 4.24+0.01° | 4.35+0.04° | 4.05+0.43% | 5.43+0.58* | 4.11+0.70°
T1 4.57+0.05" | 4.36+0.07" | 5.16+0.07° | 4.69+0.11% | 5.19+0.51* | 3.77+0.74%
T2 4.42+0.06" | 4.28+0.04" | 501+0.05* | 3.89+0.35° | 6.68+0.82* | 5.07+0.75°

After T3 4.63+0.19° | 4.40+0.19° | 5.27+0.02° | 4.59+0.17% | 6.97+0.20* | 4.74+0.11%

harvest T4 4.51+0.16" | 4.34+0.13" | 531+0.03* | 4.58+0.21* | 6.15+0.52° | 4.00+0.42°
T5 4.75+0.10* | 4.46+0.05" | 545+0.02* | 4.83+0.15° | 5.49+0.55" | 3.85+0.35°
T6 4.47+0.09° | 4.28+0.03" | 5.23+0.21% | 4.67+0.20* | 5.86+0.72% | 3.64+0.19%
T7 4.44+0.04° | 4.24+0.03" | 4.84+0.06° | 4.25+0.41% | 5.72+0.36* | 3.83%0.35%

+ indicates standard error of means. Values in same column followed by different letters
are significantly different (p<0.05). SOM-soil organic matter, CEC- cation exchange
capacity. To- control, T -vermicompost @5t/ha, T,-sugarcane bagasse biochar @ 5t/ha,
T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts.
vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar + maize cob biochar
@ 2.5 t/ha, T7-vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.

Soil microbial biomass was not significantly affected by the addition of biochar with

and without vermicompost measured at all the sampling times in both the years (Fig.
5.1, 5.2, 5.3 and 5.4). While MB-C generally increases following the addition of

biochar, according to a recent meta-analysis (Biederman and Harpole, 2013), other

medium-term field studies have also found a negligible change in microbial biomass

several years after the addition of biochar, indicating that these effects are generally

short-lived (Jones et al., 2012; Rousk et al., 2013). There is a lot of variation in the

reported effects of biochar on soil MBC. Numerous investigations also discovered no

discernible impact of biochar addition on soil MBC (Kuzyakov et al., 2009;
Zavalloni et al., 2011; Castaldi et al., 2011). Adding biochar has been shown in

several studies to promote microbial biomass through altered soil physicochemical
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properties, sorption of different signalling molecules, and detoxification of
substances (allelochemicals). Due to the toxicity impact, which is dependent on the
types of feedstocks and pyrolysis temperature, Dempster et al. (2012) found that the
addition of biochar reduced the amount of soil microbial biomass. According to
Lehmann et al. (2011), the amount of biochar incorporated and the soil's texture play
a significant role in regulating microbial activity and can affect how soil microbial

biomasses respond.
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Figure 5.1. Microbial biomass carbon (MBC) under different treatments and different
soil depths in 2018 before sowing. Different letters indicate significant differences
among the treatments. Error bars represent the standard error for

means of each treatment (n = 3). Ty- control, T;-vermicompost @5t/ha, T,-
sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Figure 5.2 Microbial biomass carbon (MBC) under different treatments and
different soil depths in 2018 after harvest. Different letters indicate significant
differences among the treatments. Error bars represent the standard error for means
of each treatment (n=3). Ty- control, T;-vermicompost @5t/ha, T,-sugarcane
bagasse biochar @ 5St/ha, T;-Maize cob biochar @5t/ha, T4-vermicompost +
sugarcane biochar@ 2.5 t/ha each, Ts. vermicompost + maize cob biochar @2.5
t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, T;-vermicompost +
sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Figure 5.3 Microbial biomass carbon (MBC) under different treatments and
different soil depths in 2019 before sowing. Different letters indicate
significant differences among the treatments. Error bars represent the standard
error for means of each treatment (n = 3). Ty- control, Ti-vermicompost
@5t/ha, Tr-sugarcane bagasse biochar @ 5t/ha, T3-Maize cob biochar @5t/ha,
T4-vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts. vermicompost +
maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5
t/ha, T;-vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha
each.
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Figure 5.4 Microbial biomass carbon (MBC) under different treatments and
different soil depths in 2019 after harvest. Different letters indicate significant
differences among the treatments. Error bars represent the standard error for
means of each treatment (n = 3). Ty- control, T;-vermicompost @5t/ha, T,-
sugarcane bagasse biochar (@ St/ha, Ts;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize
cob biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha,
Ts-vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.

Figure 5.5 illustrates the effect of biochar application on available N in the soil
before sowing and after harvest in the first year. Different biochar types significantly
affected soil N availability. AN content in T2 was 25.25 % higher than in TO whereas
T1 and T5 were 0.71 and 8.26 % lower, respectively than in TO. However, the result
was not consistent after harvest with no significant differences observed among the
treatments. In the following year before sowing, AN was significantly higher in T4
and T7 than in other biochar amended plots, as with control plot. On the other hand,
biochar application significantly increased AN after harvest with T5 recording an
increase by 21.69% over control (Fig. 5.6). Because of its rich pore structure and
wide specific surface area, which allow it to absorb and store soil N, reduce soil N
leaching loss, and enhance soil N nutrient content, biochar can greatly increase the
soil N content (Abujabhah et al., 2018). According to a study, biochar can
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dramatically lower ammonia volatilization in field soil, which improves soil nitrogen
utilisation. It can also dramatically lower soil farmland N, P, and other nutrient
losses, with the exception of adsorption by retaining N element. Furthermore,
biochar can control nitrification and denitrification processes to lower N loss, which
lowers the amount of fertiliser used (Chongshu et al., 2014). According to studies by
Lehmann et al. (2003), Taghizadeh-Toosi et al. (2010) and Ding et al. (2010),
biochar can adsorb NOs - and NH," through cation exchange, which lowers soil
ammonia volatilization and increases the amount of nitrogen that is available in the
soil, enhancing soil fertility. Upon application to a field, biochar modifies the
physical and chemical characteristics of the soil or interacts with it to influence the
distribution, movement, and transformation of soil nitrogen (Li et al., 2020).
Important variables influencing soil N movement, distribution, and leaching include
soil type and amount of biochar added (Kumuduni et al., 2019). In contrast, the
preservation of trace elements in soil, such as nitrogen, may be adversely affected by
biochar. The effective NOs-N and P contents of biochar were observed to be reduced
by approximately 55 and 90% (w/w) upon physical activation, according to Borchard
et al. (2012). It was suggested that the net transfer of unstable nitrogen to
heterocyclic nitrogen and the production of volatile nitrogen molecules during
activation were the causes of the decrease of accessible nitrogen (Borchard et al.,
2012) which may explain the lower initial AN content in the biochar amended soils

than in the control soil.
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Figure 5.5. Available N under different treatments (TO-T7) and different soil
depths (cm) in 2018 before sowing (A) and after harvest (B). Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob
biochar @5t/ha, Ts-vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts.
vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize
cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar + maize cob

biochar @ 1.66 t/ha each.
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Figure 5.6. Available N under different treatments (T0-T7) and different soil
depths (cm) in 2019 before sowing (C) and after harvest (D). Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ S5t/ha, Ts;-Maize cob
biochar @5t/ha, Ts4-vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts.
vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar + maize cob
biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize cob biochar
@ 1.66 t/ha each.
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Analysis of variance shows that the differences in available P content between
amended and non-amended soils were not significant (Figure 5.7 and 5.8). This is in
contrast to the findings by Lehmann et al. (2012), who reported an increase in the
available P content after biochar application in Anthrosols and Ferralsols. Similarly,
Parvage et al. (2013) also found an increase in soil available P with the addition of
biochar. One probable reason for the observed non-significant effect of biochar in our
study may be attributed to the considerable quantity of free Ca®", Mg**, and Fe*
oxides present in the biochar which acted as P sorption sites (Xu et al., 2014). In
addition, the availability of P was strongly dependent on the pH of the solution; a
high pH helped precipitate phosphate into less soluble forms (Marks et al., 2014).
Meanwhile, the available K content increased with the addition of biochar with and
without vermicompost in both the soil depths compared with the control before
sowing. In contrast, the soil available K content was lower in some biochar amended
plots than in the control after harvest (Figure 5.9). This result however, was not
consistent in the second year with the biochar amended soils showing higher
available K content in relative to control (Figure 5.10). Increased plant-available K in
the soil was a result of the biochar's high K concentration (Mengel and Kerby, 2001).
According to certain research, biochar may have preserved K* in a Typic Plinthudult
soil by means of electrostatic attraction forces (Yao et al., 2012). Biochar was found
by Yuan et al. (2016) to have a higher K* retention effect, resulting in a reduction of
7.9-23.4% in K" release. In addition, the available N, available P and available K of

the soil decreased in the sub soil layer as compared to the surface layer.
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Figure 5.7. Available P under different treatments (TO-T7) and different soil
depths (cm) in 2018 before sowing (E) and after harvest (F). Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ S5t/ha, T;-Maize cob
biochar @5t/ha, Ts-vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts.
vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize
cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 5.8. Available P under different treatments (TO-T7) and different soil
depths (cm) in 2019 before sowing (G) and after harvest (H). Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ 5t/ha, Ts-Maize cob
biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts.
vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar + maize

cob biochar @ 2.5 t/ha, Ts-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 5.9. Available K under different treatments (T0-T7) and different soil
depths (cm) in 2018 before sowing (I) and after harvest (J). Different letters
indicate significant differences among the treatments.To- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ S5t/ha, T;-Maize cob
biochar @5t/ha, Ts-vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts.
vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize
cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 5.10. Available K under different treatments (T0-T7) and different soil
depths (cm) in 2019 before sowing (K) and after harvest (L). Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ 5t/ha, Ts-Maize cob
biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts.
vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar + maize
cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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5.5 Conclusion

It is evident from the results that the application of biochar and vermicompost
decreased the bulk density of the soil during the initial sampling. Addition of
amendments also increased the soil pH, organic matter, and cation exchange
capacity of the soil. However, the effects diminished in the second year as
biochar was applied only once @5 t ha™ during the course of the experiment
implying that re-application of biochar and at a higher rate might be
necessary. Available N and K were also found to be higher in biochar
amended soils as compared to un-amended soils, but no significant effect
was observed in case of available P. From the findings of this study, it can
be concluded that biochar application is safe and feasible for soil and
environmental management. However, it is imperative that biochar should
be applied in combination with manures or organic fertilizers rather than

applying it solely on the soil.
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6.1 Introduction

One of the biggest problems the modern world is experiencing is global warming. It
is clearly beyond dispute that temperatures are rising and doing so at an unexpected
rate (Prabha et al., 2015). With the industrial period, which began in the 1880s, the
average world temperature has risen by 0.8°C. If things continue as they are, this
increase could reach 3-7°C by 2100 (Prabha et al., 2015). The main effects of
intensifying agriculture are the release of carbon (C) into the atmosphere as carbon
dioxide (CO,), which lowers the amount of C pools in ecosystems. 10% to 12% of all
anthropogenic greenhouse gas emissions worldwide come from agriculture.
Reducing greenhouse gas emissions is necessary to address the problems posed by

climate change (Krishnakumar et al., 2014).

An essential component of the global carbon cycle is soil. The primary terrestrial
sink of carbon dioxide (CO,) that releases it into the atmosphere is soil. The
application of biochar to soils is gaining popularity as a way to enhance soil quality
and sequester carbon (Lehmann et al., 2006; Lehmann, 2007; Laird, 2008). With the
additional benefits of carbon sequestration and enhanced soil properties, biochar—
which frequently has a significant ash component that is alkaline in nature—can be
utilised as a lime substitute (Cornelissen et al., 2013; Kelly et al., 2014; Kimetu et al.,
2008; Martinsen et al.,, 2015; Yamato et al., 2006). Numerous studies have
demonstrated the possible use of biochar to mitigate climate change by balancing
carbon emissions from the burning of fossil fuels (Lehmann, 2007; Laird, 2008). The
CO; efflux from soil metabolic processes—which are impacted by numerous soil
properties—is known as soil C mineralization. Because soil organic C can decay and
eventually return to the atmosphere, its quantity and availability have a significant
effect on the atmospheric CO, concentration (Lal et al.,, 2007). Several
physicochemical characteristics of the soil influence the rate at which soil organic C
decomposes. For example, the amount of primed CO, emission rose with rising soil
pH, according to Blagodatskaya and Kuzyakov's (2008) research. Changes in soil
microbial biomass and activity may be partially caused by modifications to soil
characteristics, such as surface area, pH, and C/N ratio. These changes may then

have an impact on the mineralization of soil carbon, according to Warnock et al.
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(2007). However, the literature's findings regarding the mineralization of carbon in
soils after the addition of biochar are inconsistent. Due to the highly condensed
aromatic structure's physical resistance to degradation, Novak et al. (2010) found that
the addition of biochar had no discernible effect on the mineralization of soil C.
Meanwhile, owing to the short-term breakdown of the biochar's labile components,
Zimmerman et al. (2011) found that biochar produced at low temperatures promoted
C mineralization whereas biochar produced at high temperatures reduced C
mineralization. According to Luo et al. (2011), soil C mineralization was consistently
aided by biochars produced at varying temperatures during pyrolysis. The varied
outcomes should be explained by the concomitant changes in the physicochemical
properties of the soil after biochar applications, in addition to the variations in the
soils and biochars utilised in these investigations (Sohi et al. 2010). Understanding
biochar's effects on soil C residence time and SOM is essential to appreciating its

potential in agronomic and environmental applications.

Therefore, this chapter aims to identify the changes on the total organic carbon
(TOC) and the different fractions of the total organic carbon in soil upon biochar’s

addition.

6.2 Materials and Methods

Using a CHNS analyzer, the total carbon (TC) in the soil samples was ascertained.
Diluted HCI was used to analyse inorganic soil carbon (SIC) (Jackson, 1973). The
concentration of SIC in soil was subtracted from total carbon (TC) to estimate the
amount of TOC present. In a modified version of the Walkley and Black (1947)
method, solutions with varying H,SO, concentrations at stable K,Cr,O;
concentrations are used to classify the various pools of C according to their degrees
of lability (Chan et al., 2001). Three acid-aqueous solution ratios of 0.5:1, 1:1, and
2:1 were obtained by using 5, 10, and 20 millilitres of concentrated H,SO,4
(corresponding to 12N, 18N, and 24N of H,SO,). The conventional Walkley and
Black (1934) technique is equal to the 24N H,SO, oxidizable C. The organic carbon

(TOC) was separated into the following four fractions of decreasing
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oxidizability/lability based on the concentration of OC, which was calculated using

the three ratios of acid to aqueous solution.

1. Very labile (VLC): Organic C oxidizable under 12N H,SO4

2. Labile (LC): Difference in SOC oxidizable under 18N and that under 12N H,SO,4

3. Less labile (LLC): Difference in SOC oxidizable under 24N and that under 18N H,SO4

4. Recalcitrant/ Non-labile (NLC): Residual SOC after reaction with 24N H,SO4 when
compared

with TOC.

The very labile and labile pool may be summed up and it may be designated as active

pool. Similarly, less labile and non-labile pool may be summed up and designated as

passive pool

6.3 Statistical analysis
Tukey HSD (honestly significant difference) post hoc test was performed to indicate
significant differences (p < 0.05) among the treatments. Figures were prepared using MS

EXCEL and using SPSS for windows (IBM SPSS ver. 20.0).

6.4 Results and Discussion

The mean total carbon (TC), inorganic carbon (TIC) and total organic carbon (TOC)
concentration in soil (0-30 cm) under different treatments before sowing and after
harvest in 2018 are displayed in Table 6.1. TC was highest in T7 (3.63 %) followed
by T2 (3.62 %) and least in TO (3.08 %). TIC concentration was not significantly
affected by biochar addition and ranged from 0.11 to 0.18 % on average across
various treatments. The highest TOC concentration was found in TS5 (3.86%)
followed by T2 (3.46 %) and least in TO (2.89 %) and the differences were
significant between the amended and unamended plots. The effect of biochar
application persisted in the second year with T5 again recording the highest mean TC
followed by T3 and TO recording the least measured at both sampling times (Table
6.2). No significant differences were observed in the TIC concentration among the
treatments. Soil contains both inorganic and organic forms of TC. CaCOs is the

predominant form of inorganic carbon. Nevertheless, given that the research region is
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located in an area with moderate rainfall and acidic soil, it is doubtful that the soils
contain CaCOs. Therefore, the majority of the carbon in these soils most likely only
exists in organic form. These outcomes are consistent with those of Syed (2010) and
Arunkumar et al. (2019). The increase in total organic carbon with the addition of
biochar as seen in our results could be due to the high carbon content in the biochar.
Another reason could be due to the increased input of fresh organic carbon following
the application of biochar, which enhanced crop biomass, particularly root biomass.
Agricultural land can benefit from the use of biochar for soil improvement (Bai et al.,
2015; Chen et al., 2020), however the impact varies depending on the type of biochar
used (Liu et al., 2016), the amount of input used (Amoakwah et al., 2020; Han et al.,
2021), the temperature at which it is manufactured (Deng et al., 2021), and the
characteristics of the soil (Subedi et al., 2016; He et al., 2016). However, adding
degradation-resistant biochar to the soil enhances the soil's SOC (Yang et al., 2020;
Wang et al., 2020) and restores its biological, chemical, and physical properties
(Tarin et al., 2021; Gross et al., 2022). Moreover, the combined application of
biochar and vermicompost markedly increase the organic carbon content of the soil
as compared to the other treatments. In addition to providing soil with a direct source
of carbon, the application of mineral fertiliser (BC300 + NPK and BC500 + NPK) in
conjunction with biochar promotes the addition of carbon to the soil by providing
nutritional balance and crop residues as a source of carbon (Faria et al., 2018).
Fischer and Glaser (2012) recommend combining the use of mineral fertiliser and
biochar to ensure that the combined benefits of improving soil quality and crop
productivity are realised. The study conducted by Liu et al. (2012) also demonstrated
that using biochar alone might not be sufficient to provide plants with the nutrients
they need; rather, combining it with other chemicals could result in a more

sustainable source of soil nutrients.
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Table 6.1. Total carbon (TC), soil inorganic carbon (SIC) and total organic carbon
(TOC) in 0-30 cm soil depth under different treatments in 2018.

Sampling Treatment TC (%) TIC (%) TOC (%)
TO 3.08+0.02° 0.18+0.01° 2.89+0.02°

T1 3.17+0.13° 0.15+0.04° 3.03+0.10™

T2 3.62+0.06° 0.17+0.01° 3.46+0.07°

Before sowing T3 3.45+0.07° 0.16+0.02° 3.29+0.08%
T4 3.49+0.15° 0.15+0.01° 3.34+0.14°

T5 3.37+0.06™ 0.11£0.01° 3.86+0.06"

T6 3.46+0.05° 0.14+0.01° 3.32+0.06™

T7 3.63+0.03° 0.16+0.04° 3.47+0.01°

TO 2.89+0.08" 0.18+0.2° 2.71£0.07°

T1 3.11+0.06° 0.20+0.01° 2.91+0.07°

T2 3.71+0.03" 0.20+0.03" 3.51+0.01°

After harvest T3 3.66+0.06" 0.16+0.01° 3.50+0.06°
T4 3.36+0.07° 0.23+0.01° 3.13+0.06"

T5 3.70+0.11° 0.13+0.01° 3.57+0.09°

T6 3.56+0.07° 0.18+0.04° 3.38+0.08°

T7 3.45+0.04° 0.17+0.02° 3.28+0.03°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). TC-total carbon, TIC-total inorganic carbon,
TOC-total organic carbon. Ty- control, T;-vermicompost @5t/ha, T,-sugarcane
bagasse biochar @ 5t/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane
biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, Te-
sugarcane biochar + maize cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane
biochar + maize cob biochar @ 1.66 t/ha each.
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Table 6.2. Total carbon (TC), soil inorganic carbon (SIC) and total organic carbon
(TOC) in 0-30 cm soil depth under different treatments in 2019.

Sampling Treatment TC (%) SIC (%) TOC (%)
TO 2.66+0.10° 0.19+0.02° 2.47+0.11°

T1 2.88+0.08™ 0.18+0.01° 2.70+0.08"

T2 3.19+0.02° 0.16+0.01° 3.03+0.03°

Before sowing T3 3.30+0.03° 0.16+0.04° 3.15+0.03"
T4 3.28+0.01° 0.18+0.02° 3.11+0.02°

T5 3.32+0.04° 0.17+0.02° 3.15+0.04°

T6 3.11+0.09™ 0.16+0.03" 2.94+0.09°

T7 3.18+0.02° 0.16+0.04° 3.01+0.03°

TO 2.51+0.05" 0.18+0.01° 2.33+0.04°

T1 2.54+0.09° 0.17+0.03% 2.37+0.09°

T2 3.04+0.02° 0.17+0.01° 2.87+0.02°

After harvest T3 3.08+0.07° 0.16+0.03" 2.92+0.04°
T4 3.03+0.07° 0.18+0.04° 2.85+0.03°

T5 3.14+0.04° 0.18+0.02° 2.97+0.03°

T6 2.98+0.04° 0.16+0.01° 2.82+0.03°

T7 3.03+0.03° 0.24+0.03" 2.79+0.05°

+ indicates standard error of means. Values in same column followed by different

letters are significantly different (p<0.05). To- control, T;-vermicompost @5t/ha, T,-
sugarcane bagasse biochar @ 5t/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost +
sugarcane biochar@ 2.5 t/ha each, Ts. vermicompost + maize cob biochar @2.5 t/ha,
Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane
biochar + maize cob biochar @ 1.66 t/ha each.

SOC concentration of varying lability measured before sowing and after harvest in
2018 are displayed in Table 6.3 and 6.4. Biochar amendment significantly affected
the VLC fraction of the TOC before sowing. Soil VLC under different treatments
ranged from 1.41 % in TO to 1.92 % in T5 in the upper soil profile, whereas in the
subsequent layer, it ranged from 1.27 to 1.79 in TO and T7 %, respectively. The LC
fraction of the soil was also significantly impacted by the addition of biochar with
the average values ranging from 0.63 % in T6 to 0.93 % in both T1 and T3. No
significant differences were found in LLC fraction among the treatments at 0-15 cm
soil depth, but were significantly different at 15-30 cm soil depth. The soil NLC
fraction of the soil were not significantly affected by the addition of amendments.
Meanwhile, the most easily mineralizable carbon or VLC portion of the soil analysed

after harvest ranged from 1.58 to 1.88 % and 1.27 to 1.79 %, respectively in the
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surface and the sub surface layer of the soil. The LC fraction of the 0-15 cm soil was
highest in T5 followed by T6 and least in TO with 1.13, 1.10 and 0.62 %,
respectively. Whereas, the highest value of the same at 15-30 cm soil depth was
found in T5 and least in TO with 1.06 and 0.60 %, respectively. No significant
differences were found in the LLC fraction of the soil among the different treatments
at both the soil depth. On the other hand, biochar addition affected only the NLC
fraction in the sub surface layer. In the second year, significant differences were
again observed in the VLC portion of the soil with the average values ranging from
1.20 to 1.80 % and 0.96 to 1.63 %, respectively in the two soil depths. LC carbon
fraction of the soil ranged from 0.35 to 1.06 %, whereas LLC and NLC fraction did
not show any significant differences at 0-15 cm soil depth. In contrast, significant
differences were observed among the treatments in both LLC and NLC at 15-30 cm
soil depth. The proportion of active carbon pool (VLC and LC) was higher than the
passive carbon pool (LLC and NLC) in the amended as well as the control plot at all
times of sampling. With an average of 47.89 and 46.64 % over the range of 43.60 to
51.03 % and 41.27 to 51.26 %, respectively across the various treatments, the VLC
fraction made up a larger percentage of TOC in the soil measured before sowing and
after harvest in the first year (Fig 6.1 and 6.2). Similarly, in the second year, the VLC
fraction averaged 48.33 % ranging from 40.44 to 52.69 % before sowing and 46.02
% ranging from 42.16 to 49.57 % after harvest. Overall, the active carbon fraction
(VLC and LC) was higher averaging 69.37 % over the passive carbon fraction (LLC
and NLC) which constituted 30.63 % before sowing. After harvest, the active carbon
fraction averaged 71.43 % whereas the passive carbon pool averaged 28.57 % of the
total organic carbon in the first year. Correspondingly, the active carbon fraction
averaged 71.99 % over the passive carbon fraction which constituted 28.01 % before
sowing and 73.98% over 26.02 % after harvest in the second year. Our findings are
in harmony with findings from other studies who also reported increased SOC
mineralization after biochar application especially in the initial period (Ouyang et al.,
2014; Figueiredo et al., 2018) since biochar produced at a lower temperature contains
more labile structures that are easily mineralized when applied to soil (Novotny et

al., 2015). Al-Wabel et al. (2013) and Figueiredo et al. (2018) have reported that
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biochars obtained at lower pyrolysis temperatures, like 300 °C, generally had smaller
aromatic structures compared to those obtained at higher pyrolysis temperatures. The
mineralization rates, nutrient release, and C buildup in soil of the various biochars
are significantly impacted by these variations (Al-Wabel et al., 2013; Melas et al.,

2017). Increased native SOM mineralization rate (Intani et al., 2016) caused by the
volatile chemicals originating from the feedstock can also modify soil microbial
biomass activity (Spokas et al., 2011). By preventing microbial degradation through
physical protection, the sorption of biochar with SOM may eventually enhance soil C

storage (Zimmerman et al. 2011).

Table 6.3. Soil organic carbon concentration (%) of varying lability at different soil

depth classes before sowing in 2018.

Treatment Very labile carbon (VLC) Labile carbon (LC)
0-15 cm 15-30cm 0-15 cm 15-30cm
TO 1.41+0.08"™ 1.27+0.03¢ 0.69+0.09° 0.71+0.01%
T1 1.55+0.13" 1.38+0.10™ 0.93+0.03" 0.70+0.07%
T2 1.83+0.05° 1.56+0.05° 0.80+0.03° 0.60+0.02°
T3 1.83+0.04™ 1.67£0.06 0.93+0.03° 0.70+0.06
T4 1.85+0.05° 1.49+0.04™ 0.70+0.02° 0.68+0.10°
T5 1.86+0.05™ 1.74+0.03° 0.78+0.03° 0.56+0.02°
T6 1.79+0.10° 1.54+0.02" 0.63+0.02° 0.61+0.06"
T7 1.92+0.01° 1.79+0.03° 0.80+0.04° 0.77+0.15°
Less labile carbon (LLC) Non labile carbon (NLC)
TO 0.59+0.08° 0.26+0.01° 0.60+0.15° 0.43+0.04°
T1 0.37+0.10° 0.36+0.04° 0.57+0.07° 0.49+0.02°
T2 0.58+0.02° 0.50+0.04° 0.94+0.03° 0.20+0.13°
T3 0.42+0.06 0.41+0.03™ 0.54+0.16 0.40+0.07°
T4 0.58+0.08" 0.26+0.04° 0.79+0.04° 0.62+0.11°
T5 0.61%0.05° 0.57+0.01° 0.77+0.02° 0.42+0.16"
T6 0.62+0.03° 0.53+0.05° 0.78+0.08° 0.33+0.21°
T7 0.66+0.03° 0.47+0.15° 0.73+0.13° 0.30+0.04°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). To- control, Ti-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.
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Table 6.4. Soil organic carbon concentration (%) of varying lability at different

soil depth classes after harvest in 2018

Very labile carbon (VLC) Labile carbon (LC)
Treatment

0-15 cm 15-30cm 0-15 cm 15-30cm
TO 1.58+0.04° 1.38+0.03° 0.62+0.14° 0.60+0.09°
T1 1.60+0.04° 1.52+0.03% 0.76:+0.09" 0.65+0.01°
T2 1.70+0.01° 1.60+0.01° 0.91+0.03° 0.84+0.01
T3 1.81+0.01 1.52+0.03% 1.01+0.01% 0.900.04%
T4 1.63+0.02° 1.55+0.01% 0.85+0.03% 0.69+0.10°
T5 1.83+0.03" 1.48+0.05% 1.13+0.04° 1.06£0.02°
T6 1.77+0.03% 1.46+0.03% 1.10+0.01° 0.83+0.04
T7 1.88+0.05° 1.40+0.04° 1.00£0.06° 0.89+0.04%

Less labile carbon (LLC) Non labile carbon (NLC)
TO 0.39+0.09° 0.37+0.10° 0.37+0.07° 0.44+0.07°
T1 0.42+0.01° 0.47+0.01° 0.58+0.02° 0.26+0.02°
T2 0.47+0.01° 0.46+0.02° 0.83+0.05° 0.36+0.05°
T3 0.42+0.04° 0.35+0.01° 0.84+0.08" 0.73+0.08°
T4 0.48+0.10° 0.52+0.05° 0.52+0.05° 0.32+0.05°
TS 0.54+0.02° 0.54+0.02° 0.64+0.20° 0.53+0.20™
T6 0.41+0.04° 0.47+0.03° 0.69+0.02° 0.36+0.02°
T7 0.44+0.05° 0.54+0.01° 0.44+0.03° 0.30+0.02°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). Ty- control, T;-vermicompost @5t/ha, T,-
sugarcane bagasse biochar @ 5t/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost
+ sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob biochar @2.5
t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-vermicompost +
sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Table 6.5. Soil organic carbon concentration (%) of varying lability at different soil
depth classes before sowing in 2019.

Treatment Very labile carbon (VLC) Labile carbon (LC)

0-15 cm 15-30cm 0-15 cm 15-30cm
TO 1.20+0.10° 0.96+0.06" 0.35+0.09° 0.69+0.03°
T1 1.32+0.08° 1.05+0.03° 0.69+0.14™ 0.73+0.02°
T2 1.69+0.02° 1.38+0.11° 0.59+0.13® 0.70+0.18°
T3 1.73+0.03" 1.53+0.02° 0.78+0.09 0.90+0.02°
T4 1.74+0.02° 1.58+0.05° 0.85+0.05™ 0.76+0.10°
T5 1.80+0.01° 1.63+0.02° 1.06+0.01° 0.63+0.07°
T6 1.73+0.02° 1.53+0.03° 0.83+0.12% 0.75+0.05°
T7 1.78+0.03* 1.62+0.04* 0.77+0.11% 0.81£0.01%

Less labile carbon (LLC) Non labile carbon (NLC)
TO 0.66+0.14° 0.59+0.01™ 0.50+0.04° 0.38+0.10°
T1 0.70+0.04" 0.63+0.08" 0.36+0.08° 0.29+0.02%
T2 0.49+0.01° 0.72+0.09° 0.51+0.13° 0.30+0.02®
T3 0.51+0.03° 0.50+0.01% 0.45+0.07° 0.21+0.02%
T4 0.60+0.02° 0.37+0.10° 0.37+0.01° 0.28+0.02%
T5 0.44+0.04* 0.43+£0.01% 0.29+0.09° 0.35+0.12%
T6 0.45+0.06° 0.37+0.04° 0.36+0.06" 0.19+0.02%
T7 0.63+0.05° 0.39+0.06" 0.3440.05° 0.15+0.05°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). To- control, T;-vermicompost @5t/ha, T,-
sugarcane bagasse biochar @ 5t/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost
+ sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob biochar @2.5
t/ha, T¢-sugarcane biochar + maize cob biochar @ 2.5 t/ha, T;-vermicompost +
sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Table 6.6. Soil organic carbon concentration (%) of varying lability at different soil
depth classes after harvest in 2019.

Very labile carbon (VLC) Labile carbon (LC)
Treatment

0-15 cm 15-30cm 0-15 cm 15-30cm
TO 1.12+0.06° 0.97+0.06¢ 0.93+0.05" 0.32+0.08"
T1 1.25+0.01° 1.05+0.07% 0.99+0.04° 0.49+0.16°
T2 1.51+0.06° 1.23+0.05" 0.94+0.10* 0.94+0.02%
T3 1.60+0.02% 1.48+0.02% 0.7340.03* 0.66+£0.07%
T4 1.53+0.03° 1.474+0.04% 0.86+0.04* 0.77+0.01*
T5 1.62+0.05° 1.5040.02% 0.86+0.11% 0.85+0.03*
T6 1.524+0.07% 1.3140.04% 0.94+0.03* 0.76+0.16*
T7 1.60+0.03° 1.35+0.03% 0.81+0.06* 0.79+0.02%

Less labile carbon (LLC) Non labile carbon (NLC)
TO 0.18+0.07° 0.36+0.17° 0.24+0.07* 0.89+0.32%
T1 0.13+0.02° 0.43+0.31% 0.25+0.07% 0.49+0.08*
T2 0.64+0.02% 0.32+0.02% 0.19+0.01* 0.33+0.03*
T3 0.66+0.05% 0.41£0.07* 0.16+0.06* 0.35+0.01°
T4 0.60+0.03% 0.21+0.01* 0.11+0.02° 0.24+0.03*
T5 0.64+0.07" 0.22+0.01%° 0.1640.02° 0.27+0.03*
T6 0.41+0.16* 0.16+0.03* 0.33+0.14* 0.41+0.03*
T7 0.78+0.05% 0.20+0.08* 0.18+0.02% 0.29+0.03*

+ indicates standard error of means. Values in same column followed by different letters
are significantly different (p<0.05). Ty- control, T-vermicompost @5t/ha, T,-sugarcane
bagasse biochar @ 5t/ha, Tz-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane
biochar@ 2.5 t/ha each, Ts. vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane
biochar + maize cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize
cob biochar @ 1.66 t/ha each.
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Figure 6.1. Distribution of soil organic carbon fraction of varying lability (% of
total carbon) at 0-30 cm soil depth before sowing in 2018. Different letters
indicate significant differences among the treatments. To- control,
vermicompost (@5t/ha, T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob
biochar @5t/ha, Ts-vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts.
vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize cob
biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize cob biochar @

1.66 t/ha each.
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Figure 6.2. Distribution of soil organic carbon fraction of varying lability (% of
total carbon) at 0-30 cm soil depth after harvest in 2018. Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ S5t/ha, T;-Maize cob
biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts.
vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar + maize
cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 6.3. Distribution of soil organic carbon fraction of varying lability (% of
total carbon) at 0-30 cm soil depth before sowing in 2019. Different letters
indicate significant differences among the treatments. Ty- control, T;-
vermicompost @5t/ha, T,-sugarcane bagasse biochar @ 5t/ha, T;-Maize cob
biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts.
vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane biochar + maize
cob biochar @ 2.5 t/ha, Ts-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 6.4. Distribution of soil organic carbon fraction of varying lability (% of
total carbon) at 0-30 cm soil depth after harvest in 2019. Different letters indicate
significant differences among the treatments. To- control, T;-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
Furthermore, we observed a significant difference in the very labile fraction (VLC)
of the carbon pool between the first and second year. The VLC fraction of the carbon
pool decreased significantly in the second year as compared to the first year (Table
6.7 and 6.8) indicating that biochar in the soil became more stable overtime. When
soil with artificial or fresh char is incubated, CO, evolution is generally higher than
when the same soil is not altered with char. In the short run, however, the degree of
excess decreases over time in a significantly non-linear pattern (Bruun et al., 2008;
Nguyen and Lehmann, 2009). This implies a "priming" of the carbon's breakdown,
either from the carbon in the added char or from the carbon already present in the
soil. It is well known that charcoal can withstand the effects of weather for decades,
centuries, millennia, or even tens of thousands of years when buried in the soil.
However, some research indicates that some recently produced charcoal is less

weather-resistant than others, and that this charcoal could easily decompose and
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release carbon dioxide into the atmosphere. The carbon that is easily broken down in
contrast to the carbon that is resistant to breaking down, is known as "labile" carbon.
Studies by Brodowski et al. (2006) and Nguyen et al. (2009) have shown that the
labile fraction of biochar typically makes up 2-10% of the total carbon content of the
material. However, uncertainties remain regarding the parameters that control the
ratio of labile to stable components. This could probably be affected by the type of
pyrolysis method (e.g., slow vs. quick pyrolysis), the feedstock type, and the

temperature and residence durations that the biomass is exposed to and therefore
requires further investigation.

Table 6.7. SOC Concentration (%) of varying lability at 0-30 cm soil depth
between 2018 and 2019 before sowing.

VLC LC LLC NLC
Treatments . - . - . - . -
TO 0.035 | 9.732 | 0.007 | 26.427 | 0.073 | 05.841 | 0.512 | 0.516
T1 0.091 | 4.921 | 0.218 | 2.127 | 0.014 | 17.202 | 0.103 | 4.443
T2 0.068 | 6.141 | 0.136 | 3.471 | 0.159 | 2.991 | 0.155 | 3.056
T3 0.021 | 13.690 | 0.679 | 0.199 | 0.126 | 3.714 | 0.117 | 3.968
T4 0.789 | 0.082 | 0.266 | 1.671 | 0.491 | 0.574 | 0.013 | 18.164
TS 0.105 | 4.361 | 0.015 | 16.462 | 0.015 | 17.034 | 0.068 | 6.197
T6 0.471 | 0.632 | 0.080 | 5.419 | 0.003 | 44.522 | 0.013 | 18.431
T7 0.007 | 24.486 | 0.756 | 0.111 | 0.667 | 0.215 | 0.002 | 58.671

The significant values (p <0.05) are in bold. Ty- control, T -vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each, Ts. vermicompost + maize cob
biochar @2.5 t/ha, T¢-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Table 6.8. SOC Concentration (%) of varying lability at 0-30 cm soil depth between
2018 and 2019 after harvest.

Treatments VLC LC LLC NLC
P F P F P F P F
TO 0.003 | 44.449 | 0.808 | 0.067 | 0.400 | 0.886 | 0.446 | 0.649
T1 0.001 | 62.517 | 0.718 | 0.151 | 0.405 | 0.865 | 0.330 | 1.225
T2 0.009 | 22.189 | 0.305 | 1.385 | 0.006 | 27.676 | 0.002 | 57.658
T3 0.000 | 169.88 | 0.821 | 0.058 | 0.003 | 42.123 | 0.000 | 137.65
T4 0.002 54.?724 0.000 | 436.36 | 0.040 | 8.974 | 0.000 12’}.51
TS 0.007 | 26.884 | 0.246 1.é42 0.001 | 63.074 | 0.042 8.878
T6 0.012 | 19.003 | 0.714 | 0.155 | 0.055 | 7.246 | 0.787 | 0.884
T7 0.002 | 58.266 | 0.561 | 0.400 | 0.904 | 0.016 | 0.148 | 3.199

The significant values (p <0.05) are in bold. Ty- control, T -vermicompost @5t/ha,
T,-sugarcane bagasse biochar (@ 5t/ha, T;-Maize cob biochar @5t/ha, Ty-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, T¢-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ty-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.to fully
understand the mechanism between biochar and soil C turnover.
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6.5 Conclusion

The effect of biochar produced from sugarcane bagasse and maize cob on soil C
turnover were investigated in this study. Application of biochar significantly
increased the total organic carbon of the soil especially in the soils amended with the
combined application of biochar and vermicompost. The very labile fraction of the
carbon pool was enhanced by the addition of biochar corroborating the existing
knowledge that biochar produced at a lower temperature (<500° C) result in a C-rich
product with more labile structures that are rapidly mineralized when applied to soil.
Therefore, if the main aim of biochar application is to sequester C in the soil,
biochars produced from higher temperature is recommended. However, we observed
that the VLC fraction of the soil declined in due course of time indicating that the
biochar in soil became more stable with time demonstrating the ability of biochar in
sequestering carbon. Nevertheless, this is only a short-term study, hence a longer and
more detailed investigation is needed in order to fully understand the mechanism

between biochar and soil C turnover.
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7.1 Introduction

The agricultural sector is confronted with enormous challenges in the future,
including the need to (i) produce enough food to feed the world's expanding
population (Foley et al., 2011; Godfray et al., 2010); (ii) lessen the environmental
impact of agricultural intensification brought about by the "green revolution,” which
has exceeded planetary boundaries (Campbell et al., 2017; Steffen et al., 2015); and
(iii) reduce the increasing reliance on non-renewable phosphate rock (Elser &
Bennett, 2011). Two significant concerns endangering the sustainability of
agricultural output are the depletion of soil nutrients and climate change caused by
human activity (Sanchez, 2002). For the past 50 years, since the "green revolution,"”
inorganic fertilisers have been essential to raising agricultural output and sustaining
productivity (Gruhn et al., 2000). But using these chemical fertilisers by itself isn't a
long-term way to maintain crop productivity and enhance soil fertility. Instead, it is
generally known that excessive use of chemical fertilisers, especially nitrogen, can
cause severe environmental issues and soil deterioration as SOM mineralizes more
quickly, leading to a drastic decrease in soil carbon reserves (Foley et al., 2005).
Agricultural productivity techniques, soil conservation, and management depend on
maintaining sufficient amounts of soil organic matter (SOM) and guaranteeing
efficient biological nutrient cycling (Vanlauwe et al., 2010). In order to maximise the
agronomic performance of applied nutrients and, consequently, crop yield, these
techniques involve the use of both organic and inorganic fertilisers along with an
understanding of how to modify these practices to local conditions (Vanlauwe et al.,
2010). Nonetheless, it is thought that one major barrier to the widespread use of
organic fertilisers is the SOM's innately quick mineralization. Thus, in order to help
boost yields, reduce adverse effects, enhance sustainability, and be available to both

subsistence and commercial producers, a new strategy is required (Sohi et al., 2010).

Another major challenge is soil acidity. Approximately half of the world’s
potentially cultivable land, predominantly in humid tropical regions, are affected by
soil acidity (Von Uexkull and Mutert, 1995). Approximately 49 M hectares, or one-
third, of India's arable land is impacted by acidic soil (Mandal, 1997). The main
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factors limiting crop yield in acidic soils are phosphate (P) inadequacy, aluminium
(Al) and iron (Fe) toxicity, and other acidity-related soil fertility and plant nutritional
issues (Manoj et al., 2012; Patiram, 1991). Aluminium (Al) saturation can be directly
linked to poor crop growth in acidic soils in the majority of cases (Abruna-Rodriguez
et al., 1982; Sartain and Kamprath, 1977). Liming acidic soils can lessen soil acidity,
but it is not a practical solution for low-income farmers or a good way to reduce
subsurface acidity. According to recent research, soil acidity can be reduced by
directly applying and incorporating green manures, animal wastes, and agricultural
residues (Berek et al., 1995; Hue 1992; Xu, et al., 2006). However, because
additional residues quickly mineralize, the reclamation benefits of directly
incorporating organic residues into soil are short-lived. One practical solution that
can increase soil's natural rates of carbon absorption, decrease farm waste, and boost
soil quality is the pyrolysis process, which converts organic waste into biochar
(McHenry, 2009).

Biochar technology has a prospect to enhance crop yields and mitigate climate
change simultaneously by aiding in the recovery of nutrients from waste (Woolf et
al., 2010; Woolf et al., 2016). Research has indicated that the application of biochar
can minimise the need for fertiliser and nutrient leaching while also greatly
increasing soil aeration, soil base saturation, nutrient storage, and availability
(Lehmann et al., 2003, Steiner et al., 2007), SOM (Glaser et al., 2002), and water
holding capacity (Abel et al., 2013). Furthermore, studies have demonstrated that
biochar enhances plant growth and yield (Lehmann et al., 2006), boosts microbial
biomass and activity, and stimulates the soil microbial community (Thies et al.,
2015). Nevertheless, the quality of the soil and crop yields are not always enhanced
by adding pure biochar to the soil (Hagemann et al., 2017). Because biochar has
shown encouraging results in both pot and field studies, its application in conjunction
with other organic amendments, such as compost, has garnered interest recently
(Kammann et al., 2016; Schimdt et al., 2015). Research reveals that combining fresh
organic matter with biochar is an effective way to investigate the possible advantages
of these organic amendments for higher plants (Liu et al., 2012). According to Liu et
al. (2012), Fischer and Glaser (2012), Schulz and Glaser (2012), and other
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researchers, a variety of composted materials offer a sustainable source of accessible
nutrients that may promote plant growth by enhancing the physicochemical and
microbiological characteristics of soil. According to Liu et al. (2012), compost and
biochar together have a beneficial synergistic effect on soil nutrient content and
water-holding capacity in field settings. Additionally, it was discovered that this
combination was more appropriate since it enhanced soil nutrient content and water
retention capacity, stabilised soil structure, and used less chemical fertiliser (Fischer
and Glaser, 2012). Additionally, because of the long-term stability of biochar, the
combination of compost and biochar can improve the characteristics of compost,
leading to higher added value and significantly better potential for sequestering
carbon (Fischer and Glaser, 2012; Schulz and Glaser, 2012).

Therefore, this chapter aims to investigate the effect of biochar applied alone or co-
applied with vermicompost on the growth and yield of soybean in a 2-year

experiment.
7.2 Materials and Methods

Prior to sowing, the plots were manually tilled and the treatments were applied
within the top 0-15 cm of the soil. The treatments were applied only once in the first
year before sowing during the two years experiment. After the applications of the
treatments, three seeds were sown per hole in every plot with a row spacing of 20cm

x 25c¢m. One week after sowing, two plants were allowed for growing season.

7.2.1 Plant growth and yield data collection:

The following data were collected:

a) Number of leaves per plant: The number of leaves per plant was determined
by counting the number of leaves manually on the plant at 2, 4, and 6, 8, 10
and 12 weeks after sowing (WAS).

b) Plant height per plant (cm): Plant height was measured from the base to top

with the aid of a measuring tape at 2, 4, 6, 8, 10 and 12 WAS.
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d)

f)

9)

Stem girth per plant (cm): This was also taken with the aid of a vernier
caliper at 2, 4, 6, 8, 10 and 12 WAS.

Number of pods per plant: All the pods of the plants were harvested and
counted.

Average pod length: The average pod length was measured.

Grain yield (kg/ha): At maturity, all pods were harvested and all grains were
recovered after shelling and then weighed using top load balance (with basin-
like top and calibrated in Kg) per plot. The grain yield per hectare were

determined as follows;

Grain yield per plot x 10,000 (m2)
Plot area (m2)

Grain yield =

Harvest index (H.I): It was calculated by using the following equation:

_ &Y
HI= — x 100

Where H.I = Harvest index GY = Grain Yield (g) BY = Biological Yield (g)

(Dagash, 2003).

7.3 Statistical analysis

Tukey HSD (honestly significant difference) post hoc test was performed to indicate
significant differences (p < 0.05) among the treatments. Figures were prepared using
MS EXCEL and using SPSS for windows (IBM SPSS ver. 20.0).

7.4 Results and Discussion

7.4.1 Effect on plant growth

Analysis of variance showed that, in the first year, the number of leaves at 2 and 4
weeks after sowing (WAS) did not show any significant differences. But at 6, 8 ,10
and 12WAS, there were significant differences among the treatments with T5

recording the highest number of leaves and T2 recording the lowest. Whereas, in the

92



second year, there were significant differences among the treatments at all the weeks
after sowing, with T5 again recording the highest number of leaves and T2 recorded
the least. In both the years, maize cob biochar mixed with vermicompost (T5) and
sugarcane bagasse biochar mixed with vermicompost (T4) showed greater
performance on the number of leaves among other treatments. Interestingly, number
of leaves was more in control (T0) and compost only (T1) amended soil over sole
application of biochar. Similarly, Carter et al (2013) also reported an increase in the
number of lettuce leaves and branches in biochar amended soil as compared to the
untreated soil. This is in harmony with the study conducted by Garamu (2019) who
reported that the leaf biomass production of rice crop increased by 17% as compared
to control on a xanthic ferrasol when charcoal combined with fertilizers was added.
The increase in the number of leaves due to the application of biochar combined with
vermicompost may be attributed to the nutrients present in biochar and

vermicompost which augments the vegetative development in soybean.

Table 7.1. Effect of biochar and vermicompost on the number of leaves of

soybean under different treatments in 2018

Treatment 2WAS 4WAS 6WAS SWAS 10WAS 12WAS
TO 7.33£0.33° | 18.33+1.76" | 32.03+2.96" | 43.7248.56" | 38.97+8.56" | 30.53+8.33"
Tl 7.67£0.33" | 21.33£1.20" | 36.81+1.40° | 54.28+4.20 | 48.09+4.20° | 39.12+4.53"
T2 8.33£0.33" | 18.33+2.73" | 29.72+2.05" | 41.11£2.22" | 35.88+2.22" | 27.67+2.45"
T3 8.00£0.00™ | 22.60+2.75" | 36.81+2.87" | 53.03+5.72° | 46.57+5.72* | 38.20+5.56"
T4 8.00£0.00° | 21.67£1.76"™ | 37.96+2.35" | 55.59+3.50" | 49.48+3.50" | 40.92+3.67°
T5 9.00+£0.00° | 29.00£2.31* | 51.83£1.69* | 68.33£2.19" | 61.61£2.19" | 52.67+2.36"
T6 8.00£0.00" | 19.00+321% | 31.9443.45% | 4489E1086 1 59 53,10 gge | 31.80£10.59
T7 8.00£0.00° | 20.67+0.88% | 29.72+0.64* | 38.78+0.73" | 33.35+0.73" | 25.14+0.76"

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). Ty- control, T -vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
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biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.

Table 7.2. Effect of biochar and vermicompost on the number of leaves of soybean

under different treatments in 2019

Treatment 2WAS 4WAS 6WAS SWAS 10WAS 12WAS
0 9332067 | 26:2.65" | 3533£2.96" | 44.3342.60° | 28.16+2.84" | 2971333
T 8.66£0.67° | 29.33+3.71* | 39.00+3.21° | 56.33+5.61" | 38.71+5.73" | 41.08+5.72°
T2 9.33+0.33" | 20.66:0.88° | 30.3320.67° | 42.6742.40° | 27.72:227° | 28.01+2.54°
13 9.6620.67" | 24.00+2.31" | 34.33£2.03° | 55.67£6.44" | 38.77£5.97" | 40.57+5.35"
4 9.66+0.33" | 29.33+4.81™ | 38.67+4.91° | 56.00£7.21° | 39.2746.85 | 40.73£6.96"
5 10.00£0.00° | 35.3322.19° | 52.00+2.31° | 71.6743.53" | 54.8143.51° | 56.63+3.68"
6 8.66+0.33" | 25.00+5.69" | 35.00£5.69° | 47.00£7.02° | 32.01£6.74™ | 32.00+6.53"
7 9.00+0.00° | 24.66+3.18" | 34.33+3.33" | 45.33+7.88" | 29.56:7.91%° | 30.24+7.54°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). To- control, Ti-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.

Stem diameter did not show any significant difference at 2 and 4 WAS but showed
significant differences at 6, 8, 10 and 12 WAS among the treatments in the first year
(Table 7.3). TS recorded the maximum stem diameter at all the weeks after planting.
Similar to the number of leaves, the stem diameter also showed greater results on TS
and T4 amended soils compared to other treatments over the course of the 84 days
experiment. Additionally, control (T0) and mere compost application (T1) plots had
superior effect on stem diameter than mere biochar treated soils in the first year. But
in the second year, only compost (T1) showed a more pronounced effect on the stem

diameter in comparison to the plots which were treated with biochar only (T1 and

94




T2) (Table 7.4). This corresponds to the study carried out by Schmidt et al. (2014)

who found an increase in the shoot diameter of grapevine by 10% on biochar

compost treated soil, though insignificant, over control and also higher than in the

other treatments.

Table 7.3. Effect of biochar and vermicompost on the stem diameter (mm) of
soybean under different treatments in 2018

Treatment 2WAS 4WAS 6WAS SWAS 10WAS 12WAS
TO 1.52+0.08° | 2.95+0.26* | 4.29+0.23* | 4.90+0.25" | 5.13+0.27° 5.26+0.28"
Tl 1.61£0.02% | 3.31£0.40* | 4.84+0.34* | 5.46+0.30® | 5.69+0.30" 5.72+0.24"
T2 1.57+0.08% | 2.67£0.22* | 3.71£0.20° | 4.22+0.20" | 4.43+0.20" 4.55+0.20°
T3 1.57+0.09% | 2.88+0.19* | 4.06£0.14* | 4.59+0.15" | 4.81+0.15" 4.93+0.16*
T4 1.60+0.04° | 3.39+£0.37° | 4.87+0.23° | 5.50+£0.25% | 5.74+0.27° 5.78+0.21°
T5 1.71£0.03* | 3.45+0.08° | 4.95+0.06* | 5.60+0.05* | 5.85+0.03° 5.99+0.02°
T6 1.63+0.09®° | 2.89+0.56° | 3.99+0.53% | 4.47+0.54° | 4.69+0.54° 4.81+0.53°
T7 1.63+0.05® | 3.10+£0.10° | 4.30+£0.06° | 4.82+0.09° | 5.06+0.08" 5.33+0.07°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). To- control, T;-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-

vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.

95




Table 7.4. Effect of biochar and vermicompost on the stem diameter (mm) of
soybean under different treatments in 2019

Treatment 2WAS 4WAS 6WAS SWAS 10WAS 12WAS
TO 1.69+0.16* | 2.73£0.20° | 3.21£0.19° | 3.52+0.17° | 3.75+0.15° | 3.90+0.15"
Tl 1.76£0.10* | 3.60£0.30° | 4.43£0.26™ | 4.89+0.24 | 5.26£0.22% | 5.47+0.22%
T2 1.74+0.03" | 2.73£0.24* | 3.2120.25" | 3.48+0.25" | 3.70+0.25" | 3.82+0.25°
T3 1.87+0.19* | 3.41£0.72° | 4.10£0.68" | 4.47+0.66" | 4.75+0.64" | 4.93+0.63"
T4 1.84+0.09" | 3.36£0.25" | 4.04£0.21"° | 4.41£0.20" | 4.69+0.18" | 4.87+0.16"
T5 2.07£0.10* | 4.51+0.40° | 5.15+0.45" | 5.62£0.38" | 5.95+0.31° | 6.25+0.22°
T6 1.72+0.10° | 2.70£0.47° | 3.17+0.46" | 3.43£0.45° | 3.63+0.45° | 3.74+0.45°
T7 1.77£0.04* | 3.02£0.16* | 3.62£0.15® | 3.97+0.17" | 4.24+0.18" | 4.38+0.20™

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). To- control, T;-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ty-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.

Plant height was significantly affected by the treatments at all the WAS in the first
year whereas in the second year, no significant differences was detected at 2WAS
(Table 7.5 & 7.6). The highest mean plant height was again observed in T5 and
lowest in T2 at all the weeks after sowing in both the years. Plant height was
comparatively smaller in the sole sugarcane bagasse biochar amended soil (T2) than
the unamended control, while the sole compost amended soil (T1) showed greater
plant height than biochar only (T2) and (T3) amended soils during the two years
study. Biochar mixed with compost (T4 and TS5) enhanced the plant height of
soybean over other treatments. This is in accordance with the findings of Sukartono
and Sudantha (2016) which may be due to the readily available nutrients present in

compost which improves the early growth of crops.
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Table 7.5. Effect of biochar and vermicompost on the height (cm) of soybean
different treatments in 2018.

Treatment 2WAS 4WAS 6WAS SWAS 10WAS 12WAS
TO 14.72+0.05° | 32.76£0.37% | 42.81+0.96 | 46.35£0.57° | 49.96+5.15® | 53.00+0.90°
Tl 15.1940.32%° | 34.35£1.21% | 44.49+0.96 | 48.92+1.53" | 51.62+5.00°° | 54.89+2.27°
T2 13.76+0.48% | 28.64+1.75" | 38.42+1.96 | 42.53+4.06° | 45.10+5.31° | 49.32+2.14°
T3 15.84+0.46" | 33.92+1.33% | 43.12+0.80 | 48.12+1.59® | 51.81+5.12% | 55.76+2.24°
T4 16.67+0.30% | 35.97+2.64% | 46.01+1.79 | 51.78+3.17% | 55.2245.11%° | 58.84+3.83°
T5 18.33£0.08° | 38.02+0.55° | 48.92+0.63 | 53.88+0.26" | 57.88+5.23" | 61.93+0.82°
T6 14.4740.22% | 29.78+3.54%™ | 40.70+0.51 | 43.88+3.44° | 46.97+5.09° | 50.84+2.30°
T7 15.99+0.38% | 34.86+0.91% | 45.06+0.70 | 49.10+0.85 | 53.87+5.11%" | 57.46+0.73°

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). To- control, T;-vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.

Table 7.6. Effect of biochar and vermicompost on the height (cm) of soybean
different treatments in 2019.

Treatment 2WAS 4WAS 6WAS SWAS 10WAS 12WAS
TO 16.37+0.95" | 33.04+3.25" | 43.29+3.13" | 48.90+3.50" | 52.90+3.08" | 56.30+3.24"
Tl 16.85£0.49 | 39.04+2.21° | 48.89+2.19% | 54.14+1.75" | 58.79+1.97" | 62.48+2.26™
T2 14.87+2.58" | 31.94+0.34" | 40.78+0.54" | 47.43£1.17° | 50.92+0.67° | 53.63+1.19"
T3 17.15£1.40° | 36.86:4.97" | 46.25+5.04™ | 51.95+4.22" | 57.04+4.87" | 60.23+4.96"
T4 17.94+0.66° | 39.32+3.06* | 49.10+1.64" | 54.95+3.05% | 58.64%2.61"° | 61.34+2.40°
T5 19.00+£0.22° | 45.93+1.50* | 55.37+1.55* | 61.74£1.34" | 66.20+1.49* | 69.21+1.43"
T6 16.38+0.69° | 32.15+3.74* | 41.93+3.70° | 48.25+4.28% | 51.65+4.69" | 54.75+4.81*
T7 17.67£0.22° | 36.49+1.31° | 46.30+1.29% | 52.47+1.17" | 56.87+1.09" | 60.03£0.97"

+ indicates standard error of means. Values in same column followed by different
letters are significantly different (p<0.05). Ty- control, T -vermicompost @5t/ha,
T,-sugarcane bagasse biochar @ 5t/ha, Ts;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.
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In general, the least pronounced effect by the sole application of sugarcane bagasse
biochar (T2) on the growth parameters of soybean might be attributed to the
hydrophobic nature of biochar. Biochar prepared from sugarcane bagasse had lower
density and higher ash content than maize cob biochar which might have added to its
hydrophobicity. Moreover, in the present study, we employed homogenous
application of the treatments in the top 0-15 cm of the soil depth. Hence, it increased
the possibility of biochar removal along with other soil particles through wind and
water erosion. This phenomenon is more pertinent in biochars which are less coarse
or contains higher dust concentrations (Verheijen et al., 2009) as in the case of
sugarcane bagasse biochar. Also, recently published literatures have proven that
freshly yielded biochars may affect the plant growth adversely by immobilizing the
movement of nutrient uptake by plants mainly due to adsorption of mineral nitrogen
and dissolved organic carbon (Ding et al., 2010; Graber and Elad, 2013). Therefore,
biochar combined with organic or inorganic nutrients can help in removing or
counteracting the adverse effect of freshly yielded biochar (Gathorne- Hardy et al.,
2009; Alburquerque et al., 2012). The possibility that nutrients get attached to
charcoal rather than ash or mulch is very high but more evidences are required to
validate the same (Lehmann et al., 2002). However, as the biochar ages, the build-up
of functional carboxylic groups on the surface of biochar increases (Browdowski et
al., 2005) which might possibly stimulate more interactions between biochar and
other soil particles such as organic matter and soil pollutants (Cheng et al., 2006;
Brodowski et al., 2005; Smernik et al., 2006). This might be a possible explanation
for the better response of soybean growth in the sole maize cob biochar treated soil

(T3) in the second year as compared to the first year.
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7.4.2 Effect on yield and yield components

The effect of biochar on the yield components of soybean in the two seasons are
displayed in Figure 7.1 to 7.6. Except the number of pods per plant, the addition of
biochar did not significantly affect the yield of soybean. The number of pods per
plant of T5 increased by 67.24, 62.93 and 62.07 % respectively over T7, T3 and TO.
Unamended control (TO) and sole application of compost (T1) produced better
results than sole application of biochar (T2 and T3) across all the yield components.
Similarly, in the second year, no significant differences were observed in any of the
measured parameters although soils amended with T5 yielded a marginally better
performance as compared to the other treatments. Compost and biochar-compost
combination affected the yield and yield components of soybean positively resulting
in an increase in the number of pods per plant. Barus et al. (2016) also found that
application of mixed husk biochar and compost significantly increased the number of
pods by 55% over control. Agegnehu et al. (2015) indicated a significant relationship
between yield of pods and yield of soybean grains. A study conducted by Bahaa
(2016) indicated an enhancement in the morphological traits of growth and yield in
wheat after biochar application, which is most likely due to the increase in the
number of leaves and number of fruit bearing branches. These results are in
accordance with several findings (Chan et al.,, 2007; Van Zwieten et al., 2010;
Antonia et al., 2013) which are probably due to the high carbon but low nutrient
content of biochar. Also, it is observed that soybean yield was higher in the soil
treated with sole compost than the soil treated with biochar only. This is probably
because biochar not provide nutrients directly to the soil. Antonia et al. (2013) also
reported similar findings where wheat grain production in biochar amended soil
without mineral fertilization only slightly increased the yield by -3 to 42% whereas,
the use of medium mineral fertilization and full mineral fertilization without biochar
increased the yield by 149 and 281 % respectively. Additionally, the results
suggested the benefits of sole application of compost over sole application of biochar
which is again most likely due to the high nutrient content of the compost. However,
as seen from the result, the yield of soybean in the subsequent year was greater in the

maize cob biochar amended soil (T3) than in the unamended control and sole
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compost amended soil. This might possibly be due to leaching of nutrients in
compost amended soils which was also reported by Glaser et al. (2002). They found
that ammonium content was notably increased just after the application of
fertilization but was reduced to the same amount prior to application after 21 days.
Similar effects were reported with K, Ca and Mg but they observed a decrease in
leaching on application of charcoal. The high specific surface area of biochar and
nutrient supplements through ash or organic amendments aids in the nutrient
retention and available nutrient uptake capacity (Glaser at al., 2002) which in turn,
increases the fertilizer use efficiency and decreases leaching (Steiner et al., 2008;

Roberts et al., 2010).
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Figure 7.1. Effect of biochar and vermicompost on the number of pods per plant of
soybean under different treatments in 2018. Different letters indicate significant
differences among the treatments. Ty- control, T;-vermicompost @5t/ha, T,-
sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ts-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Figure 7.2. Effect of biochar and vermicompost on the number of pods per plant of
soybean under different treatments in 2019. Different letters indicate significant
differences among the treatments. Ty- control, T;-vermicompost @5t/ha, T»-
sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ty4-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.

101



3.35 -
3.30 - a a
325 A
= a a
S 320 - 2 .
= a
) 3.15 -
=
X
= 3.10 -
2
< 3.05 -
=11]
]
§ 3.00 -
< 295 -
290_ T T T T T T T
TO T1 T2 T3 T4 T5 T6 T7
Treatment

Figure 7.3. Effect of biochar and vermicompost on the average pod length of
soybean in 2018. Different letters indicate significant differences among the
treatments. To- control, T -vermicompost @5t/ha, T,-sugarcane bagasse biochar @
St/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5
t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar +
maize cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 7.4. Effect of biochar and vermicompost on the average pod length of
soybean in 2019. Different letters indicate significant differences among the
treatments. Ty- control, T|-vermicompost @5t/ha, T,-sugarcane bagasse biochar @
St/ha, Ts-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5
t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar +
maize cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 7.5. Effect of biochar and vermicompost on the grain yield of soybean under
different treatments in 2018. Different letters indicate significant differences among
the treatments. Ty- control, T -vermicompost @5t/ha, T,-sugarcane bagasse biochar
@ S5t/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@
2.5 t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane
biochar + maize cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar +
maize cob biochar @ 1.66 t/ha each.
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Figure 7.6. Effect of biochar and vermicompost on the grain yield of soybean under
different treatments in 2019. Different letters indicate significant differences among
the treatments. Ty- control, Ti-vermicompost @5t/ha, T,-sugarcane bagasse biochar
@ 5t/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@
2.5 t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane
biochar + maize cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar +
maize cob biochar @ 1.66 t/ha each.

7.4.3 Effect on aboveground biomass yield and harvest index

Analysis of variance did not indicate any significant differences in both the
aboveground biomass yield and harvest index among the treatments (Figure 7.7 to
7.10). The aboveground biomass yield and harvest index showed a tendency to be
higher in TS5 among all the other treatments in the first year. In the second year, the
highest aboveground biomass yield was observed in T5 whereas the T6 recorded the

maximum value of harvest yield.
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Figure 7.7. Effect of biochar and vermicompost on the aboveground biomass yield
of soybean under different treatments in 2018. Different letters indicate significant
differences among the treatments. Ty- control, T;-vermicompost @5t/ha, T»-
sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ty-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar (@ 1.66 t/ha each.
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Figure 7.8. Effect of biochar and vermicompost on the aboveground biomass yield
of soybean under different treatments in 2019. Different letters indicate significant
differences among the treatments. Ty- control, T;-vermicompost @5t/ha, T»-
sugarcane bagasse biochar @ 5t/ha, T;-Maize cob biochar @5t/ha, Ty4-
vermicompost + sugarcane biochar@ 2.5 t/ha each,Ts. vermicompost + maize cob
biochar @2.5 t/ha, Te-sugarcane biochar + maize cob biochar @ 2.5 t/ha, Ts-
vermicompost + sugarcane biochar + maize cob biochar @ 1.66 t/ha each.
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Figure 7.9. Effect of biochar and vermicompost on the harvest index under different
treatments in 2018. Different letters indicate significant differences among the
treatments. Ty- control, T|-vermicompost @5t/ha, T,-sugarcane bagasse biochar @
St/ha, Ts-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@ 2.5
t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, T¢-sugarcane biochar +

maize cob biochar @ 2.5 t/ha, T;-vermicompost + sugarcane biochar + maize cob
biochar @ 1.66 t/ha each.
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Figure 7.10. Effect of biochar and vermicompost on the harvest index under
different treatments in 2019. Different letters indicate significant differences among
the treatments. Ty- control, T -vermicompost @5t/ha, T,-sugarcane bagasse biochar
@ St/ha, T3-Maize cob biochar @5t/ha, T4-vermicompost + sugarcane biochar@
2.5 t/ha each,Ts. vermicompost + maize cob biochar @2.5 t/ha, Te-sugarcane
biochar + maize cob biochar @ 2.5 t/ha, T7-vermicompost + sugarcane biochar +
maize cob biochar @ 1.66 t/ha each.

7.5 Conclusion

It is evident from the findings of this short-term trial that the combination of
biochar with organic manures or compost is more beneficial than the sole
application of biochar or compost for the growth and consequentially the
yield of soybean. However, this is only a preliminary study which did not
take into consideration other potential factors such as climatic condition, soil
type, nutrient uptake by crops, and crop type. Therefore, further investigation

on the long-term effect while incorporating these factors is necessary.
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"Slash and burn™ has been the most important agricultural system in many
underdeveloped nations even today. Large tracts of virgin forest are destroyed by this
agricultural method, and the burning process generates a lot of CO,, N,O, and CHa.
The Central Amazon people, on the other hand, used "slash and char" instead than
"slash and burn™ 500-7000 years ago (Downie, 2008). After burning wood in an
oxygen-free environment, they were returned to the soils, which subsequently gained
the name Terra Preta soils. Research on the Terra Preta soils in the Amazon Basin
showed that crop productivity and soil fertility were enhanced by the addition of
charcoal by humans (Glaser et al., 2002). Because of this, the idea of applying
biochar to soil has generated a great deal of study interest, resulting in hundreds of
peer-reviewed research publications being produced (Cheng et al., 2006). It has been
demonstrated that adding biochar to certain soils can enhance their biological,
chemical, and physical characteristics (Jeffery et al., 2011; Lehmann et al., 2011;
Mulcahy et al., 2013). In severely depleted soils with limited organic matter, water,
and chemical fertiliser inputs (nitrogen (N), phosphorus (P), and potassium (K)),
biochar has been applied as an amendment to increase crop diversity and food
security (Atkinson et al., 2010; Igalavithana et al., 2016).

However, to maximise its usage, biochar must be characterised before being used in
a specific application. The properties of biochar are identified and measured using a
variety of techniques across the globe. Numerous chemical analyses of biochar have
been done, encompassing elemental composition and surface examination.
According to Brewer et al. (2014), the surface area, pore size, and pore volume are
frequently used to analyse the physical properties of biochar. Some research has also
established the bulk density and particle size distribution of biochar (Abdullah and
Wu, 2009; Jaafar et al., 2015). However, the study's objectives and the resources that
are available determine the physicochemical characterisation techniques and level of
analysis for biochar. The properties of the biochar investigated in this study were pH,
EC, CEC, yield, ash, moisture, volatile matter and fixed carbon content, respectively.
The surface morphological characteristics and identification of functional groups
were also carried out. As seen from the result, both the biochar were found to be

alkaline with sugarcane bagasse biochar exhibiting higher values than maize cob
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biochar in all the parameters analysed except in CEC and fixed carbon content. The
surface morphological analysis of the two feedstock using SEM imaging
demonstrated a vast difference in the pore structure before and after conversion to
biochar. The construction of a carbonaceous framework that resembled the capillary
structure present in sugarcane biomass culminated in the formation of a honeycomb-
like structure, as seen by SEM images. The difference in the pore size and structural
makeup of the two biochar indicates that the morphological characteristics of biochar
are highly dependent on the type of feedstock used. These differences in the biochar
will cause it to have varying capacities to adsorb soluble organic and inorganic
matter, gas molecules, and nutrients in the soil matrix. Additionally, it will offer a
home for microbial communities to settle, develop, and proliferate (Sainju et al.,
2006). The two biochars' identical functional group composition was shown by the
FT-IR spectra. The functional groups identified in the study were aliphatic C-H,
carbonyl (C=0) and C-C and hydroxyl (O-H).

Our findings indicated a positive effect of biochar on the soil physical and chemical
properties. We observed an increase in soil pH with the addition of biochar and
vermicompost which is probably due to the alkaline nature of the biochars used in
the study. Large concentrations of cations, such as Ca, Mg, and K, found in some
feedstock, are transformed into oxides, hydroxides, and carbonates that are
concentrated in the biochar's ash fraction, particularly in those made at high pyrolysis
temperatures (Houben et al., 2013). When added to soil, biochar act as a liming agent
due to the solubilization of these alkaline materials (Yuan et al., 2011; Novak et al.,
2009). The application of plant-derived biochar raised the pH and exchangeable
cations and decreased the readily accessible Al contents of strong acidic tea soils
following a 65-day incubation research (Wang et al., 2014). A significant increase in
the organic matter and the CEC of the soil was seen following the application of
biochar and vermicompost although the CEC content of the biochars used in this
study were lower than the CEC of the soils. Application of biochar does not increase
the soil CEC instantly because CEC of biochar is usually lower than the soil CEC
(Kharel et al., 2019). Therefore, one possible explanation for the increase in soil CEC

might be attributed to the highly porous nature and higher surface area of biochar
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which enhanced its surface sorption and base saturation (Mensah and Frimpong,
2018) or due to the combined application of vermicompost, since composts are made
up of stabilised OM rich in functional groups like carboxylic and phenolic acid
groups which are released into the soil exchange sites (Mando and Zombre, 2001,
Liuetal., 2012).

According to Khan et al. (2021), biochar is an organic nutrient reservoir that contains
nitrogen, phosphate, and potassium that can increase the concentrations of important
nutrients in soil. The present study demonstrated an increase in available N and
available K of soil though soil available P was not significantly increased. The
observed benefits of essential nutrients may stem from the significant impact of
biochar on soil organic carbon and the physical characteristics of the soil, which
enhance the soil's ability to retain nutrients and limit their leaching. Consequently,
the availability of these essential nutrients in soil treated with biochar may increase.
The qualities of biochar, such as its porosity, wide surface area, CEC, and charge
density, promote an increase in the retention of nutrients and other organic
molecules. The surface of biochar generated at low temperature contains labile C and
acid functional groups, and this kind of biochar often adsorbs more NH," in contrast
to biochar generated at high temperature (Nguyen et al., 2016). Low-temperature
biochar's labile C content most likely plays a role in immobilising N in the mineral
soil. This might be one of the reasons for the increase in available N following
biochar application since the biochar utilized in our study were produced at a low
pyrolysis temperature (~ 300 ° C). Additionally, Nelissen et al. (2012) observed that
NH,4" is promptly immobilised by adsorption, reducing the amount of accessible N
and minimising potential soil N losses in the process. Furthermore, the CEC of the
soil was increased with the application of biochar thus increasing the number of
exchange sites available for K adsorption. Due to its structural characteristics, which
include its large surface area, negative surface charge, and porous structure, biochar
generally increases soil CEC, which strengthens K retention and facilitates the
delayed release of nutrients (Zhou et al., 2015).

Biochar is a highly stable material rich in carbon, and it can be applied to soil to

stabilise certain carbon components over an extended period of time (Zhang et al.,
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2019). The quantity and composition of SOC will directly alter when a significant
amount of biochar is added to the soil. In their 2018 study, Dong et al. (2018) applied
biochar derived from rice and cottonseed husks at varying rates (0, 30, 60, and 90
t/ha), and they found that the SOC content rose as the application rate increased.
According to this study, total carbon (TC) and total organic carbon (TOC) were
significantly affected by biochar as opposed to the no-biochar treatment, particularly
by the combined application of biochar and vermicompost. After applying the
biochars, the content of TC and TOC rose, presumably as a result of the high carbon
content of the biochar. Under the same fertilisation circumstances, Laird et al. (2010)
discovered that the addition of biochar raised the SOC content. Through pot
experiments in Xinjiang, China, Ma et al. (2012) discovered that biochar may
significantly increase the SOC, WSOC, and SMBC content of grey desert soil. We
also noticed that the SOC mineralization of the treated soils was greatly influenced
by the biochar. Due to its intricate aromatic structure, biochar will retain a significant
amount of organic materials on its surface throughout the pyrolysis process. During
the pyrolysis process, biochar also develops a rich porous structure and contains a
large number of trace elements. Because of its unique physicochemical
characteristics, biochar added to soil mostly has priming effects that can alter the
stability of SOC (Fang et al., 2015). The priming effect can be positive, i.e.,
accelerating the decomposition of SOC, or negative, i.e., inhibiting the
decomposition of SOC. The results of our investigation showed that biochar had a
favourable priming effect, as evidenced by the fact that the very labile fraction of
TOC increased significantly in the plots altered with biochar as opposed to those that
were not. SOC stability, bioavailability, and soil microbial activity are all correlated
with the degree of mineralization. Firstly, soil microbes can exploit certain active
chemicals in biochar to facilitate co-metabolism and enhance SOC mineralization
(Hamer et al., 2004). When applying biochar to the soil, this process is more
noticeable initially. Secondly, the surface of biochar frequently exhibits a high
concentration of chemical functional groups. Its chemical composition is primarily
composed of C, N, H, O, N, K, P, Mg, Ca, and other elements. These properties
effectively enhance the physicochemical conditions of soil, including temperature,
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pH, and moisture content. All these can hasten the mineralization of SOC and
encourage the growth and reproduction of soil microorganisms with biochar
application (Zheng et al., 2021). Finally, because of its porous nature, biochar
encourages SOC mineralization and offers a favourable environment for soil
microbes (Singh and Cowie, 2014). Another probable reason for the increased SOC
mineralization might be attributed to the fact that biochar used in our study was
produced at low temperature. For the manufacture of biochar, a temperature range of
550°C to 650°C is usually ideal. A positive priming effect is more likely to occur in
biochar produced at lower pyrolysis temperatures due to its higher yields and
hydrophobicity; conversely, as the pyrolysis temperature rises, the positive priming
impact diminishes (Cheng et al., 2018). The proportion of aged and fresh biochar-C
mineralization was found to be higher in soils amended with biochars produced at
300 °C than in soils amended with biochar produced at 600 °C (Yang et al., 2022).
This suggests that biochar produced at a higher temperature during pyrolysis was
more stable than that produced at a lower temperature. The most important elements
influencing the stability of biochar in soil are thought to be its composition and
structure (e.g., DOC content, aromaticity, and aromatic condensation degree), which
are mostly dependent on the pyrolysis temperature (Leng and Huang, 2018; Leng et
al., 2019). High aromaticity and/or aromatic condensation degree biochar typically
exhibits high stability in soil due to its great resistance to biotic and abiotic oxidation
(Singh et al., 2012; McBeath et al., 2014; Yang et al., 2018). In addition, the rate of
SOC mineralization depends on the soil type where previous studies reported that the
amount of fresh biochar-C mineralized as higher in the sandy loam soil than in sandy
clay loam soil (Yang et al., 2022). According to Bolan et al. (2012) and Han et al.
(2020), the two soils differ in terms of clay content and clay mineral composition,
two critical elements that can impact biochar stability in soil. However, the degree of
SOC mineralization in the biochar amended soil decreased in the second year
suggesting that the SOC shifted to a more recalcitrant form against microbial
decomposition in the second year. This is in harmony with Liu et al. (2019) who
found that the aged-biochar amended soil had a much smaller easily mineralizable C

pool and a lower rate of CO, release than the fresh biochar-amended soil. According
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to earlier research (Maestrini et al., 2015; Wang et al., 2016), biochar's ageing is a
critical component impacting SOC mineralization. A reduced mineralization rate was
detected in the aged biochar amendment when Zhao et al. (2015) examined the
mineralization rate of soil C between fresh and old biochar additions. Another study
by Zimmerman et al. (2011) found that biochar produced from grasses increased C
mineralization during the early incubation period (initial 90 days), while adding
biochar produced from grasses at high temperatures (525 and 650 °C) resulted in a
lower CO, emission during the later incubation stage. Thus, our research suggests
that incorporating biochar into soil is a feasible solution for sequestering carbon and

reducing the amount of CO,, released into the atmosphere.

Besides improving the physico-chemical properties of the soil and
sequestering C, biochar has been proven to improve the productivity of crops. Some
research showed 140% increases in corn production (Major et al., 2010), 100%
increases in cowpea Yield (Glaser et al., 2002), and 96% increases in radishes yield
(Chan et al., 2008) while growing them with chicken litter biochar. According to Liu
et al. (2013), agricultural productivity increased by 11% on average after reviewing
published data from 59 pot trials and 57 field studies from 21 different nations. In
addition to reporting that increases in crop productivity varied with crop type, with
greater increases for legume crops (30%), vegetables (29%), and grasses (14%),
compared to cereal crops corn (8%), wheat (11%), and rice (7%), Liu found benefits
at field application rates typically below 30 tons/ha field application. The application
of biochar additions and agricultural productivity, however, seem to have a limit.
According to Lehmann et al. (2006), crops react favourably to biochar additions up
to 55 tons/ha; growth decreases are only seen at very high treatment levels.
Biederman and Harpole's (2013) results corroborate cases in which a high rate of
biochar application results in a declining yield. In a pot experiment, yields dropped to
the level of the unaltered control when the equivalent of 165 tons/ha of biochar was
added to a poor soil (Rondon et al., 2007). Additionally, Kammann et al. (2011)
discovered that above 100-200 tons/ha, quinoa development was slowed.
Significantly lower thresholds have been reported by others. It is clear from our
study that addition of biochar especially with the combination of vermicompost had a
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more pronounced effect on the growth and yield of soybean. Contrastingly, soybean
growth and yield were considerably lower in the soils amended with biochar only as
compared to the non-amended and vermicompost only amended soils. Biochar has
the potential to improve crop output in a number of ways by improving soil health
(Agegnehu et al., 2017). Nutrients that are bioavailable to plants can be retained and
supplied by biochar. Enhanced microbiological population variety is one method of
doing this (Li et al., 2020). In addition to fixing nitrogen for plant uptake, the refuge
that biochar pores give permits populations to grow (Ameloot et al., 2013). This is
especially crucial for crops (other than legumes) that cannot fix nitrogen on their
own. Joseph et al. (2010) highlights the interesting fact that the potassium included in
biochar is already in a state that may be absorbed by plants. Additionally, crops that
is unable to fix their own nitrogen benefit from biochar's increased availability of
nitrogen for plant uptake (Zheng et al., 2013). Even legumes that fix nitrogen on their
own gain nutritional advantages from the addition of biochar. Following the addition
of biochar, common beans' rate of nitrogen fixation rose. The nitrogen fixation went
from 50% to 72% at a biochar treatment of 90 g kg~' (Rondon et al., 2007).
According to Gaskin et al. (2010), biochar can help crops thrive even in the absence
of conventional chemical fertilisers. Adding biochar generally results in higher
nitrogen retention. In a pot experiment, the use of biochar increased the rice's uptake
of nitrogen fertiliser (Huang et al., 2014). Another possible factor for the observed
increase in soybean growth and yield in this study might be attributed to the
increased soil pH upon biochar application. According to Wang et al. (2014),
severely acidic soils—those with a pH of less than 5.0—are the ones that sustain the
greatest damage. Over a comparatively short period of time—165 days—corn stover
and switchgrass biochar was found to raise soil pH and other characteristics on acidic
soils (Chintala et al., 2014). Crop growth is restricted by the hydrogen and
aluminium atoms that are free in the soil (Akhtar et al., 2015). Munera-Echeverri et
al. (2018) stated that they attach to vital plant nutrients and prevent uptake.
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Based on the findings of this study, we can conclude that biochar has the potential to
improve the soil quality. The functions and workings of biochar in enhancing the soil
fertility could be could be explained by the following aspects- First, because biochar
naturally contains soluble nutrients and because the labile fraction of the material has
mineralized and contains organically bound nutrients, it can be used as a source of
nutrients to improve soil fertility. Second, biochar may enhance the chemical and
physical characteristics of soils mainly because biochar has the potential to enhance
the physical characteristics of soil, such as increasing porosity and water-holding
capacity. The enhancement of soil characteristics, such as improved pH, cation
exchange capacity, and aggregation capacity, may boost soil fertility by reducing
nutrient loss and increasing nutrient levels and availability. Thirdly, biochar has the
potential to function as a slow-release fertiliser by storing nutrients. Biochar's unique
pore structure and functional groups allow excess nutrients like phosphate,
ammonium, and nitrate to be stored on the surface of the material. Because of its
desorption qualities, biochar may then gradually reabsorb nutrients, hence decreasing
nutrient leaching and increasing nutritional contents. Besides acting as a soil
conditioner, the conversion of biomass carbon to biochar can aid in sequestering
atmospheric CO,. The current slash-and-burn method, which is also widely practised
in NE india, releases greenhouse gases and seriously degrades the soil. But it also
offers room for improvement, such as switching from the slash-and-burn to the slash-
and-char method. As observed in our study, the very labile fraction of the carbon
pool decelerated at the conclusion of the experiment indicating that biochar C
became more stable with time suggesting the greater potential for long term carbon
sequestration. A notable enhancement in soybean growth was also observed upon
biochar’s addition particularly when applied in conjunction with vermicompost. This
is most likely because the physical and chemical properties of the soil were
improved. Applying biochar in conjunction with other organic amendments is
advised in order to maximise its benefits, as this research suggests that biochar may
not contain enough nutrients for plants, even though it retains the nutrients.

Given all of these advantages of biochar, particularly its ability to increase crop

yield, farmers may be enticed to use it on their farm if the method of making it is
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simple and affordable. However, the practical issues of cost, application rate,
availability, and associated risks with application should be fully explored before
implementing it on a wide scale. Therefore, this short-term study might provide an
insight into the effects of biochar, particularly in the degraded jhumland of NE India
and help the policy makers or government agencies to formulate policies to help the
farmers adopt biochar to improve the degraded jhumland soils.

To summarise, biochar exhibits significant promise for mitigating climate change
and promoting sustainable agriculture. However, further investigation is necessary to
completely comprehend its impacts and optimise its practical advantages, making

this an essential matter for the future.
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Photo plate 1: Biochar Kkiln used in the study
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Photo plate 2: Feedstocks before and after conversion into biochar
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Photo plate 3: Crushing and sieving the biochar
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Photo plate 4: Land preparation for the experiment

125



Photo plate S: Vegetative stages of soybean growth
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Although jhum cultivation has a great adverse effect on the environment, a vast
majority of rural and semi-urban household still continues to practice this form of
farming system, thereby degrading the soil further leading to reduced crop yield.
Also, the cutting down and clearing of forest continues to increase the emission of
carbon dioxide into the atmosphere. Many studies have shown that biochar acts as a
soil conditioner besides having the potential to sequester carbon. In Mizoram,
maize and sugarcane are grown in a large scale. Area under maize cultivation is
5695 ha and area under sugarcane cultivation is 1476 ha (Agricultural Statistical
Abstract, 2014-2015). Sugarcane juice locally called as futui is commonly
produced on a small commercial scale in Mizoram. After the juice is extracted out,
the sugarcane bagasse is simply thrown away. Therefore, sugarcane bagasse and
maize cobs have tremendous potential to be used as biochar for improving
degraded land by increasing soil productivity as well as sequestering soil organic
carbon. Hence this study aims to evaluate the impact of these two agricultural

waste biochar on nutrient recovery and soil carbon pool in jhumland.
Objectives

The general objective of this study is to determine the impact of agricultural waste

biochar and organic amendments on soil nutrient recovery and carbon pool in jhum

land.

With this main objective, the study was designed to cover the following specific

objectives:

1. To determine the quality of biochar made from maize cob and sugarcane
bagasse.

2. To assess the impact of biochar and vermicompost on soil properties in
jhumland.

3. To assess soil carbon pool in jhumland with application of biochar and
vermicompost.

4. To determine the effect of biochar and vermicompost on growth and yield

of soybean in jhumland.



Major findings

To determine the quality of biochar made from maize cob and sugarcane

bagasse.

For carrying out this experiment, biochar was prepared separately for each
feedstock using drum retort method proposed by NICRA, Central Research
Institute for Dryland Agriculture, Hyderabad. In the laboratory the physical and
chemical analyses such as pH, electrical conductivity, cation exchange capacity,
and proximate analyses such as moisture content, ash content, volatile matter
content and fixed carbon content of sugarcane bagasse biochar and maize cob
biochar were carried out. In addition, the surface morphological characteristics and

the functional groups present in the biochar were also investigated.

i.  As seen from the result, both the biochar were found to be alkaline with
sugarcane bagasse biochar exhibiting higher values than maize cob biochar
in all the parameters analysed except in CEC and fixed carbon content.

ii.  The surface morphological analysis of the two feedstock using SEM
imaging demonstrated a vast difference in the pore structure before and
after conversion to biochar. The construction of a carbonaceous framework
that resembled the capillary structure present in sugarcane biomass
culminated in the formation of a honeycomb-like structure, as seen by SEM
images.

iii.  The functional groups identified in the study were aliphatic C-H, carbonyl
(C=0) and C-C and hydroxyl (O-H).

To assess the impact of biochar and vermicompost on soil properties in

jhumland.

For this experiment, a randomized block design with three replicates and 8
treatments was established for a total of 24 experimental plots. The treatments were
untreated control (TO), vermicompost at St/ha (T1), sugarcane bagasse biochar at

St/ha (T2), Maize cob biochar at St/ha (T3), vermicompost + sugarcane biochar



(T4) at 2.5 t/ha each, vermicompost + maize cob biochar at 2.5 t/ha (T5), sugarcane
biochar + maize cob biochar at 2.5 t/ha (T6), vermicompost + sugarcane biochar +
maize cob biochar at 1.66 t/ha each (T7). The experimental plot was constructed
with the size of 2m x 1.5 m and a buffer zone of 0.5 m was maintained between

each treatment rows to reduce any external effect.

The soil samples were collected twice each season viz. before sowing and after
harvesting soybean. The soil samples were collected from each plot at two soil
depths i.e., 0-15 cm and 15-30 and immediately transferred to the laboratory, mixed
uniformly, and sieved at field moist state within three days. The physical, chemical
and biological properties of the soil samples analysed were bulk density, moisture
content, pH, available nitrogen, available phosphorus, available potassium,
microbial biomass content, soil organic carbon content and cation exchange

capacity.

i.  Our findings indicated a positive effect of biochar on the soil physical and
chemical properties. We observed an increase in soil pH with the addition
of biochar and vermicompost which is probably due to the alkaline nature
of the biochars used in the study.

ii. A significant increase in the organic matter and the CEC of the soil was
seen following the application of biochar and vermicompost although the
CEC content of the biochars used in this study were lower than the CEC of
the soils.

iii.  The present study demonstrated an increase in available N and available K

of soil though soil available P was not significantly increased.

To assess soil carbon pool in jhumland with application of biochar and

vermicompost

For this experiment the following parameters were analysed: total carbon, soil
inorganic carbon and total organic carbon content of the soil samples were

measured. The organic carbon (TOC) was separated into the following four



fractions of decreasing oxidizability/lability based on the concentration of OC,

which was calculated using the three ratios of acid to aqueous solution.

1. Very labile (VLC): Organic C oxidizable under 12N H,SO4

2. Labile (LC): Difference in SOC oxidizable under 18N and that under 12N H,SO4

3. Less labile (LLC): Difference in SOC oxidizable under 24N and that under 18N H;SO4
4. Recalcitrant/ Non-labile (NLC): Residual SOC after reaction with 24N H,SO4 when
compared with TOC. The very labile and labile pool may be summed up and it may be
designated as active pool. Similarly, less labile and non-labile pool may be summed up and

designated as passive pool.

I. The total carbon and total organic carbon within 0-30 cm soil depth
increased with the application of biochar.

ii.  The very labile fraction of the carbon pool was enhanced by the addition of
biochar corroborating the existing knowledge that biochar produced at a
lower temperature (<500° C) result in a C-rich product with more labile
structures that are rapidly mineralized when applied to soil.

iii.  The fraction of active carbon pool was higher than the passive carbon pool
suggesting that the carbon stored in soil could be easily lost if not properly
managed.

iv.  Further, the labile portion of the carbon pool decreased in the second year
as compared to the first year suggesting that ability of biochar in

sequestering C.

To determine the effect of biochar and vermicompost on growth and yield of

soybean in jhumland

Prior to sowing, the plots were manually tilled and the treatments were applied
within the top 0-15 cm of the soil. The treatments were applied only once in the
first year before sowing during the two years experiment. After the applications of
the treatments, three seeds were sown per hole in every plot with a row spacing of
20cm x 25cm. One week after sowing, two plants were allowed for growing

season. Plant growth data such as number of leaves per plant, plant height per plant



and stem girth per plant were collected at 2, 4, and 6, 8, 10 and 12 weeks after
sowing (WAS) whereas yield data such as average pod length, grain yield (kg/ha)

and harvest index were measured at the time of harvest.

i.  Inboth the years, we observed that the combined application of biochar and
vermicompost had a positive effect on the growth of soybean.

ii.  On the other hand, sole application of biochar decreased the growth of
soybean in relative to control plot which validates the fact that freshly
produced biochar may affect the plant growth adversely by immobilizing
the movement of nutrient uptake by plants.

iii.  Of all the yield parameters measured, addition of biochar significantly
increased only the number of pods per plant.

iv.  Additionally, the grain yield of soybean was higher in the first year than the
second which implies the fading positive effect of amendments in the
second year since biochar was applied only once before the start of the
experiment.

v.  From these findings, we can conclude that the combination of biochar with
organic manures or compost is more beneficial than the sole application of
biochar or compost for the growth and consequentially the yield of crops.

Potentials, constraints and implications of biochar use

Based on the findings of this study, we can conclude that biochar has the potential
to improve the soil quality. The functions and workings of biochar in enhancing the
soil fertility could be could be explained by the following aspects- First, because
biochar naturally contains soluble nutrients and because the labile fraction of the
material has mineralized and contains organically bound nutrients, it can be used as
a source of nutrients to improve soil fertility. Second, biochar may enhance the
chemical and physical characteristics of soils mainly because biochar has the
potential to enhance the physical characteristics of soil, such as increasing porosity
and water-holding capacity. The enhancement of soil characteristics, such as

improved pH, cation exchange capacity, and aggregation capacity, may boost soil



fertility by reducing nutrient loss and increasing nutrient levels and availability.
Thirdly, biochar has the potential to function as a slow-release fertiliser by storing
nutrients. Biochar's unique pore structure and functional groups allow excess
nutrients like phosphate, ammonium, and nitrate to be stored on the surface of the
material. Because of its desorption qualities, biochar may then gradually reabsorb
nutrients, hence decreasing nutrient leaching and increasing nutritional contents.
Besides acting as a soil conditioner, the conversion of biomass carbon to biochar
can aid in sequestering atmospheric CO,. The current slash-and-burn method,
which is also widely practised in NE india, releases greenhouse gases and seriously
degrades the soil. But it also offers room for improvement, such as switching from
the slash-and-burn to the slash-and-char method. As observed in our study, the very
labile fraction of the carbon pool decelerated at the conclusion of the experiment
indicating that biochar C became more stable with time suggesting the greater
potential for long term carbon sequestration. A notable enhancement in soybean
growth was also observed upon biochar’s addition particularly when applied in
conjunction with vermicompost. This is most likely because the physical and
chemical properties of the soil were improved. Applying biochar in conjunction
with other organic amendments is advised in order to maximise its benefits, as this
research suggests that biochar may not contain enough nutrients for plants, even
though it retains the nutrients.

Given all of these advantages of biochar, particularly its ability to increase crop
yield, farmers may be enticed to use it on their farm if the method of making it is
simple and affordable. However, the practical issues of cost, application rate,
availability, and associated risks with application should be fully explored before
implementing it on a wide scale. Therefore, this short-term study might provide an
insight into the effects of biochar, particularly in the degraded jhumland of NE
India and help the policy makers or government agencies to formulate policies to
help the farmers adopt biochar to improve the degraded jhumland soils.

To summarise, biochar exhibits significant promise for mitigating climate change

and promoting sustainable agriculture. However, further investigation is necessary



to completely comprehend its impacts and optimise its practical advantages,

making this an essential matter for the future.
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