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Chapter 7
Biochar Application in Management of Paddy 
Crop Production and Methane Mitigation

Chhatarpal Singh, Shashank Tiwari, Siddharth Boudh, 
and Jay Shankar Singh

Abstract Paddy agriculture is one of the major anthropogenic sources of methane 
(CH4) emission at global level. A decrease in CH4 release in the atmosphere from 
paddy fields can add significantly to the management of global warming and climate 
change. Biochar production and application in agriculture prepared from crop straw 
has been proposed as one of the effective countermeasure to mitigate the greenhouse 
gas emissions (GHGs) during farming. Biochar, a co-product of a controlled pyrolysis 
process, can be used as a tool to offset GHGs emissions and as a soil conditioner. 
Biochar application increased rice productivity, soil pH, soil organic carbon, total N but 
decreased soil bulk density in the long term. Recent studies have confirmed that the 
use of biochar in paddy agriculture has the capability to minimise the CH4 production, 
but its essential mechanism has yet to be clarified. The additions of biochar to the 
agriculture soil showed higher CH4 consumption because it improves soil aeration and 
porosity and enhances methanotrophs performance. However, further investigations 
are needed to evaluate the effect of biochar addition on net CH4 emissions and con-
sumptions, respectively, by methanogens and methanotrophs. Long-term experiments 
should be conducted to monitor any changes over the years on the influence of biochar 
amendments on soil–methanotrophs–paddy systems.
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7.1  Introduction

Methane (CH4) is one of the most widespread greenhouse gases (GHGs) emitted 
from paddy fields and other sources such as wetlands, ruminants, coal mines as well 
as anthropogenic activities such as leakage from natural gas systems and the raising 
of livestock. In the early nineteenth century, the atmospheric concentration of CH4 
was 700 ppb, but the current concentration is 1750 ppb and has shown a 1 % year−1 
increase rate over a century (IPCC 2001; Tiwari et al. 2015). The concentration of 
CH4 in the atmosphere is increasing due to discrepancy in CH4 emanation and its 
removal (Singh 2010). The lifetime of CH4 in the atmosphere is 8–12 years, but it is 
more efficient in trapping radiation and 23–30 times more potential than CO2 
(Tiwari et al. 2015). Global surface temperature has increased by 0.8 °C in the last 
100 years and CH4 also contributed to this phenomenon as a potent GHG (Hanson 
et al. 1996). Recent global estimates of CH4 emission rates from wetland rice fields 
ranged from 20 to 100 Tg year−1, which corresponds to 6–29 % of the total annual 
anthropogenic CH4 emission (Neue 1993). According to Demisie and Zhang (2015) 
the processes of CH4 emission are affected by soil texture, inorganic electron accep-
tors, soil physico-chemical properties and methanogenic population. CH4 affects 
the chemistry and oxidation capacity of the atmosphere, e.g. by influencing concen-
trations of tropospheric ozone, hydroxyl radicals and carbon monoxide. The current 
burden of CH4 in the atmosphere is approximately 4700 Tg year−1 (Neue 1993). 
CH4 is produced in flooded paddy soils by a group of bacteria designated as metha-
nogens (also called marshy soil bacteria). The flooding rice fields restrict the oxy-
gen supply to the soil, which may result in the anaerobic fermentation of soil organic 
matter and consequently release of sufficient amount of CH4 to the atmosphere. 
From deeper layer of flooded soil CH4 reaches to the atmosphere by diffusion, ebul-
lition and through aerenchyma conduits of paddy plant. It is now well accepted that 
rice cultivation is the substantial source of CH4 emissions therefore, there is need to 
management of flooded paddy agriculture to minimise the soil CH4 emissions.

Keppler et al. (2006) demonstrated that significant amounts of CH4 are produced 
from terrestrial plants and detached leaves. They assumed that living plants and 
plant litter produce 62–236 Tg year−1 and 1–7 Tg year−1 CH4, respectively. Natural 
sources are accountable for about 30 % (up to160 Tg year−1) of the CH4 flux; how-
ever, the anthropogenic sources are responsible for contributing 70 % (up to 375 Tg 
year−1) (Mer and Roger 2001). Soil amended with biochar produced less quantities 
of CH4 than without biochar amendments. Biochar is a co- product of high concen-
tration of carbon and silica which is produced by pyrolysis of biomass/organic 
material or plant residues under high temperature (400–500 °C) and low oxygen 
conditions (Lehmann 2007; Lehmann and Joseph 2009). It contains highly con-
densed aromatic compounds which are resistant to decomposition in soil and thus 
can effectively sequester the carbon. It is assumed that biochar application in agri-
culture may improve the soil fertility, crops yields, water holding capacity, degraded 
land restoration and support CH4-assimilating microorganism, i.e. methanotrophs 
(Singh and Gupta 2016). Biochar used in agriculture soil as a soil conditioner and 
plant growth enhancer also increases microbial biomass in paddy ecosystem. 
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Impacts of biochar application on soil physico- chemical properties are widely known, 
while the research on agriculture productivity and CH4 emission/consumption with 
reference to biochar application in paddy agriculture is scarce. Therefore, the 
objectives of this review are (1) to describe the impact of biochar on paddy produc-
tivity and CH4 emission/consumption, (2) to assess the role of biochar amendment 
on soil microbial processes and biomass and (3) to discuss impact of biochar 
application on soil N dynamics.

7.2  What Is Biochar?

Biochar is a unique product, which enhances the plant-available nutrients and 
significantly improves the crop yield. Biochar is produced by pyrolysis of biomass 
or organic materials and this practice is termed as thermal degradation of biomass 
such as rice straw, grass, wood, agricultural wastes and manure (Wu et al. 2015). 
In addition, biochar can significantly improve soil properties by decreasing methane 
emission, soil bulk density; enhancing soil pH, organic carbon; increasing available 
nutrients; removing heavy metals and increasing number of methanotrophs, thus 
ultimately increasing crop yields (Milla et al. 2013). Biochar is fine-grained residue 
with a high carbon content and works as soil conditioner and carbon sequestrating 
agent in the soil (Johannes 2007; Gaunt and Johannes 2008; Peter 2007). As stated 
earlier, biochar enhances the crop yield and it is also indirectly involved in the miti-
gation of environmental pollution, such as reduction of GHGs. Therefore, most of 
the studies on biochar concentrated over large-scale production. (Peter 2007; Laird 
2008; Johannes 2007; Ghoneim and Ebid 2013). Previously, it was reported that 
biochar increases the agriculture production and mitigates CH4 emissions. However, 
biochar also increases the soil methanotrophic community structure and reduces the 
soil CH4-generating bacteria (methanogens). Therefore, extensive work is required 
to assess the use of biochar and its impact to restore the methanotrophs niche in the 
disturbed paddy agriculture and its contribution to stabilise the atmospheric CH4 
concentration.

7.3  Biochar Production and Its Properties

Biochar production is a thermal degradation phenomenon of organic material and 
biomass, using a small-scale reactor and drum method at 400–500 °C with the resi-
dence time of up to 1 h. Table 7.1 presents different types of biochar produced from 
various sources (feedstock) (Gaunt and Johannes 2008; Peter 2007). Ca, Si, Al and K 
are common elements in biochar but C, N, H and S are also determined by a dry 
oxidation using an elemental analyser (Hmid et al. 2014). According to Gaunt and 
Johannes (2008) and Peter (2007) the performance of biochar in their original shapes 
can be detected by using grinders or sieves, including scanning electron microscopy 
(SEM) equipped with an energy-dispersive X-ray spectroscopy (EDX), Fourier 
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transform infrared spectroscopy (FTIR), volatile matter (VM), electrical conductiv-
ity (EC), total dissolved solids (TDS) analysis, water holding capacity (WHC) and 
heavy metal assessment. Peter (2007) and Milla et al. (2013) reported that the sample 
powder is sprinkled as a thin layer on an adhesive tape placed on the brass sample 
holder. Excess amounts of the sample are removed with a small manual air blower. 
The adhered sample is then coated with gold powder using a sputtering device, FTIR 
spectrometer identified the sample to determine the organic functional groups pres-
ent for each biomass, especially carbons. Volatile matter in biochar is determined 
following the ASTM D 3175-07 standard test method. A Beckman Coulter SA 3100 
BET analyser containing approximately 0.1000 g to 0.2000 g of each biochar sample 
is then used at a temperature of 50 °C for 60 min. Electrical conductivity and total 
dissolved solid analysis are theoretically the best measure to indicate the actual salin-
ity level experienced by the plant root (Peter 2007). Hence, electrical conductivity 
and total dissolved solids are measured using a portable conductivity meter.

7.4  Biochar Types

Currently, varieties of feedstock are being used as raw material for the preparation 
of biochar at variable temperatures such as 250, 300, 400, 500, 600 and 700 °C. 
The composition of various nutrients of biochar varied during its preparation at 
variable temperatures. A variety of biochar from different feedstock has been 
presented in Fig. 7.1.

Table 7.1 Physico-chemical properties of feedstock for biochar production

Component

Woodchip 
Yargicoglu 
et al. 
(2015)

Grass 
Jouiada 
et al. (2015) 
and 
Mohammed 
et al. (2015)

Poultry 
litter 
Jindo 
et al. 
(2012)

Rice 
Husk 
Shackley 
et al. 
(2012)

Sugarcane 
Carriea 
et al. 
(2012)

Wheat straw 
Bruun et al. 
(2012), 
Mahinpeye et al. 
(2009), and 
Khan and 
Mubeen (2012)

Soil C (%) 74.5 – 71.47 – – –
Ash (%) 25.4 14.7 28.53 6.5 11.9–16.4 5.9
pH 7.88 6.1 23.596 6.6 – 6.76
EC (mS cm−1) 0.14 – 3.0 – – 2770
CEC (c mol kg−1) – – – 45–110 – –
C (%) 51.9 42.5 38.6 41 60.4–65.3 43.7
N (%) 0.4 1.9 1.37 1.4 0.8–1.0 0.9
S (%) – 5.3 – 0.1 25.4–15.1 0.283
Ca (ppm) 0.56 4.3 4 1.85 250 – 0.18
K (ppm) 0.21 64.80 0.99 2604 – 0.15
Mg (ppm) 0.04 2.3 4 0.19 827 – –
Si mg kg −1 – 7.44 – 5.8 – 0.18
P (ppm) 0.06 2.31 0.35 – – 0.05

C. Singh et al.



127

7.4.1  Biochar Produced from Grass

Grass biochar is produced by a variety of grasses such as Switchgrass (Panicum 
virgatum L.), Sawgrass (Cladium jamaicense), etc. and has been declared as a 
model bioenergy crop for the production of biochar. These are preferred due to its 
high yield potential, low input requirements on marginal soils and potentially active 
in soil carbon sequestration and alleviation of GHGs (McLaughlin and Walsh 1998; 
Sadaka et al. 2014; Mukherjee and Lal 2013). The switchgrass has a gross calorific 
value between 18 and 19 MJ kg−1 as compared to hardwoods 20–21 MJ kg−1 (Sadaka 
et al. 2014). There were several barriers in the way of switchgrass to be used as the 
sole source of fuel in combustors such as high moisture and ash contents in biomass, 
which cause ignition and combustion problems. It has been observed that blending 
of biomass with coal would reduce flame stability problems and will also lead to sig-
nificant reductions in methane emissions. Consequently, a multitude of studies has 
investigated about conversion of switchgrass to biochar for the safe and eco- friendly 
cultivation of agriculture crops (Sadaka et al. 2014).

7.4.2  Woodchips Biochar

Woodchips are a medium-sized solid material made by cutting, or chipping, larger 
pieces of wood. Today, woodchips are used as a raw material for the production of 
biochar. It has more carbon concentration as compared to other feedstock biochar 

Fig. 7.1 Different feedstocks used for biochar production

7 Biochar Application in Management of Paddy Crop Production…

https://en.wikipedia.org/wiki/Wood


128

including the highest carbon sequestration potential. Woodchips feedstock produce 
a high quality biochar at 400–500 °C, its good residential time is 2–3 h. Woodchips 
absorb moisture at 15–20  °C, therefore it requires drying before the pyrolysis 
(Milla et  al. 2013; Lai et  al. 2013; Spokas et  al. 2009). The Camellia japonica 
(Japanese Cedar) waste wood chips are used for biochar production by pyrolysis at 
either 290 °C or 700 °C and called biochar 290 (BC290) and biochar 700 (BC700), 
respectively (Lai et al. 2013). The percentage amount of C, N, H and available K 
contents have been found to be about 59.1 %, 0.35 %, 5.73 % and 0.78 g/kg for 
woodchips biochar 290 (BC290) and 83.0 %, 0.34 %, 2.57 % and 3.90 g/kg for 
BC700, respectively (Lai et al. 2013).

7.4.3  Rice Husk Biochar

Rice hulls (husk) are the coatings of seeds, or grains, of rice. The husk protects the 
seed during the growing season, because it is formed from hard materials, including 
silica, carbon, magnesium and phosphorus. Presently rice husk, used as a raw mate-
rial for the production of biochar, improves the soil fertility and crop productivity. 
For making biochar, rice husk is put in a pyrolysis apparatus which consists of a 
stainless reactor of 500 mm length with a 15 cm inside diameter. The rice husk is 
then heated externally by an electric furnace (5000 W) to a temperature of 600 °C 
and it has more concentration of silica and carbon (Zhang and Liu 2012). The use of 
rice husk biochar in agriculture field in place of synthetic fertilisers is advantageous 
because the synthetic fertilisers generate many harmful effects such as reduction in 
microflora, crop yield, nutrient availability, water holding capacity, etc. The studies 
on cowpea, soybean and maize have also supported the application of biochar as a 
way to increase crop yields. In Asian region due to elevated production of rice, it is 
estimated that up to 560 and 112 million tons of rice straw and rice husks are pro-
duced, respectively. These residues may be a valuable resource for the production of 
biochar that may be used in agricultural applications (Masulili and Utomo 2010).

7.4.4  Poultry Litter Biochar

For the production of poultry litter biochar chicken manure (CM), the feedstocks 
used are wood feedstock, rice husk, plant residue, etc. (Songa and Guo 2012; 
Demirbas 2001). According to Songa and Guo (2012) CM is a solid waste material, 
resulting from chicken rearing and is being explored as a feedstock for biofuels and 
biochar. CM is a mixture of bedding materials of bird feather, hen’s excreta and feed 
spills. These are pyrolysed by thermochemical conversion technology whereby 
organic materials are heated in the absence of oxygen. CM can be readily trans-
formed into biochar, biofuel and syngas for the enhancing production of agricultural 
crop (Songa and Guo 2012; Kim et al. 2009).

C. Singh et al.
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7.4.5  Sugarcane Bagasse Biochar

Sugarcane industry produces several pyrolysable residues. These include bagasse 
(crushed cane stalks), cane trash (leaves and stalk tips removed during harvest) 
and filter cake, a sludge that is removed via filtration after the juice clarification 
step and bagasse used for many purposes such as biochar production, biofuels, 
burning purpose, etc. Currently, sugarcane bagasse is being used on large scale 
for the production of biochar. The raw material/feedstock should be dry in wet 
season because moisture content creates difficulties during pyrolysis; dry feed-
stock has a low residential time (1–2 h) for the production of biochar (Eykelbosh 
et al. 2014). Sugarcane biochar contains a high concentration of carbon, silica, 
magnesium, etc. and may play a significant role in agriculture field to enhance 
the crop production and as a conditioner for saline and degraded soil (Eykelbosh 
et al. 2014).

7.4.6  Wheat Straw Biochar

Wheat straw containing lignocelluloses biomass is the most abundant organic 
raw material and is being used widely for biochar production. Wheat straw is 
collected by a cutting machine and then shipped to the production plant and air-
dried. Pyrolysis of wheat straw is performed in a vertical kiln at 350–550  °C, 
converting 35  % of the biomass to biochar. The biochar mass originally in a 
particulate form is ground to pass through a 2 mm sieve and mixed thoroughly to 
obtain a fine granular consistency that would mix more uniformly with the soil 
mass (Wu et al. 2013).

7.5  Impact of Biochar on Soil and Plant Growth

• Increases water holding capacity and reduces soil bulk density of the soil
• Enhances cation exchange capacity
• Improves fertiliser utilisation by reducing leaching from the root zone
• Retains minerals in plant available form
• Supports soil microbial life and biodiversity
• Plants resistance to diseases and pathogens
• Reduces soil CH4 emission
• Increases soil methanotrophs population
• Improves soil carbon pool
• Increases nitrogen retention
• Promotes paddy root growth (Fig. 7.2)
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7.6  Impact of Biochar on Crop Yields and Soil Properties

Biochar applications to increasing crop productivity by improving the physico- 
chemical and biological properties of the soil with variation in crop response. 
These impacts depend on the chemical and physical properties of the biochar, soil 
conditions and the crop type (Zwieten et al. 2010; Yamato et al. 2006). Zhanga 
et al. (2010a, b) found that biochar amendment at 10  t ha−1 and conventional N 
fertilisation at 300  kg ha−1 enhance the crop yield by 9  %, while only biochar 
amendment at 40 t ha−1 yields increased by12 %. However, the exact mechanism 
about the biochar effect on rice yield in presence or absence of fertiliser is still not 
known. Most of the previously reported field trials have been conducted mostly in 
tropical regions having relatively poor soils with the rain-fed crops (Zhanga et al. 
2010a, b). Zhanga et al. (2010a, b) reported that biochar application increased rice 
yields by around 10 %. The biochar amendments can increase N availability to 
crops and that high level of soil organic C accumulation can enhance N efficiency 
and increase rice productivity in a long-term monitored rice paddy (Pan et  al. 
2009). This is of particular importance for world’s rice agriculture as the farming 
has tremendous challenge of N pollution from overuse of N fertilisers (Zhanga 
et al. 2010a, b).

Fig. 7.2 Biochar applications in paddy field
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7.6.1  Paddy Productivity

Biochar amendment significantly impacts the crop yield including the improvement 
of root length, shoot biomass, panicle length, number of tiller per plan, rice yield, 
nutrient availability and carbon sequestration (Milla et al. 2013; Abdullah and Wu 
2009; Meyer et al. 2011). However, Yang et al. (2015) reported that 2 ton ha−1 biochar 
application could increase the yield by 5–15 % and biochar of 4 ton ha−1 may increase 
the yield by about 20 %. The property of cation exchange capacity (CEC), pH and 
WHC of soils amended with biochar also increases (Yang et al. 2015).

7.6.2  Physico-chemical Properties of Soil

Biochar-amended soil shows the variation in many of its chemical properties, viz. pH, 
K, Ca, Mg, NH4-N and NO3-N as well as in the ratios of organic C, N and P (Jien and 
Wang 2013). They demonstrated that pH significantly increased from 7.41 to 9.26 
with the application of biochar in the farming land. However, Prommer et al. (2014) 
reported that, after biochar amendment the soil pH and cation exchange capacity 
decreased slightly from a preliminary 7.5 to 7.4 (Table 7.2). The biochar- amended 

Parameter Unit Control Biochar

pH (CaCl2) 7.5 7.4
CaCO3 % 15.8 15.2
Humus % 2.4 18.1
Total N % 0.148 0.203
P (CAL) mg kg−1 49 84
Ptot (acid digest) g kg−1 5.46 5.54
Sand % 18.3 Not determined
Silt % 57.2 Not determined
Clay % 24.5 Not determined
CEC cmol kg−1 22.5 20.8
Ca (CEC) cmol kg−1 20.7 18.2
Mg (CEC) cmol kg−1 1.46 1.53
K (CEC) cmol kg−1 0.36 0.99
Na (CEC) cmol kg−1 ˂0.04 ˂0.04
Al (CEC) cmol kg−1 ˂0.06 ˂0.06
Fe (CEC) cmol kg−1 ˂0.01 ˂0.01
Mn (CEC) cmol kg−1 ˂0.01 ˂0.01
H (CEC) cmol kg−1 0.002 0.002
Fe (EDTA) mg kg−1 40 67
Mn (EDTA) mg kg−1 107 128
Cu (EDTA) mg kg−1 7.2 7.1
Zn (EDTA) mg kg−1 2.3 7.5

Adapted from Prommer et al. (2014)

Table 7.2 Physico-chemical 
properties of soil after 
amendment of biochar
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soils also showed an enhancement in the mineral content such as K, Ca, Mg, NH4-N 
and NO3-N, etc. as compared to the control (Agegnehu et al. 2015; Jien and Wang 
2013). Biochar significantly increased soil C by 7 % (Mukherjee et al. 2014). In 
addition, the incubation about 3–4 months after biochar application indicates an 
increase in the nutrient status of highly weathered soils (Agegnehu et al. 2015; Jien 
and Wang 2013). The information concerning impact of biochar application on 
chemical properties of soil is still in an incipient stage; therefore, further research and 
investigation are required in the area.

Application of biochar in agriculture fields improves soil physical quality for 
crop production such as electrical conductivity (EC) and WHC. Humus level also 
increases in the amended soil due to the activity of soil microflora. Therefore, 
improved soil properties increase the level of nutrients available for the crops. Jien 
and Wang (2013) reported that addition of biochar in soil decreases the bulk density 
as compared to control; Mukherjee et al. (2014) also reported that biochar applica-
tion increased subnanopore surface area of soil by 15 % and reduced soil bulk den-
sity by 13 % compared to control. It is reported that biochar-amended soil has an 
11 % higher porosity than the unamended soil (Gul et al. 2015). Therefore, biochar 
plays an effective role to supporting environmental changes with soil microflora and 
reduction of methane gas emission in soil. The effect of biochar on soil pH and 
cation exchange capacity may be minimal. Prommer et  al. (2014) applied three 
amendments in silty-loam soil 0.5  % (w/w) in triplicated plots of paddy field: 
Biochar (oak woodchip), Humic acid (HA) and water treatment residual (WTR) and 
reported that all amendments significantly augmented soil pH, nevertheless the 
impact of biochar was the immense. The above results are based on short-term 
investigation study about the impact of biochar application on soils properties. 
However, long-term studies with respect to use of biochar on soil physico-chemical 
properties are yet to be investigated.

7.6.3  Microbial Biomass of Soil

Soil microbial biomass is the key indicator of soil productivity and microbial diver-
sity. The microbial biomass is not only responsible for carrying the nutrient cycles 
in paddy ecosystems, including carbon (C), nitrogen (N) and phosphorus (P) but 
also plays a significant role in soil nutrient transformations and acting as a labile 
nutrient pool offered to plants (Liu et al. 2010). Microbial biomass is responsive to 
biochar application to the soil of agriculture fields. As the stability period of biochar 
in soil is assumed to be many years, the changes in microbial biomass size and 
properties may continue for a long period. Jien and Wang (2013) found some 
changes in soil microbial activity and microbial biomass after biochar treatment. 
The highest contents of MBC were found at 21 days for each treated plots, which 
were 3200  mg kg−1 for 5  % biochar-amended soil, 1145  mg kg−1 for 2.5  % 

C. Singh et al.



133

biochar- amended soil and 1759 mg kg−1 for the control, respectively. The pH in the 
5 % biochar-amended soil is more suitable for the growth of microbes, particularly 
for fungal hyphae. Wuddivira et  al. (2009) demonstrated that because of higher 
porosity the biochar-treated soil creates suitable condition for the microbial growth 
and activity. Biochar has a high concentration of macropores that extends from the 
surface to the interior and minerals and small organic particles might accumulate in 
these pores. The increase in microbial biomass as a result of biochar amendment can 
help detect the presence of a given microbial genera or species via DNA/RNA- 
based techniques, due to increase in their population size and density in the soil 
matrix (Gul et al. 2015). This indicated that application of biochar in agriculture 
could maintain microbial activity in the soils for a longer period. The application of 
biochar may be considered as a soil conditioner as well as enhancing the microbial 
activity in benefits of agriculture and environment.

7.6.4  Soil Nitrification

Biochar amendment causes primary changes in soil nutrient cycles, commonly result-
ing in marked enhancement in crop yields, mostly in saline and unproductive soils 
having poor soil organic matter contents (Prommer et al. 2014). Prommer et al. (2014) 
reported that biochar application increased total soil organic carbon but decreased the 
extractable organic C pool and soil nitrate. Although gross organic N transformation 
rates were reduced by 50–80 %, the gross N mineralisation process remains unaf-
fected. Biochar application increases the ammonia oxidisers population in soil and 
consequently more than twofold higher in nitrification rates noted (Ball et al. 2010). 
Prommer et al. (2014) suggested that addition of any inorganic fertiliser with the com-
bination of biochar may compensate the reduction in organic N mineralisation and as 
a consequent accelerate the belowground build-up of organic N.

Biochar applications have significant effects on microbial-mediated N transfor-
mations (Ball et al. 2010) and ammonia- and methane-oxidising bacterial commu-
nity composition in paddy soil (Ball et al. 2010). Changes in pH that can start similar 
responses in soil were not able to explain the observed changes in nitrification. 
Prommer et al. (2014) after applying biochar, ammonium level increased 0.001 mg 
kg−1 in the conventionally managed soils (about 88 mg kg−1 dry soils) compared 
with the organic soils (about 9 mg kg−1 dry soil). After increasing biochar applica-
tion rate ammonium contents became 66, 30 and 15 mg kg−1, respectively, but does 
not show significant reductions from the small initial ammonium contents in the 
organically managed soil. Initial nitrate contents of 5 mg kg−1 increased over the 60 
days. Study showed that single or combined application of biochar with any inor-
ganic fertiliser may increase soil organic N in turn enhancing soil carbon sequestra-
tion and thereby could play a significant role in future soil and environmental 
management planning (Prommer et al. 2014).
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7.6.5  Soil Mycorrhizal Fungi

Biochar and mycorrhizal applications have been contributing to the sustainable crop 
production, ecosystem restoration, and soil carbon sequestration and mitigation of 
methane emission (Warnock et al. 2007). Mycorrhizal fungi are ubiquitous key indi-
cator in nearly all terrestrial vegetation and crop systems, showing a very high 
degree of specificity and mutualism, enhancing plant growth. Biochar incorporation 
in soil has a positive impact on mycorrhizal fungi that may influence the nutrient 
absorption by plant roots (Ishii and Kadoya 1994; Warnock et al. 2007). Biochar can 
also increase endomycorrhizal plant associations that could enhance P availability 
in soil (Atkinson et al. 2010). In biochar-amended soil, the favourable soil condi-
tions enhance the ability of MF to resist against plant-fungal pathogen infection 
through enhanced root colonisation (Atkinson et al. 2010). A number of investiga-
tions examined that biochar may influence the mycorrhizal population in terrestrial 
and paddy ecosystem (Warnock et al. 2007; Ishii and Kadoya 1994) but biochar 
application in soil and its effect on the diversity of mycorrhizal fungi is still not clear 
and hence there is need of further detailed study.

7.7  Impact of Biochar on Methanogens and Methanogenesis 
in Paddy Ecosystem

Biochar amendment affects the methanogenic archaeal community compositions in 
paddy soils (Dong et al. 2013). No statistically significant differences in methano-
genic activities are noted in the rhizosphere of biochar amended and control soil 
during the rice growing seasons (Dong et al. 2013). But in a field experiment bio-
char addition at the rate of 9 t ha−1 significantly decreased CH4 emission without 
affecting the CO2 and N2O emissions (Karhu et al. 2011). But in a laboratory incu-
bation experiment the CH4 emission from paddy soil was completely inhibited com-
pared with the non-amendment control soil (Liu et  al. 2011; Bosse and Frenzel 
1997). Feng et  al. (2012) also reported that amendment of wheat straw biochar 
significantly reduced CH4 emission from paddy ecosystem. Liu et al. (2011) found 
that CH4 emission from a rice paddy field was significantly increased (compared 
with the non-amendment control soil) in the first year after biochar amendment but 
was not as prominent as in the next year. It has been observed that soil CH4 emission 
in response to the biochar amendment may vary with biochar types and properties. 
Most of the studies supported that decreasing methanogenic activity in paddy soil 
amended with biochar could be due to the increase in porosity of soil in presence of 
biochar that may inhibit the growth and multiplication of anaerobic methanogens. 
Although by using rice straw instead of biochar in soil, the rate of methanogenesis 
can be enhanced because readily degradable carbon in rice straw offered more sub-
strates to methanogenesis to generate CH4 than that in rice straw biochar. In contrast, 
there was no significant increase in CH4 emissions associated with biochar 
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amendment due to their resistance to decomposition (Liu et  al. 2011). However, 
there is no considerable information about biochar application in paddy fields 
related to methanogenic activity; methanogens diversity decreases with biochar 
amendments hence there is need of detailed study on this aspect.

7.7.1  Methane-Producing Bacteria (Methanogens)

Methanogenic archaea (methanogens) are strictly anaerobic microbes that play a 
vital role in anoxic environments of flooded paddy soil in the generation of CH4 and 
CO2 (Conrad 1999). Methanogens use acetate (contributes about 80% to CH4 
production) as a carbon substrate, but another substrate like H2/CO2 and formats 
also accelerate 10–30  % CH4 production. According to Methanobacteriales, 
Methanococcales and Methanomicrobiales orders of methanogens have the ability 
to fix molecular nitrogen as they have the nif genes (Dannenberg and Conrad 1999). 
Methane is produced in the anaerobic layers of paddy soil mediated by bacterial 
decomposition of organic and plant residues (Dubey 2011). The characteristics of 
methanogens that carried anaerobic degradation of organic matter are described in 
Table 7.3. Methanogenesis from all substrates requires some unique coenzymes, 
some of which are exclusively found in methanogens (Ludmila et al. 1998; Yao and 
Conrad 2001). At least nine methanogen-specific enzymes are involved in the path-
way of methane formation from H2 and CO2 (Shima 1998). In paddy soil, acetate and 
H2 are the two main intermediate precursors for CH4 formation (Yao and Conrad 
1999).

Table 7.3 Some important characteristics of methanogens

Characteristics Methanogens

Cell form Rods, cocci, spirilla, filamentous, sarcina
Gram stain reaction Gram +/–
Classification Archaebacteria

Cell wall pseudomurein, protein, heteropolysaccharide
Metabolism Anaerobic
Energy and carbon source H2+CO2; H2+methanol; formate; methylamines; methanol, acetate
Catabolic products CH4 or CH4+CO2

TCA cycle Incomplete
Carbon assimilation 
pathways

TCA cycle, gluconeogenesis

GC content % 26–60
Typical species Methanobacterium bryantii

Methanobrevibacter smithii

Methanomicrobium mobile

Methanogenium cariaci

Adapted from Dubey et al. (2005)
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7.7.2  Methanogenesis

Biochar affects methanogenesis because numbers of methanogens reduced in anaer-
obic environments where sulphate and nitrate present in low concentration complete 
mineralisation of organic matter take place through methanogenic fermentation, 
which produces CH4 and CO2 according to reaction: C6H12O6 → 3 CO2 + 3 CH4 
(Fig. 7.3). Four types of microorganism play important roles in this transformation 
and convert complex molecules into their simpler forms (Mer and Roger 2001). 
The transformation takes place by the following steps.

• Hydrolysis of biological polymers into monomers (glucides, fatty acids, amino 
acids) by an hydrolytic microflora that can be either aerobic, or facultatively, or 
strictly anaerobic;

• Acidogenesis from monomeric compounds and intermediary compounds formed 
during fermentation (production of volatile fatty acids, organic acids, alcohols, 
H2 and CO2) by a fermentative microflora that can be either facultatively or 
strictly anaerobic.

• Acetogenesis from the previous metabolites by a syntrophic or homoacetogenic 
microflora; and

• Methanogenesis from the simple compounds that can be used by methanogens 
(in particular, H2 + CO2 and acetate) which constitutes the last step of the metha-
nogenic fermentation.

CH4
O2

Ebullition

Rice plant

Oxidized soil

Soil
Methanotroph

Organic
matter

Organic
Carbon

Acetogenesis

Acetate

Methanogenesis

Flooded
water

Diffusion

CH4

H2O
H2O+CO2

O2CO2

Fig. 7.3 Production, consumption and transfer of CH4 to the atmosphere in paddy fields. Modified 
from Mer and Roger (2001)
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Methanogens have a limited trophic spectra comprised of a small number of 
simple substrates: H2+CO2, acetate, formate, methylated compounds (methanol, 
methylamines, dimethyl sulphur) and primary and secondary alcohols.

7.8  Impact of Biochar on Methanotrophs and Methane 
Oxidation

Currently, biochar is used as an environmental and agriculturally supportive agent 
and hence many parts of world are applying it as a strong soil conditioner for the 
enrichment of soil nutrient status. The most important aspect related to biochar 
application in paddy field is the mitigation of methane emission and stimulation of 
the methane oxidation rate. Reddy et al. (2014) reported that variation in oxidation 
rates and kinetics of methane in soils depth was variable, therefore samples were 
taken from different depth of soils and examine that higher oxidation rate was found 
in upper layer of soil amended with biochar than lower depth of soil. Higher numbers 
of methanotrophs communities exist in upper layer of soil after amendment of bio-
char (Feng et al. 2012). Methanotrophs, aerobic bacteria, are present in the upper 
layer of soil (Reddy et al. 2014; Feng et al. 2012). According to Zhang et al. (2012), 
biochar plays significant role in the reduction of greenhouse gases mostly methane 
emissions in paddy soil. The different rates of greenhouse gas emissions in biochar- 
amended soil are presented in Fig. 7.4.

Biochar plays a significant role in methane mitigation with promoting the 
methanotrophs population and reducing diversity of methanogens. Paddy is one 
of the largest anthropogenic sources of CH4 (6–29 % total methane emission) 
(Neue 1993). Mukherjee and Lal (2013) reported that biochar amendment in soil 
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increases the aeration and porosity therefore, production of CH4 decreases and 
oxidation of CH4 increases. Furthermore, the aerobic, well-drained soils due to 
biochar applications can be a sink for CH4 due to the CH4 diffusion and subsequent 
oxidation by methanotrophs. Hence two mechanisms are involved here: (1) 
decrease the CH4 production, and (2) increase the CH4 oxidation by methanotrophs 
may be operational in the biochar-amended soil (Mukherjee and Lal 2013; Zwieten 
et al. 2009. According to Jien and Wang (2013) increase in soil microbes, nitrogen 
and phosphorus was observed after 63 and 105 days of biochar application. The 
highest contents of microbial carbon were found at 21 days for each treated soil, 
which were 3200 mg kg−1 for 5 % biochar- amended soil (Jien and Wang 2013). 
This shows that amendment of biochar in soil supports the microbial growth, 
mostly methanotrophs which play significant role in CH4 uptake. Therefore, an 
effective process to decrease CH4 emission in paddy soil may be application of 
biochar (Lehmann 2007). Previous work has shown that  CH4- oxidising bacteria are 
readily enriched within landfill cover soil by exposure to the CH4 generated from 
the waste (Reddy et al. 2014).

7.8.1  Methanotrophs or Methane-Oxidising Bacteria

Methanotrophs are Gram-negative bacteria that utilise CH4 as their sole source of 
carbon and energy play a crucial role in reducing global CH4 load due its CH4 con-
sumption characteristics. Studies on CH4 sink measurement from various agro and 
natural ecosystems showed that the soils of these ecosystems exhibited a significant 
variation in CH4 sink activity due to methanotrophic bacteria. Paddy soil methano-
trophic communities exhibit the highest CH4 sink activity on a global scale (Tiwari 
et al. 2015). Based on physiology, phylogeny, biochemistry, resting stage, intracel-
lular membrane, genetic characters, ultrastructure and phospholipid ester-linked 
fatty acid (PLFA) analyses of 14 culturable genera (Han et  al. 2009) of aerobic 
proteobacterial methanotrophs are classified as type I belongs to Gammaproteobacteria 
group and contain genera Methylobacter, Methylomonas, Methylosphaera, 
Methylomicrobium, Methylothermus, Methylosarcina, Methylohalobius, and 
Methylosoma while type II belongs to Alphaproteobacteria group of CH4-oxidising 
bacteria and include genera Methylocystis, Methylosinus, Methylocapsa, 
Methylocella. Type I group of methanotrophs is further subdivided into types Ia and 
Ib (Bodrossy et al. 2003; Krause et al. 2010). Type I subgroup contains several cul-
turable methanotrophs, for example Methylomonas, Methylosarcina, Methylobacter, 
etc. However, Methylocaldum and Methylococcus come under the subgroup Type Ib 
or rare type X (Hanson and Hanson 1996; Graef et al. 2011; Giri et al. 2014; Tiwari 
et  al. 2015). Type I methanotrophs also referred as ‘high capacity–low affinity’ 
methanotrophs are adapted for high CH4 concentrations and assimilate it through 
RuMP pathway whereas Type II is generally termed as ‘low capacity–high affinity’ 
methanotrophs capable of using trace quantity of CH4 from the environment and 
follow the serine pathway for CH4 oxidation (Hanson and Hanson 1996; Tiwari 
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et al. 2015). Verrucomicrobia, a new group of CH4 oxidiser discovered in recent past 
involved in methane oxidation (Siljanen et al. 2011; Luke et al. 2011; Graef et al. 
2011; Tiwari et al. 2015) The methane oxidation pathways by Type I and Type II 
methanotrophs is presented in Fig. 7.5.

Singh (2010) reported that during last 10 years the extensive study has been done 
related to population dynamics and diversity of methanotrophic genera bacteria. 
Currently, 18 genera of cultivated aerobic methanotrophs (Gammaproteobacteria) 
and five genera of Alphaproteobacteria are represented by approximately 60 differ-
ent species of the bacteria (Singh 2010). Rising temperature around the earth’s sur-
face is directly associated with the increasing atmospheric level of water vapour, 
CO2, CH4, N2O, SF6, etc. due to anthropogenic activities (IPCC 2007; EPA 2010; 
Krause et al. 2010; Li and Wang 2013). Though the atmospheric concentration of 
CH4 is extremely less than CO2 (IPCC 2007), CH4 is more efficient to trap radiation 
than CO2 (Solomon et  al. 2007; Siljanen et  al. 2011; Pandey et  al. 2014). It is 
assumed that methane, 27 times potent GHG than CO2 (Houghton et  al. 1995; 
Phillips et al. 2001; Singh and Gupta 2016), accounting about 15–20 % of the global 
warming effect (Phillips et al. 2001; Wuebbles and Hayhoe 2002; Jang et al. 2006; 
IPCC 2007; Dalal and Allen 2008; Tiwari et  al. 2015). Being highly reactive in 
nature, CH4 affects the chemistry and oxidation capacity of the environment by 
influencing the level of CO, OH−, tropospheric ozone, etc. (Cicerone and Oremland 
1988). Global atmospheric concentration of CH4 has almost tripled since pre- 
industrial times (Krause et  al. 2010) increasing rate up to 0.5–1  % year−1 
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(IPCC 2001, 2007; Tamai et al. 2007; Tiwari et al. 2015). The annual release of CH4 
into the atmosphere was 180 Tg year−1 (Khalil and Rasmussen 1994; Mer and Roger 
2001; Hill et al. 2016).

In global perspective, most of the atmospheric CH4 is eliminated from the environ-
ment through chemical reactions with hydroxyl radicals (OH−) in the troposphere 
(CH4 + OH− → CH3

− + H2O), and in stratosphere CH4 reacts with the chlorine origi-
nated from CFCs (Chlorofluorocarbons) (CH4 + Cl− → HCl + CH3

−.) which involve 
around 90 % of the total Global CH4 sinks (Schlesinger 1997; IPCC 2001; Hutsch 
2001, Mer and Roger 2001; Tiwari et al. 2015). Mer and Roger (2001) state that if 
equilibrium between by methanogens CH4 emission and methanotrophs CH4 oxidation 
is positive, the environment may be a CH4 source and if the equilibrium is negative the 
environment may be a CH4 sink. Aerobic soils are the important biological sink for CH4 
due to the presence of unique methanotrophic bacteria (Singh 2010; Tiwari et  al. 
2015). Methanotrophs utilise CH4 as their carbon and electron source from the sur-
rounding environment. The estimated amount of CH4 consumed by methanotrophic 
bacteria is between 10 and 40 Tg year−1 and comprises approximately 6–10 % of the 
total CH4 oxidation of the atmosphere (IPCC 2001; Tiwari et al. 2015). Up to 95 % 
of the CH4 emitted anoxically may be consumed before destined into the atmosphere 
(Frenzel et al. 1990; Graef et al. 2011). Therefore, even minute alteration in con-
sumption capacity may have a global significance if key regions such as the Arctic 
and Antarctica are concerned (Graef et al. 2011). It is assumed that 10–30 % of the 
CH4 emitted by methanogenic bacteria in submerged conditions of paddy fields is 
oxidised by methanotrophs linked with the roots of rice crop (King 1997; Schlesinger 
1997; IPCC 2001; Mohanty et al. 2007; Tiwari et al. 2015).

7.9  Conclusions and Future Research Directions

Results indicate that biochar and/or compost in a range of combinations added as 
soil amendments with supplementary fertiliser can improve soil health and boost 
productivity of paddy crops with the additional environmental benefits of global 
warming and climate change mitigation. This approach can therefore contribute 
positively to agricultural and environmental sustainability. Biochar and biochar- 
compost applications positively impact soil fertility, for example, through their 
effect on soil physico-chemical properties and plant available nutrients.

Significant increases in various crop yields and plant available soil nutrients were 
observed due to biochar and compost addition in comparison to the fertiliser only 
treatment, indicating that application of organic amendments does provide agro-
nomic benefits. The response of paddy crop to biochar and organic amendments 
could be due to their effects on plant available nutrients, biological N fixation, soil 
water and nutrient retention, although other mechanisms cannot be discounted. 
Study indicates that fresh biochar mitigates CH4 emissions immediately after its 
addition to soil. It has been reported that biochar application to increase CH4 uptake, 
probably due to better soil aeration and optimum moisture availability.
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Application of biochar can significantly improve soil physical quality in terms of 
bulk density, aeration, porosity and WHC. Biochar has a potentially positive role to 
play in limiting GHGs emissions but a greater understanding of the mechanisms 
involved is required. The study showed that biochar addition may reduce the climate 
change impact of agriculture in both perennial bioenergy crop soils and arable soils. 
However, further research is required to confirm these results in a variety of agricul-
ture soils using a variety of biochar types. Longer term experiments need to be 
conducted in order to monitor the effect of biochar on soil CH4 emissions/consumptions 
following rainfall or N fertilisation events, taking measurements from the day of 
biochar application onwards. Future studies should investigate whether biochar 
applications can affect the N use efficiency of paddy agriculture and population 
dynamics of methanogens/methanotrophs. Additionally, future studies should anal-
yse all of the N-based fertiliser and biochar addition to soil under a range of envi-
ronmental regimes such as different soil types, N application rates and timings and 
repeated biochar applications. Future research should make certain that the biochar 
production and methods of amendments used are sustainable in a social, environ-
mental and economic context.
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