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ABSTRACT

A study was carried out to assess the effect of biochar
on the carbon dynamics of wetland rice soils and on the
growth and grain yield of rice plants (Oryza sativa L.).
Pot experiments were conducted with amendments of
chemical and organic origins in addition to wood-
derived biochar. Maximum soil carbon storage was
observed with biochar compared to organic amendments
such as composts and chemical fertilizer. Major soil
carbon sequestration parameters like soil organic carbon
(SOC), particulate organic carbon (POC) and microbial
biomass carbon (MBC) were found to be greater with
biochar. Aggregate formation was also significant under
biochar trials. Considerable reduction in greenhouse
gases (GHGs) emission, especially carbon dioxide
(CO,) and nitrous oxide (N,O), was observed with
biochar. Applications of biochar considerably influ-
enced the growth profile and grain yield of the rice
plants compared to other amendments. Hence, these
results suggest that biochar of appropriate applied
proportion can influence wetland rice soil carbon
dynamics and has the potential to combat global
warming without compromising productivity. The role
of biochar as a green viable carbon negation option is
supported by the study since the results showed a
positive response towards soil and vegetation carbon
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sequestration and yield optimization even without the
addition of any nitrogen fertilisers.

Keywords: Biochar, soil organic carbon, particulate
organic carbon, microbial biomass carbon, greenhouse
gas, global warming.

1. INTRODUCTION

Kuttanadu, the rice bowl of Kerala in India, is unique
among the rice ecologies of the world: The largest
wetlands of the country (53600 ha.) that accounts for
18% of the rice growing area and 25% of total
production of Kerala. This is a unique agricultural area,
lying 0.6 to 2.2 m below mean sea level [1]. The soils of
the Kuttanad area are typical water-logged soils and fall
under the acid sulfate group. However, the soil acidity,
salinity intrusion and accumulation of toxic salts in the
soils make this area less fertile for rice [2]. Excess
application of chemical fertilisers and pesticides in the
paddy fields of Kuttanadu to enhance the rice yield has
been reported at least for the past three decades. Hence,
intensive and extensive cultivation of high yielding
varieties coupled with the application of geometrically
increasing amounts of agrochemicals has resulted in the
deterioration of the environmental quality of this wet-
land system.

Wetland characteristics lead to the accumulation of
organic matter in the soil and sediment, serving as
carbon (C) sinks and making them one of the most
effective ecosystems for storing soil carbon [3]. It has
been estimated that different kinds of wetlands contain
350-535 Gt C, corresponding to 20-25% of world’s soil
organic carbon [4]. However, long term storage is often
limited by rapid decomposition processes and release of
C to the atmosphere from paddy fields. Hence, wetlands
are dynamic ecosystems where significant quantities of
C may also be trapped and stored in sediments.

In the current scenario of climate change, wetland
paddy fields similar to Kuttanadu are considered to be
major sources of greenhouse gases, especially methane
(CHy), nitrous oxide (N,0) and carbon dioxide (CO,) as
they experiences both dry and wet conditions depending
on water availability. The total annual global emission
of methane is estimated to be 500 Tg yr' and up to a
quarter of this is attributed to wetland rice fields [5].
According to OECD [6], agricultural activity contrib-
utes 1% of the excess CO, to global emissions. The
carbon dioxide from farming results from rice
photosynthesis and respiration, soil microbes and the
loss of soil organic carbon [7]. Apart from this,
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activities like conventional tillage and non-tillage in
paddy fields also results in CO, fluxes [8]. Nitrous oxide
is a trace gas that contributes to global warming and its
concentration increases by 0.8+0.2 ppb/yr [9]. Nitrous
oxide results from the general use of nitrogen fertilizers,
which decompose into nitrous oxide through the
denitrification process caused by flooding [10] as
observed in wetland rice fields. The emission of
greenhouse gases, especially methane and carbon
dioxide, results in loss of stored carbon in soil and thus
affects the process of soil carbon sequestration.

Soil organic carbon (SOC) storage has been widely
considered as a measure for mitigating global climate
change through C sequestration in soils [11]. The loss
and gain of organic C in soils depends on soil type,
temperature, erosion, and vegetation type and land
management. The SOC stock also depends on cation
exchange properties [12], soil texture and aggregation
[13]. Some SOC fractions, such as particulate organic
carbon (POC), microbial biomass carbon (MBC) and
potential carbon mineralization (PCM) are considered as
more sensitive indicators of soil management than total
SOC [14-16].

In the present study, the possibilities of biochar
application as a better soil amendment in order to
increase soil fertility, carbon sequestration potential and
to reduce the negative effects of rice-based wetland
systems on global climate have been investigated.
Biochar is a carbon-rich product obtained when biomass
is heated in a closed container with little or no available
air. It has been shown that biochar has multiple uses.
When added to soil it can significantly improve soil
fertility [17] and also reduce greenhouse gas emissions
and increase carbon sequestration [18].

Table 1 The conditions (amendments) used for the
study

SIno. Code Amendment Amount applied
1 Bis Biochar 15 gm
2 Bys Biochar 25 gm
3 Bss Biochar 35 gm
4 Ce Compost —Eichhornia 25 gm
5 Cp Compost- Pueraria 25 gm
6 Cr Chemical Fertilizer- 5 gm
Superphosphate
7 C No soil amendment -

(Control)
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Besides that, biochar can act as a soil conditioner,
enhancing plant growth by supplying and, more
importantly, retaining nutrients by providing other
services such as improving the physical and biological
properties of soils [19,20]. Application of biochar can
significantly reduce greenhouse gases emission from
flooded rice soils [21]. According to IPCC [22], the
management of rice agriculture for positive climate
impact must consider the combined effects of carbon
storage and soil greenhouse gas emissions; hence the
present study was carried out to examine the potential of
biochar application as a sustainable management option
in wetland rice-cultivating areas like Kuttanadu.

2. METHODOLOGY
2.1. Experimental Set Up

Pot trials were conducted for the comparative study of
the effect of biochar and other selected amendments on
rice growth and soil properties. Soil used for the study
was collected from the experimental plot of
Maniyaparambu (9°38°39.03” N, 76°28°58.64”E), a part
of the Kuttanadu rice cultivating tract. Soil was
collected from a depth of 0-30 cm, then dried,
homogenised and sieved through a 2.0 mm sieve. 5 kg
of ground soil was then put into earthen garden pots
with an inside diameter of 30 cm.

Seven treatments were arranged in a fully random-
ised design with three replications. The amount of soil
amendment applied was calculated based on the surface
area of the pot. The amount of soil amendment applied
was proportional to the field application and is depicted
in Table 1. Amendments were mixed to a depth of 20
cm, after which they were incubated at water content
close to field capacity for 5 days. Viable seeds of 12x55
cultivar rice variety (Oryza sativa) were collected from
local farmers and the seeds were allowed to sprout in
the traditional manner. After two days, the sprouted
seeds were transferred to a soil-filled earthen pot as
stock. On the tenth day, the saplings were replanted to
each specific pot (with different amendments) and were
subjected to lowland rice cultivating conditions.
Amendments (composts of Eichhornia crassipes and
Pueraria sp., biochar in different quantities and
superphosphate fertilizer) were added during the 18th,
33rd and 54th day of the plant growth cycle as per the
traditional rice cultivating practice of the area. During
the growth cycle no additional nitrogen fertilizers were
applied.
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2.2. Production and Characterisation of
Amendments

2.2.1. Biochar

Biochar was prepared from rubber tree (Hevea
brasiliensis) in an earthern mound kiln (temperature <
500°C) [23]. Biochar thus prepared was ground to pass
through a 0.05 mm sieve for further analysis [24]. The
bulk density, pH, N, P, K, moisture content and cation
exchange capacity (CEC) were determined [25]. An
EDX system (JEOL-JSM, Japan) was used to quantify
the elemental distribution and FTIR analysis was used
to identify the C functional groups present in the
biochar.

2.2.2. Organic Compost

Two major weeds, Eichhornia and Pueraria were used
as substrates for the preparation of organic compost.
Eichhornia (water hyacinth) is listed as one of the most
productive plants on earth [26]. It is an aquatic weed
that thrives in polluted waters. Pueraria is a terrestrial
climber infesting the plantation and open scrub regions.
The compost was prepared from finely chopped fresh
plant biomass, common cow dung and soil in the ratio
5:1:1 and kept under anaerobic decomposition condition
[27] in earthen garden pots for 30 days. The whole
content was dried, homogenised and sieved to < 2 mm
for amending purposes.

2.3. Soil Analysis
Soil bulk density was determined by the clod method
[28]. Soil pH was measured in 1:2.5 ratio soil solutions

(with de-ionized water) with a pH meter [29]. A TOC

Table 2 Characteristics of amendments

analyser (Hyper TOC-Thermo) was used to determine
organic C content. POC was determined following the
sodium hexa-metaphosphate dissolution method [30].
MBC was determined with a modified substrate induced
respiration method [31]. Aggregate stability was
measured with the routine wet-sieving method [32].
Total N content was measured by the Kjeldhal method
[29]. The CEC was determined by the ammonium
acetate method [33]. CO, and N,O emissions from rice
soils were measured in an incubation study [34]
followed by gas analysis by GC (Perkin-Elmer). Total
heterotrophic bacterial (THB) count was conducted with
the spread plate method.

3. RESULTS

Some important characteristics of biochar and other
amendments are presented in Table 2. The pH of the
amendments ranged from 4.8 to 7.9 and CEC from 9.3
to 11.2 C mol kg'. Biochar showed slightly alkaline
properties with a pH of 7.9, which is higher than all
other amendments. A higher CEC of 11.2 C mol kg
was recorded for the biochar whereas the Eichhornia
compost recorded the lowest (9.3 C mol kg").
Maximum conductivity and moisture content were
recorded for the Eichhornia compost. N, P and K values
showed remarkable variations between the amendments.
The maximum N value for biochar was 0.42 ppm.

3.1. Characteristics of Amendments
Analysis of the FTIR spectra of the biochar, used to

determine chemical functionality (Fig. 1), shows
assignments of peaks of carbon functional groups.

Compost-Eichhornia

Compost-

Chemical Fertilizer

Properties crassipes (Cg) Pueraria (Cp) Biochar (B) Superphosphate (Cg)
pH 4.8 7.9 5.7
CEC (C mol kg'l) 9.3 10.7 11.2 10.1
BD 0.96 0.94 0.85 0.65
Conductivity (ms) 1.74 0.93 0.28 0.34
Moisture content (%) 15.1 6.57 8.2
N (%) 0.038 0.03 0.40 0.35
P (kg/ha) 19.3 14.3 25.6 30.3
K (ppm) 147 154 100 135
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The spectrum exhibits features that correspond to
recalcitrant aromatic carbon compounds and probably
graphite (near 1581 cm™). The EDX spectrum (Fig. 2)
of biochar also revealed the high carbon compound
percentage (98.18%) in the sample. The elemental
concentration (%) of potassium is 1.16, magnesium
0.15, phosphorus 0.22 and calcium 0.29 were recorded.
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Figure 2 EDX Spectrum of Biochar
3.2. Soil Properties

The physical and chemical properties of soil prior to
treatments revealed that the soil was highly acidic (pH
4.5), Table 3. The bulk density and CEC values were
0.66 gcm™ and 9.1¢ mol kg, respectively. The nutrient
availability (N, P and K) was found to be 0.045%, 12.09
kg/ha and 54 ppm respectively. SOC content was
4.89%, where POC contributed nearly 68% of SOC.
PCM and MBC were 3.39 and 4.4 mg CO,-C/g’,
respectively. Among the water stable aggregates
(WSA), macroaggregate (>0.2 mm) constituted about
43.4% whereas micro-aggregates (<0.05 mm) were only
15.4%.
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Table 3 Baseline properties of the soil prior to the
treatments

pH 4.5
Conductivity (ms) 0.46
CEC (C mol kg™ 9.1
Bulk density (g cm®) 0.66
TN (%) 0.05
P (kg/ha) 12.09
K (ppm) 54

N (%) 0.05
SOC (%) 4.89
POC (%) 3.32
PCM (mg CO,-C/g™) 3.96
MBC (mgCO,-C/g™") 4.4
Micro aggregate (%) 15.50
Macro aggregate (%) 43.40

3.3. Soil Characteristics after the Growth Trial

Table 4 presents physical and chemical properties of the
soil after completion of the growth cycle and harvesting
of the rice plants. Application of soil amendments
produced significant variations in the physical and
chemical properties of the soil. The highest pH value
was observed in the trial treated with maximum biochar,
while the lowest values were recorded in the control.

Application of biochar in acidic soils helps to
increase pH [17,25]. It can be seen that application of
biochar showed a neutralizing effect on the acidic soil
[35,36]. Similarly, CEC values also increased linearly
with the level of biochar addition [25,37]. An increase
in soil CEC with the application of biochar has also
been shown [38]. The increase in CEC of the soil with
organic soil amendments is probably due to the negative
charge arising from the carboxyl groups of the organic
matter. A significant positive correlation was observed
(r = 0.89) between pH and CEC values. The increase in
CEC and soil pH with the addition of organic matter has
been shown elsewhere [37].

Biochar, an organic amendment, was slightly
alkaline pH (7.9); therefore it is reasonable that the soil
treated with biochar in high concentration can reduce
acidity. Such ability is related to the liming value of the
biochar. This result indicates that biochar could be used
as a substitute for lime materials to increase the pH of
acidic soils.
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Table 4 Effect of biochar and other amendments on soil characteristics

Treatments pH Conductivity CEC N P K TN (%) Bulk
(ms) (C mol kg'l) (%) (kg/ha) (ppm) density

(g/cm’)

Control  4.4+0.17 0.56+0.02  9.5+0.13 0.06+£0.02 13.88+0.66 48.5+0.57 0.26£0.01 0.68+0.01
Cg 4.4+0.12 0.68+0.04  9.4+0.17 0.12+£0.01 31.36+0.86 34+0.86 0.32+0.02  0.66+0.02
Cp 4.4+£0.07 0.64+0.02  9.9+0.13 0.09+£0.02 27.78+0.94 36.5+0.68 0.36+£0.03  0.63+0.02
Cr 5.240.17 0.64+0.03 10.0£0.11 0.12+0.02  33.60+0.79 54.5+1.18 0.35£0.04  0.65+0.02
Bis 4.8+0.11 0.7240.05 10.1£0.06 0.08+0.01 32.20+0.28 58+0.69 0.39£0.03  0.64+0.01
Bss 5.4+0.28 0.49+0.05 10.5£0.11 0.09+0.02 33.74+0.47 62+0.46 0.39£0.05  0.62+0.02
Bss 5.5+£0.07 0.43+0.04 10.6£0.17 0.17+£0.03  37.77+0.79 69+1.02 0.42+0.02  0.60+0.01

Bulk density (BD) decreased from 0.678 g cm™ in
the control experiment to 0.60 g cm™ in the biochar
treated soil and this may be due to the formation of soil
aggregates [25,39] as BD and macroaggregate bears a
negative correlation where r = -0.78. The aggregation
status of the soil between the treatments showed that
organic amendments increased the process of
aggregation (macroaggregates) and was represented as

water-stable aggregate proportions (Fig. 3). With
respect to this observation, formation of the
macroaggregate category of WSA recorded the

maximum in biochar trials whereas the microaggregate
proportion narrowed as the amount of biochar
application increased (r = -0.11) (Fig. 3). The formation
of macroaggregates in the rice soils as a result of
biochar amendment will increase total porosity and at
the same time will increase soil water retention [40].
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The application of amendments significantly
influenced the nutrient status of the soil. Maximum
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variation was found in the Bjs trial, as maximum
biochar application improved the chemical properties of
the experimental soil. Under Bjs trial, about a 60%
increase was observed in the available N content of the
soil compared to control. Application of Cg (Eichornia
compost) and superphosphate also increased the
available N. Likewise, a remarkable increases of about
63, 29 and 38% were recorded for P, K and TN
respectively in the Bss trial in comparison to the control.
The increase in nutrient status is in accordance with the
amount of biochar applied. Application of other
amendments also showed variations in the soil nutrient
status.

The microbial populations in terms of total
heterotrophic bacterial (THB) count were influenced by
amendments. Maximum THB count was noticed in Bss
and the minimum values were recorded in control trials
(Table 5). These observations support the fact that
organic amendments can increase the soil microbial
community by providing suitable substrates. Thus,
applications of organic amendments improve some of
the physical, chemical and biological properties of soils
under trials.

Table 5 Soil microbial population

Treatments THB (cfu)
Control 14x10°
Ce 20x10°
Cp 37x10°
Cr 35x10°
Bis 36x10°
Bos 38x10°
Bs;s 39x10°

21



Prabha et al., Annals of Environmental Science /2013, Vol 7, 17-30

3.4. Soil Carbon Fractions
3.4.1 Soil Organic Carbon (SOC)

SOC concentration was found to be high (4.66%) in B;s
treatment, which is about 11.1 % more than the control
(Fig. 4). The SOC concentration (%) ranged in the
order: B35 (4.66) > Bys (4.4) > Cg and Control (4.14), >
Cp (4.08) > By5 (3.9) > Cg (3.78). It was interesting to
note that the trial with a chemical (fertilizer
(superphosphate) showed the lowest SOC concentration.
Maximum SOC gain was observed in Bss. This hence
shows the highest soil carbon sequestration potential.
Measurement of SOC alone does not adequately
reflect changes in soil quality and nutrient status
[41,42]. This is because SOC has a large pool size and
inherent spatial variability. Measurement of biologically
active fractions of SOC such as MBC and POC that
change rapidly with time could better reflect changes in
soil quality and productivity that alter nutrient dynamics
due to immobilisation-mineralisation [43,44]. These
fractions can provide an assessment of soil organic
matter changes induced by management practices
[45,46]. Important counterparts of soil carbon cycling
are soil organic carbon (SOC), microbial biomass
carbon (MBC), and particulate organic carbon (POC).

5 7 4.66

4.4

4.14 4.14

4.08

azg 39

C CE CcP CF B15 B25

B35

Figure 4 soil organic carbon percentage
3.4.2. Particulate Organic Carbon (POC)

POC is considered as an intermediate fraction of SOC
between active and slow fractions that change rapidly
over time due to changes in management practices
[30,38,47]. The POC also provides substrate for
microorganisms and influences soil aggregation. The
POC concentrations (%) varied as shown in Table 6.
The POC concentration decreased in the order B;s>
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B,s> Cg> B 5> Control> Cg> Cp. The % contribution of
POC to SOC was found to be more significant under
biochar trial. POC concentrations bear a significant
direct correlation with SOC (r = 0.88). The biochar
trials had a linear effect on the SOC, POC and aggregate
stability.

Table 6 Percentage contribution of POC to SOC

Treatments SOC (%) POC (%) POC/SOC (%)
Control 4.14+£0.02 3.14+0.02 75.9
Ck 4.14+£0.01 3.38+£0.02 81.6
Cp 4.08+0.03 3.00+0.07 73.5
Cr 3.78+£0.02 3.10+0.07 82.0
Bis 390+£0.05 3.26+0.05 83.6
Bos 4.60+0.03 3.74+02 81.3
Bss 4.66+0.03 3.98+0.01 85.4

3.4.3. Microbial Biomass Carbon (MBC)

MBC values fluctuated between 0.1 to 1.98 mg CO,-C
ha during the study. The maximum value recorded was
1.98 mg CO,-C ha! (Table 7) in Cp and Bss as a result
of an enhanced microbial community build-up. This has
been well documented, with soil conditions for
microbial activity being improved by organic
amendments [48, 49]. The finding was in accordance
with the reports of refs. [50,51] that fungal-dominated
microbial commun-ities slow SOC turnover, with
increased carbon input and this favors soil carbon
sequestration.

Table 7 Concentration of Microbial Biomass carbon

Treatments MBC(mg CO,-C/g™")
Control 0.10+0.02
Cg 0.44 £ 0.03
Cp 1.98 £0.02
Cr 1.32£0.02
Bis 1.54 £0.02
Bss 1.64 £0.04
Bis 1.98 £0.02

3.5. GHG Production and the Global Warming
Potential (GWP)

3.5.1. Production Potential of GHGs - CO, and N,O

As products of carbon and nitrogen mineralization,
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considerable amounts of CO, and N,O were produced
during the incubation. Total CO, production, however,
varied in a much wider range from 220 pg g in soil
under Cp and control to 1760 pg g in soil under Cg, as
shown in Table 8. Apparently, CO, production pre-
dominated over N,O in the majority of cases.
Fertilization affects CO, production differently
compared to N,O, although both were significantly
influenced by the different amendments.

Significantly higher C.;, values were observed in
Cg and Cg, which were about 8 and 5 times as much as
that under control, respectively. Biochar amendments
produced significantly lower CO,: B|5 and B35 produced
about 440 pg g followed by 660 pg g from Bys. A
relative dominance of CO, was observed in most of the
cases. The capacity of CO, production was likely to
depend on available carbon resources for microbes. It
has been well addressed that application of different
amendments could enhance the bio available pool of
organic carbon [52,53]. N,O production capacity was
maximum for Cg, which was about 200 times higher
than Control. Low N,O emissions were recorded from
biochar-amended trials.

3.5.2. Global Warming Potential (GWP)

The effect of different fertilizer treatments was
standardized by determining the GWP from the
production potential of N,O and CO, released during
the incubation. GWP for each of these gases was
calculated on the basis of CO, as the reference gas.
According to IPCC [54], 1 mmol CO, is assumed as 1,
and 1 mmol N,O is 275 for a 20-year duration. GWP is
then calculated as described by Cai [55]. Total GWP for
CO; and N,O is computed as: GWP (CO,) + GWP
(NyO). The calculated total GWP (CO, + N,O) as per

IPCC [54], under different treatments ranged in
decreasing order Cp > B;5 > Cg > Bys > Bss > Cp,
respectively (Table 8). High CO, and N,O production
potential in the soil can be attributed to increased soil
carbon and nitrogen mineralization through enhanced
microbial activity.

3.6. Growth Profile of the Cultivar

The growth profile of the rice cultivar under various
treatments was assessed based on visual observation and
measuring the plant height, tiller number, number of
productive tillers, number of leaves, total biomass and
grain yield (Table 9). Maximum height was attained in
B35 treatment (72.6 cm) whereas the minimum was
recorded in Cg (55.8 cm). Cultivars in general attained
maximum height under biochar-treated trials. The
maximum tiller number was observed in Bss followed
by Bjs. Highest total biomass and grain yield were
recorded under Bjs trial. In the entire experiments, the
overall yield was recorded low since no type of N
fertiliser was applied. However, the application of
biochar significantly increased the yield when compared
to control.

From the growth assessment it could be seen that
the cultivar under Bj;s was highly vigorous with
maximum biomass allocation and produced healthy
tillers. Initiations of spikelets were noticed at an earlier
stage under biochar amended cultivar. Hence, there is a
possibility of early maturing of grains so that the chance
of reducing the duration of total growth cycle of the
cultivar cannot be ruled out. In short, cultivars under
biochar treatments produced a preferable growth profile
even in the absence of any additional nitrogen fertiliser
application.

Table 8 Production potential of GHGs and the corresponding GWP

Treatments GHG production (ug g soil) GWP Total GWP
CO, N,O CO, N,O

Control 220+4.5 0.05 +£0.03 5 0.33 5.33

Cg 1760 £ 8.0 0.02 £0.01 40 0.11 40.1

Cp 220+3.5 0.03 £0.01 5 0.16 5.2

CF 1100 £ 0.7 10.22 +0.01 25 63.9 88.9

Bis 440 £4.1 6.27 £0.02 10 39.2 49.2

Bys 660 + 6.9 3.46 £0.02 15 21.7 36.7

Bgs 440 £4.5 0.04 £0.01 10 0.30 10.3

www.aes.northeastern.edu, ISSN 1939-2621
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Table 9 Plant growth profile

Treatments 'Plant Tiller no No of productive No of .Total Dry Grain yield

height(cm) tillers leaves biomass (gm) (gm)
Control 56.0 5 3 13 64.3 12.4
Cg 56.8 7 4 16 72.1 15.0
Cp 60.9 8 5 20 76.2 15.7
Cr 55.8 8 5 26 76.0 13.4
Bis 61.5 9 6 16 75.4 12.5
Bys 67.6 12 8 19 76.9 17.2
B3 72.6 15 10 30 79.5 20.0

attributed to the presence of ash residues that contain

4. DISCUSSION carbonates of alkali and alkaline earth metals, amounts

The preferable characteristics of biochar used in this
study depend on the chemical composition of the
starting organic material, i.e, rubber wood and also on
the carbonization pyrolysis systems of a traditional
mound kiln by which it is made. According to Collison
et al. [56], distinct growing environmental conditions
and the time of harvest also contribute to the
characteristic features of feedstock biomass. The most
important factor controlling the properties of the
resulting biochar are the pyrolysis conditions [57].
Higher pyrolysis temperatures generally cause greater
condensation of aromatic structures and even the
formation of graphitic cores [58]. High temperature
biochars are also more resistant to chemical oxidation
and microbial degradation and hence have a longer half-
life in the soil environment than SOC; however, the
recalcitrant characteristics of high temperature biochar
would be a desirable property if the primary goal was to
remove atmospheric CO, and sequester carbon in soil
for millennia [59]. Baseline soil properties reveal the
characteristic nature of Kuttanad wetland rice soil,
which forms a unique lowland rice cultivating system.
These wetland soils are acidic in nature with low to
medium nutrient availability and high carbon content.
The application of amendments, especially biochar,
significantly altered the soil characteristics during the
growth trial. Additions of biochar to soil have shown
increases in cation exchange capacity (CEC) and pH
[60, 61]. Such ability is related to the liming value of
biochar, which is preferable for the soils like that of
Kuttanad. The preferable variation in the pH and CEC
due to the application of biochar was generally
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of silica, heavy metals, sesquioxides, phosphates and
small amounts of organic and inorganic N [62]. The
high surface area and porous nature of biochar could
increase the cation exchange capacity (CEC) of the soil.
Thus, there could be a chance for Al and Fe to bind with
the exchange site of the soil [63] and this might also be
a possible explanation for high soil pH in biochar
amended soils. Biochar has a high CEC and with its
high recalcitrance [64] it is reasonable that soil amended
with biochar had the highest CEC.

We found that the availability of soil nutrients
remained higher in the treatments with biochar despite
greater nutrient removal due to plant growth and higher
grain yields and these results are in agreement with ref.
[65]. Biochar application can reduce nutrient leaching
from soil with resulting increase in fertiliser use
efficiency [64-69]. Increased retention of N with
biochar addition is also observed [66-68,70], as is
increased P and K availability due to biochar addition
[71]. The availability of nutrients in the biochar-added
soil may be related to the great surface area of biochar
material providing adsorption sites. Moreover, the
increase in the water holding capacity of biochar-added
soils may improve nutrient retention in the topsoil.
Attachment of organic matter or minerals with sorbed
nutrients (aggregation) to biochar may further increase
nutrient retention [72]. Several studies demonstrate that
pro-cessing temperatures <500°C favor nutrient
retention in biochar [73] while being equally
advantageous in respect to yield [74]. The present
findings are in accord with the above cited studies.

Application of biochar has also been shown to
change soil biological community composition and
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abundance [75-81]. Biochar acts as a habitat for soil
microorganisms involved in N, P or S transformations
[75]. The porous structure of biochar, its high internal
surface area and its ability to adsorb soluble inorganic
matter, gases and inorganic nutrients are likely to
provide a highly suitable habitat for microbes to
colonize, grow and reproduce, particularly for bacteria
[82]. Biochar addition provides increased levels of
refugia for soil microorganisms [83,84], and these may
be the explanation for the high load of THB in the
biochar trials. Increased microbial activity due to
application of biochar could also be another reason for
the highest nutrient uptake in biochar treated soils.
Biochar has also the capacity to support the presence of
adsorbed bacteria from which the organisms may
influence soil processes.

The positive effect of biochar on SOC levels was
expected due to its high carbon content (98.2%) and
literature supports the fact that upon biochar addition
the soil carbon level will be increased [85]. The ancient
terra preta has higher organic C and total N compared
with adjacent soils [86,87]. The highest values of
organic carbon in biochar treated soils indicate the
recalcitrant C-organic in biochar [88]. Application of
biochar significantly increases the SOC content [89],
and will probably add to the decadal soil carbon pool
[90].

The higher concentrations of SOC in biochar
applied soil may be due to the potential of biochar to
increase the recalcitrant pool of soil carbon and will
persist in the soil environment much longer than carbon
added in the form of residues or biogenic soil organic
matter [91]. The presence of aromatic species (probably
graphite) detected in the FTIR analysis of biochar
substantiates this finding. Biochar provides only a lower
proportion of mineralizable carbon and hence the major
part will remain recalcitrant, thereby resulting in net soil
carbon gain or maximum soil carbon sequestration
potential. Studies suggest that biochar sequesters
approximately 50% of the carbon available within the
biomass feedstock being pyrolyzed, depending upon the
feedstock type [92].

High POC content in the biochar trials represented
the accumulation of the dominant form of organic
carbon normally noted under more conservative
management practices of organic farming. The major
contribution of POC to SOC detected in the biochar trial
shows the ability of biochar-amended soil to stabilize
and retain C in lower fractions of clay and silt. Contrary
to the finding of Daniel [93], the microbial biomass
carbon increased with added biochar. The previous
studies of Kolb et al. [84] also support the present
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observation that MBC is significantly increased upon
biochar addition.

The effect of biochar on the soil CO, emissions
obviously depends on the soil environment and the
microbial community present, as well as the physic-
chemical characteristics of the biochar [94]. Chemi-
sorptions of respired CO, to biochar surfaces accounts
for the low CO, emission potential from biochar trials
[95].

Emissions of nitrous oxide have been shown to
decrease due to the influence of biochars on soil
hydrology and nitrification-denitrification processes
[96-98]. Organic amendments that result in more rapid
immobilization of mineral N [99] explain the low N,O
emissions from biochar, which could be a result of
inhibition of either stage of nitrification or promotion of
the reduction of N,O, and these impacts could occur
simultaneously in soil [100]. Biochar-amended soil
showed reduced GHG emission and hence low GWP
and this can be attributed to the biological stabilization
of carbon and nitrogen in soil [51].

Beneficial effects on crop yields have been
documented in a number of pot and field trials
[38,70,101-103]. Improved crop yields after biochar
application have been ascribed to a number of
mechanisms. The liming effect of biochar has been
suggested in literature as one of the likely reasons for
improved crop yields on acidic soils [104,105].
Improved crop yields have also been attributed to a
“fertilizer effect’ of added biochar, supplying important
plant nutrients such as K, N, Ca, and P [70]. Increased
nutrient retention by biochar may be the most important
factor for increased crop yields [65,101,102].

5. CONCLUSIONS

This study demonstrates the positive effects of biochar
derived from local resources as an organic soil
amendment from a climate change perspective. Biochar
increased the chemical, physical and biological
properties of rice soil, thereby improving soil fertility.
Our study also shows that biochar can be employed as a
lime substitute for the acidic soils of Kuttanadu, which
will increase the yield of acid-sensitive crops. The
improvement of soil properties with organic soil
amendment applications resulted in an improvement of
rice growth as shown by the increase in plant height,
number of tillers, dry biomass and grain yield.

Carbon sequestration in soils and vegetation can
remove carbon from the atmosphere, which in turn will
reduce the atmospheric carbon dioxide concentration.
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The application of biochar influences the C sink
capacity of wetland rice soils, as maximum SOC and
POC is recoded under biochar trials. Higher macro-
aggregate formation was observed under the maximum
biochar-applied soil, which favors the storage of
substantial amounts of SOC and POC in the soil.
Importantly, a positive relationship between SOC, POC
and aggregate stability was noted. The study indicates
that application of biochar increased the maximum
allocation of carbon both in the soil and biomass, thus
portraying its C sink capacity.

Application of biochar to soils may be a substantial
solution to reducing the negative impact of wetland rice
cultivation on global warming. If used instead of lime in
the acid soils of Kuttanadu, biochar is an added
advantage of CO, emission reduction. The study shows
that biochar amendments can significantly reduce total
direct N,O emissions and indirect CO, emissions by
saving N fertilizer use in accordance with an increase in
agronomic N-use efficiency in rice agriculture.

Thus, the total global warming potential of rice soil
can be curtailed to a considerable level with biochar and
hence can be suggested as a potential tool against global
warming without compromising productivity and food
security. The ability of biochar to retain applied
fertilizer against leaching with resulting increase of
fertiliser use efficiency is highly desirable for the soils
of Kuttanadu since nutrient leaching and contamination
of soil and water systems of this rice cultivating tract is
a major managerial issue. Since biochar application
enhances the overall sorption capacity of soils towards
anthropogenic organic contaminants, its incorporation
into wetland rice soils may help to mitigate the toxicity
and transport of common agro-based pollutants.

Even though organic composts and chemical
fertilizer produced favorable results in certain respects,
they were incapable of producing an overall impact on
the rice soil from climate change and yield optimisation
perspectives. Our results indicate the importance and
need of a shift in high input agriculture practices to a
cost effective sustainable system. Conversion to organic
agriculture practices with biochar application can help
in restoring the system resilience without comprising
food productivity. Hence it is imperative to prefer
sustainable agricultural practices in wetland rice
cultivating tracts like Kuttanad towards attaining
maximum yield without affecting our climate system.

REFERENCES

[1] Aravindakshan M, Joseph CA. The Kuttanad

26

[9]
[10]

[11]

Ecosystem. In: Five Decades of Rice Research in
Kuttunad, Kerala Agricultural University, Trissur,
1990, 1-8.

Mathew EK, Panda RK, Nair M. Influence of
subsurface drainage on crop production and soil
quality in a low-lying acid sulphate soil. Agric.
Water Manage., 2001, 47: 191-209.

Schlensinger WH. Biogeochemistry: An analysis
of global change. 2nd ed. San Deigo, CA:
Academic Press, 1997.

Gorham E. The biochemistry of northern peatlands
and its possible responses to global warming. In:
Biotic Feedbacks in the Global Climatic Systems.
Woodwell GM, Mackenzie FT, Eds. New York:
Oxford University Press, 1998, 169-187.

IPCC Guidelines for National Greenhouse Gas
Inventories. Prepared by the National Greenhouse
Gas Inventories Programme (NGGIP), Eggleston
HS, Buendia L, Miwa K, Ngara T, Tanabe K.
(eds), IGES, Japan, 2006.

OECD Executive Summary. Environmental
indicators for agriculture methods and results,
Paris, 2000.

Pantawat S. Effect of Organic Fertilizer Use in
Rice Paddy to Reduce Greenhouse Gases. 2nd
International Conference on Environmental and
Agriculture Engineering IPCBEE vol.37 2012,
Singapore.

Harada H, Kobayashi H, Shindo H. Reduction in
greenhouse gas emissions by no-tilling rice
cultivation in Hachirogata polder, northern Japan:
life-cycle inventory analysis. Soil Sci Plant Nutr.,
2007, 53: 668-677.

IPCC, Climate Change. The Scientific Basis. New
York: Cambridge University Press, 2001

Shioiri M. Denitrification in paddy soils. J. Sci.
Soil Manu., 1942, 16: 104-116.

Huang Y, Sun WJ, Zhang W, Yu YQ. Changes in
soil organic carbon of terrestrial ecosystems in
China: A mini review, Sci. China Life Sci., 2010,
53:766-775,

Chandler RF. Cation exchange properties of
certain forest soils in the Adirondack section. J.
Agric. Res., 1939, 59: 491-505.

Borchers JG, Perry DA. The influence of soil
texture and aggregation on carbon and nitrogen
dynamics in southwest Oregon forests and clear
cuts. Can. J. Forest Res., 1992, 22: 298-305.
Chan KY. Soil particulate organic carbon under
different land use and management. J Soil Use
Manage., 2001, 17: 217-221.

Purakayastha TJ, Rudrappa L, Singh D, Swarup A,

www.aes.northeastern.edu, ISSN 1939-2621



[17]

[18]

[20]

[25]

[26]

Prabha et al., Annals of Environmental Science /2013, Vol 7, 17-30

Bhadraray S. Long-term impact of fertilizers on
soil organic carbon pools and sequestration rates
in maize-wheat-cowpea cropping system,
Geoderma, 2008, 144: 370-378.

Gong W, Yan XY, Wang JY, Hu TX, Gong YB.
Long-term manuring and fertilization effects on
soil organic carbon pools under a wheat-maize
cropping system in North China. Plant Soil, 2009,
314: 67-76.

Rodriguez L, Salazar P, Preston TR. Effect of
biochar and biodigester effluent on growth of
maize in acid soils. Livestock Research for Rural
Development, 2009, 21: Article #110.

Lehmann J, Cheng CH, Nguyen B, Liang B,
Major J and Smernik R. Permanency and long-
term changes of bio-char in soil. International
Agriculture Initiative (IAI) Conference, Terrigal,
Australia. 2007, p. 23.

Glaser B, Lehmann J, Zech W. Ameliorating
physical and chemical properties of highly
weathered soils in the tropics with charcoal —A
review, Biol. Fertil. Soils, 2002, 35: 219-230.
Lehmann J, Rondon M. Bio-char soil management
on highly-weathered soils in the humid tropics,
Biological Approaches to Sustainable Soil
Systems, Boca Raton, CRC Press, 2005.

Haefele SM. Black soil green rice. Rice Today,
2007, 26-27.

IPCC Special Reports on Climate Change, Land
Use, Land-Use Change and Forestry. 2001.

FAO. Simple Technologies for Charcoal Making.
Rome, FAO, 1983, FAO Forestry Paper No 41.
Ahmedna M, Marshall WE, Rao RM. Production
of granular activated carbon from select
agricultural by-products and evaluation of their
physical, chemical, and adsorption properties.
Bioresour. Technol., 1998, 71:113-123.

Masulili A. Rice husk biochar for rice based
cropping system in acid soil, the characteristics of
rice husk biochar and its influence on the
properties of acid sulfate soils and rice growth in
west Kalimantan, Indonesia. J. Agricultural Sci.,
2010, 2: 39-47.

Jafari N. Ecological and socio-economic
utilization of water hyacinth (Eichhornia crassipes
Mart Solms). J. Appl. Sci. Environ. Manage.,
2010, 14: 43-49.

FAO. On farm composting method. Rome, FAO,

FAO Land and water discussion Paper No 2, 2003.

Blake GR, Hartge KH. Bulk density. Methods of
soil analysis. Part 1. Physical and mineralogical
methods, 2nd Ed. Madison, WI: American Society

www.aes.northeastern.edu, ISSN 1939-2621

[31]

[32]

[41]

[42]

of Agronomy and Soil Science Society of America
Inc. 1986, 425-442.

Maiti SK. Handbook of Methods in Environmental
Studies. Jaipur, India: ABD publishers, 2003, 185-
188.

Cambardella CA, Elliott ET. Particulate soil
organic matter changes across a grassland
cultivation sequence. Soil Sci. Soc. Am. J., 1992,
56: 777-783.

Anderson TH, Joergensen RG. Relationship
between SIR and FE estimates of microbial
biomass C in deciduous forest soils at different
pH. Soil Biol. Biochem., 1997, 29: 1033-1042.
Yoder RE. A direct method of aggregate analysis
of soils and a study of the physical nature of
erosion losses. J. Amer. Soc. Agron., 1936, 28:
337-351.

Baruah TC, Barthakur HP. A text book of soil
analysis. New Delhi: Vikas Publishing, 1997.
Chakraborty N, Sarkar GM, Lahiri SC. Methane
emission from rice paddy soils, aerotolerance of
methanogens and global thermal warming.
Environmentalist, 2000, 20: 343-350.

Arocena JM, Opio C. Prescribed Fire- Induced
Changes in Properties of Sub-Boreal Forest Soils.
Geoderma, 2003, 113: 1-16.

Khanna PK, Raison RJ, Falkiner RA. Chemical
properties of ash derived from Eucalyptus litter
and its effects on forest soils. Forest Ecol.
Manage., 1994, 66: 107-125.

Bot A, Benites J. The importance of soil organic
matter: Key to drought-resistant soil and sustained
food production. FAO Soil Bull., 2005, No. 80.
Chan KY, Van Zwieten L, Meszaros I, Downie A,
Joseph S. Agronomic values of greenwaste
biochar as a soil amendment. Australian J. Soil
Res., 2007, 45: 629-634.

Harris RF, Chesters G, Allen ON. Dynamics of
soil aggregation. Advances Agron., 1966, 18: 108—
169.

Sharma ML, Uehara G. Influence of soil structure
in soil water relations in low humic latosols. Water
retention. Soil Sci. Soc. Amer. Proc., 1968,
32:765-768.

Franzluebbers AJ, Hons FM, Zuberer DA. Soil
organic carbon, microbial biomass, and
mineralizable carbon and nitrogen in sorghum.
Soil Sci. Soc. Am. J., 1995, 59: 460-466.

Bezdicek DF, Papendick RI, Lal R. Introduction:
importance of soil quality to health and sustainable
land management. SSSA Spec. Publ. 1996, 49: 1-
18.

27



[43]

[45]

[48]

[50]

[52]

[53]

28

Prabha et al., Annals of Environmental Science /2013, Vol 7, 17-30

Saffigna PG, Powlson DS, Brookes PC, Thomas
GA. Influence of sorghum residues and tillage on
soil organic matter and soil microbial biomass in
an Australian Vertisol. Soil Biol. Biochem., 1989,
21: 759-765.

Bremner E, Van-Kissel C. Plant-available nitrogen
from lentil and wheat residues during a subsequent
growing season. Soil Sci. Soc. Am. J., 1992, 56:
1155-1160.

Campbell C A, Biederbeck VO, Schnitzer M,
Selles F, Zentner RP. Effects of six years of zero
tillage and N fertilizer management on changes in
soil quality of an Orthic Brown Chernozem in
southeastern Saskatchewan. Soil Tillage Res.,
1989, 14: 39-52.

Sainju UM, Singh BP, Whitehead WF, Wang S.
Carbon supply and storage in tilled and non-tilled
soils as influenced by cover crops and nitrogen
fertilization. J. Environ. Qual., 2006, 35: 1507-
1517.

Bayer C, Martin-Neto L, Mielniczuk J, Pillon CN,
Sangoi L. Changes in soil organic matter fractions
under subtropical no-till systems. Soil Sci. Soc.
Am. J., 2001, 65: 1473-1478.

Singh KP, Ghoshal N, Sonu S. Soil carbon dioxide
flux, carbon sequestration and crop productivity in
a tropical dry land agro-ecosystem: Influence of
organic inputs of varying resource quality, Appl.
Soil Ecol., 2009, 42: 243-253.

Igbal J, Hu RG, Lin S. CO, emission in a
subtropical red paddy soil (Ultisol) as affected by
straw and N-fertilizer applications: A case study in
Southern China, Agr. Ecosyst. Environ., 2009,
131:292-302.

Butler JL, Williams MA, Bottomley PJ, Myrold
DD . Microbial community dynamics associated
with rhizosphere carbon flow. Appl. Environ.
Microbiol., 2003, 69: 6793-6800.

Kandeler E, Mosier AR, Morgan JA, Milchunas
DG, King JY, Rudolph S, Tscherko D. Transient
elevation of carbon dioxide modifies the microbial
community composition in semi-arid grassland.
Soil Biol. Biochem., 2008. 40: 162-171.

Zhang FD. Effect of fertilization on accumulation
of soil humus and its qualities. Plant Nutr. Fertil.
Sci., 1995, 1: 10-21.

Galantini J, Rosell R. Long-term fertilization
effects on soil organic matter quality and
dynamics under different production systems in
semiarid Pampean soils. Soil Tillage Res., 2000,
87:72-79.

IPCC, Climate Change 2001: The Scientific Basis.

[55]

[57]

[58]

[59]

[60]

[61]

[63]

[65]

New York: Cambridge University Press, 2001
Cai Z. Effect of water regime on CO,, CHy, and
NO, emissions and overall potential for
greenhouse effect caused by emitted gases. Acta
Pedol. Sinica., 1999, 36: 484 491.

Collison M, et al. Biochar and Carbon
Sequestration: A Regional Perspective; A report
prepared for East of England Development
Agency. Low Carbon Innovation Centre,
University of East Anglia, 2009.

Winsley P. Biochar and bionenergy production for
climate change. New Zealand Sci. Rev., 2007, 64:
1-10.

Antal MJ, Gronli M. The art, science, and
technology of charcoal production. Ind. Eng.
Chem. Res., 2003, 42: 1619-1640.

Laird DA. The charcoal vision: a win-win-win
scenario for simultaneously producing bioenergy,
permanently sequestering carbon, while improving
soil and water quality. Agron. J., 2008, 100: 178-
181.

Tryon EH. Effect of charcoal on certain physical,
chemical and biological properties of forest soils.
Ecol. Monographs, 1948, 18: 81-115.

Topoliantz S, Ponge JF, Arrouays D, Ballof S,
Lavelle P. Effect of organic manure and endogeic
earthworm Pontoscolex corethrurus (Oligochaeta:
Glossoscolecidae) on soil fertility and bean
production, Biol. Fertil. Soils, 2002, 36: 313-319.
Raison RJ. Modification of the soil environment
by vegetation fires, with particular reference to
nitrogen transformation: A review. Plant Soil,
1979, 51: 73-108.

Nigussie A, Kissi E, Misganaw M, Ambaw G.
Effect of biochar application on soil properties and
nutrient uptake of lettuces (Lactuca sativa) grown
in chromium polluted soils. American-Eurasian. J.
Agric. Environ. Sci., 2012, 12: 369-376.

Glaser B, Lehmann J, Zech W. Ameliorating
physical and chemical properties of highly
weathered soils in the tropics with charcoal: A
review. Biol Fertil Soils., 2002, 35: 219-230.
Steiner C, Glaser B, Teixeira WG, Lehmann J,
Blum WEH, Zech W. Nitrogen retention and plant
uptake on a highly weathered central amazonian
ferralsol amended with compost and charcoal. J.
Plant Nutrit. Soil Sci.-Zeitschrift Fur
Pflanzenernahrung Bodenk., 2008, 171: 893-899.
Ding Y, Liu Y, Wu W, Shi D, Yang M, Zhong Z.
Evaluation of biochar effects on nitrogen retention
and leaching in multi-layered soil columns. Water

www.aes.northeastern.edu, ISSN 1939-2621



[67]

[69]

[72]

[74]

[77]

Prabha et al., Annals of Environmental Science /2013, Vol 7, 17-30

Air Soil Pollut., 2010, 213: 47-55.

Laird D, Fleming P, Wang B, Horton R, Karlen,
D. Biochar impact on nutrient leaching from a
mid-western agricultural soil. Geoderma, 2010,
158: 436-442

Lehmann J, Da Silva J, Steiner C, Nehls T, Zech
W, Glaser B. Nutrient availability and leaching in
an archaeological anthrosol and a ferralsol of the
central amazon basin: Fertilizer, manure and
charcoal amendments. Plant Soil, 2003, 249: 343-
357.

Novak JM, Busscher WJ, Watts DW, Laird DA,
Ahmedna MA, Niandou MAS. Short-term CO,
mineralization after additions of biochar and
switchgrass to a typic kandiudult. Geoderma,
2010, 154: 281-288.

Major J, Lehmann J, Rondon M, Goodale C. Fate
of soil-applied black carbon: downward migration,
leaching and soil respiration. Global Change Biol.,
2009, 1365-2486.

Petter FA, Madari BE, Soler da Silva MA,
Carneiro MAC, Marcia Thais de Melo Carvalho
MT, Marimon Junior BH, Pacheco LP. Soil
fertility and upland rice yield after biochar
application in the Cerrado. Pesq. agropec. bras.,
Brasilia, 2012, 47: 699-706.

Bruun, EW, Petersen, C, Nielsen H, Strobel BW.
Biochar mobility and effects on nitrogen leaching
in repacked sandy soil. Am. J. Soil Sci., 2011, 93-
108.

Chan KY, Xu Z. Biochar: Nutrient properties and
their enrichment. In: Lehmann J, Joseph S. (eds.)
Biochar for environmental management: Science
and technology. London: Earthscan, 2009, 67-84.
Gaskin JW, Steiner C, Harris K, Das KC, Bibens
B. Effect of low-temperature pyrolysis conditions
on biochar for agricultural use. Trans. ASABE,
2008, 51: 2061-2069.

Pietikdinen J, Kiikkild O, Fritze H. Charcoal as a
habitat for microbes and its effects on the
microbial community of the underlying humus.
Oikos, 2000, 89: 231-242.

Yin B, Crowley D, Sparovek G, De Melo WJ,
Borneman, J. Bacterial functional redundancy
along a soil reclamation gradient. Appl. Environ.
Microbiol., 2000, 66: 4361- 4365.

Kim JS, Sparovek S, Longo RM, De Melo, W1J,
Crowley D. Bacterial diversity of terra preta and
pristine forest soil from the Western Amazon. Soil
Biol. Biochem., 2007, 39: 648-690.

O’Neill B, Grossman J, Tsai MT, Gomes JE,
Lehmann J, Peterson J, Neves E, Thies JE.

www.aes.northeastern.edu, ISSN 1939-2621

[80]

[83]

[85]

[86]

[88]

Bacterial community composition in Brazilian
Anthrosols and adjacent soils characterized using
culturing and molecular identification. Microbial
Ecol., 2009, 58: 23-35.

Liang B, Lehmann J, Solomon D, Kinyangi J,
Grossman J, O’Neill B, Skjemstad JO, Thies J,
Luizido FJ, Petersen J, Neves EG.. Black carbon
increases cation exchange capacity in soils. Soil
Sci. Soc. Am. J., 2006, 70: 1719-1730.

Grossman JM, O’Neill BE, Tsai SM, Liang B,
Neves E, Lehmann J, Thies JE. Amazonian
anthrosols support similar microbial communities
that differ distinctly from those extant in adjacent,
unmodified soils of the same mineralogy.
Microbial Ecol., 2010, 60: 192-205

Jin H. Characterization of microbial life
colonizing biochar and biochar amended soils.
PhD Dissertation, Ithaca, NY: Cornell University,
2010.

Lehmann J, Da Silva J, Steiner C, Nehls T,. Zech
W, Glaser B. Nutrient availability and leaching in
an archaeological anthrosol and a ferralsol of the
central amazon basin: Fertilizer, manure and
charcoal amendments. Plant Soil, 2003, 249: 343-
357.

Steiner C, Das KC, Garcia M, Forster B, Zech W.
Charcoal and smoke extract stimulate the soil
microbial community in a highly weathered
xanthic Ferralsol. Pedobiologia, 2008, 51: 359-
366.

Kolb SE, Fermanich KJ, Dornbush ME. Effect of
charcoal quantity on microbial biomass and
activity in temperate soils. Soil Sci. Soc. Am. J.,
2009, 73: 1173-1181.

Lehmann J. Bio-energy in the black. Frontiers
Ecol. Environ., 2007, 5: 381-387.

Solomon D, Lehmann J. Thies T, Schafer B, Liang
J, Kinyangi E, Neves J, Petersen F, Luizo J,
Skjemstad. Molecular signature and sources of
biochemical recalcitrance of organic C in
Amazonian dark earths. Geochim. Cosmochim.
Acta, 2007, 71: 2285-2298.

Liang B, Lehmann J, Solomon D, Kinyangi J,
Grossman J, O’Nell B, Skjemstad JO, Thies J,
Luizao FJ, Petersen J, Neves EG. Black carbon
increases cation exchange capacity in soils. Soil
Sci. Soc. Am. J., 2006, 70: 1719-1730.

Nigussie A, Kissi E, Misganaw M, Ambaw G.
Effect of Biochar Application on Soil Properties
and Nutrient Uptake of Lettuces (Lactuca sativa)
Grown in Chromium Polluted Soils American-
Eurasian. J. Agric. Environ. Sci., 2012, 3: 369-

29



[89]

[91]

[92]

[93]

[94]

30

Prabha et al., Annals of Environmental Science /2013, Vol 7, 17-30

376.

Shenbagavalli, S and Mahimairaja, S.
Characterization and effect of biochar on nitrogen
and carbon dynamics in soil. Intern. J. Advanced
Res., 2012, 2: 249-255

Steinbeiss S, Gleixner G. Effect of biochar
amendment on soil carbon balance and soil
microbial activity. Soil Biol. Biochem., 2009, 41:
1301-1310.

Jefrey MN, Busscher WJ, Laird DL, Ahmedna M,
Watts DW, Niandou MAS. Impact of biochar
amendment on fertility of a southeastern coastal
Plain Soil. Soil Sci., 2009, 174: 105-112.
Lehmann J, Gaunt J, Rondon M. Biochar
sequestration in terrestrial ecosystems - a review.
Mitig. Adapt. Strateg. Global Change., 2006, 11:
403-42.

Daniel ND, Deirdre BG, Zakaria M, David L,
Daniel V. Biochar addition to soil changed
microbial community structure and decreased
microbial biomass carbon and net inorganic
nitrogen mineralised. 19th World Congress of Soil
Science, Soil Solutions for a Changing World.
Australia: Brisbane, 2010.

Bruun EW, Hauggaard-Nielsen H, Ibrahim N,
Egsgaard H, Ambus P, Jensen PA, Dam-Johansen
K. Influence of fast pyrolysis temperature on
biochar labile fraction and short-term carbon loss
in a loamy soil. Biomass Bioenergy, 2011, 35:
1182-1189.

Lehmann J, Rondon JM. Biochar sequestration in
terrestrial ecosystems - a review. Mitig. Adapt.
Strateg. Global Change., 2006, 11: 403-42.

Singh PB, Hatton JB, Singh B, Cowie LA,
Kathuria A. Influence of biochars on nitrous oxide
emission and nitrogen leaching from two
contrasting soils. J. Environ. Qual., 2010, 39:
1224-1235.

Spokas, K. Observed ethylene production from
biochar additions.
http://www.biorenew.iastate.edu/fileadmin/www.b
iorenew.iastate.edu/biochar/2010/Presentations/Sp
okas.pdf.

[98] Yanai Y, Toyota K, Okazaki M. Effect of charcoal
addition on N,O emissions from soil resulting
from rewetting air-dried soil in short-term
laboratory experiments. Soil Sci. Plant Nutr.,
2007, 53: 181-188.

Vaughan SM, Dalal R, Harper S, Menzies N.

Reduction of soil nitrogen losses from a Vertisol

with organic waste amendments under subtropical

conditions. 19th World Congress of Soil Science,

Soil Solutions for a Changing World, Australia:

Brisbane, 2010.

[100]DeLuca TH, MacKenzie MD, Gundale MJ,
Holben WE. Wildfire-produced charcoal directly
influences nitrogen cycling in ponderosa pine
forests. Soil Sci. Soc. Am. J., 2006, 70: 448-453.

[101]Asai H, Samson BK, Stephan HM,
Songyikhangsuthor K, Homma K, Kiyono Y,
Inoue Y, Shiraiwa T, Horie T. Biochar amendment
techniques for upland rice production in Northern
Laos 1. Soil physical properties, leaf SPAD and
grain yield. Field Crops Res., 2009, 111: 81-84.

[102]Chan KY, Zwieten VL, Meszaros I, Dowine A,
Joseph S. Using poultry litter biochar as soil
amendments. Aust. J. Soil Res. 2008, 46: 437-444.

[103]Zwieten VL, Kimber S, Morris S, Chan KY,
Downie A, Rust J, Joseph S, Cowie A. Effect of
biochar from slow pyrolysisi of papermill waste
on agronomic performance and soil fertility. Plant
Soil, 2010, 327: 235-246.

[104] Verheijen FGA, Jeffery S, Bastos AC, van der
Velde M, Diafas I. Biochar application to soils - A
critical scientific review of effects on soil
properties, processes and functions. EUR 24099,
EN. 2010.

[105] Atkinson CJ, Fitzgerald JD, Hipps NA. Potential
mechanisms for achieving agricultural benefits
from biochar application to temperate soils: A
review. Plant Soil, 2010, 337: 1- 18.

AES 120820

© Northeastern University, 2013

www.aes.northeastern.edu, ISSN 1939-2621



