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ABSTRACT

Rice fields serve as an important anthropogenic source of atmospheric methane
(CH,), a greenhouse gas implicated in global warming. The present thesis deals with the
results of experiments on estimation of methane emission from rice fields in relation to plant
growth and soil parameters. Experiments were conducted in the alluvial soils of North Bank
Plain Agro-climatic Zone of Assam, India, in order to elucidate the relationship of methane
emission with physiological characteristics of rice plants and soil physico-chemical
characteristics. Methane emission was estimated from a) rainfed (unirrigated) monsoon rice
(Sali), b) irrigated (Boro) and c) rainfed (unirrigated) upland (4hu) rice ecosystems. The
content of the thesis have been distributed over six chapters. Findings of individual chapters

are discussed below.

Chapter 1 presents a brief introduction pertaining to the present investigation. The
importance of greenhouse gases in general, and methane emission from rice fields in
particular are highlighted. Justifications for the precise evaluation of methane emission from
rice cultivars grown under different agroecosystems of Assam are provided. Objectives of

the investigations are also presented in this chapter.

Chapter 2 presents a brief review of literature related to the present work. Various
published reports describing the importance of methane emission from paddy fields and its
relation with global warming are focused in this chapter. Literature available on the
mechanisms of methane production, oxidation and emission along with the factors affecting

methane emission from paddy fields are reviewed.



Chapter 3 describes the details of the materials and methods of estimation of
methane emission from paddy fields. Methods employed for evaluation of physiological and
anatomical characteristics of rice plants are presented. Details of the methods used for soil

physico-chemical study and statistical analysis are provided in this chapter.

In Chapter 4, findings of the experiments are presented in the form of figures, tables

and photographs.

Chapter 5 presents the discussions of the results of the present investigation. The
outline of this chapter is briefly described below.

Experiments over two consecutive years during the monsoon season (August-
November) of 2005 and 2006 elucidated the effects of physiological characteristics of rice
plants on methane emission from paddy fields. Methane emissions from two high yielding
varieties of rice viz. Bahadur and Piolee were recorded at different growth stages. Higher
methane flux was recorded in variety Bahadur compared to Piolee. Higher photosynthetic
rate of variety Bahadur was a contributing factor to profuse vegetative growth of this variety
which resulted in higher flux rate of methane. Statistical analysis of growth parameters viz.
leaf number and area, root volume and length and tiller number showed a positive
correlation with methane emission. Higher grain yield and superior yield attributing
parameters were recorded in variety Piolee.

Measurement of methane flux from irrigated agroecosystem for two consecutive
years (February-June of 2006-2007) from Agni (traditional cultivar of rice) and Ranjit (high
yielding variety) exhibited differences in emission behaviour. A higher seasonal integrated
methane flux (Eg¢) was recorded in Agni compared to Ranjit. Higher methane emission from
the cultivar Agni was due to its luxuriant vegetative growth. Variety Ranjit recorded higher
yield attributing parameters like higher thousand grain weight, filled grain (%), panicle dry

weight and yield; coupled with lower rate of methane emission.
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Methane emission was estimated from two improved rice varieties viz. Disang and
Luit during rainfed (unirrigated) upland (4Au) rice growing season (April-July, 2006).
Higher seasonal integrated methane flux was recorded in cultivar Disang (Eq¢= 1.38g m™)
compared to Luit (Esif = 0.96g m’?). Methane emissions from the cultivars were influenced
by crop phenology and growth. Higher vegetative growth of cultivar Disang attributed to
higher emission rate.

Plant-mediated transport is the primary route of methane emission from the paddy
field to the atmosphere. Ten (10) rice cultivars were planted during monsoon season
(August-November, 2006) to elucidate the influence of anatomical and‘ physiological
characteristics of rice cultivars on methane emission. Wide variation in CHy flux was noticed
among the rice genotypes. Seasonal integrated CHy flux (Eg¢) ranged from 8.74g m” to
12.46¢g m” among the cultivars. The tested rice genotypes could be ranked into three groups
viz. low, medium and high methane emitting cultivars, based on their CH,4 flux potential.

A close association of methane emission with soil organic carbon content of the field
was recorded. A highly significant positive‘correlation was found between methane emission
and soil organic carbon content irrespective of agroecosystems. Soil organic carbon reached
a maximum value at late tillering and panicle initiation stage of the crop, which coincided
with the seasonal maxima of methane emissions. This trend was observed in all the
agroecosystems independent of the cultivars.

Photosynthetic characterization of rice cultivars revealed that high-methane-emitting
cultivars exhibited higher rate of photosynthesis during active vegetative growth period. On
the other hand, higher leaf photosynthetic rate after panicle initiation coupled with an
efficient translocation of photosynthates towards the developing grain contribute to higher
grain yield in low-emitting-cultivars. It is hypothesized that in high-CH4-emitting cultivars, a
major portion of photosynthetic carbon products were translocated to the root and eventually

released into the rhizosphere and utilized as substrate by methanogens leading to more
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production of CHas. Additionally, the extensive vegetative growth of these cultivars may
enhance methane transport from the soil to the atmosphere.

Wide variation in CH4 flux among the rice cultivars are also regulated by the
anatomical and physiological characteristics of the plants. Microscopic analysis of stem
portion showed that high and medium-CH,-emitting cultivars recorded higher size of the
medullary cavity, increasing the cross-sectional area of the stem for methane diffusion
pathway. Scanning electron microscopic (SEM) analysis revealed higher stomatal
frequencies in high-methane-emitting cultivars. Transpirational rates were also found to be
higher in high-CHy-emitting rice genotypes. It is hypothesized that a fraction of methane is
released into the environment because of transpiration-induced bulk flow. These findings
suggest that variation in the anatomical characteristics of shoot and leaf of the rice genotypes

influence CH4 emission from paddy fields.

In Chapter 6, salient findings from the different experiments are summarized and
conclusions drawn are presented. Among the three rice agroecosystems, higher seasonal
integrated methane flux (Egs) was recorded in the monsoon (Sali) rice ecosystem followed
by irrigated (Boro) and rainfed (unirrigated) upland (4hu) rice ecosystems. In all the
agroecosystems, cultivars with low methane emission exhibited higher yield potential due to
increased photosynthate partitioning to panicles at the expense of the vegetative parts. The
findings of the present investigation indicate that the use of high-yielding cultivars with
higher photosynthate carbon translocation towards the grain would result in lower CHg
emission. This is considered a suitable biological mitigation option for reducing methane
emission to the atmosphere. Varietal characteristics of rice plant with lower emission of
methane are important characteristics identified in the present investigation could be
incorporated in the future plant breeding programme for development of rice varieties with

low emission and higher productivity.
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Introduction




1. INTRODUCTION

Current evidence for global warming and the prediction of significant climate change
in the future has prompted worldwide interest on greenhouse gases. Global surface
temperature has increased by about 0.2°C per decade in the past 30 years, which is similar to
the predicted warming rate proposed in the 1980s in initial global climate model simulations
with transient greenhouse gas changes (Hansen et al., 2006). Greenhouse gases are those
gaseous constituents of the atmosphere, which absorb and emit radiation at specific
wavelengths within the spectrum of thermal infrared radiation emitted by the earth’s surface.
These gases are nearly transparent to the incoming visible and shorter wavelengths of
sunlight, but they absorb and re-emit a large fraction of the outgoing longer infrared
radiation emitted by the earth. As a result of this, the greenhouse gases radiate large amounts
of long wave-length energy downward to the earth’s surface and thus radiant energy
received on earth is increased (Crutzen, 1995). This phenomenon leads to the greenhouse
effect, the primary cause of global warming. Carbon dioxide (CO,), water vapour (H;O),
methane (CH4) and nitrous oxide (N,O) are the primary greenhouse gases in the earth’s
atmosphere. Moreover, there are number of other anthropogenic greenhouse gases in the
atmosphere, such as CFC-11 and CFC-12, perfluorocarbons (PFCs, such as CF, and C,Fs)
and hydrofluorocarbons (HFCs, such as CH,FCF; or HFC-134a). Although natural changes
of greenhouse gases take place over time, but in recent years major increase in the
greenhouse gases have been observed, which can be linked to increasing population and
industrialization (Khalil, 1999). Various anthropogenic activities enhance the emission of
greenhouse gases that accumulate in the atmosphere and increase radiative forcing resulting
in warming of the earth’s surface. For example, increase in CO, concentrations in- the
atmosphere during the 20™ century and its radiative forcing was faster than the-change during
the past 22,000 years (Joos and Spahni, 2008). As the concentrations of the greenhouse gases

increase, it is expected that the surface temperature of the earth will also increase. This



global warming is likely to trigger significant environmental changes, which is a major
environmental issue of present time. The current concentration of a greenhouse gas in the
atmosphere is the net result of the history of its past emissions and removals from the
atmosphere. Long-lived greenhouse gases are chemically stable and persist in the
atmosphere over time scales of a decade to centuries, so that their emission has a long-term
influence on climate. The average rate of increase in the radiative forcing from the
greenhouse gases is larger during the Industrial Era than during any comparable period of at
least the past 16,000 years (Joos and Spahni, 2008).

Methane is an important greenhouse gas that traps thermal radiation from the earth's
surface and plays an important role in the atmospheric chemistry (Lelieveld er al., 1993;
Khalil, 1999). A rapid increase in the concentration of atmospheric methane is one of the
major concerns for global environment. Increases in CHy abundance in the atmosphere occur
when emissions exceed removals. Atmospheric abundance of methane has increased by a
factor of 2.5 since pre-industrial era (Jia et al., 2002), which indicates that its concentration
has been doubled in last 200 years (Singh et al., 2003). Reports of Intergovernmental Panel
on Climate Change (2007) clearly showed that atmospheric CH4 concentrations varied
slowly between 580 and 730 ppb over the last 10,000 years, but increased by about 1000 ppb
in the last two centuries, representing the fastest changes in this gas over at least the last
80,000 years. The global atmospheric concentration of CH4 has increased from a pre-
industrial value of about 715 ppb to 1732 ppb in the early 1990s, and is 1774 ppb in 2005. In
the late 1970s and early 1980s, CH4 growth rates displayed maxima above 1% yr "' (IPCC,
2007). Although, annual increase in atmospheric CHy has slowed recently, which has been
attributed to decreasing anthropogenic emission from fossil fuels, but it is thought to be only
a temporary pause (Bousquet ef al., 2006).

Although atmospheric abundance of methane is less than CO,, it is approximately 21
times more effective in absorbing infrared radiation than CO, (Shine ef al., 1995).There are
200 CO; molecules for every CHy molecule in the atmosphere, but the greenhouse effect of
CO; is only 3.5 times that of CH; (Evans, 2007). Increases in atmospheric CH,4



concentrations since pre=industrial times have contributed a radiative forcing of +0.48 + 0.05
W m™?, which remains second only to that of CO, in magnitude among all other greenhouse
gases (IPCC, 2007). Multiple lines of evidence confirm that the post-industrial rise in
methane concentration does not originate from natural sources but from anthropogenic
activities (Cheng et al., 2006). The total annual global emission of methane is estimated to
be 420-620Tg / year (Khalil and Rasmussen, 1990), 70-80% of which is of biogenic origin
(Bouwman, 1990).

This elevated methane concentration influences the photochemistry of .the
atmosphere and accounts for about 15% of the current increase in global warming (Batjes
and Bridges, 1992). Most of the CHs in atmosphere is originated in anoxic environment
(Hori et al.,.2007), but it is reported recently that CH4 can also be emitted from plants under
aerobic condition (Keppler et al., 2006; Keppler and Rockmann, 2007). The accumulation of
atmospheric CH4 is attributed to various activities, mainly microbes mediated
methanogenesis (biogenic CH,s) occurring in anoxic ecosystems and thermo-catalytic
reactions (thermogenic CHy). Thus, the sources of CHy are both abiotic and biotic in origin.
The biogenic sources are the major contributors of atmospheric methane (Kumaraswamy et
al., 2000). Both abiotic and biotic sources of CH4 comprise anthropogenic and natural
emissions. The contributions of anthropogenic and natural sources to the global CH, budget
are about 70% and 30%, respectively (Hogan et al. 1991). The anthropogenic sources of
atmospheric methane include rice paddies, domestic ruminants, biomass burning, landfills,
coal mining, oil and natural gas flaring, application of animal wastes and domestic sewage
(Crutzen, 1991; Wilbanks and Kates, 1999). About 50% of the total annual CH4 emission to
the atmosphere is directly related to food production required to feed the exploding world
population (Ishermann, 1994).

Flooded rice soils provide an optimum environment for methane production and
emission (Conrad et al., 2008) and are considered to be a major anthropogenic source for
biogenic methane (Minami and Neue, 1994; Wassmann and Dobermann, 2008). Methane

emission from flooded rice fields contributes up to 12% of global methane emission to the



atmosphere; methane emission from wet land rice agriculture is reported to account for 26%
of the global anthropogenic methane budget (Neue and Roger, 2000). Therefore, the increase
in flooded rice area is considered to be one of the factors responsible for continued increase
in the atmospheric methane concentration (Cai and Mosier, 2000). Worldwide emission from
rice fields has been estiméted from reports from China, India, Vietnam, Korea, and the
Philippines to be from 21 to 30 teragrams (1 teragram = 10'2 g) per year (Sass et al. 2002).

Rice fields are subjected to a great deal of management practices including tillage,
fertilization, irrigation, weeding and manure amendments. Such management practices can
affect CH, emissions and play an important role in the atmospheric balance of the trace
gases (Babu et al., 2006). Rice is physiologically adapted to grow in wetland condition
which is also ideal for CH, production. Submergence of rice fields stops the direct influx of
atmospheric oxygen (O;) into the soil. Such anoxic and chemically reduced soil environment
favours the activities of anaerobic methanogenic bacteria (Verburg et. al., 2006), which
utilize organic substrates to generate CHs and CO, (Dubey, 2005). There are three pathways
available for escape of methane from the reduced soil to the atmosphere. These pathways
are: 1) molecular diffusion, 2) ebullition of methane and 3) methane transport through the
rice plant; of these pathways, more than 90% is released through the rice plants (Neue et al.,
1994). Moreover, rice plants affect methane production in three distinct ways; first, they
stimulate methanogenesis through the production of root exudates and sloughed=off tissués
(Jimenez and Lal, 2006). Second, rice plants act as an active CH,; oxidizing site in
rhizosphere by supporting O, counter=transport through aerenchyma system (Denier Van
Der Gon and Neue, 1996). Third, rice plants act as conduits for gas exchange since a major
portion of CHj4 released into the atmosphere from paddy soil are transported by the tissue
system of the plant (Banker e al., 1995). Methane emission from paddy fields is the result of
its production and oxidation in the soil and its subsequent transport to the atmosphere
through rice plants (Kruger er al., 2001).

Rice is one of the world’s major staple foods and rice fields occupy approximately

15% of the world’s arable lands (Maclean et al., 2002). Since the majority of rice produced



in the world is in flooded paddies, methane emission from rice paddies is expected to
increase with the increasé in ricé cultivation. Total aréea undér rainfed low-land
agroecosystem covers about 27% of global rice area which is a major source of
anthropogenic methane (Parashar et al., 1994). Contribution of upland rice, generally grown
without much standing water, to total CHs budget is not significant. On the other hand,
deepwater rice cultivated under intense inundated condition, contributes about 10% of the
global methane from the rice sources (Wassmann ef al., 2000).

India produces 80 Mt of rice on an area of 42.30 M ha, corresponding to 28% of the
global rice land (Sharma et al. 1995). The rice growing areas of India can be broadly
categorized into rainfed and irrigated agroecosystems, representing about 52% and 48% of
the total rice area of the country, respectively (Babu et al., 2006). The harvest area of rice
has increased by about 70% during last 50 years, and it is assumed that CH4 emission has
also increased proportionally (Yagi et al., 1997). Therefore, the reduction in CH4 emission
from paddy fields is very important to stabilize its atmospheric concentration. World’s
annual rice production must be increased from a 1990 value of 473 million tones to 600
million tones by 2010 (Anastasi et al., 1992) to meet the demand of increasing population.
Scope of conversion of uncultivated land areas to cultivable paddy fields is not possible
because of limited land resources. Therefore, desired higher rice grain production must be
achieved primarily by intensifying the rice cropping system. It indicates that rice cultivation
with irrigation will be one of the major cultivation practices in future rice production
technologies. Moreover, intensification of rice cultivation will also include multiple
cropping and such transformation from traditional agriculture to an intensified one will
entirely alter the previous crop management practices. Such transformations may lead to
more greenhouse gas emission from rice fields.

Assam, the largest. state of northeast India, is predominantly a rice growing state.
Rice is grown throughout the year in different agroecosystems viz. irrigated ecosystem
(locally known as Boro rice), rainfed lowland and medium land ecosystem (Sali rice),

rainfed upland ecosystem (4hu rice) and deep-water ecosystem (Bao rice). Farmers of this



region cultivate high yielding rice varieties along with traditional cultivars. It is therefore,
important to evaluate precise emission characteristics of methane from rice cultivars grown
under different agroecosystems of Assam. Methane emissions from different rice
agroecosystems need to be reduced in order to stabilize the global climate. Therefore there is
an urgent need to establish agro-technologies that will increase rice production and
simultaneously reduce CH; emission from paddy fields. Selection of high yielding rice
cultivars with low amount of CH4 emission may be an effective biological mitigation option
(Gogoi et al., 2008). Thus the relationship between rice production physiology and emission
of CH, from rice plants emerges as a major scientific and policy issue. In the present study,
attempt was made to establish the relationship of CH; emission from traditional and
improved rice cultivars with growth, grain filling and yield characteristics grown at different

ecosystems with the following objectives:

Objective 1. Precise emission estimation of methane from different rice
agroecosystems of alluvial soils of Assam.

Objective 2. To investigate the relationship of plant growth parameters and soil
parameters with methane emission from rice plants.

Objective 3. Analysis of intervarietal difference in methane flux from rice plants as

biological mitigation option in relation to growth and yield.
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2. REVIEW OF LITERATURE

The temperature of the surface of the earth is regulated by a few atmospheric trace
gases. These gases trap and re-emit the heat released from the surface of the Earth as infra-
red radiation and have been termed as the greenhouse gases. It is well documented that the
concentrations of trace gases in the atmosphere change naturally over time. However, in
recent years significant increase in the greenhouse gases in the atmosphere have been
reported, which is primarily associated with anthropogenic activities (IPCC, 2007). Because
of increased concentrations of the greenhouse gases in the atmosphere, the surface
temperature of the earth has been elevated (Hansen et al., 2006). Joos and Spahni (2008)
reported that global climate change, which is primarily anthropogenic in origin, is
progressing at a speed that is unprecedented at least during the last 22,000 years.

Methane is a potent greenhouse gas and originates both from anthropogenic and
natural sources (Bousquet ef al., 2006). It has pronounced influence on the atmospheric
chemistry leading to global climate change (IPCC, 2007). The sources of atmospheric CHy
are both biotic and abiotic in origin. The abiotic sources of CHa, such as mining, transport,
fossil fuels and biomass burning, contribute about 20-30% to the global CH, budget, and
about 70% is of biotic origin (Kumaraswamy et al., 2000). Abiotic and biotic origins of CHy
comprise both anthropogenic and natural sources. The contributions of anthropogenic and
natural sources to the global CH, budget are about 70% and 30%, respectively (Hogan et al.
1991). The total annual source strength of methane from all anthropogenic origins is
reported to be 550 Tg (Sass and Fisher, 1994). 1t is reported that each year methanogens
produce about 400 million metric tons of CH4 from biogenic sources (Ferry, 1997).
Although, recently it is reported that CH, is emitted from plants under aerobic condition
(Keppler et. al., 2006, Keppler and Rockmann, 2007), which is being contradicted by Dueck
et al. (2007). The biogenic methane is mostly produced by methanogenic archaea

(methanogens) in anoxic and chemically reduced soil environments i.e. in flooded rice fields



(Hori et al., 2007). Among the various sources of atmospheric methane, rice paddy is one of
the most significant contributors (Minami and Neue, 1994). The process involved in the
efflux of CH, from paddy fields to the atmosphere include three primary mechanisms: 1)
methane production (methanogenesis) in the soil by methanogenic microorganisms, 2)
methane oxidation (methanotrophy) by methanotrophs and 3) rice plant mediated methane
transport from the soil to the above ground atmosphere (Conrad et al., 2008; Jimenez and
Lal, 2006; Denier Van Der Gon and Neue, 1996; Banker et al., 1995). In this complex and
dynamic process of methane production, oxidation and emission, rice plant has three major
roles: 1) rice plant provides substrates for methanogenic microbes for CHs production in
anoxic soil, 2) acts as a conduit for CH, transport from reduced soil to the atmosphere
through well developed inter cellular air spaces, and 3) establishes methane oxidizing
environment by diffusing oxygen in the rhizosphere. Therefore, CH,4 production, oxidation
and its subsequent emission is regulated by a set of close and complex interactions among
rice plants, microbes and environment (Verburg et al., 2006). In this chapter, the literature
on production, oxidation and emission of methane from flooded rice fields are reviewed.
Various environmental and plant factors that affect CH, production, oxidation and emission

are also reviewed.
2.1. Methane production, oxidation and emission from rice fields
2.1.1. Methane production

Despite the fact that rice paddy fields are contributing a significant portion to global
methane budget, majority of the organisms responsible for methane production in paddy
fields have remained almost uncultivated and thus uncharacterized (Sakai et al., 2007).
Methanogens are unicellular, strictly anaerobic organisms, which were previously
considered bacteria but now are recognized as a separate phylogenetic domain called archae

(Garcia, 1990). The type of methanogens colonizing rice roots has a potentially important
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impact on the global CHs cycle (Conrad et al., 2008). Methanogens can be categorized under
three major groups. Group I includes Methanobacterium and Methanobrevibacter, Group Il
comprises Methanococcus, and Group III includes Methanospirillum and Methanosarcina
(Garcia, 1990). They proliferate and grow in anoxic environments, such as sediments and the
digestive tract of animals (Topp and Pattey, 1997). Methanogens play a crucial role in the
degradation of complex organic compounds in such anaerobic and reduced conditions. Most
methanogens are mesophilic, able to function in temperature ranging from 20 to 40°C (Topp
and Pattey, 1997). They primarily utilize acetate (contributes about 80% to CH4 production)
as a carbon substrate but other substrates like H/CO, and formate may also contribute 10-
30% to CH4 production (Chin and Conrad, 1995). All methanogens utilize NH," as the
primary nitrogen source, although the ability of molecular nitrogen fixation and the presence
of nif genes are reported in some methanogens (Palmer and Reeve, 1993).

The mechanism of methanogenesis in anoxic paddy fields has widely been
investigated (Dubey, 2005). However, information regarding methanogenic population in
paddy fields is limited. Rajagopal et al. (1988) were the first to report on isolation and
characterization of methanogens from Louisiana paddy fields; they reported the presence of
two Methanobacterium-like strains and two Methanosarcina-like strains in paddy soils.
Joulian et al. (1998) determined the methanogenic populations from the paddy fields of
France, the Philippines, and USA. Their results suggested the dominance of
Methanobacterium spp. and Methanosarcina spp. among the culturable microorganisms.
Apart from they are being present in rice root rhizosphere (Lehmann-Richter ef al., 1999),
methanogens were reported to be abundant in root extracts of mature rice plants (Reichardt
et al., 1997). Fetzer et al. (1993) isolated four genera (Methanobacterium, Methanosarcin,
Methanobrevibacter and Methanoculleus) from Italian rice fields. Kudo et al. (1997)
reported the presence of Methanosarcina, Methanogenium, Methanosaeta and
Methanoculleus-like organisms in rice paddy fields of Japan. Similarly, Methanobacterium
and Methanobrevibacter spp. were isolated from subtropical Japanese rice fields (Adachi,

1999). A different group of methanogenic community has been reported which is closely
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associated with rice root and is responsible for direct release of methane from the root
system of rice (Le et al., 1996). Recently, for the first time isolation of a methanogen (called
strain SANAE) belonging to an abundant and ubiquitous group of methanogens called rice

cluster I (RC-I) has been reported (Sakai et al., 2007).
2.1.1.1. Methanogenesis

Methane is produced in the anoxic environment of paddy soil by bacterial
decomposition of organic matter (Dubey, 2001). The organic substrates converted to CH, are
derived primarily from plant derived organic materials, and from organic matter incorporated
in soil in the form of organic manures (Dannenberg and Conrad, 1999). Methanogens
mediated anaerobic degradation of organic matter involves four major steps: 1) hydrolysis of
polymers by hydrolytic organisms, 2) acid formation from simple organic compound by
fermentative bacteria, 3) acetate formation from metabolites of fermentations carried out by
bacteria, and 4) methane formation from acetate, H,/CO,, simple methylated compounds or
alcohols and CO, (Yao and Conrad, 2001). Methane is produced in anaerobic rice soils only
after the sequential reduction of O,, nitrate, manganese, iron and sulphate, which serve as
electron acceptors for oxidation of organic matter to CO; (Yao et al., 1999). Methanogenesis
from all substrates requires a variety of unique coenzymes, some of which are exclusively
found in methanogens (Ludmila et al., 1998). At least nine methanogene-specific enzymes
are involved in the pathway of methane formation from H; and CO; (Shima, 1998). In paddy
soil, acetate and H; are the two main intermediate precursors for CHy formation (Yao and
Conrad, 1999). Papen and Rennenber (1990) described two major pathways of CH,4
production in submerged anoxic soil environment:

)] Methanogenesis from H, /CO; :

CO,+4H, —» CH,+2H,O

(2)  Methanogenesis from acetate

CH;COOH — CH4 +CO,
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(MFR) and its H, dependent reduction to formyl-MF (first stable intermediate compound of
the pathway). The formyl moiety of the formyl-MF is transferred to tetrahydromethanopterin
(H4sMPT) and subsequently forms methenyl-HsMPT, methylene-H4sMPT and methyl-H{MPT
(Dubey, 2005). The methyl group is then transferred to coenzyme M (2-mercaptoethane
sulfonate) giving rise to methyl coenzyme M (methyl-CoM). Methane is produced by
reduction of methyl-CoM catalysed by methyl-CoM-reductase. The various reaction steps
involved in the process of methanogenesis from H,/CO; in anoxic condition have been
elaborately reviewed (Blaut, 1994; Jones, 1991; Shima, 1998).

Acetate is the most abundant intermediate of organic matter degradation in anoxic
rice field soil and is converted to CHs and/or CO, (Hor et al, 2007). Aceticlastic
methanogenic archaea (i.e., Methanosarcina spp. and Methanosaeta spp.) utilize acetate
during methanogenesis (Conrad et al., 2006) which originates with its activation to acetyl-
CoA. This process involves three different enzymes ie. acetate kinase, phosphotans
acetylase and acetyl-CoA synthatase (Dubey, 2005). Breakdown of acetyl- CoA releases a
methyl group, which is then transferred to a corrinoid-Fe-S protein. In the subsequent steps,
the methyl moiety is transferred to HiMPT. Further pathway follows the reaction sequence
from methyl HA4MPT to CHy similar to the utilization of the CO,/H; (Blaut, 1994).

&)
OY
A

2.1.2. Methane oxidation

Several chemical and biological processes are involved in the process of
consumption of atmospheric methane in the global methane cycle. However, the only well
established biological sink for atmospheric methane is its oxidation in aerobic soils by
methanotrophic bacteria. This microbial oxidation mechanism may contribute up to 10-20%
to the total methane destruction (Reeburgh ez. al., 1993). Minami et al. (1993) estimated the
total terrestrial CHs consumption to be between 7 and 78 Tg y'. Uptake of atmospheric CH,

through biological oxidation has been reported in a variety of rice agroecosystems. First
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evidence of plant associated CH, oxidation came from studies with microcosms (Frenzel,
2000). Although, rice field is an important source of CHa, its oxidation in unflooded paddy
soil after harvest could also be important for the global budget of methane. Gilbert and
Frenzel (1998) found that a part of the CH, produced in paddy soil is oxidized either in the

surface layer of the paddy soil or in the rhizosphere of rice plants.
2.1.2.1. Methanotrophs

Methanotrophs are gram negative, aerobic Proteobacteria (Conrad, 1999), which
oxidize CH, with the help of methane monooxygenase (MMO) enzyme. Methanotrophic
bacteria are present in the aerobic soil layer, rhizosphere (Gilbert and Frenzel, 1998) and on
the roots and stem bases of rice plants (Watanabe et al., 1997). They are well adopted to
high or low temperature, pH and salinity (Trotsenko and Khmelenina, 2002). These bacteria
are classified into three groups (Type-I, Type-II and Type -X) based on the pathways used
for assimilation of formaldehyde and other physiological and morphological features
(Hanson and Hanson, 1996). The Type-I group is represented by the Methylomonas,
Methylocaldum, Methylosphaera, Methylomicrobium and Methylobacter. The Type-1I
comprises Methylosystis and Methylosinus. The members of the genus Methylococcus
occupy an intermediate position and have been kept in to a separate group, Type-X (Hanson
and Hanson, 1996).

All types of methanotrophs are reported to be present in rice fields (Frenzel, 2000).
Henckel et al. (1999) found that activity of both Type-I and Type-II methanotrophs were
stimulated in unsaturated soils of rice fields. Type I methanotrophs were found to dominate
in unplanted, unfertilized soils, whereas the presence of rice plant was an essential factor for
Type-1 methanotrophs to proliferate (Bodelier et al., 2000). Two strains of Type-II
methanotrophs were isolated from Italian paddy soils (Gilbert and Frenzel, 1998). It is
reported that the population size and activity of methanotrophs in paddy fields depends upon
concentration of CH, (Bender and Conrad, 1992; Nayak ef al., 2007) and NH, -N (Joulian ez
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al., 1997) in the soil. Population size of methanotrophs in soil planted with rice increases
with time (Bosse and Frenzel, 1997). Recently Nayak et al. (2007) reported that methane
oxidation rates significantly differed among the different growth stages of the rice crop
Denier Van der Gon and Neue (1996) reported that CH, emission from rice plants one week

before panicle initiation increased by 40% if CH,4 oxidation in the rhizosphere was blocked.

2.1.2.2. Methanotrophy

The oxidation of methane by methanotrophs is initiated by methane monooxygenase
(MMO) enzyme. The MMO occurs in two forms: as a membrane bound particulate form
(sMMO) in ‘all types of methanotrophs, and as 'a soluble form in Type-Il and Type X
methanotrophs (Mancinelli, 1995). The activation of methane is achieved in the initial step
by the MMO which converts CHs, O, and reducing equivalents to methanol and H,O
(Conrad, 1999), i.e.:

CH; + 0, +2NAD(P) — CH;OH+H;0 +2NAD(P)

The reducing equivalents are supplied by the subsequent dehydrogenation of
methanol (Conrad, 1999). Two main CH,; oxidation pathways, catabolic and anabolic are
present in methanotrophs. Through the catabolic pathway methanotrophs oxidize methane to
CO; via methanol, formaldehyde, and fonﬁate catalyzed by the enzymes: methane
monooxygenase, methanoldehydrogenase, formaldehyde dehydrogenase and formate
dehydrogenase, respectively. In this pathway energy is released but carbon is not
incorporated into cellular biomass. The anabolic pathway may be further divided into two
sub-pathways, ribulose monophosphate (RuMP) pathway and serine pathway. In both these
pathways carbon of methane is incorporated in cellular biomass at the level of formaldehyde.
Carboxylic acids and phosphoglycerated sugars are intermediary products in serine and
ribulose monophosphate (RuMP) pathway, respectively. Type-I and Type-X methanotrophs
follow RuMP pathway whereas serine pathway is followed by Type-II and Type-X
methanotrophs (Hanson and Hanson, 1996).
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2.1.3. Methane emission

Methane, the product of methanogenesis, escapes to the atmosphere from the
chemically reduced paddy soil to the above ground atmosphere via three pathways: 1)
molecular diffusion, 2) ebullition and 3) plant mediated transport. Cheng et al. (2006)
reported that the CH, emitted by plant-mediated transport and ebullition-diffusion accounted

for 86.7 and 13.3% of total emissions, respectively.

2.1.3.1. Molecular diffusion of methane

Molecular diffusion of CHs across the overlying water of the rice field to the
atmosphere is a function of surface-water concentration of CH,, wind speed and CH4 supply
to the surface water (Sebacher et. al., 1983) Methane diffusion across the water present in
paddy field is a very slow process (Rothfuss and Conrad, 1993) because the diffusion rate of
gaseous CH, is very low in liquid phase (about 104 times slower than diffusion through the
gas phase), therefore, it hardly contributes to the total CH, flux (Aulakh ez. a/., 2001).

2.1.3.2. Ebullition of methane

Methane escape from the soil in the form of bubbles, called ebullition of methane, is
a physical process. Ebullition of CHs from sediments is a common and significant
mechanism accounting for 49-70% of the total flux in natural wetlands (Wassmann and
Martius, 1997). However, on average, ebullition only contributes 10-20% to the seasonal
methane emission from paddy fields (Nouchi ef al., 1994). But during the early stage of rice
growing season, when methane production in the soil is high (due to organic fertilization),
the seasonal contribution of ebullition may be increased (Denier Van Der Gon, and Neue,
1995, Wassmann et al., 1996). Mattson and Likens (1990) reported influence of solar

radiation, water temperature, air pressure and local water table on ebullition. Methane
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emission to the above ground atmosphere through ebullition is hardly found in cloudy or
rainy days (Nouchi et al, 1994). When floodwater recedes and the soil falls dry, all
entrapped methane in the soil is released via the air-filled pores (Wassmann ef al., 1994).
Ebullition of methane is more after a prolonged period of submergence, as more methane has

been entrapped in the soil (Watanabe and Kimura, 1995).
2.1.3.3. Plant mediated methane emission

Rice plants are mainly cultivated in flooded paddy fields and are dependent on
oxygen transport from the above ground environment to the root through the plant to
maintain aerobic root metabolism (Groot et al., 2005). Due to oxygen consumption by rice-
roots, aerobic microorganisms and soil fauna, the oxygen concentration in the soil is
depleted and the plants develop additional aerenchyma in roots and shoots to provide a
pathway for oxygen to the roots necessary for aerobic respiration (Jackson and Armstrong,
1999). This capability of the rice plant to transport gas is essential to survive submerged
conditions (Colmer, 2003). According to Beckett et al. (1988) gas transport in rice plants is a
diffusive process; it is usually measured for entire plants (Aulakh ef al., 2000b). Various
investigations have provided important information on the importance of internal gas
transport for plant functioning and showed how gas transport is influenced by temperature
(Hosono and Nouchi, 1997), redox conditions (Kludze et al., 1993) and rice cultivar (Aulakh
et al., 2000a). Gas transport through the rice plant occurs through a serial circuit of gas-
flows from the above-ground atmosphere through shoot aerenchyma, a root-shoot transition,
root aerenchyma and to some degree across a root barrier. The root barrier in rice is formed
at flooded conditions (Colmer et al., 1998) and may result from sclerenchymatous fibres
with thick secondary walls (Clark and Harris, 1981) and represents a physical barrier to gas
losses from the root (Colmer, 2003). Correlations between whole plant gas transport

capacities and aerenchyma (Aulakh et al., 2000b) and tiller number (Aulakh et al., 2000a)
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have been reported. The root-shoot transition zone represents the most important resistance
to gas transport in rice plants (Butterbach-Bahl ez al., 1997, Hosono and Nouchi, 1997).

The ventilation system in rice plants also plays an important role in methane
transport from the rhizosphere to the aerial atmosphere. It was found that the methane
concentration in-the medullary cavities of rice plants was about 2900 times higher than that
of ambient air (Nouchi ef al., 1990). Plant mediated transport is the primary mechanism for
the CH; emission from paddy fields, and contributes 60-90% to the total CH, flux
(Wassmann et al., 2000). According to a hypothetical model forwarded by (Nouchi ez al.,
1990), methane from the soil-water enters the cell-wall of root epidermis, and then diffuses
through the cell-wall of the root-cortex. Methane is then gasified in the root cortex and
transported to the shoots via lysigenous intercellular spaces and aerenchyma. Eventually,
CH, is released primarily through the micropores in the leaf sheath of the lower leaf position
(Nouchi et al., 1990). Subsequently, Nouchi and Mariko (1993) reported that in rice, a major
portion of CHy is also released from the culm. .

Relationship of plant mediated methane transport with leaf transpiration is not very
clear as methane emission does not depend on opening or closing of stomata (Nouchi ez al,
1990) and no methane has been detected in the xylem sap (Wang et al., 1997). Therefore it is
suggested that methane emission from rice plant is independent of the transpiration rates
(Seiler et al., 1984). However, Allen ef al. (2003) observed that highest CH, efflux coincides
with increased transpirational rate and suggested that soil water flow to the roots deliver
more dissolved CHs to the rice plant during periods of rapid transpiration. Simularly,
Chanton et al., (1997) observed a close relationship between diurnal variations in the CHj4
emission and transpirational rate and suggested that although CHs is transported by rice
plants predominantly via molecular diffusion, a fraction was also released due to
transpiration induced bulk flow. Their suggestions clearly indicate the role of leaf stomata in
the process of plant mediated methane emission. Wang et al., (1997a) observed that the
leaves are the important methane releasing sites especially during the early growing stages of

rice plant when the stem and internodes were relatively small. They reported that about 50%
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of the CH,4 was released from the leaf blades of rice before shoot elongation but a lesser
amount of CHy is emitted through leaves, as plant grew older blades (Neue et al., 1997).
During this period, the development of nodes provided the major release pathway of CH. to
the atmosphere. Some cracks in junction point of internodes have been identified and Wang
et al. (1997) described these cracks as major methane releasing sites. Therefore, for an
efficient gas exchange between the root and the rhizosphere, cracks or openings present in
the root system may play an important role. By using scanning electron microscopy,
Butterbach-Bahl ez al. (2000) confirmed the existence of cracks around the sites of new roots
emerging from primary root. They pointed out that the presence of significantly fewer and
smaller aerenchyma lacunae at nodal region of the culm base would restrict further upward
transport of CH, through the primary tiller. Conversely, it would lead maximum diversion of
CH, to secondary tillers and leaf sheaths (Butterbach-Bahl et al., 2000). Leaf sheath and leaf
blades have several fold greater density and amount of large sized aerenchyma lacunae and
therefore CH4 would find relatively low resistance in diffusion and release to the atmosphere.
Although micropores present in the basal portion of leaf sheath were described as the main
site of methane release by Nouchi et al. (1990), it was also pointed out by them that the
micropores, surrounded by sclerenchyma, are not linked to the lysigenous intercellular
space. Moreover, the presence of micropores in the leaf sheath of different rice cultivars was
not confirmed by other workers (Butterbach-Bahl ez al., 2000). Therefore, the intercellulars,
located between the epithel cells and closely related to the leaf sheath stomata may have a
crucial role in plant mediated methane transport. Butterbach-Bahl ez al. (2000) logically
assumed a link of the stomata with the lacunae via these intercellulars, and suggested that
stomata of the leaf sheath were the main site of methane release. Gogoi et al. (2005) reported
a positive relationship of methane emission with leaf area of rice cultivars indicating the

relationship of leaf stomata with methane flux.
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2.2. Factors affecting methane oxidation, production and emission from paddy fields

2.2.1. Factors affecting methane oxidation
2.2.1.1. Concentration of methane and soil moisture

Methane oxidizing activity of methanotrophs is highly sensitive to the CHs
concentration in the surrounding atmosphere (Bender and Conrad, 1993; Nayak et al., 2007).
An atmosphere with enhanced CH4 concentration increases the population of methanotrophs
and thereby enhances the process of methanotrophy (Mancinelli ez al., 1991). The threshold
value of methane oxidation (below which no CHs consumption occurs) is much lower for
soils than for sediments (Born et al., 1990). The rate of methane oxidation is probably
regulated by the supply of CH, to the oxidation-zone (King, 1992). Methane oxidation is
reported to be sensitive to soil water deficit, soil moisture content below 20% of the water
holding capacity significantly reduces the process of methanotrophy (Bender and Conrad,
1995; Jackel et al., 2001). Cat and Mosier (2002) reported that the optimum moisture content
of paddy soils for CH, oxidation depends on the methanotrophic bacteria in relation to the
prevailing water regime; they also showed that desiccation damages the CHs-oxidation
ability of permanently flooded paddy soil more severely than that of frequently well drained

soils.
2.2.1.2. Temperature

In general, the activity of microbial community is very much sensitive to changes in
temperature. However, several reports describing the effect of temperature changes on the
activity of methanotrophs are contradictory. For example, Whalen et al. (1990) showed that
in methane enriched atmosphere, CH, oxidation rate is increased with increasing temperature

within the limit of 5-20°C. On the other hand, Bender and Conrad (1995) observed a linear
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response of methane oxidation in the temperature range of 20-35°C; however they also

showed that 13-38% of the maximum methane oxidizing activity persists even at 0°C.

2.2.1.3. Soil nutrient and soil pH

Inorganic nitrogen affects the process of CH,4 oxidation by shifting the population
structure of methanotrophs in soil; moreover, the kinetics of methanotrophy is also altered
by inorganic nitrogen (Dubey et al., 2002). This may affect the threshold value for CH,
oxidation (King, 1992). Nitrate-nitrogenous fertilizers generally do not affect the CHy
consumption but ammonium nitrogen may completely stop CHs oxidation (Hutsch et al.,
1994). Ammonium inhibition of methane oxidation is explained by the process of
competitive inhibition at the enzyme level. This competitive inhibition occurs because of the
similar molecular size and structure of ammonium and methane (Schimel, 2000). As a result,
the enzyme methane monooxygenase (MMO) can bind to ammonium ion. Nayak e? al.
(2007) reported stimulation of methane oxidation following the application of mineral
fertilizers or compost, which indicates nutrient limitation as one of the factors affecting the
oxidation process. Combined application of compost and mineral fertilizer, however,
inhibited CH4 oxidation probably due to N immobilization by the added compost (Nayak ef
al., 2007). It has been shown that CH, oxidation at pH 6.3 is greater than at pH 5.6; this
process is completely inhibited at pH 4.8-5.1 (Hutsch et al.,, 1994). However, in some cases,
oxidation has been reported at pH as low as 3.2 (Sinha, 1995). In general, low pH has an
inhibitory effect on methane oxidation, although the exact mechanism involved for this

effect 1s not fully understood (Hutsch ez al., 1994).
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2.2.1.4. Availability of oxygen

Methanotrophy is an oxidative phenomenon and therefore methane oxidation is
entirely an oxygen dependent process. Oxygen availability in paddy fields depends upon the
porosity of soil. As the porosity of soil increases, a decreased volume of water is distributed
in pore volume, decreasing the thickness of the water film. This elevates the rate of substrate
(CH,) supply to the methanotrophs for oxidation of methane (Mancinelli, 1995). Low level
of oxygen in the of wetland rice soil results in strong competition for O, among the

methanotrophs (King, 1992) and reduces methane oxidation.
2.2.2. Factors affecting methane production and emission -

Methane is produced in the anoxic environment of paddy soil by bacterial
decomposttion of organic matter. The organic substrate is derived primarily from organic
materials from plant and soil-incorporated organic manure (Dannenberg and Conrad, 1999).
The process of methanogenesis is controlled by various factors e.g. pH, Eh and texture of
soil, temperature, growth and phenology of rice, diurnal and seasonal effect, rice cultivars,

organic manures, fertilizer application etc.
2.2.2.1. Soil pH, Eh and texture

Methanogenesis in anoxic rice soils is'pH-sensitive. Sﬁbmergence of rice-soil causes
the soil pH to stabilize between 6.5 and 7.2 (Ponnamperuma, 1972). The optimum range for
methane production ranges between 6.7 and 7.1(Bouwman, 1990; Wang et al., 1997b), and
therefore submergence of rice field provides an optimum soil environment for
methanogenesis. However, the optimum pH for methane production varies with the type of
soil. The optimum pH range for methanogenesis was reported to be 7.5-8.5 in four different

Indian rice soils (Parashar ef al., 1991).
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Submergence of paddy field leads to soil anaerobiosis, measured in terms of soil
redox potential (Eh). Anoxic soil condition results in a sharp decline in Eh values. Yagi and
Minami (1990) reporrted that necessary redox potential for the initiation of CH4 production in
paddy soils varied from -100 to -200 mV. Masscheleyn et al. (1993) found the threshold Eh
for methane production to be -150 mV. Under such conditions, rice soils containing higher
amounts of easily degradable organic substrates (acetate, formate, methanol, methylated
amines, etc.) and low amounts of electron acceptors (Fe**, Mn*', NO3", SO4%) are likely to
show high production of CHa. In the sequential oxidation-reduction, molecular O; is the first
to be reduced at an Eh of about +30 mV followed by NO* and Mn** at 250 mV; Fe’* at
+125 mV ; and SO4™ at -150 mV (Patrick, 1981).

As texture determines various physico-chemical properties of soil, it can also
influence CH4 production. Jackel ef al. (2001) found that rates of CH4 production increased
with increase in the aggregate size of the soil. A negative correlation between CH4 emission
and clay content of soil was reported (Sass and Fisher, 1994; Denier Van der Gon and Neue,
1996). Clay materials can protect soil organic matter from degradation and higher clay
content may promote soil entrapment of CHy (Wang et al., 1993a). Consequently a net CH,
emission from clay rich soil i1s reduced. On the other hand, calcareous soils showed rapid
formation of methane upon flooding. The mechanism is that in calcareous soil, high level of
CaCOs; bufters the pH to the optimum range for methanogenesis (Neue and Roger, 1993). In
coarse textured soil, having a high percolation rates, redox potential often has positive
values. In such rice-soils, CH4 production is considerably suppressed due to high Eh values
It is reported that in north India from coarse textured sandy loam paddy soils with a high
percolation rate, very low CH, emission was recorded even when the fields were flooded

(Jain et al., 2000).
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2.2.2.2. Soil Temperature

The influence of temperature on CH,4 production is well documented (Thurlow ez al,
1995). The process of decomposition of organic materials, from which the methanogenic
substrates are generated, is strongly influenced by temperature (Chin and Conrad, 1995). An
increase in temperature accelerates the decomposition of organic matter (Tsutsuki and
Ponnamperuma, 1987), which eventually increases the process of methane production and
subsequent emission. In general, 10-30% increase in CHy4 flux can be observed with every
1°C increase in soil temperature (Parashar e al., 1996). Wassmann et al. (1998) observed a
rapid rate of CH4 production with temperatures between 25 and 35°C. Most of the
methanogens exhibit optimum growth at a temperature range of 30°C to 40°C (Vogels et al.,
1988). Hattori et al. (2001) recorded optimum temperature of 40°C for CHs production in
Japanese paddy fields due to dominance of methanogenic population at this temperature.
Methane production at soil temperature of 30°C was much higher (by a factor of 2.5 to 3.5)
than that in 17°C at flooded soil samples (Conrad et al., 1987). Diurnal variations in CHy
emission from rice fields was also found to be correlated with soil temperature (Neue ef al.,

1995).
2.2.2.3. Growth period and crop phenology

Growth period and phenology of rice influence production and emission of methane
from paddy fields. Lower CH, fluxes was recorded in the early growth period of rice plant,
which increased gradually during mid to late season and dropped to very low level before or
after harvest (Sinha, 1995; Wassmann et al., 2000a; Gogoi et al, 2005). More than 50% of
CH; was emitted in the first half of the growth period in Thailand rice fields
(Jermsawatdipong et al., 1994), while CH, emissions in Japanese rice fields occurred mainly

in the second-half of the growth period (Kimura et al. 1991). Jermsawatdipong et al. (1994)
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suggested that the relatively high temperatures at the beginning of rice growth in the tropical
climate results in rapid decomposition of organic materials which is the reason for higher
CH, production from the beginning of rice growth. Seiler et al. (1984) recorded higher CH,
emission rate at the end of heading and flowering stage of rice plants in Spain. During the
reproductive stage of rice plant emits 90% of the total methane flux of the whole crop season

(Holzapfel-Pschorn et al., 1986).
2.2.2.4. Diurnal and seasonal variations

Emission rates of CH, generally increase rapidly after sunrise, reach a peak in the
early afternoon then decline rapidly and level off at night. Methane emission rates during the
eariy and late phase of plant growth exhibited a distinct maximum in the early afternoon,
while this pattern is less pronounced in the middle stage of plant growth (Aulakh et al,
2001). Three seasonal maxima of methane flux are reported from Italy, the first shortly after
flooding, the second during the vegetative growth stage and third during the grain filling and
maturity stage of rice plants (Schutz et al., 1989). Two distinct methane emission peaks, one
at active vegetative growth and the other at panicle initiation stage of the crop were reported
by different workers (Neue et al., 1995; Gogoi et al., 2005). Such methane flux maxima
have been attributed to the higher availability of substrates in the rice rhizosphere (Adhya et
al , 1994). Some workers reported an initial methane emission maximum that occurs shortly
after transplanting, caused by the fermentation of easily degradable soil organic matter in the
soil (Sass and Fisher, 1992). Methane emission from rice fields in Phillipines was higher in
dry season than in wet season (Denier Van der Gon et al., 1992), which was attributed to
higher temperature during the dry season. However, it is also reported that seasonal variation
in CH, production and emission depend on plant development with no seasonal temperature
dependence (Sass ef al., 1991). Seasonal variation in CH,4 emission was also reported by
Butterbach-Bahl ez al. (1997) and it was found that rate of CHs emission depended on the

fertilizer application. Water regimes, cultural practices and temperature changes modify the
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general seasonal pattern of CH, emission (Neue et al., 1997). Methane emission from
irigated rice was found to be higher in the dry season than in the wet season (Wassman et
al., 1993). This is because of higher biomass production and elevated temperature during the

periods of high methane emission.

2.2.2.5. Photosynthate partioning and root growth

Methane emission and photosynthetic characteristic of rice are reported to be closely
related (Denier van der Gon et al., 2002, Sass and Cicrone, 2002). Carbon is stored in
different parts of plant through photosynthesis and through decomposition and root
exudation, is incorporated into soil (Jimenez and Lal, 2006; Conrad et al., 2008). On
average, 30-60% of the net photosynthetic carbon is allocated to the root, and as much as 40-
90% of this fraction enters the soil in the form of rhizo-deposition (Lynch and Whipps,
1990; Marschner, 1996). Experiments utilizing pulse labeling of C revealed that about 1-5%
of the net assimilation was incorporated into soil (Lu et al., 2002); a part of which was
transported to the rhizosphere, transformed to CH,, and emitted to the atmosphere (Minoda
and Kimura, 1994). It is reported that carbon loss from soils could not be compensated by
the carbon input through plant photosynthesis (Zhongjun et al., 2006) The carbon released
as CH, is approximately equivalent to 3% and 4.5% of photosynthetically fixed carbon in the
biomass for low and high emission cultivars, respectively (Huang et al., 2002). The
percentage distribution of photosynthetically derived assimilates to soil was exponentially
correlated to the rate of root growth (Lu et al., 2002). Greater root growth provides greater
surface area for diffusion of CHs into roots and greater air space (Singh et al., 1999).
Amount of root exudates, which is the primary source of carbon for CHy (Weiguo et al,
2006), was reported to be positively correlated to root dry matter production (Wang and
Adachi, 2000). Therefore, higher root weight and density increase the CHy production and
transport (Ladha et al., 1986). Higher amount of CH, is produced in soils with rice plants

than that of unplanted soil (Zhongjun et al., 2006), which indicates a direct role of rice root
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on CH, production. Increase in root or aboveground biomass during plant growth until
flowering determines the corresponding increase in CH, transport capacity (Aulakh et al,,
2002). There is an inverse relationship between rice plants’ capacity to store
photosynthetically fixed carbon and seasonally emitted CH, (Sass and Cicerone, 2002) and
on average, 11+4% of the carbon not allocated to rice grains was emitted as CH4 (Denier van
der Gon et al., 2002). Weiguo et al. (2006) reported that elevated CO, significantly
increased methane emission (as high as 58%) compared with ambient CO,. These findings
clearly indicate the relationship of photosynthesis and methane emission.

The organic substrate from which the CHy is derived presumably comes from root
exudation and death (Weiguo et al., 2006). Root exudates play an important role in the
process of solubilization and mobilization of nutrients in the soil (Krik ez al, 1999), and
thereby root exudates provide substrates for microbial activity in the rhizosphere. In flooded
rice soils, root exudates provide important carbon sources for the process of methanogenesis.
Organic acids in root exudates supply energy to methanogens, and also mobilize soil
phosphorus and micronutrients (Marschner, 1996). Wang and Adachi (2000) reported that
nature and amount of root exudates change with the developmental stages of rice plants. .
They reported that the exudation rate increases with plant development from seeding to
panicle initiation or flowering, but decreases towards the maturity of the crop. It is well
documented that plant derived organic carbon can produce 3-4 fold greater amount of CH,
during panicle initiation to flowering as compared to the seedling stages (Aulakh et al,
20014a). It is therefore suggested that CH, production during the later stage of growth of rice
plant is determined by plant derived carbon, which is in turn closely associated with the

process of photosynthate partioning.
2.2.2.6. Soil and water management

Appropriate field management is one of the important ways to increase grain yield of
rice (Minamikawa ef al, 2006). Such field management has physical, chemical and

biological effects on methane emission. It is reported that average methane flux during the
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growing period was affected by fertilizer application, water management, organic matter
amendment, water and water management (Yan et al., 2005).

The effect of application of chemical fertilizers on CH, emissions is well established
(Adhya et al., 2000). The effect of fertilizers on CHy4 production depends on rate, type and
mode of applications. For example, application of urea enhances CHy4 production possibly by
increasing soil pH following urea hydrolysis and the drop in redox potential, which
stimulates methanogenic activities in soil (Wang et al., 1993). Debnath et al. (1996) reported
that urea along with farm yard manure enhanced methane emission from paddy fields of
India. Lindau (1994) reported decrease in CH4 emission with ammonium nitrate application
due to competitive inhibition of nitrate reduction in favour of methane production. Under
field conditions, the application of sulphate based fertilizers such as (NHy)> SO4 and CaSO,
have reduced CH, emission (Cai et al, 1997). On the other hand, application of K;HPO4
enhances the emission of CHy (Adhya et al., 1997). Sulfate containing fertilizers are known
to decrease CH,; emission because of competition between sulfate reducing bacteria and
methanogens for the substrates, hydrogen and acetate (Hon et al., 1993). Minamikawa and
Sakai (2005) showed that increase in the application of ammonium sulfate decreased CHy
emission and increased rice yield fn field condition. Application of gypsum (CaSQO,) is also
reported to decrease CH4 emission (Denier van der Gon and Neue, 1994). It is reported that
incorporation of urea into the soil at a depth of 20 cm decreased CH, emission to a half of
that with surface application (Schutz et al., 1989). Many researchers have showed that CH,
emission increased with increase in the rate of application of urea (Dannenberg and Conrad,
1999). This was attributed to an increase in soil pH caused by the hydrolysis of urea (Wang
et al, 1992), an increase in rice biomass (Banik et al, 1996), and the inhibition of
methanotrophs by ammonium (Dubey, 2003). However, some workers reported that
ammonium stimulated oxidation of CH, (Bodelier ef al., 2000). Schimel (2000) suggested
that the effects of ammonium on CH, oxidation can be arranged into a three-scale

phenomenon: stimulation with increases in rice biomass; inhibition with population growth
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of methanotrophs on a microbial-community level; and stimulation with competition for CH,4
monooxygenase on a biochemical level.

Water management in paddy field affects the rate of methane emission to a large
extent (Kongchum et. al., 2006). Soil submergence and the duration of anaerobiosis strongly
determine the rate of CH4 production (Wassman et al., 2000). Flooding the soil decreases
gas diffusion by a factor of more than 10% resulting in several changes in soil physico-
chemical and biological conditions that favour CH, production and its emission (Bharati ez

al.,, 2001). On the contrary, free exchange of air under dry-land condition will enhance
\ oxidation of CHs, a sink process. Non-flooded paddy soils, after drainage or during the
fallow period, are able to act as sink for CHy and their ability to consume CH, vary
depending upon the soil temperature or moisture (Thurlow ef al,, 1995). On a rainfed law-
land rice field, CH4 emission was about 4-10 times higher than that of an irrigated shallow
field (Rath er al, 1999). Baruah et al. (1997) reported higher methane flux from
continuously flooded rice ecosystem than intermittently flooded sandy loam soils of India.
Indian alluvial soils also emit less methane from intermittently flooded rice field (Mishra et
al., 1997). One or multiple drainage system has been reported to decrease CH, emission
compared to continuous flooding (Yagi and Minami, 1990). Some workers reported that
midseason drainage or intermittent irrigation decreases CH, emission without decreasing the
rice grain yield (Sass et al., 1992). Submergence with a dry spells during the crop growing
period commonly observed in rainfed rice systems is a crucial factor for CH, production and
emission (Setyanto et al., 2000). Recently, water management base on Eh control has been
proposed as an effective mitigation option for methane. This technique maintains soil Eh
between predetermined lower and upper limits by drainage and flooding (Minamikawa and
Sakai, 2005). Such Eh control reduced CH, emission by 64% by regulating water
management practices without decreasing rice yield compared to continuous flooding
(Minamikawa and Sakai, 2006).
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2.2.2.7. Rice cultivars

There are about 80,000 known cultivars of rice with large variations in genotype and
phenotype (Jia et al., 2002). Therefore the role of rice cultivars on methane emission has
great potential as biological mitigation of methane. Rice cultivars play a significant role in
regulating CH, emission because of the large variations in morphological and physiological
traits which influence CHa production rate, rhizospheric CH, oxidation and plant mediated
CH, transport. Varietial difference on methane emission has been reported by many workers
(Wang et al., 1997) Since up to 90% of the methane released from rice fields occurs through
plant mediated transport mechanism, plant characteristics of rice is reported to have a strong
impact on methane emission. Several field studies from China (Kesheng and Zhen, 1997),
India (Baruah er al., 2002), Italy (Butterbach-Bahl et al., 1997), and Japan (Watanabe and
Kimura, 1995) showed that rice cultivars vary widely in their ability to emit methane.
Varnations in phenology and physiological characters of rice cultivars are reported to have
pronounced effects on methane emission from acids soils of Lower Brahmaputra Valley
Zone of Assam (Gogoi et al., 2003; Gogoi et al.,— 2005). Methane emission and varietal
characteristics, such as plant biomass production (Sass et al., 1991), leaf and tiller number
(Neue et al., 1996; Mariko et al., 1991; Aulakh et al. 2002), root oxidation ability (Satpathy
et al., 1998) etc. were found to be closely associated. These findings indicate an ample

possibility of selecting rice varieties for lower methane emission.
2.2.2.8. Application of organic manure

It is well known that the application of organic matter conserves soil fertility for
sustainablé rice production. However, incorporation of organic matter into the soil enhances
the supply of substrates for methanogenesis, which in turn increases methane emission. The
effect of applied organic matter on methane emission from paddy field depends upon the

kind, rate, time, and degree of decomposition in field condition (Minamikawa ef al., 2006).
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In many rice growing countries, rice straw is applied as a source of organic matter, which is |
reported to increase CH, emission (Schutz ez al., 1989). Aerobic decomposition of rice straw
of the previous autumn or winter decreased CH4 emission compared to application of straw
just before transplanting (Goto et al., 2004). There are several reports on the effect of other
kinds of organic matters on methane emission such as Azolla (Bharati et al., 2000), wheat
straw (Zou et al., 2005) and animal manures (Wang et al., 1999). Such organic matter
application also increases CH4 emission from paddy fields.

A low rate of methane emission is generally observed just after transplanting. This is
due to the limited carbon sources, low levels of methanogenesis and poor conduction of
methane from the soil to the atmosphere through rice plants with under-developed biomass
(Satpathy et al., 1997). Some workers reported an initial methane emission maximum that
occurs shortly after transplanting, This enhanced emission is caused by the fermentation of
easily degradable soil organic matter in the soil (Sass and Fisher, 1992). However, if the
amount of easily degradable carbon is low at the beginning of the season, no initial peak of
methane emission develops (Neue et al., 1995). It is reported that methane formation during
the early and mid-season growth stages of rice, which last for 40 to 50 days in tropical
climates, results primarily from microbial decomposition of freshly incorporated crop
residues (Wassmann et al., 2000). Therefore, the first methane emission peak, generally
observed at active vegetative growth stage of rice, is associated with decomposition of
organic matter derived from left over plant residues in the form of paddy straw and dead
roots from the previous crop, which served as substrate for methanogens (Xu et al., 2000).
The second highest CH4 flux maxima, commonly recorded during the panicle initiation
stage, were attributed to the higher availability of organic substrates in the rice rhizosphere
(Mitra et al., 2005). Lu et al. (2000) also established a similar trend and reported that the
seasonal change in methane emission was closely related to the change in organic carbon
concentration in the root zone. Although, CH, production is negligible in soils under non-
flooded conditions (Ramakrishnan ez al., 1995), soils with high organic matter can also serve

as a source for CHa in non-flooded condition (Rath et al., 1999).
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2.3. Methane emission from rice fields: Global and Indian scenario

The total annual global emission of methane is estimated to be 420-620 Tg y" (Khalil
and Rasmussen, 1990), 70-80% of which is biogenic in origin (Bouwman, 1990).
Agricultural activities are responsible for approximately 50% of global atmospheric inputs of
methane (Scheehle and Kruger, 2006; USEPA, 2006). Rice paddies have been identified as
one of the major sources of atmospheric CHa, contributing about 10-15% to global CHs
emissions (Neue, 1993; Scheehle and Kruger, 2006). The human population continues to
increase by about 80 million people per year; the developing world will add another two
billion people over the next three decades (Cohen, 2003). Therefore it has been suggested
that the world's annual rice production must increase from 518 million tonnes in 1990 to 760
millions in 2020 (IRRI, 1989). This would require expansion and intensification of rice
cultivation, and as a consequence it is likely that CH, fluxes will increase to the atmosphere
Some researchers estimated annual emission of methane from rice paddies ranging between
47 and 60 Tg yr™, representing 8.5- 10.9% of total emission from all sources (Crutzen, 1995;
Houghton ef al., 1995). Estimates of regional methane emissions from rice paddies differ
largely, depending on the techniques, approaches and databases used for extrapolation. Over
the past few decades, numerous field experiments identified the magnitude, temporal pattern
and infiuencing factors of CH, emissions from paddy fields (Nouchi ef al. 1994; Denier van
der Gon and Neue, 1995). Worldwide methane emission from rice has been estimated from
reports from China, India, Vietnam, Korea, and the Philippines to be from 21 to 30 Tg per
year (Sass et al. 2002). Minami (1994) proposed a methodology for estimating global CH,
emission from rice fields and reported a CH, emission range of 10 to 113 Tg CH, per year
from world rice paddy fields. Ghosh er al. (1995) estimated the upper limit of global
methane production from paddy fields as 13 Tg, based on the reports on total biomass of
globally produced rice.

Most of the CHy4 emitted from rice fields is expected to be from the Asian region as

it has 90% of the total world rice harvested area, out of which about 52% is in China and
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India (Bachelet and Neue, 1993). A review of CHj, studies in China, India, Japan, Thailand,
the Philippines and the USA (Sass and Fisher Jr, 1994) tightened the range of projected CH,
emissions from rice fields. Sass and Fisher Jr (1994) combined the data of total area of rice
paddies with the flux estimates obtained from several investigations (Minami et al., 1994).
According to this estimation, annual methane emission (Tg Yr'') from the paddy fields of
China , India, Japan, Thailand, Philippines, USA, aﬂd other countries were 13-17, 2.4-6,
0.02-1.04, 0.5-8.8, 0.3-0.7, 0.04-0.50 and 9.20-20.0 Tg respectively (Mimami, 1997). The
rice area in the countries shown in this estimate represent 63% of the total world rice paddy
area and result in a total annual CH, emission of 16 to 34 Tg. Extrapolating these data to the
world, Sass and Fisher Jr (1994) estimates total CH4 emission from rice fields to range
between 25.4 and 54 Tg with 50 Tg per year as a possible global emission value. This value
is near the IPCC (1992) best estimate of 60 Tg CH, per year, but the range indicates that the
actual rate may be lower. Wang ef al. (1994) estimate the annual CH, emission from rice in
China to range between 13-17 Tg per year. However, Lin et al. (1995) estimate a slightly
lower value from rice in China of <12 Tg CH4 per year.

A national methane measurement campaign in India yielded a range of CH, flux
values between 0.20 and 3.6 mg m™ h™* for irrigated, intermittently- flooded rice fields, 0.04-
66 mg m™ h' for flooded fields and between 1.1 and 23.3 mg m™ h™' for deep-water regimes
(Parashar ef al., 1994). Parashar et al. (1994a) estimated CH4 emission from India’s paddy at
3 Tg yr''; however this estimate was based on a limited number of field measurements.
Recently, Bhatia e al. (2004) used IPCC default flux values for the base year 1994-95 to
estimate CH4 emissions from all agricultural fields in India to arrive at a figure of 2.9 Tg
CH, yr''. Great efforts have been made to measure methane emissions from different rice
cropping systems in recent years and numerous data from field measurements and laboratory
incubations have been accumulated. Recently, the Denitrification and Decomposition -
(DNDC) model was evaluated for its ability to simulate methane(CHy), nitrous oxide (N>O)
and carbon dioxide (COz) emissions from Indian rice fields with various management

practices (Pathak ef al., 2005). They projected that continuous flooding of rice fields (42.25
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million ha) will result in annual net emissions of 1.07-1.10, 0.04-0.05 and 21.16-60.96 Tg of
CH;-C, N2O-N and CO,-C, respectively, with a cumulated global warming potential (GWP)
of 130.93-272.83 Tg CO; equivalent. Intermittent flooding of rice fields will reduce annual
net emissions to 0.12-0.13 Tg CH4-C and 16.66-48.80 Tg CO,-C while N,O emission will be
increased to 0.05-0.06 Tg N>O-N. The GWP, however, will be reduced to 91.73-211.80 Tg

CO; equivalent.
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Chapter 3
Materials and Methods




3. MATERIALS AND METHODS

In the present investigation, experiments were carried out at North Bank Plain
Agroclimatic Zone (NBPAZ) of Assam, a state of north-east India. The details of materials

and methods employed during the course of the investigation are described below.

3.1. Association of plant growth parameters with methane emission from monsoon /

Sali rice

This experiment was conducted over two consecutive years (2005 and 2006) at
NBPAZ of Assam with two (2) rice varieties during monsoon season under rainfed condition
(monsoon / Sali rice agroecosystem). The detail technical programme of this experiment is

given below.

3.1.1. Geographical location, climatic conditions and soil characteristics of the

experimental site

In this agroclimatic zone, rice is the major crop grown both under irngated
and unirrigated condition. This experiment was conducted in a farmer’s field at Amolapam
near Tezpur Central University campus (26°41' N, 92°50' E) during the monsoon rice-
growing season (August-November of 2005 and 2006). Figure 3.1 shows the geographical
location of the experimental site located at the NBPAZ, northeast India. The region is
subtropical humid having moderately hot-wet summers and dry winters. The available
meteorological data during the experimental periods were collected and are presented in

Figure 3.2 and 3.3. The Agroclimatic Zone is characterized by light textured loamy alluvial
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River
Tezpur Brahmaputra

Fig. 3.1. Experimental site at North Bank Plain Agroclimatic Zone (NBPAZ) of
Assam, northeast India.
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soils. Various soil physiochemical properties of the experimental field are presented in Table
3.1. Light intensity above and below the canopy of rice plant was measured by a light meter
(LI 250A, LI-COR, USA) and light transmission (%) through the canopy of rice plant is
presented in Figure 3.4.

3.1.2. Selection of rice variety’

Two high yielding rice varieties viz. Bahadur and Piolee were selected for the

experiment.
3.1.2.2. Description of varieties

1. Bahadur: This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
between ‘Pankaj’ and ‘Mahsuri’. It is a blast tolerant, non-lodging variety recommended for
shallow water (0-30 cm) agroecosystem for monsoon (Sali) season. Duration and average
yield in ideal field condition is 150-155days and 5.0-5.5 t ha™, respectively.

2. Piolee: It was developed at Regional Agricultural Research Station (RARS),
Titabor of Assam Agricultural University, Jorhat, India, by cross combination between
‘Pankaj’ and ‘Mahsuri’. It is a blast tolerant variety, having very good grain quality. It is
recommended for shallow water (0-30 cm) agroecosystem for monsoon (Sali) season
Duration and average yield in ideal field condition is 150-155days and 5.0-5.5 t ha'!,

respectively.
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Fig. 3.2. Meteorological parameters during the experimental period of 2005 (Sali
season).
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Fig. 3.3. Meteorological parameters during the experimental period of 2006 (Boro,
Ahu and Sali season).
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Fig. 3.4. Light transmission (%) through the canopy of varieties Bahadur and
Piolee. Data presented are means * SEd (vertical bars).
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Fig. 3.5. Meteorological parameters during the experimental period of 2007 (Boro
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3.1.3. Field preparation

The experimental plot was ploughed, puddled thoroughly to 15-cm depth and levelled.
Fertilizer was applied at the rate of 40: 20: 20 kg N-P-K ha™' in the form of urea, single super
phosphate (SSP) and murate of potash (MOP). One third (1/3") of full dose of urea along
with full dose of SSP and MOP was applied at the time of final land preparation. Remaining
part of urea was applied at the time of tillering (1/2 of the remaining part) and panicle
initiation stage (another 1/2 of the remaining part), as recommended in the package of
practice of Assam Agricultural University. Rice seedlings (25-day old) of two varieties, viz.
Bahadur and Piolee were transplanted (spacing: 20cm x 20 cm; 2 seedling per hili) in four

replicated plots (5 x Sm = 25 m?).
3.1.4. Gas sampling and estimation of methane emission

Methane flux from rice field was recorded at seven (7) different growth stages viz.
early tillering (42 DAT: Days after transplanting), late tillering (56 DAT), panicle initiation
(70 DAT), flowering (84 DAT), grain development (98 DAT), ripening (112 DAT) and
maturation (119DAT). Two additional methane samplings were done at 7 and 14 days after
harvest. Methane flux was recorded by using a static chamber technique(Plate 3.1) described
by Parashar et al. (1996). Briefly, chambers 50 cm long, 30 cm wide and 70 cm tall made of
6-mm-thick clear acrylic sheet were used for gas sampling. Rectangular U shaped aluminium
channel (50 cm X 30 ¢cm) supported on an aluminium frame (50 cm X 30 cm X 15 cm) was
used to support the chambers. The aluminium channels were inserted into the soil to a depth
of 15 cm 7 days before transplanting. During gas sampling, the aluminium channels were
filled with water to a depth of 2.5 cm. This acted as an air seal for the flux boxes. A battery-
operated fan inside each box thoroughly mixed the air in the chamber before sampling. Gas
samples were drawn from the chambers using a 50 ml airtight syringe fitted with a three-way

stop-cock and a fine needle that was inserted through a self-sealing rubber septum. Gas
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samples were collected at intervals of 15 min at 09-00h for four times and again at 14-00 h.
During eéch sampling, temperature and water level inside the chamber were measured.
Atmospheric pressure was also recorded at the time of gas sampling. This permitted
calculation of air volumes at standard temperature and pressure (STP). Soil temperature was
measured with the help of soil thermometer inserted in to the soil near the chamber (at S5cm
distance) at the time of sampling. The average of morning and evening values (°C) were
considered as the soil temperature value for the day.

Methane in gas samples was determined (Plate 3.2) using a gas chromatograph
(Varian, Model 3800, The Netherlands) fitted with flame ionization detector (FID) and
Chromopack capillary column (50 cm long, 0.1um inside diameter). Column, injector and

detector temperature were maintained at 50, 90 and ISOOC respectively. Gas chromatograph
was calibrated with a methane standard (5.5ppm) obtained from National Physical
Laboratory, New Delhi. Nitrogen, hydrogen and zero air was used as carrier gas, fuel gas
and supporting gas respectively. Methane flux was calculated from the temporal increase in

the CH4 concentration inside the box using the equation of Parashar et al. (1996):

Bl x (', x16x1000% 60

Flux =
10° x22400x Axt

mgm™~h™

Where, BV srpis the box air volume in C.C. at STP. It was calculated by :

_ BV xBPx273
(273+T)x 760"

STP

BV (Box air volume) was calculated by:
BV =[(H - h) LW - biomass volume inside box]

Where,
H =Box height (cm)

h = Water level above the channel (cm)
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L = Box length (cm)

W = Box width (cm)

BP = Barometric pressure (mm Hg)

T = Box air temperature at the time of sampling (°C)

Ccus= Change in CH, concentration in ppmv from 0 to t min. and

A = Paddy area covered by the box (m?)

The average of morning and evening fluxes were considered as the flux value for the

day.
3.1.5. Morpho-physiological parameters of plant

3.1.5.1. Plant height

Plant height was measured at weekly interval in cm from the base of the plant to the
end of the top leaf with the help of a scale. The average plant height of ten samples from each

variety was taken and expressed as plant height (cm plant™).

3.1.5.2. Leaf number per hill

Number of leaves per hill was counted at weekly interval. The average leaf number of

ten hills from each variety were taken and expressed as leaf number hill™.
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3.1.5.3. Tiller number per hill

Total number of tillers including the main shoot was counted at weekly interval. The
average tiller number of ten hills from each variety were taken and expressed as tiller number

hill™!,

3.1.5.4. Leaf area per hill

Leaf area per hill was measured at weekly interval with a portable laser leaf area
meter (Plate 3.3) (CID, Model CI-203). The average leaf area of ten hills from each variety

were taken and expressed as leaf area (cm” hill™).

3.1.5.5. Leaf area index

Leaf area index was measured at weekly interval using the following formula:

Leaf area (cm®)
Ground area (cm?)

Leaf area index (LAI) =

3.1.5.6. Root length and volume

Total root length per hill was measured at weekly interval by a portable laser leaf area
meter (CID, Model CI-203) with root measurement attachment. The average root length of

ten hills from each variety were taken and expressed as root length (cm hill"!). Root volume
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was determined by standard water displacement method. The average root volume of ten hills

from each variety were taken and expressed as root volume (ml hitt™).

3.1.5.7. Culm, leaf blade, leaf sheath and root dry weight

Root and shoot portion from ten hills were collected separately from each variety at
weekly interval. The shoot portion was carefully separated into culm, leaf blade and leaf
sheath The root portion was washed thoroughly to remove the soil and sand particles under
running water over a sieve. Appropriate care was taken so that the minute parts of roots can
be collected. Both root and shoot parts were oven dried at 75°C till the weight become
constant. The average culm, leaf blade, leaf sheath and root dry weight of ten hills from each

variety were taken and expressed as dry weight (g hill™).

3.1.5.8. Leaf photosynthetic rate

Leaf photosynthesis was measured at weekly interval (from 7 days after transplanting
till harvest) by an infra-red gas analyzer (LI-6400 portable photosynthesis system, LICOR,
USA), under ambient environmental conditions (Plate 3.4). The photosynthetic rate (1 mol
CO, m? 57 of intake leaf was measured following the method of Baig et al. (1998). The
middle portion of a fully expanded, healthy-green 2™ leaf from the top was used for
measurement up to the pre-flowering stage, and the flag leaf was used for photosynthesis
measurement from the panicle initiation stage of the crop. Leaves were held in the chamber
until values of photosynthesis were observed to be as constant as possible (steady state).

Leaves were kept at steady state for 1 min before measurements were taken.
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3.1.6. Yield and yield attributing parameters

3.1.6.1. Thousand-grain weight

At harvest, the average thousand grain weight of ten samples from each variety were

determined and expressed as thousand grain weight (g).
3.1.6.2. Panicle length

Panicle length was measured from the nodal base of the panicle to the tallest part of
the main rachis. Average length of panicles from ten plants of each variety was taken and

expressed as panicle length (cm).

3.1.6.3. Dry weight of developing panicle

After panicle initiation, the developing panicles were collected separately from each
variety at weekly interval and were oven dried at 75°C till the weight became constant. The
average dry weight of developing panicle from ten hills were taken and expressed as dry
weight (g hill™).
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3.1.6.4. Filled grain

Filled grains were separated from the unfilled grains by soaking them in water. The
percentage was worked out to get the filled grain %. The average filled grain of ten samples

from each variety were taken and expressed as filled grain (%).

3.1.6.5. Yield

The mature plants were harvested from one square meter area from each plot avoiding
the border rows. After threshing and cleaning, the grain yield was recorded. Values presented

here are average of four replications and expressed as tone hectare™.

3.1.7. Soil physico-chemical properties

Soil samples were collected from the root zone of rice plants from 15cm depth from
the four replicate plots with the help of a soil-sampling core and composite samples were
prepared from the collected soils. Root fragments were removed carefully from the soil and

various physico-chemical properties were analyzed.

3.1.7.1. Soil pH

On each methane flux measurement day, soil pH was measured at 1:1.25 soil to water

ratio (soil water slurry) using a digital pH meter.
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3.1.7.2. Cation exchange capacity

Soil samples were collected from the experimental field before the start of the
experiment. The cation exchange capacity (CEC) of the soil samples were determined by 1N

ammonium acetate (pH 7.0) method (Jackson, 1973).

3.1.7.3. Determination of clay, sand and silt content

Soil samples collected from the experimental field before the start of the experiment
were analyzed for clay, silt and sand fraction by employing Buyoucous hydrometer method

(Black, 1965).

3.1.7.4. Soil organic carbon

Organic carbon content of the soils was determined at weekly interval on each
methane flux measurement day by standard wet oxidation method. One gram of soil sample
was treated with ten (10) ml of 1 N potassium dichromate and 20ml of concentrated H,SO4
was added in the solutiqn. After 30 minutes, 200ml of water, 10 ml of IN phosphoric acid and
Iml of diphenylamine indicator was added. The solution turned bluish purple in colour. This
was titrated against 0.5N standard ferrous ammonium sulphate solution till the contents
become grayish green in colour. Simultaneously, a blank determination was also conducted
and the value was recorded. The organic carbon was calculated by the method of Walky and
Black (Jackson, 1973).
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3.1.7.5. Soil nutrient content

Estimation of soil nitrogen content was carried out by Micro Kjeldahal method
(Jackson, 1973). Potassium and phosphorus content of soils were estimated by Flame
photometric method and Colorimetric method (Jackson, 1973), respectively. Estimation of
total Fe, Cu, Mn and Zn, were done in an atomic absorption spectrophotometer (Model

AA200, Perkin Elmer, USA).

3.1.8. Statistical analysis

Measurements of different parameters for all the growth stages were replicated for
four times. The significance or non-significance of a given variance was determined by
calculating the respective ‘t’ and SE + values (Gomez and Gomez, 1984), considering the
variety as source of variation. Correlation of methane flux with other parameters (means of

all different growth stages) was done by Pearson correlation method.

3.2. Association of plant growth parameters with methane emission from irrigated /

Boro rice

This experiment was conducted at irrigated rice agroecosystem of NBPAZ of Assam
with two (2) rice cultivars during spring season (Boro rice) under irrigated condition. The

detail technical programmes of this experiment are given below.
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Table 3.1. Soil characteristics of the experimental fields of different agroecosystems.

Year / Cropping season

Parameters Sali Ahu Boro

2005 2006 2006 2006 2007
pH 543+£0.02° 536+0.01° 5.40%0.06° 545+0.01° 536+001°
EC (mmhos/100g) 0.47 £0.02 0.45 +£0.01 0.43 £0.02 0.47 £0.01 0.45+0.02
CEC (m eq. 100g™) 9.54+0.23 931+0.43 1020+0.55 10.87+£0.15 10.13+£0.15
Bulk density (g cc™) 0.66 £ 0.01 0.66 +0.02 0.85 £0.02 0.87 £0.01 0.85+0.01
Clay (%) 28.60+£0.23 2853+0.56 30.10+0.49 31.57+0.12 32.43+0.18
Silt (%) 41.15+£028 41.38+0.53 41.40+090 39.50+0.21 40.27 £0.09
Sand (%) 30.25+043 30.10+0.55 28.50+0.44 2893+0.09 27.30+0.15
Organic carbon (%) 0.93 £0.01 0.97 £0.01 0.94 £0.01 0.95 +0.01 0.96 +0.01
Available Nitrogen
(kg ha™) 373.13+£1.03 375.38+2.07 37540t1.73 378.67+1.62 371.50+1.27
Available Phosphorus
(kg ha™) 35.50+£0.79 37.00+£0.79 36.20+0.83 3943+064 36.83+0.70
Available Potassium
(kg ha™) 23463 +1.16 238.13+1.21 237.70+2.03 240.90+0.81 236.30%+0.70
Total Iron (ppm) 448.00+1.78 454.00+2.08 445.00+2.08 431.00+2.65 438.67+0.67
Total Manganese
(ppm) 20.75+0.85 2225+085 20.00+1.00 19.67+0.88 23.00=%2.08
Total Copper (ppm) 17.75+0.85 19.75+085 17.00+1.53 17.67+1.45 20.33+1.20
Total Zinc (ppm) 2550+126 26.00+0.82 23.00+1.53 24.00+1.53 22.33%145

# = Standard error
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3.2.1. Geographical location, climatic conditions and soil characteristics of the

experimental site

The geographical location and climatic conditions of the experimental area are
described in 3.1.1. The experiment was conducted over two consecutive years (2006 and
2007) in a farmer’s field at Amolapam near Tezpur Central University campus (26°41" N,
92°50' E) during the spring rice-growing season (February- June). The available
meteorological data of the experimental periods were collected and are presented in Figure
3.3 and 3.5. The experimental site comprises light textured loamy alluvial soils. Soil samples
were collected from the experimental field before the start of each experiment and analyzed.
Various soil physiochemical properties of the experimental field are presented in Table 3.1.

Light transmission (%) through the canopy of rice plant is presented in Figure 3.6.

3.2.2. Selection of rice variety
Two nice varieties viz. Ranjit and Agni were selected for this experiment.
3.2.2.2. Description of varieties

1. Ranjit: This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, India, by cross combination between
‘Pankaj” and ‘Mahsuri’. This semi-dwarf variety is recommended for shallow water (0-30
cm) agroecosystem. It is also grown under irrigated condition. Duration and average yield in
ideal control field condition is 150-155days and 5.0-5.5 t ha™ respectively.

2. Agni: It is an indigenous traditional rice cultivar, generally grown under irrigated

condition during Boro season.
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3.2.3. Field preparation

The experimental plot was ploughed, puddled thoroughly to 15-cm depth and
levelled. Fertilizer was applied at the rate of 60: 30: 30 kg N-P-K ha! in the form of urea,
single super phosphate (SSP) and murate of potash (MOP). One third (1/3%) of full dose of
urea along with full dose of SSP and MOP was applied at the time of final land preparation.
Remaining part of urea was applied at the time of tillering (1/2 of the remaining part) and
panicle initiation stage (another 1/2 of the remaining part), as recommended in the package
of practice of Assam Agricultural University. Thirty-five days old rice seedlings (5-6 leaf
stage) of cultivars Agni and Ranjit were transplanted (spacing: 20cm x 20 cm; 2 seedling per
hill) in four replicated plots (5 x Sm = 25 m?). Fields were submerged by applying irrigation

from transplanting to panicle initiation (70 DAT) stage of the crop.
3.2.4. Gas sampling and estimation of methane emission

Methane flux was recorded from the first day of transplanting (0 DAT) and thereafter
7-day intervals till harvest. Two additional methane samplings were done at 7 and 14 days
after harvest. Details of materials and methods employed are described in 3.1.4. Cumulative
methane emissions from rice varieties for the entire growth period were computed by the
method of Naser et al. (2007) by using the following formula:

Cumulative gas emission = "'Zi.,/ (Ri X D),

Where, R; is the mean gas emission (mg m™ day™) of the two sampling times, D, 1s

the number of days in the sampling interval, and » is the number of sampling times.

Cumulative methane emissions are expressed as seasonal integrated flux (Eqf) in g m™.
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3.2.5. Morpho-physiological parameters of plant

Details of the methodology employed for the determination of morpho-phisyological

parameters of plants are described in 3.1.5.

3.2.6. Yield and yield attributing parameters

Details of the methodology employed for the determination of yield and yield

attributing parameters are described in 3.1.6.

3.2.7. Soil physico-chemical properties

Details of the methodology employed for the determination of soil physico-chemical

properties are described in 3.1.7.

3.2.8. Statistical analysis

Details of the method of statistical analysis are described in 3.1.8.

3.3. Association of plant growth parameters with methane emission from rainfed

upland / Ahu rice
This experiment was conducted at rainfed rice agroecosystem of North Bank Plain

Zone of Assam with two (2) rice varieties during summer season (4hu rice). The detail

technical programme of this experiment is given below.
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Fig. 3.6. Light transmission (%) through the canopy of cultivars Agni and Ranjit. Data
presented are means + SEd (vertical bars).

120 1 —e—Disang

100 J —a— Luit

80}
60

40 -

Light transmission (%)

20 -

7 14 21 28 35 42 49 56 63 70 77

Days after transplanting

Fig. 3.7. Light transmission (%) through the canopy of varieties Disang and Luit. Data
presented are means * SEd (vertical bars).

54



3.3.1. Geographical location, climatic conditions and soil characteristics of the

experimental site

The geographical location and climatic conditions of the experimental area are
described in 3.1.1. Methane emission from paddy fields was estimated during the rainfed
summer rice (locally known as Ahu) growing season (April - July) of 2006. The available
meteorological data during the experimental peripds were collected and presented in Figure
3.3. Various soil physiochemical properties of the experimental field are presented in Table

3.1. Light transmission (%) through the canopy of rice plant is presented in Figure 3.7.

3.3.2. Selection of rice variety
Two rice varieties viz. Disang and Luit were selected for this experiment.
3.3.2.2. Description of varieties

1. Disang: This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
between ‘Heera’ and ‘Annada’. This semi-dwarf variety is recommended for flood-prone
areas before the onset of flood in Ahu season. Duration and average yield in field condition
is 95-100 days and 3.5-4.0 t ha™* respectively.

l 2. Luit: This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
between ‘Heera’ and ‘Annada’. It is recommended for flood-prone areas in Ahu season
(April-July). Duration and average yield in ideal field condition is 95-100 days and 3.5-4.0 t

ha™ respectively.
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3.3.3. Field preparation

The methodology of field preparation is described in 3.1.3.
3.3.4. Gas sampling and estimation of methane emission

Methane flux was recorded from the day of transplanting at 7-days intervals. Two
additional methane samplings were done at 7 and 14 days after harvest. Details of materials
and methods employed are described in 3.1.4. Cumulative methane emissions from two rice
varieties for the entire growth period were computed as described in 3.2 4.

3.3.5. Morpho-physiological parameters of plant

Details of the methodology employed for the determination of morpho-physiological

parameters of plant are described in 3.1.5.

3.3.6. Yield and yield attributing parameters

Details of the methodology employed for the determination of yield and yield

attributing parameters are described in 3.1.6.

3.3.7. Soil physico-chemical properties

Details of the methodology employed for the determination of soil physico-chemical

properties are described in 3.1.7.
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3.3.8. Statistical analysis
Details of the methods of statistical analysis are described in 3.1.8.

3.4. Analysis of intervarietal difference in methane flux from rice plants grown during

monsoon season as biological mitigation option

This experiment was conducted at shallow water rice agroecosystem of North Bank
Plain Zone of Assam with ten (10) rice cultivars during monsoon season (Sali rice). The

detail technical programme of this experiment is given below.

3.4.1. Geographical location, climatic conditions and soil characteristics of the

experimental site

The geographical location and climatic conditions of the experimental area are
described in 3.1.1. Methane emission from paddy fields was estimated during the rainfed
monsoon rice (locally known as Sali) growing season (August - November) of 2006. The
available meteorological data during the experimental periods were collected and presented
in Figure 3.3. Various soil physicochemical properties of the experimental field are
presented in Table 3.1. Light transmission (%) through the canopy of rice plant is presented

in Figure 3.8.
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Fig. 3.8. Light transmission (%) through the canopy of ten rice cultivars. Data
presented are means * SEd (vertical bars).
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3.4.2. Selection of rice variety

This experiment was conducted with ten (10) rice cultivars. Among the cultivars, five
(5) were traditional rice genotypes popularly grown in this agro-climatic zone, viz. Basmuthi
(V1), Bogajoha (V;), Choimora (V3), Rashmisali (V) and Lalkalomdani (Vs); and the other
five (5) were high yielding varieties viz. Mahsuri (V¢), Moniram (V7), Kushal (Vs), Prafulla
(Vo) and Gitesh (V).

3.4.2.2. Description of varieties

1. Basmuthi (V,): It is an indigenous tall traditional rice cultivar. It is grown under
rainfed low-land condition during monsoon (Sa/i) season.

2. Bogajoha (V3): It is an indigenous traditional rice cultivar. It is generally grown under
rainfed low-land condition during monsoon (Sali) season. This tall cultivar has good cooking
quality.

3. Choimora (V3): It is also an indigenous traditional rice cultivar. It is grown under
rainfed low-land condition during monsoon (Sali) season.

4. Rashmisali (V4): It is an ndigenous traditional rice cultivar. It is generally grown under
rainfed low-land condition during monsoon (Sali) season.

5. Lalkalomdani (Vs): This is also a local collection. It is a popular traditional cultivar of
the agroclimatic zone. This cultivar has good cooking quality and is grown during monsoon
season.

6. Mahsuri (Ve): It is a derivative of Indica and Japonica hybridization programme. The
cross combination was between Taichung 65 and Mayong ebos 80/2. It has medium slender
grain type with very good cooking quality. Duration and average yield in ideal field
condition is 140-145 days and 3.5-4.0 t ha™' respectively. '

7. Moniram (V5): This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
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between ‘Pankaj’ and ‘Mahsuri’. This semi-dwarf variety is recommended for shallow water
(0-30cm) submergence in flood prone areas. It is a blast tolerant non-lodging variety.
Duration and average yield in ideal control field condition is 150-155 days and 4.5-5.0t ha’!
respectively.

8. Kushal (V;g): This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
between ‘Pankaj’ and ‘Mahsuri’. This semi-dwarf variety is recommended for shallow water
(0-30cm) submergence in flood prone areas. It is a non-lodging variety. Duration and
average yield in ideal control field condition is 150-155 days and 4.5-5.0 t ha™' respectively.

9. Prafulla (V). This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
between ‘Akisali’ and ‘Kushal’. This semi-dwarf variety is recommended for shallow land
flood-plane and flood prone areas. Duration and average yield in ideal control field condition
is 150-155 days and 5.0-5.5 t ha™ respectively.

10. Gitesh (Vo). This variety was developed at Regional Agricultural Research Station
(RARS), Titabor of Assam Agricultural University, Jorhat, India, by cross combination
between ‘Akisali’ and ‘Kushal’. This semi-dwarf variety is recommended for shallow land
flood-plane and flood prone areas. Duration and average yield in ideal control field condition

is 150-155 days and 5.0-5.5 t ha™ respectively.
3.4.3. Field preparation

The experimental plot was ploughed, puddled thoroughly to 15-cm depth and
levelled. Fertilizer was applied at the rate of 40: 20- 20 kg N-P-K ha™ in the form of urea,
single super phosphate (SSP) and murate of potash (MOP). One third (1/3™) of full dose of
urea along with full dose of SSP and MOP was applied at the time of final land preparation.
Remaining part of urea was applied at the time of tillering (1/2 of the remaining part) and

panicle initiation stage (another 1/2 of the remaining part), as recommended in the package
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of practice of Assam Agricultural University. Rice seedlings (25-day-old) of ten rice

cultivars were transplanted (spacing: 20cm x 20 cm; 2 seedling per hill) in four replicated

plots (5 x 5m =25 m?).
3.4.4. Gas sampling and estimation of methane emission

Methane flux was recorded from the first day of transplanting (0 DAT) and thereafter
at 7-days intervals till harvest. Two additional methane samplings were done at 7 and 14
days after harvest Details of materials and methods employed are described in 3.1.4.
Cumulative methane emissions from two rice varieties for the entire growth period were

computed as described in 3.2.4.
3.4.5. Morpho-physiological parameters of plant

Transpirational rates (mmol H,O m” sec ') of intake leaf were measured at weekly
interval (from 7 DAT till harvest) by an infra-red gas analyzer (LI-6400 portable
photosynthesis system, LICOR, USA), under ambient environmental conditions. The middle
portion of a fully expanded, healthy-green 2™ leaf from the top was used for measurement
up to the pre-flowering stage, and the flag leaf was used for transpiration measurement from
the panicle initiation stage of the crop. Leaves were held in the chamber until values of
transpiration were observed to be as constant as possible (steady state). Leaves were kept at
steady state for 1 min before measurements were taken.

Details of the methodology employed for the determination of other morpho-

physiological parameters of plant are described in 3.1.5.

61



3.4.6. Leaf and stem anatomy

For scanning electron microscopic (SEM) analysis, leaf sections were prepared from
the middle portion of the flag leaf at panicle initiation stage. Nodal sections of the stems
were taken from about 15 cm above the ground surface Fresh leaf and stem samples of
different rice cultivars were fixed and dehydrated following the method of Neinhuis and
Edelmann (1996). After fixation and dehydration samples were fixed to metal stubs with
carbon adhesive tape, coated with platinum by Auto Fine Coater (JEOL, JFC-1600) and
examined in a Scanning Electron Microscope (JEOL, JSM-6390LV, Japan). Observations
and photographs with the scanning electron microscope were made at 15KV. Stomatal
frequency was measured from four random fields of each sample (from adaxial surface) and
mean values are expressed as number of stomata mm™. For the measurement of the diameter
of medullary cavity, stem sections were taken from the rice plants from about 15¢m above
the ground surface. Leaf sheaths were carefully removed and fine sections of the culm were
examined under Stereo Microscope (Stemi 2000-C, ZEISS, Germany) at 40 X. Observations
were recorded from four microscopic fields of each sample and diameters of medullary

cavity (mm) were computed by using Axiovision LE Documentation Software (Germany).

3.4.7. Yield and yield attributing parameters

Details of the methodology employed for the determination of yield and yield

attributing parameters are described in 3.1.6.
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3.4.8. Soil physico-chemical properties

Details of the methodology employed for the determination of soil physico-chemical

properties are described in 3.1.7.

3.4.9. Statistical analysis

Measurements of different parameters at all the growth stages were replicated for
four times. The significance of the difference was assessed by ANOVA and subsequently by
Duncan’s multiple range test (DMRT), and differences are reported at probability (P) <0.05,
considering cultivars as source of variation. Correlations of physiological and anatomical
parameters (mean values of different growth stages) with mean CH4 flux values from the

cultivars were done by using SPSS package programme (Version 10.0).
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Plate 3.1. Gas sampling in rice field by static chambers

Plate 3.3. Portable laser leaf area meter

Plate 3.2. Gas-sample analysis in Gas Chromatograph

Plate 3.4. Portable photosynthesis system



Chapter 4
Results




4. RESULTS

Results obtained from the present investigation on methane emission from paddy

fields are presented with figures and tables and are described below.

4.1. Association of plant growth parameters with methane emission from monsoon /

Sali rice
4.1.1. Meteorological parameters

Figure 3.2 and 3.3 represents the meteorological parameters i.e. rainfall (mm) and air
temperature (maxinium and minimum) in °C at weekly interval of the crop-growing season.
In both the years, during the initial stage of the crop growing period (August- September)
higher temperatures were recorded, and towards the end of the crop growing season
(October- November), gradual drop in temperatures was observed. Higher amount of rainfall

was recorded in the year 2005 compared to 2006.
4.1.2. Methane flux (mg CH; m” hr™)

Two-years of measurement of methane flux from Bahadur and Piolee grown in
rainfed condition for two consecutive years (2005 and 2006) exhibited cultivar differences in
its emission (Fig. 4.1). Methane flux from rice field was recorded at different growth stages
viz. early tillering (42 DAT), late tillering (56 DAT), panicle initiation (70 DAT), flowering
(84 DAT), grain development (98 DAT), ripening (112 DAT) and maturation (119DAT)
Two additional methane samplings were done after the crop was harvested. Higher flux was

recorded for variety Bahadur compared to variety Piolee in both the years. Methane flux
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Fig. 4.1. Methane emission (mg m” hr ') from varieties Bahadur and Piolee at different
growth stages. Data presented are means + SEd (vertical bars; SEd values are
multiplied by 10. When no bars visible, they are completely covered by the
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Fig. 4.2. Water level (cm) of the experimental field planted with varieties Bahadur

and Piolee.
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was highest at flowering stage (in 2005, 6.33mg CH, m” hr! in Bahadur and 5.48mg CH,
m™? hr! in Piolee and in 2006 it was 5.83mg CHs m™ hr in Bahadur and 5.20mg CH,4 m’
hr'! in Piolee) followed by late tillering (2005: 5.28mg CH,4 m™ hr'' in Bahadur and 4.68mg
CH, m? hr! in Piolee; 2006: 5.50mg CHs m? hr' in Bahadur and 4.74mg CHs m™ hr! in
Piolee), panicle initiation (2005 5.17mg CH4 m™ hr! in Bahadur and 4.54mg CH,; m™ hr'' in
Piolee; 2006: 4.71mg CH4 m™ hr' in Bahadur and 4.13mg CH, m™” hr'' in Piolee) and grain
development(2005: 4.22mg CH; m? hr” in Bahadur and 3.41mg CH; m? hr'' in Piolee;
2006: 4.60mg CH, m? hr'' in Bahadur and 3.74mg CH, m™” hr'l in Piolee) stage of the crop.
Effect of growth stage on methane emission was similar in both the years irrespective of
varieties. Decline in methane emission in the varieties was observed during grain
development and found to be minimum at maturity (Fig. 4.1). Methane emission was

negligible after harvest of the crop.
4.1.3. Water level (cm)

Water level (cm) in the experimental field was recorded at every week and results are
presented in Figure 4.2. Seasonal rainfall kept the experimental field submerged during crop
growth period in both the years (up to 105 DAT in 2005 and 98 DAT in 2006). The field
water level attained the highest value at 21DAT (11.5c¢m) and 63DAT (4.9cm) in the year
2005 and 2006, respectively.

4.1.4. Soil organic carbon (%)

Organic carbon content (%) of the soil planted with the rice varieties was initially
low, but increased at late tillering and flowering stage (Fig. 4.3) of the crop. Similar trend
was observed in the soils grown with the varieties in the other experimental years. Higher

soil organic carbon was recorded in the fields planted with Bahadur compared to Piolee. Soil
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Fig. 4.3. Organic carbon (%) of the experimental field planted with varieties Bahadur
and Piolee. Data presented are means * SEd (vertical bars; SEd values are
multiplied by 10. When no bars visible, they are completely covered by the
marker).
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organic carbon (%) was highest at 63 DAT (1.4% in Bahadur and 1.36% in Piolee during
2005 and during 2006, 1.41% in Bahadur and 1.37% in Piolee) and 84 DAT (1.41% in
Bahadur and 1.36% in Piolee during 2005 and 1.42% in Bahadur and 1.37% in Piolee during
2006). Highly significant positive correlation was found between methane emission and soil

organic carbon content (Table 4.4).

4.1.5. Soil temperature (°C)

Figure 4.4 represents the soil temperatures (°C) of the experimental fields. Soil
temperatures of the experimental fields were recorded at weekly interval from 7 DAT till 14
days after harvest. Higher soil temperature was observed during the initial stage of crop
growth (2005: 31.50°C at 14 DAT; 2006: 34.0°C at 7 DAT). Soil temperatures started to
decrease gradually along with the growth of the crop and reached lower values during crop
maturation stage in both the years. The recorded high soil temperature on 63 DAT and 84
DAT during 2005 was due to higher ambient temperature of 32 °C and 29 °C respectively.
Similarly, higher soil temperature on 28 DAT, 49 DAT, 70 DAT and 105 DAT during 2006
was also due to higher ambient temperature recorded on those days 34 °C, 33 °C, 32 °C and

28 °C, respectively.
4.1.6. Soil pH

Figure 4.5 represents the soil pH measured at weekly interval from 7 DAT to two
weeks after harvest. In 2005, the recorded soil pH was 5.37 at 7 DAT which started to
increase up to 63 DAT and reached 6.34 and then there was a decreasing trend till harvest in
the fields planted with Bahadur. In 2006, pH increased from 5.40 (7DAT) to 6.33 (56 DAT)
and then decreased in the fields planted with Bahadur. Fluctuation of soil pH in the plots

€
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with Piolee was also of similar nature like Bahadur with a variation from 5.39 (7 DAT) to

6.37 (63 DAT) in 2005, and 5.44 (7 DAT) to 6.37 (56 DAT) in 2006, respectively.

4.1.7. Plant height (cm)

Plant height (cm) was recorded at weekly interval starting from 7 DAT till harvest

(Table 4.1). Variation in plant height was observed in both the varieties. In 2005, rapid

increase in plant height was recorded up to 84 DAT in both Bahadur (84.40cm) and Piolee

(78.55cm). Although there was increase in plant height in the varieties, but the increment in

height was at a slower rate from 84 DAT onward. In 2006, rapid increase in plant height was

recorded up to 77 DAT in both Bahadur (83.09cm) and Piolee (75.60cm). In both the years,
Bahadur recorded significantly higher plant height compared to Piolee.
<.

4.1.8. Leaf number (hill™)

Table 4.1 represents the leaf number per hill of the varieties Bahadur and Piolee. In
2005, at initial stage (7 DAT), the recorded leaf numbers were 31 and 24 hill"' in variety
Bahadur and Piolee respectively, which increased gradually up to 83 hill” in Bahadur and 73
hill " in Piolee at 77 DAT. Subsequently, decrease in leaf number was noticed due to
senescence and abscission of older leaves in both the varieties. In 2006, the recorded leaf
numbers were 26 and 21 hill" in variety Bahadur and Piolee respectively at 7DAT, which
increased up to 79 hill” in Bahadur and 71 hill ! in Piolee at 77 DAT. Bahadur recorded

significantly higher leaf number compared to Piolee in both the years.
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Fig. 4.5. Soil pH of the experimental field (varieties Bahadur and Piolee). Data presented
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Table 4.1. Comparison of growth parameters (plant height, leaf number, leaf area and tiller number hill'") between varieties

Bahadur and Piolee grown in monsoon / Sali ecosystem.

Days after transplanting
? 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119
Plant 2008
height ~ Bahadur 36 80** 4220* 4840* 5350™ 5620 6270* 6820 7430* 7620* 7830* 8150** 8440* 8530 B8610° 8700 8730 878
(em) Piolee 29 55* 3575* 3955 4685 4885 5515" 5965 6545* 6835 7205* 7385 7855* 7915° B015* 8035* 8055 8065
t values 413 367 504 378 418 430 487 333 447 356 435 333 350 339 378 384 407
2006
Bahadur  3532** 4347** 4655 5167 5744 6086* 6563 7010* 7315* 7757* 8309 8349 B3 84" B425" B8452* 8470 84 89*
Piolee 2800** 3840** 4068 4529 4958* 5309 5702 6283 66815 6877 756™ 7657 7691** 7718* 7745 7769* 7781
t values 1849 1750 1767 1845 809 1450 1603 1546 1589 2415 1620 1228 1301 1208 1238 1226 1234
Leaf 2008
number  Bahadur  3150* 4500° 5100 5350* 6075 6700 6950° 7550* 7625* 7900* 8350 7825 3775* 2050 2725M 26258 2575
(hillYy  Piolee 2425* 3925 4575° 4800 5400 5575 6275° 6725' 6875* 7100* 7375** 6225 3375* 2725 2625M 2550% 2525M
t values 264 252 284 252 2986 494 287 208 308 333 423 574 305 110 040 029 021
2006
Bahadur  2628* 4510* 4763" 5303 5818~ 6330 6758 7190" 7470™ 7783" 7855 6703 20 70" 2660 2553* 2508* 2468
Piolee 2053* 40 85* 4420* 4903* 5173 5645* 6073* 6435 8715 6930* 7113 5900~ 2870 2535 2473 2438** 2418
t values 1911 932 467 490 943 920 890 880 864 1018 977 4490 221 5086 544 6 81 802
Leaf 2008
area(cm?) Bahadur 37 99" 6845M° 14962** 221 40" 309 86** 377 92** 500 91** 674 7** 808 92* 979 70** 1052 79** 864 66** 723 23** 548 13~ 460 31** 335 00** 269 76*
(hill)  Piolee 2935" 6142 11986* 173 79* 245 87** 277 74* 391 22** 474 30* 683 97** 731 42** 806 29** 681 83** 479 26* 423 38* 281 82** 260 47** 185 24*
t values 240 195 826 1322 1777 2782 3046 5565 3470 5588 4071 5077 6774 3464 5208 2070 2347
2006
Bahadur  3189™ 6234 11964* 17562+ 286 24** 356 43** 440 59** 642 17* 771 04* 961 05** 993 57" 893 63** 653 63** 497 56** 424 84** 354 37"* 269 95
Piolee 2249 54 85" 8434 14378212 12" 252 17* 352 73** 520 34* 619 7** 67194 77162** 592 17** 521 08** 380 64** 325 5** 200 14** 210 06*
t values 198 162 742 669 1558 2191 1847 2561 3181 4058 4420 2694 2786 2268 2088 1350 1259
Tiller 2008
number  Babadur 425 525 725*  775° 950" 1050 1125* 115* 1175* 1250 4175 1150* 1025"° 1025 1000 975 925M
(ili')  Piolee 150" 375 55 625* 775 875" 975 1025* 1050* 1075* 1025* 1000~ 1000" 1000 975% gsoM 925"
t values 426 367 271 367 397 397 367 284 284 397 367 450 034 034 034 039 000
2006
Babadur 355 553** 608" 760" 880" 990" 1090* 1118 1153* 1130 1108° 1080* 1075 998 945" 928" 928"
Piolee 108" 323 540 648" 750" 870" 1015* 1053* 1088 1075 1050* 1035* 102* 948 9358 g5 915"
t values 1762 1488 495 1299 1233 1039 275 286 327 252 270 260 360 297 036 013 071

* = Significant at 0.05 level of significance; ** = Significant at 0.01 level of significance; "= Non significant.
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4.1.9. Leaf area (cm2 hill")

Table 4.1 represents the leaf area (cm? hill'") of Bahadur and Piolee. During 2005,
leaf area was recorded 37.99cm? hill"! and 29.35cm? hill™! in Bahadur and Piolee respectively
at 7 DAT, which started to increase gradually up to 1052.79cm’ hill! in Bahadur and
806.29cm” hill” in Piolee at 77 DAT. Subsequently, decrease in leaf area was observed due
to senescence and abscission of older leaves in both the varieties. During 2006, the recorded
values were 31.39cm” hill"? and 22.49cm? hill"? in Bahadur and Piolee respectively at 7 DAT,
which increased gradually up to 77 DAT (993.57c¢m? hill”! in Bahadur and 771.62cm? hill ™ in

Piolee). Bahadur recorded significantly higher leaf area compared to Piolee in both the years.
4.1.10. Leaf area index

Figure 4.6 represents the leaf area index of Bahadur and Piolee. In both the years,
leaf area index increased gradually and obtained maximum values at 77 DAT. Decrease in
leaf area index was observed later towards the maturation of the crop. Higher leaf area index

was recorded in Bahadur compared to Piolee in both the years.
4.1.11. Tiller number (hill™")

Tiller count of the varieties Bahadur and Piolee were done at weekly interval and the
results are presented in Table 4.1. Variation in tiller number was observed in the varieties in
both the years. Gradual increase in tiller number was recorded with the advancement of
growth and development of the crop. In 2005, the highest tiller number of 12 and 10 hill”
was observed at 70 DAT in Bahadur and Piolee, respectively. After attaining the maximum
tiller per hill, both the varieties recorded a gradual decrease in tiller number. Similar pattern
of tiller development was recorded in the year 2006 with the highest tiller number of 11 and

10 hill at 63 DAT in Bahadur and Piolee, respectively.
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4.1.12. Root length (cm hil™")

Figure 4.7 represents the root length (cm hill'!) of the varieties. In 2005, at initial
stage (7 DAT), the recorded root length were 236.81 cm and 163.14 c¢m in variety Bahadur
and Piolee respectively, which increased gradually and recorded 2057.81cm in Bahadur and
1753.24cm in Piolee at 84 DAT and 77 DAT, respectively. Gradual decrease in root length
was observed till the harvest of the crop. In 2006, at 7 DAT, the root length were 177.16cm
and 131.96cm in variety Bahadur and Piolee respectively, and obtained maximum
2147.92cm in Bahadur and 1665.08cm in Piolee at 84 DAT and 77 DAT, respectively.

Higher root length was recorded in Bahadur compared to Piolee in both the years.
4.1.13. Root volume (ml hill'*)

Figure 4.8 represents the root volume (m hill'’) of Bahadur and Piolee. At initial
stage (7 DAT), the recorded root volume were 2.40ml and 1.52ml in variety Bahadur and
Piolee respectively in 2005, which increased gradually up to 29.00ml in Bahadur and
25.63ml in Piolee at 84 DAT and 77 DAT, respectively. Subsequently, there was gradual
decrease in root volume till the harvest of the crop. In 2006, at 7 DAT, the recorded root
volumes were 3.35ml and 1.53ml in Bahadur and Piolee respectively, and maximum of
30.70ml in Bahadur and 24.40ml in Piolee were recorded at 84 DAT and 77 DAT,
respectively. Bahadur recorded significantly higher root volume compared to Piolee in both

the years.
4.1.14. Leaf blade dry weight (g hill*)
Table 4.2 represents the dry weight (g hill'') of leaf blade of Bahadur and Piolee. In

2005, at initial stage (7 DAT), the leaf blade dry weight were 0.18 g and 0.13g in variety
Bahadur and Piolee respectively, which increased gradually up to 11.05g in Bahadur and
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Fig. 4.7. Root length (cm hill"') of varieties Bahadur and Piolee. Data presented are means
+ SEd (vertical bars; SEd values are multiplied by 10. When no bars visible, they
are completely covered by the marker).
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9.69g in Piolee at 77 DAT. Subsequently, there was gradual decrease in leaf blade dry
weight till the harvest of the crop. In 2006, at 7 DAT leaf blade dry weights were 0.16g and
0.12g in variety Bahadur and Piolee respectively, and obtained maximum of 10.74g in
Bahadur and 9.14g in Piolee at 77 DAT, respectively. Bahadur recorded higher leaf blade

dry weight compared to Piolee in both the years. ‘
4.1.15. Leaf sheath dry weight (g hill")

Leaf sheath dry weight (g hill'') of Bahadur and Piolee was recorded at 7 days
interval and values are presented in Table 4.2. In 2005, leaf sheath dry weight were 0.20g
and 0.10g hill"! at initial growth stage (7 DAT) in variety Bahadur and Piolee respectively,
which increased gradually up to 11.94g hill”' in Bahadur and 10.41g hill " in Piolee at 77
DAT. There was gradual decrease in leaf sheath dry weight till the harvest of the crop. In
2006, the leaf sheath dry weights were 0.14g and 0.11g hill" in variety Bahadur and Piolee
respectively at 7 DAT, and reached 11.46g hill"' in Bahadur and 10.09¢g hill "' in Piolee at 77
DAT, respectively. Bahadur recorded higher leaf sheath dry weight compared to Piolee in
both the years.

4.1.16. Culm dry weight (g hill ")

Dry weight of culm (g hill™") of Bahadur and Piolee was recorded at 7 days interval
and data are presented in Table 4.2. In 2005, at initial stage (7 DAT), 0.37g and 0.31g hill"'
dry weights were recorded in variety Bahadur and Piolee respectively, which increased
gradually up to 20.17g hill"’ in Bahadur and 18.44g hill " in Piolee at harvest. In 2006, at 7
DAT, the dry weights were 0 29g and 0.22g hill! in variety Bahadur and Piolee respectively,
and obtained maximum at harvest 19.60g hill"! in Bahad;Jr and 17.60g hill ' in Piolee,

respectively. Bahadur recorded higher culm dry weight compared to Piolee in both the years.
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Table 4.2. Comparison of dry weights (g hill'!) of different plant parts (leaf blade, leaf-sheath, culm and shoot) between varieties

Bahadur and Piolee grown in monsoon / Sali ecosystem.

Dry weight Days after transplanting

(g hill'") 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119
2005
Bahadur 018" 021" 053+ 465 227" 284" 402" 720 887" 1077* 1105* 984™ Q11* 787" B63* 5093 558"

Leafblade  Piolee 013" 018" 042 074™ 167" 213" 283" 414™ 686 828" 968* 910" 689" 646" 534" 507 457"
t values 125 066 302 2658 1745 2069 3483 9256 5898 7312 4013 2157 6516 4131 3777 2511 2953
2006
Bahadur 016™ 019" 051* 103* 201" 262" 339" 641" 844™ 1026* 1074* 1054* 849" 748" 641 616" 524*
Piolee 012" 016™ 04 072" 148" 178" 240" 453" 600" 860™ 914 836" 732" 588" 573" 534" 507"

t values 140 103 401 1146 1967 3122 3682 7000 9088 6180 5956 8118 4353 5956 2526 3048 625
Leaf 2008

sheath Bahadur 020" 029" 077 091" 227" 345" 406" 637" 886* 1153** 1194 1193** 977** 816™ 761 689" 670"
Piolee 010" 021" 043+ g72** 152 256" 307" 465" 688" 825" 1041* 929" 872" 703" 661 581" 538
t values 237 189 822 457 1820 2161 2405 3854 5500 7417 3720 5017 2622 2746 2429 2624 3209
2006
Bahadur 014" 016" 047+ 088" 173 326" 378" 681" 797" 1076 1146 1130 1041** 854" 808" 666" 609"
Piolee 011" 016" 038" 069" 114* 216" 264" 509" 594" 884™ 1009* 971* 890 744™ 631" B11* 540

t values 099 000 415 762 959 4410 2227 7008 B276 2997 5575 4477 6054 5059 7560 2205 2425
Culm 2005

Bahadur 037" 077* 0091* 116* 190" 357** 714* 883" 1216* 1280™ 1479* 1577* 1666* 186*™ 1968* 1974 2017*

Piolee 031" 060" 073" 004 157** 257 400" 522 866 1100* 1153* 1354* 1520* 16 11** 17 52** 18 11** 18 44**
t values 129 376 398 488 735 2238 7040 9201 6435 4033 1978 4998 3270 5582 4841 3652 1319
2006

Bahadur 029" 069** 083* 140* 226* 326" 573 847" 1040* 1229* 1375 1586™ 17 19** 18 19** 19 19** 1952** 19 60*
Piolee 022% 051 064*™ 085" 148* 219" 300* 500 789" 1038 1238 1375* 1464* 1545 1701** 17 34** 17 60**

t values 183 471 497 1439 2041 2799 7142 6723 6567 4997 3584 5520 6671 7168 5703 5703 5232
Shoot 2005

Bahadur 0 74* 126 220" 371" 643* 985" 1521* 2249** 2988** 3509* 37 77** 37 54** 3553** 34 62** 33 91** 32 55" 32 44*

Piolee 054* 099 158 240 476" 726" 990" 1401* 2240* 27 53* 3162* 3194* 3082* 296" 2047 2899 28 39**
t values 6 51 8 82 2037 4312 54099 8533 17504 13514 11392 33160 3079 10500 12754 16547 14834 11732 2477
2006

Bahadur 058" 103" 181" 330" 599" 913** 1290 2168** 268" 33 30** 3594* 37 70** 36 08** 34 21** 3368 32 33" 3092*
Piolee 045 082** 141* 225" 410" 613" 804" 1552** 1983** 27 82* 3161** 3182" 3085 2877* 2904* 28 78** 28 16"

t values 4 60 812 1563 4100 2542 11014 7752 22088 24992 7365 15526 14174 20460 20165 18337 13885 9897

*=Significant at 0.05 level of significance; " = Significant at 0.01 level of significance; "= Non significant.



4.1.17. Shoot dry weight (g hill™")

Shoot dry weight (g hill) of Bahadur and Piolee was recorded at 7 days interval and
data are presented in Table 4.2. In 2005, at 7 DAT, the shoot dry weights were 0.74g and
0.54g hill* in variety Bahadur and Piolee respectively, which increased gradually up to
37.77g hill* in Bahadur at 77 DAT, and 31.94g hill " in Piolee at 84 DAT. Gradual decrease
in shoot dry weight was recorded till the harvest of the crop. In 2006, at 7 DAT, dry weights
were 0.58g and 0.45g hill"* and at 84 DAT it was 37.70g hill *in Bahadur and 31.82g hill"'
in Piolee respectively. Bahadur recorded higher shoot dry weight compared to Piolee in both

the years.
4.1.18. Root dry weight (g hill'")

Figure 4.9 represents the root dry weight (g hill'') of Bahadur and Piolee. In 2005, at
7 DAT, the root dry weights were 0.06g and 0.07g hill™ in Bahadur and Piolee respectively,
and were 3.63g hill! in Bahadur and 2.93g hill * in Piolee at 84 DAT and 77 DAT,
respectively. Subsequently, there was gradual decrease in root dry weight till the harvest of
the crop. In 2006, at 7 DAT, the dry weights were 0.07g and 0.03g hill"! in variety Bahadur
and Piolee respectively, and reached maximum 3.39g hill” in Bahadur and 2.79g hill % in
Piolee at 84 DAT and 77 DAT, respectively. Bahadur recorded higher root dry weight

compared to Piolee in both the years.
4.1.19. Leaf photosynthetic rate (1 mol CO, m™” sec™)

Leaf photosynthetic rates (u mol CO, m™ sec™) of the two varieties were recorded at
weekly interval and data are presented in Figure 4.10. Significant cultivar differences in
photosynthetic rate were observed. In both the years, higher rate of photosynthesis was

recorded in Bahadur compared to Piolee.
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Table 4.3. Comparisons of yield and yield attributing parameters of varieties Bahadur and Piolee grown in monsoon /

Sali ecosystem.

2005 2006
Parameters Bahadur Piolee  tvalue Bahadur Piolee t value
1000 grain weight (g) 19.08* 19.23* 3.67 19.08* 19.28* 2.56
Filled grain (%) 75.25* 76.25% 2.45 75.50* 77.25* 2.71
Panicle plant™ 10.25%* 11.25% 2.45 9.75* 10.75* 2.45
Spikelet panicle™ 85.00* 87.00* 2.45 85.75* 88.00* 3.10
Panicle (m ?) 256.25* 281.25* 2.45 253.00* 266.25* 2.61
Panicle length (cm) 21.23N 20.03M 2.35 21.55%* 19.08%* 14.63
Panicle dry weight (g hill"") 18.47* 21.28* 2.51 17.48* 20.43* 2.64
Yield (t ha™) 3.14** 3.26** 5.98 3.11** 3.33%x 5.99

* = Significant at 0.05 level of significance; ** = Significant at 0.01 level of significance; "~ = Non significant.



4.1.20. Dry weight of developing panicle

After panicle initiation, dry weights (g) of developing panicles per hill of Bahadur and
Piolee were recorded at 7 at interval till harvest and are presented in Figure 4.11. In 2005, at 77
DAT, the panicle dry weights were 0.23g and 0.34g hill” in variety Bahadur and Piolee
respectively, which increased to 18.47g hill' in Bahadur and 21.28g hill  in Piolee,
respectively at harvest. In 2006, at 77 DAT, the panicle dry weights were 0.15g and 0.28g hilt™
in variety Bahadur and Piolee respectively, and 17.48¢g hill”! in Bahadur and 20.43g hill ' in
Piolee, at harvest. Piolee recorded higher dry weight of developing panicle compared to

Bahadur in both the years.

4.1.21. Yield

Data recorded on yield and yield attributing parameters of the varieties are presented in
Table 4.3. Variety Piolee recorded higher grain yield (2005: 3.26t ha™: 2006: 3.33t ha™) than
Bahadur (2005: 3.14t ha™': 2006: 3.11t ha™) in both the years. Thousand grain weight (2005:
19.08g in Bahadur, 19.23g in Piolee; 2006: 19.08g in Bahadur, 19.28g in Piolee), filled grain
(2005: 75.25% in Bahadur, 76.25% in Piolee; 2006: 75.50% in Bahadur, 77.25% in Piolee) ,
number of panicle per hill (2005: 10.25 hill"* in Bahadur, 11.25 hill! in Piolee; 2006: 9.75 hill
in Bahadur, 10.75 hill’ in Piolee) , spikelet number per panicle (2005: 85.00 panicle” in
Bahadur, 87.00 panicle” in Piolee; 2006: 85.75 panicle” in Bahadur, 88.00 panicle” in Piolee),
number of panicle per unit area (2005: 256.25m™ in Bahadur, 281.25m™ in Piolee; 2006.
253.00m™” in Bahadur, 266.25m™> in Piolee) and panicle dry weight (2005: 21.23g hill”! in
Bahadur, 20.03g hill" in Piolee; 2006: 21.55g hill"* in Bahadur, 19.08g hill"! in Piolee) were
also higher in Piolee compared to Bahadur. Variety Bahadur recorded higher panicle length
(2005: 21.23cm in Bahadur, 20.03cm in Piolee; 2006: 21.55cm in Bahadur, 19.08cm in Piolee).
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Fig. 4.11. Dry weight (g hill") of developing panicle of varieties Bahadur and Piolee. Data
presented are means + SEd (vertical bars; SEd values are multiplied by 10.
When no bars visible, they are completely covered by the marker).
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Table 4.4. Correlation of plant and soil parameters with methane emission from varieties Bahadur and

Piolee grown in monsoon / Sali ecosystem.

Correlation with methane emission

Parameters 2005 2006

Bahadur Piolee Bahadur Piolee
Plant height NS NS NS NS -
Leaf No 0.72** 0.75%% 0.67** 0.71%*
Leaf area 0.78** 0.83** 0.82** 0.81**
LAI 0.78** 0.83** 0.82%* 0.81**
Tiller No 0.79** 0.67** 0.70** 0.59*
Root length 0.58* 0.56* 0.67** 0.62**
Root volume 0.62** 0.52* 0.68** 0.63**
Root dry weight NS NS 0.50* NS
Leaf blade dry weight 0.52* 0.49* 0.67** 0.56*
Leaf sheath dry weight NS NS 0.63** 0.55*
Culm dry weight NS NS NS NS
Shoot dry weight NS NS NS NS
Photosynthesis NS NS 0.82** 0.84**
Organic carbon 0.83** 0.74** 0.79** 0.71**
Soil pH 0.71%x 0.70%* 0.67** 0.63**
Soil temperature NS NS 0.54%* 0.56**

* = Correlation is significant at the 0.05 level of significance; ** = Correlation is significant at the 0.01 level of
significance; NS = Non significant



4.2. Association of plant growth parameters with methane emission from irrigated /

Boro rice

4.2.1. Meteorological parameters

Figure 3.3 and 3.4 represent the meteorological parameters i.e. rainfall (mm) and air
temperature in °C (both maximum and minimum) at weekly interval of the crop-growing
season. Lower temperatures were recorded during the initial stage of crop growth (January-
February) in both the years. Gradual increase in temperature was observed towards the end

of the crop growing season (May- June).

4.2.2. Methane flux (mg CH; m hr')

Measurement of methane flux from rice cultivars (2006 and 2007) Agni and Ranjit
grown in trrigated condition indicated cultivar differences in flux rate (Fig. 4.12). In both the
years higher methane flux (mg CHs m™ hr'") was recorded from the cultivar Agni. Seasonal
integrated methane flux (Eg) was also higher in cultivar Agni (Eqcin 2006 was 7.15g m™ and
in 2007, it was 7.42g m™®) compared to Ranjit (Egrin 2006 was 5.42g m?*and in 2007, it was
5.76g m™). Despite of these differences, seasonal pattern of CH,4 emission from both the
cultivars was similar in nature in both the years. Methane flux was initially very low and
then increased with age of the rice plants. Two distinct methane emission peaks were
detected. The first was during active vegetative growth (42 DAT in Agni; and at 49 DAT in
Ranjit). The second was at panicle initiation (63 DAT in
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Fig. 4.12. Methane emission (mg m? hr 1) from cultivars Agni and Ranjit at different
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Table 4.5. Comparison of plant height, leaf number, leaf area and tiller number (hill") between cultivars Agni and Ranjit grown in

irrigated / Boro ecosystem.

Days after transplanting

7 14 21 28 35 4 49 56 63 70 77 84 91 98 105 112
Plant height (cm)
2006
Agni 1813%%  2625%*  3913%  6275%*  6600**  7638%  9238**  [0263** 126 88**  [3525%*  |3763**  [378]*  [3802%* ]38 9%  [3838**  13908%+
Ranjit  1300°*  2025%*  2913**  4350%*  SBBB**  6775*  7000**  8488**  J09Q0**  [1650%*  11667%*  11687¢*  11702% 117 1I%%  [1725%%  11732%
tvalues 522 520 820 1334 625 435 1476 1037 769 7745 8763 8876 899 896 896 970
2007
Agni 1873%%  1998**  2473%  3033%  4030**  4644%  7926**  9998**  [0863%* (2385 ' [2734%*  [2920%*  [2998*¢* 131 00** 131 95%*% 133 ]0**
Ranjit  1603%*  1793**  2180%*  2688*  3521%t  4218%*  S870%*  TBT9* 9799+ 11253%%  11399%  11569**  11583**  1640%*  11664%%  |]73]*
tvalues 396 68l 653 972 357 486 66 05 7513 1910_ 2772 3805 1519 2084 43 80 4977 72919
Leaf no
2006
Agni 1025 1475%  2175%%  4450%  5150**  6400%  905* 10550* 123 50* 13075%F  12625%*  12375* 12025% 11775 113 75¢ 109 75++
Ranjit  900™  1100*  1625**  2475%*  3200** 5750 83 00* 9925* 113 50¢ 12400%*  [2025** 117 75% 114 50% 11200 110 00* 100 75+
tvalues 075 315 374 1020 650 273 321 284 297 4246 5308 251 409 270 260 4665
2007
Agni 880%*  1148%%  1375%  (693**  2485%  3210%  7465%**  B298**  10695**  [2500%%  [1233% 9| 45+ 87 63%+ 8593+ 84 034+ 82 05*+
Ranjit  663**  985*  [165%*  1400*  1833**  2728%  5818**  7345%* 9768+ 11240%* 99 95+ 80 28%+ 76 68+* 75 10%* 73404+ 71 80%*
tvalues 443 601 612 819 876 1012 1109 3283 795 3107 13 33 1427 16 48 17 80 2196 1854
Leaf area (cm’)
2006
Agni 3762% 5959 12345%% 141 16%*  19948*+  30077** 509 80%* 792 86%*  102295%*  168880**  (59035%*  151321*%  [36141*  126794% 987 80** 783 Qe+
Ranjit  3400™  4662%%  8587%* 9471  15720%* 25245%%  41850%**  62986**  88492%%  |S8995**  149840%*  135484%¢  120344% 1184 15%*  §7948** 606 35¢*
tvalues 231 643 1077 1276 698 645 1234 1510 494 757 653 385 258 295 2366 42996
2007
Agni 3861% 4516 S8 84**  10226**  19756**  25501**  49024%*  75094%*  92724*s  151876%*  142208**  [31330**  121686**  114870%*  [03221** 807 29%*
Ranjit  3261%  3700%  4612**  8367*  16686™  21317**  39524%*  60751**  B2354**  141137**% 1300 17*%  119508**% 1046 98** D74 [S**  902907%* 707 9R**
tvalues 419 356 642 509 865 476 1927 1815 1033 954 750 835 683 443 535 996
Tiller no
2006
Agni 0 0o 000N 4 50% 9 0p** 1150%*  1775%  2500**  2475%  2400** 23 50** 2225%+ 21 25% 20 50%+ 19 754+ 18 754+ 16 754+
Ranjit 000"  000™ 250 6507 8 25%+ 155+ 2050%*  2025**  2025*¢ 20254 19 00*+ 16 75%+ 16 00** 1575¢* 14 25%+ 12 50%*
tvalues - - 424 43 504 510 510 493 433 407 447 576 604 641 493 458
2007
Agni 000 1.80* 333N 7gser 9 Ber  [128**  [583**  1GS55** 17 10** L6 68+* 1548*  1515** 1445+ 14254 1413%+  1403**
Ranjit 000 148* 3588 g23%* 798+ 930t 1230**  1345**  1510**  1505** 1340**  1310*  1255**  1225%  1210%*  1200**
tvalues - 330 101 431 743 1242 925 507 539 345 476 550 823 832 889 853
* = Significant at 0.05 level of significance; ** = Significant at 0.01 level of significance; > = Non significant.
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Table 4.6. Comparison of dry weights of leaf blade, leaf sheath, culm and shoot (g hill'') between cultivars Agni and Ranjit
grown in irrigated / Boro ecosystem.

Days after transplanting

7 14 21 28 35 42 49 56 63 70 77 84 91 98 ~ 105 112
Leaf 2006
blade Agni 019™ 025+ 049**  070** 119** 195* 2 16* 602** § 174+ 10 08* 894+ 840* 7 86** 6 74* 562** 545%*
dry Ranpt 017 021* 026** 057+ 106** 169 207+ 565* 7834 9 85* 8 64* 8 14* 736** 6 54+ S 17** 504**
weight  tvalues 157 248 10 65 499 445 335 274 469 535 296 303 278 458 271 502 477
(g hilr') 2007
Agni 019** 021N  030* 041** 099** [ 73** 240** 526%* 7428 911+ 8 68** 788 730%* 540* 496** 4 84**
Ranjit  016** 019" 023**  034** 083** 128** | 90** 4254 494+ 720%* 715%* 694%* 576** 487+ 433+ 425*
tvalues 384 221 547 516 856 854 2121 18 10 3370 3064 1552 1122 1108 277 536 993
Leaf 2006
sheath Agni 006* 008* (10* 017** 029** 040** (048 129** 24]+ 396** 3974 4 (8** 308** 3724 328+ 315**
dry Ranjit  004* 005** 0O07** Oll** 015** 019** 040** 102¢%* 201%* 308+ 308** 309+ 305+ 208 230*+ 224**
weight  tvalues 269 378 645 657 878 16 60 506 872 865 20 44 2337 3450 22 80 518 943 1101
(g hill!) 2007
Agni 008** 009* OI1INS 011" 024* 040%** 051** 158 290%* 40]* 4 08** 4.4]%* 4 40** 421 4 12%» 407**
Ranjit  006** 007* 010NS O012* 023+ 031** 044+ 0 89*+ 1 48+ 281 3 15%* 340+ 3370 331 320+ 323
tvalues 397 284 212 245 284 723 14 85 46 07 5393 47 06 20 14 21 88 1127 639 844 1737
Culm 2006
dry Agni 015  026* 039** 053* 127* 172%* 230+ 577 7974+ 84]1%* 876** 937+ 99Q** [0 12%*  1142%* (| 21**
weight  Ranjit  009™ 018** (028** 040** 0090* L 10** | 75%* 4 65** 6 06** 697** 7 54** 7954+ 8 13** 8 43+* 9 14%* 907**
(ghill'')  tvalues 163 283 714 500 271 431 326 649 2343 600 510 699 2202 16 64 945 1033
2007
Agni 013  018** 024** 029%+ (073%*  125** 309** 6 00** 6 52%* 8 05** 8§92+ 0 04* 9 75** 1048** 1056** 1065**
Ranjit O™ 016** 021** 024** 053* 063** L[17** 473 559+ 6 754+ 6 84%* 8 10** 811+ 8 06** 933> 997+
tvalues 24l 779 953 9 64 7126 3683 156 77 72 65 2983 4564 90 80 1555 3216 58 15 49 12 40 86
Shoot 2006
dry Agni 040N  059** 099**+  139%+ 276** 407** 493+ 1307**  1855%*  2244** 21 67** 21 84** 21 74** 2058** 2032** 1980**
weight  Ranjit 031  045%*  060**  107** 211%*  208** 422* 1132%*  1590** 1990** 1926** 1918** 1855** 1795** 1670** 1634**
(g hill")  tvalues 187 in 920 615 394 520 348 643 1776 753 667 918 1624 1156 11 66 14 62
2007
Agni 040** 048** (064** 081** 1095** 339%*+ 600* 1283**  1683** 21 17*+* 2167** 2134%* 2145* 2009** 1963** [956**
Ranjit  033** 042*% 054** Q70%* [ 50%+ 222%+ 350+ 9 87*+ 1201**  1676%%  1714%*  1844%* 1724%*  1715** 1696** 1744**
tvalues 782 379 572 547 1094 17 56 83 95 3753 49 09 4623 28 88 1552 16 95 928 1313 19 41

* = Significant at 0.05 level of significance; ** = Significant at 0.01 level of significance; "° = Non significant.
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Agni; 70 DAT in Ranjit). There was decline in emission after panicle initiation in both the

cultivars and was very low at harvest. Methane emission was negligible after harvest.

4.2.3. Water level (cm)

Weekly field water level is presented in Figure 4.13. Rainfall and field irrigation kept
the experimental plots submerged during most of the growth period (up to 91 DAT in both

the years).

4.2.4. Soil organic carbon (%)

Soil organic carbon content (%) was initially low (0.95% in 2006 and 0.96% in 2007
for both the cultivars at 0 DAT), reached maximum at active tillering (2006: 1.32% at 42
DAT for Agni and 1.31% at 49 DAT for Ranjit; 2007: 1.39% at 42 DAT for Agni and
1.34% at 49 DAT for Ranjit) and panicle initiation stage (2006: 1.42% at 63 DAT for Agni
and 1.35% at 70 DAT for Ranjit; 2007: 1.42% at 63 DAT for Agni and 1.36% at 70 DAT
for Ranjit) of the crop (Fig. 4.14). This trend was observed in both the plots planted with the
cultivars 1irrespective of the seasons. Higher soil organic carbon content was recorded in
plots of Agni compared to Ranjit. A highly significant positive correlation was found

between methane emission and soil organic carbon content (Table 4.8).

4.2.5. Soil temperature (°C)
Figure 4.13 represents the soil temperatures (°C) at weekly interval of the

experimental fields. Values presented are the recorded soil temperatures from 0 DAT to two

weeks after harvest. Lower temperature was observed (2006: 19.00°C at
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Fig. 4.14. Organic carbon (%) of the experimental field (cultivars Agni and Ranjit). Data
presented are means + SEd (vertical bars; SEd values are multiplied by 10.
When no bars visible, they are completely covered by the marker).

6.60 - —0O— Aghi (2006)
—o—Ranjit (2006)

6.40 1 —=— Agni (2007)
6.20 - —eo— Ranjit (2007)
6.00

T

L 5.80 -
5.60
5.40 -
5.20
5-00 T T L T T L T L T T T T T T T T 1 1

\
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126
Days after transplanting
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0 DAT; 2007: 18.00°C at 7TDAT) during the initial stage of crop growth. During the crop
maturation stage, higher soil temperatures were recorded (2006: 37.00°C at 98 DAT, 2007:

31.00°C at 84, 98, and 105 DAT).
4.2.6. Soil pH

Figure 4.15 represents the soil pH measured at weekly interval from 0 DAT to two
weeks after harvest. In 2006, the recorded soil pH value was 5.42 at 0 DAT which started to
increase up to 63 DAT (6.36) and then there was decreasing trend till harvest in the fields
planted with Agni. In 2007, soil pH values increased from 5.36 (0 DAT) to 6.21 (42 DAT)
and then decreased in the fields planted with Agni. Change in soil pH in the plots planted
with Ranjit was also of similar nature like Agni with a fluctuation from 5.34 (0 DAT) to 6.32
(56 DAT) in 2006, and 5.36 (0 DAT) to 6.23 (49 DAT) in 2007, respectively.

4.2.7. Plant height (cm)

" Plant height (cm) was recorded at weekly interval starting from 7 DAT till harvest
(Table 4.5). Variation in height was observed in both the cultivars. Plant height increased up
to 77 DAT in both Agnt (137.63cm) and Ranjit (116.67cm) in 2006. Although there was
increase in height in both the cultivars after 77 DAT, but the increment in height was at a
slower rate. In 2007, increase in plant height was recorded up to 84 DAT in both Agni
(129.20cm) and Ranjit (115.69cm). In both the years, Agni recorded significantly higher
plant height compared to Ranjit.
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4.2.8. Leaf number (hill'l)

Table 4.5 represents the leaf number per hill of Agni and’ Ranjit’. At initial stage (7
DAT), the recorded leaf numbers were 10 and 9 hill* in Agni and Ranjit, respectively, which
increased gradually to 130 hill* in Agni and 124 hill ! in Ranjit at 70 DAT in 2006.
Subsequently, decrease in leaf number was noticed due to senescence and abscission of older
leaves in both the cultivars. Similar trend was recorded in the year 2007. Agni recorded

higher leaf number compared to Ranjit in both the years.
4.2.9. Leaf area (cm” hill")

Results of leaf area of Agni and Ranjit’ are presented in Table 4.5. Leaf area
recorded were 37.62cm’ and 34.00cm’ hill™ in Agni and’ Ranjit’ respectively, in 2006 at 7
DAT, which increased gradually up to 1688 80cm? hill™* in Agni and 1589.95cm? hill 7 in
Ranjit at 70 DAT. Subsequently, decrease in leaf area was observed due to senescence and
abscission of older leaves in both the cultivars. In 2007, leaf area were 38.61cm® and
32.61cm’ hill”! at 7 DAT in cultivar Agni and Ranjit respectively, which increased gradually
up to 1518.76¢cm? hill™ in Agni and 1411.37cm? hill ! in Ranjit at 70 DAT. Cultivar Agni

recorded significantly higher leaf area compared to Ranjit in both the years.
4.2.10. Leaf area index

Figure 4.16 represents the leaf area index of Agni and’ Ranjit’. In both the years, leaf
area index increased gradually and reached maximum at 70 DAT in the cultivars.
Subsequently, decrease in leaf area index was observed towards the maturation of the crop.

Agni recorded higher leaf area index compared to Ranjit in both the years.
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4.2.11. Tiller number (hill™)

Tiller number per hill of Agni and Ranjit were recorded at weekly interval and results
are presented in Table 4.5. Variation in tiller number was observed in the cultivars in both
the years. A gradual increase in tiller number per hill was noticed with the advancement of
the growth. In 2006, the highest tiller number of 25 and 20 hill"! was observed at 49 DAT in
Agni and Ranjit, respectively. After attaining the highest value, both the cultivars showed a
gradual decrease in tiller number per hill. In 2007, similar pattern of tiller development was
recorded with the highest tiller number of 17.10 and 15.10 hill* at 63 DAT in Agni and

Ranjit, respectively.
4.2.12. Root length (cm hill'")

Figure 4.15 represents the root length (cm) of Agni and Ranjit. At initial stage (7
DAT), the root length were 135.38cm and 143.53cm in cultivar Agni and Ranjit respectively
in 2006, which increased gradually up to 2861.96cm in Agni and 2371.06¢cm in Ranjit at 70
DAT and 63 DAT, respectively. Subsequently, gradual decrease in root length was observed
till the harvest of the crop. In 2007, at 7 DAT, the root length were 144.61cm and 134.45¢cm
in cultivar Agni and Ranjit respectively, and maximum of 2352.08cm in Agni and
2193 .14cmin Ranjit was recorded at 70 DAT. Agni recorded significantly higher root length

compared to Ranjit in both the years.
4.2.13. Root volume (ml hill™)
Figure 4.15 represents the root volume (ml) per hill of Agni and’ Ranjit’. In 2006, at

7 DAT, the recorded root volume were 1.83ml and 1.45ml in cultivar Agni and Ranjit

respectively, which increased gradually up to 44.50ml in Agni and 35.38ml in Ranjit at 77
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DAT and 70 DAT, respectively. Subsequently, gradual decrease in root volume was
recorded till tﬁe harvest of the crop. In 2007, at 7 DAT, root volumes were 1.60ml and
1.63ml in cultivar Agni and Ranjit respectively, and recorded 37.25ml in Agni and 30.50ml
in Ranjit at 70 DAT. Agni recorded significantly higher root volume compared to Ranjit in
both the years.

4.2.14. Leaf blade dry weight (g hill)

Table 4.6 represents the leaf blade dry weight (g) of Agni and Ranjit. In 2006, at 7
DAT, the recorded leaf blade dry weight were 0.19g and 0.17g in cultivar Agni and Ranjit
respectively, which increased gradually to 10.08g in Agni and 9.85g in Ranjit at 70 DAT.
Subsequently, gradual decrease in leaf blade dry weight was recorded till the harvest of the
crop. In 2007, the recorded leaf blade dry weights were 0.19¢g and 0.16g in cultivar Agni and
Ranyjit respectively at 7 DAT, and obtained maximum of 9.11g in Agni and 7.20g in Ranjit at
70 DAT, respectively. Agni recorded higher leaf blade dry weight compared to Ranjit in
both the years.

4.2.15. Leaf sheath dry weight (g hill'")

Dry weights of leaf sheath of Agni and Ranjit were recorded at 7 days interval and
data are presented in Table 4.6. In 2006, leaf sheath dry weights were 0.06g and 0.04g in
cultivar Agni and Ranjit respectively at 7 DAT, which increased gradually to 9.08g in Agni
and 3.09¢ in Ranjit at 834 DAT. Subsequently, gradual decrease in leaf sheath dry weight was
recorded till the harvest of the crop. In 2007, at 7 DAT, the recorded leaf sheath dry weights
were 0.08g and 0.06g in cultivar Agni and Ranjit respectively, and at 84 DAT the values
were 4.41g in Agni and 3.40g in Ranjit, respectively. Agni recorded higher leaf sheath dry

weight compared to Ranjit in both the years.
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4.2.16. Culm dry weight (g hill")

Dry weights of culm (g) of the varieties Agni and Ranjit were recorded at 7 days
interval and data are presented in Table 4.6. In 2006, culm dry weights were 0.15g and 0.09g
in Agni and Ranjit respectively at 7 DAT, which increased gradually up to 11.42g in Agni
and 9.14g in Ranjit at 105 DAT. In 2007, the recorded culm dry weight were 0.13g and
0.11g in Agni and Ranjit respectively at 7 DAT and maximum dry weights of culm were
recorded 10.65g in Agni and 9.97g in Ranjit at harvest. Agni recorded higher culm dry

weight compared to Ranjit in both the years.
4.2.17. Shoot dry weight (g hill"")

Shoot dry weights (g) per hill of Agni and Ranjit were recorded at 7 days interval and
data are presented in Table 4.6. In 2006, at 7 DAT, the shoot dry weights were 0.40g and
0.31g in cultivar Agni and Ranjit respectively, which increased gradually up to 22.44g in
Agni and 19.90g in Ranjit at 70 DAT. Subsequently, gradual decrease in shoot dry weight
was recorded till the harvest of the crop. In 2007, the recorded shoot dry weight were 0.40g
and 0.33g in cultivar Agni and Ranjit respectively at 7 DAT, and recorded values of 21.67g
in Agni and 18 44g in Ranjit at 77 DAT and 84 DAT, respectively were the maximum. Agni
recorded higher shoot dry weight compared to Ranjit in both the years.

4.2.18. Root dry weight (g hill")
Figure 4.19 represents the root dry weight (g) of Agni and Ranjit. In 2006, at 7 DAT,
the root dry weights were 0.08g and 0.07g in cultivar Agni and Ranjit respectively, which

increased gradually and obtained maximum values of 3.89g in Agni and 2.97g in Ranjit at 70
DAT and 63 DAT, respectively. Subsequently, gradual decrease in root dry weight was
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Fig. 4.18. Root volume (ml hill'") of cultivars Agni and Ranjit. Data presented are means +
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SEd (vertical bars; SEd values are multiplied by 10. When no bars visible, they
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Fig. 4.19. Root dry weight (g hill"') of cultivars Agni and Ranjit. Data presented are means

+ SEd (vertical bars; SEd values are multiplied by 10. When no bars visible, they
are completely covered by the marker).
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observed till the harvest of the crop. In 2007, at 7 DAT, the root dry weights were same
(0.06g) in cultivar Agni and Ranjit, and obtained maximum values of 3.53g in Agni and
2.85g in Ranjit at 70 DAT. Agni recorded higher root dry weight compared to Ranjit in both

the years.
4.2.19. Leaf photosynthetic rate (n mol CO, m? sec?)

Leaf photosynthetic rates (1 mol CO, m? sec™) of the two cultivars were recorded at
weekly interval and values are presented in Figure 4.18. Significant cultivar differences in
photosynthetic rate were observed. During the vegetative growth stage (up to 49 DAT in
2006; and up to 63 DAT in 2007), photosynthetic rate was higher in Agni, compared to
Ranjit. However, during the reproductive stage (1.e. from 56 DAT in 2006; and from 70
DAT in 2007), photosynthetic rate was higher in variety Ranjit.

4.2.20. Dry weight of developing panicle (g hill)

After panicle initiation, dry weights (g) of developing panicles of Agni and Ranjit
were recorded at 7 days interval till harvest and values are presented in Figure 4.21. In 2006,
the panicle dry weights were 0 21g and 0.29g in cultivar Agni and Ranjit respectively at 77
DAT, which increased gradually up to 14.37g in Agni and 16.60g in Ranijit, respectively at
harvest. In 2007, the panicle dry weights were 0.08g and 0.24g in cultivar Agni and Ranjit
respectively at 77 DAT, and were 13.52g in Agni and 15.57g in Ranjit, respectively at
harvest. Ranjit recorded higher dry weight of developing panicle compared to Agni in both

the years.
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Table 4.7. Comparisons of yield and yield attributing parameters of cultivars Agni and

Ranjit grown in irrigated / Boro ecosystem.

Cultivars / 2006
parameters

Agni Ranjit  tvalue Agni Ranjit  t value
1000 grain '
weight (g) 19.13* 20.50* 252 18.30%* 19.98%*  6.69
Filled grain (%)  74.50** 78.50** 380  74.75™ 77.50N 223
Panicle plant’ 9.75NS 10.50 170 9.75% 10.75* 245
Spikelet panicle”  87.25™° 89.25™ 2119  86.75 88.75 2.19
Panicle (m ) 243.75™ 262.50% 170 252.25™ 261.50™ 1.21
Panicle length
(cm) 20.25% 22.00* 317  20.25* 21.50%  2.84
Panicle dry
weight 14.37%* 16.60** 596  13.52%* 15.57**  5.58
(g plant")
Yield (t ha') 3.03** 3.77% 406  2.99%* 3.59** 545

* = Significant at 0.05 level of significance; ** = Significant at 0.01 level of significance; " = Non

significant
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Table 4.8. Correlation between plant and soil parameters and methane emission

from cultivars Agni and Ranjit grown in irrigated / Boro ecosystem.

Correlation with methane emission

2006 2007

Parameters Agni Ranjit Agni Ranjit
Plant height NS 0.39* NS NS
Leaf No 0.51* 0.53* 0.58* 0.59*
Leaf area NS 0.51* NS 0.49*
LAI NS 0.51* NS 0.49*
Tiller No 0.70** 0.77** 0.67** 0.64**
Root length 0.70** 0.75%* 0.55* 0.53*
Root volume 0.55* 0.61* NS NS
Root dry weight 0.50* 0.55* NS 0.50*
Leaf blade dry weight 0.50* 0.53* 0.56* 0.51*
Leaf sheath dry weight NS NS NS NS
Culm dry weight NS NS NS NS
Shoot dry weight NS NS NS NS
Photosynthesis NS NS* NS NS
Organic carbon 0.90** 0.88** 0.95%* 0.96**
Soil pH 0.74%* 0.67** 0.82%* 0.80%**
Soil temperature NS NS NS NS

* = Correlation is significant at the 0.05 level of significance

** = Correlation is significant at the 0.01 level of significance

NS = Non significant
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4.2.21. Yield

Yield data and yield attributing parameters of the two cultivars are presented in Table
4.7. Variety Ranjit recorded significantly higher grain yield (2006: 3.77t ha'2007: 3.59t ha’
') than Agni (2006: 3.03t hal: 2007: 2.99t ha™') in both the years. Thousand grain weight (g
hill"), filled grain (%), panicle plant”, spikelet panicle”, number of panicle (m), panicle
dry weight (g hill'') were also higher in Ranjit compared to Agni. Yield and yield

development patterns in the varieties were similar in both the years.

4.3. Association of plant growth parameters with methane emission from rainfed

upland / Ahu rice
4.3.1. Meteorological parameters

Figure 3.3 represents the meteorological parameter ie. rainfall (mm) and air
temperature (both maximum and minimum) in °C at weekly interval of the crop-growing
season (April-July, 2006). Higher temperatures were recorded during the entire crop growing
period. Pre-monsoon shower added to higher rainfall at initial stage (April-May) of crop

growth.
4.3.2. Methane flux (mg m? hr?)

Cultivar differences in methane emission (Fig. 4.22) were observed in the varieties
Disang and Luit grown as rainfed crop. Higher seasonal integrated methane flux was
recorded in variety Disang (Esr: 1.38g m™), compared to Luit (Egr : 0.96 g m™). Despite the
cultivar differences in methane fluxes, a similar seasonal pattern of CH4 emission from both

the varieties was observed. Methane flux was initially very low, and then increased with the
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Fig. 4.22. Methane emission (mg m? hr ) from varieties Disang and Luit at different
growth stages. Data presented are means + SEd (vertical bars; SEd values
are multiplied by 10. When no bars visible, they are completely covered by
the marker).
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Fig. 4.24. Organic carbon (%) of soil of the experimental field (varieties Disang and
Luit). Data presented are means + SEd (vertical bars; SEd values are
multiplied by 10. When no bars visible, they are completely covered by the
marker).
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Fig. 4.25. Soil temperature (°C) of the experimental field planted with varieties Disang
and Luit.
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advancing age of the rice plants. In both the varieties two distinct methane emission peaks were
detected, one at active vegetative growth stage (1.79mg m hr? in Disang and 1.15mg m? hr?
in Luit at 35 DAT), and the other at panicle initiation stage (1.88mg m™hr? in Disang and
.1_32mg m? hr? in Luit at 56 DAT). Methane emission declined after panicle initiation stage in
both the varieties and reduced to a negligible level at harvest.. Methane emission was negligible

after harvest.

4.3.3. Water level (cm)

Water level (cm) in the experimental field was recorded at weekly interval and results are
presented in Figure 4.23. Seasonal rainfall kept the experimental field submerged during most of

the growth period, except at 49 days after transplanting and at harvest.

4.3.4. Soil organic carbon (%)

Soil organic carbon content (%) was initially low, reached maximum at active tillering
and panicle initiation stage of the crop (Fig. 4.24). Similar trend was observed in both the plots
grown with the two varieties. Higher soil organic carbon content was recorded in plots of Disang
compared to Luit. Higher soil organic carbon content (%) was recorded at 35 DAT (1.20 in
Disang and 1.11 in Luit) and 56 DAT (1.21 in Disang and 1.13 in Luit). A highly significant
positive correlation was found between methane emission and soil organic carbon content (Table
4.11).

4.3.5. Soil temperature ('C)

Figure 4.25 represents the soil temperatures ('C) of the experimental fields recorded at

weekly interval from the day of transplanting to two weeks after harvest. During the initial stage
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of crop growth, higher soil temperature was recorded (34.74°C at 14 and 21 DAT). At harvest,

the recorded soil temperature was 30°C.

4.3.6. Soil pH

Figure 4.26 represents the soil pH measured at weekly interval from day of transplanting
to two weel;s after harvest. The recorded soil pH value was 5.4 at 0 DAT in both-the varieties.
Soil pH started to increase up to 21 DAT (pH 6.3) and then there was a decreasing trend of soil
pH till harvest (pH 5.5) in the fields planted with Disang. Fluctuation of soil pH in the plots with
Luit was also of similar nature like Disang with a variation from 5.4 (0 DAT) to 6.2 (14 DAT)

and again at harvest it was 5.4.

4.3.7. Plant height (cm)

Plant height (cm) of both the varieties was recorded at weekly interval till harvest (Table
4.9). There was variation in plant height in both the varieties. Rapid increase in plant height was
recorded up to 56 DAT in both Disang (71.79cm) and Luit (81.95cm). Although there was
increase in plant height in both the varieties after 56 DAT, but the increment in height was at a
slower rate. Luit recorded significantly higher plant height compared to Disang from 28 DAT to

harvest.

4.3.8. Leaf number (hill™")
Table 4.9 represents the leaf number of the varieties Disang and Luit. At 7 DAT, the leaf

numbers were 14.and 15 in variety Disang and Luit respectively, which increased gradually and

the leaf number was 68 in Disang and 58 in Luit at 56 DAT. Subsequently,
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Fig. 4.26. Soil pH of the experimental field (varieties Disang and Luit). Data presented are
means + SEd (vertical bars; SEd values are multiplied by 10. When no bars
visible, they are completely covered by the marker.
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Fig. 4.27. Leaf area (cm’ hill'') of varieties Disang and Luit. Data presented are means t
SEd (vertical bars; SEd values are multiplied by 10. When no bars visible, they
are completely covered by the marker)

107



decrease in leaf number was noticed due to senescence and abscission of older leaves in both
the varieties. Disang recorded significantly higher leaf number compared to Luit from 14

DAT to harvest.
4.3.9. Leaf area (cm? hill'")

Figure 4.27 represents the leaf area (cm®) per hill of Disang and Luit. At 7 DAT, the
recorded leaf area were 30.95cm’ and 16.43cm’ in variety Disang and Luit respectively,
which increased gradually up to 824.97cm’ in Disang and 654.75cm” in Luit at 49 DAT.
Subsequently there was decrease in leaf area. Disang recorded higher leaf area compared to

Luit.
4.3.10. Leaf area index

Table 4.9 represents the leaf area index of Disang and Luit. Leaf area index increased
gradually and was maximum (2.06 in Disang and 1.64 in Luit) at 49 DAT in both the
varieties. Decrease in leaf area index was observed towards the maturation of the crop.

Disang had a higher leaf area index compared to Luit.
4.3.11. Tiller number (hill™)

Tiller number per hill of Disang and Luit were recorded at weekly interval and
presented in Table 4.9. Significant variation in tiller number was observed between the two
varieties. A gradual increase in tiller number per hill was noticed with the advancement of
growth and development of the crop. The highest tiller number of 15 and 13 hill' was
observed at 42 DAT in Disang and Luit, respectively. And thereafter there was gradual
decrease in tiller number per hill in both the varieties. Disang recorded significantly higher

tiller number compared to Luit.
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Table 4.9. Comparison of plant height, leaf number, tiller number and dry weights of leaf-

blade, leaf-sheath and culm (hill'") between varieties Disang and Luit grown in rainfed

upland / Ahu ecosystem.

Days after transplanting
7 14 21 28 35 42 49 56 63 70 77

Plant heightp,n, 25630+ 2830°  4256™ 4858** 5326%* 6117 67275 7T179% T194%* T7225% 7247%
(cm) Lut 23 46%* 2864% 4210™ 5221%* 5722%*% 6621%* T715%% 8195%* 8213** 8243%* 8262**

tvalues 4322 0055 0256 7787 10042 7688 16393 17208 18015 18049 18416

Leaf Disang 1450  2592%% 3475%* 5903** 6128%* 6295 6713%* 6830** 6368%* 5988** 4558**

number 1483™ 2092t 2883%+ S135%% S410%* S5560%* S5743%*  5765%*% 5305%%  4905*% 3505%*
A

(hull™) tvalues 0177 3900 3875 27757 16579 19471 12797 22836 23479 28448 20390

Leafarea pq
008%  027%+ 038%* 074%* 156%  188%* 206%* 203%* 175%* 169  120**

index Luit

004%*  (024%  035**  Q6I** 106%* 154%%  164%* 1 60%*  150%*  138%% (94

t values

6784 3175 3838 20527 5469 24739 22029 29251 23779 17797 1139
Thller Disang 225 642" 1267* 1433%* 1483%* 1523%% 1468%* 1425%% 1325%* 1243%* 1] 33%s
number Lt 250™  483™  1175%  1330%* 1350%* 13 58%% 13 58%* 1333%* ]228%% ]] 53%*¢ ]030**

-1

(hall”) tvalues 1964 2165 3667 5704 8020 16855 10914 10262 14085 9194 7137

Leaf blade Disang  0095™ 0675 0933** 2596%* 3953** 50950%% R932%+ O958E* 9 468%% 9331+ 8 G30%*
dry weight 1, 0096™ 068™  0819%* 2006*% 3071%% 4944%% T8I9** RO922%* 9(73%* g BIO** 7 550%*

-1
(g hull ) tvalues 0570 0504 25828 22683 37344 34397 23067 40694 8083 10 341 14984

Leaf sheath Disang  0094** 0106™ 0441™ 2661** 3561%* 6077** 9032%* 9700%* 9511%* 09353%% §240%+
dry weight 1, 0096** 0115™ 0407™ 2073** 3061** 5037%% 8391%* 97260%** 9367** B849** 8226%*

-1
(hill”)  (vanes 0812 2262 3969 12791 18969 34927 19665 17409 7307 17153 28505

Culm dry Disang 0083 0134 0260** 0656™ 0921** 1385%* 3268%* 3472¢% 3505** 3546™ 3579
weight Lutt 0086™ 0137™ 0206°* 0671™ 0772** 1083** 2635 3096*% 3385%* 3507™ 3533
@I vaues 0696 1145 1ross 0807 4605 1195 10 896 5330 5993 1888 2282
Shoot dry pygang
weight Lt

(g hull™)
t values
- 1213 1093 17254 15104 27851 103808 28582 25252 9208 11728 17827
* = Significant at 5% level of significance, ** = Sigmficant at 1% level of significance, ™ = Non signuficant.

027™  092™  163**  5091%% g4 1342%+  2]123** 2313%% 2248%% 2223%* 2] 47%*

028™  093™  143%*  484%*  G90**  1106** 1891+ 2128%* 2]183%* 2]123%% 193]**
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4.3.12. Root length (cm hill™?)

Figure 4.28 represents the root length (cm) per hill of Disang and Luit. At 7 DAT, the
recorded root length were 183.80cm and 149.10cm in variety Disang and Luit respectively,
which increased gradually and obtained values of 1329.00cm in Disang and 1165.00cm in
Luit at 63 DAT.. Subsequently, gradual decrease in root length was observed till the harvest
of the crop. Disang recorded significantly higher root length compared to Luit.

4.3.13. Root volume (ml hill™")

Figure 4.29 represents the root volume (ml) per hill of Disang and Luit. At initial
stage (7 DAT), the recorded root volume were 0.27ml and 0.13ml in variety Disang and Luit
respectively, which increased gradually up to 3.28ml in Disang and 2.35ml in Luit at 63
DAT and 70 DAT, respectively. Subsequently there was gradual decrease in root volume till

the harvest of the crop. Disang recorded higher root volume compared to Luit
4.3.14. Leaf blade dry weight (g hill")

Table 4.9 represents the leaf blade dry weight (g) of Disang and Luit. At initial stage
(7 DAT), the recorded leaf blade dry weight were 0.10g and 0.10g in variety Disang and Luit
respectively, which increased gradually to record maximum values of 9.96g in Disang and
9.07g in Luit at 56 DAT and 63 DAT, respectively. There was gradual decrease in leaf blade
dry weight till the harvest of the crop. Disang recorded higher leaf blade dry weight

compared to Luit.
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4.3.15. Leaf sheath dry weight (g hill'")

Dry weight of leaf sheath of Disang and Luit was recorded at 7 days interval and data
are presented in Table 4.9. At initial stage (7 DAT), the recorded leaf sheath dry weight were
0.09g and 0.10g in variety Disang and Luit respectively, which increased gradually up to
9.70g in Disang and 9.70g in Luit at 56 DAT and 63 DAT, respectively. Subsequently,
gradual decrease in leaf sheath dry weight was recorded till the harvest of the crop. Disang

recorded higher leaf sheath dry weight compared to Luit in both the years.
4.3.16. Culm dry weight (g hill'')

Dry weight of culm (g) per hill of Disang and Luit was recorded at 7 days interval
and data are presented in Table 4.9. The culm dry weights were 0.08g and 0.09g in variety
Disang and Luit respectively at 7 DAT, which increased gradually up to 3.58g in Disang and
3.53g in Luit at harvest. Disang recorded higher culm dry weight compared to Luit.

4.3.17. Shoot dry weight (g hill")

Shoot dry weight (g) per hill of Disang and Luit was recorded at 7 days interval and
data are presented in Table 4.9. At 7 DAT, the recorded shoot dry weights were 0.27g and
0.28g in variety Disang and Luit respectively, which increased gradually up to 23.13g in
Disang at 56 DAT, and 21.83g in Luit at 63 DAT. Subsequently, gradual decrease in shoot
dry weight was recorded till the harvest of the crop. Disang recorded higher shoot dry weight

compared to Luit.
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Fig. 4.28. Root length (cm hill"') of varieties Disang and Luit. Data presented are
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Fig. 4.29. Root volume (ml hill') of varieties Disang and Luit. Data presented are

means * SEd (vertical bars; SEd values are multiplied by 10. When no bars
visible, they are completely covered by the marker).
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Photosynthetic rate (j. mol CO, m™ sec™)

- —o—Disang ——Luit
T 5
2
£ 4
(=)
o
3 3{
[y
©
e 27
Q
14
1 4
0‘}__—| T T T T T T T T — 1

7 14 21 28 35 42 49 56 63 70 77

Days after transplanting

Fig. 4.30. Root dry weight (g hill'') of varieties Disang and Luit. Data presented are
means * SEd (vertical bars; SEd values are multiplied by 10. When no bars
visible, they are completely covered by the marker).
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Fig. 4.31. Photosynthetic rate (umol CO, m sec’') of varieties Disang and Luit. Data

presented are means + SEd (vertical bars; SEd values are multiplied by 10.
When no bars visible, they are completely covered by the marker).
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4.3.18. Root dry weight (g hill")

Figure 4.30 represents the root dry weight (g) of Disang and Luit. At 7 DAT, the
root dry weights were 0.17g and 0.14g in variety Disang and Luit respectively, and then
it started to increase up to 4 57g in Disang and 3.95g in Luit at 63 DAT and 56 DAT,
respectively. Subsequently there was gradual decrease in root dry weight till the harvest

of the crop. Disang recorded higher root dry weight compared to Luit.
4.3.19. Leaf photosynthetic rate (n mol CO, m?sec’)

Leaf photosynthetic rates (u mol CO, m? sec') of the two varieties were
recorded at weekly interval and data are presented in Figure 4.31. During the vegetative
growth phase (up to 49 day after transplanting) higher photosynthetic rate was recorded
in Disang, compared to Luit. However, from the panicle initiation stage (i.e from 56

day after transplanting), higher photosynthetic rate was recorded in Luit.
4.3.20. Dry weight of developing panicle (g hill")

After panicle initiation, dry weights (g) of developing panicles per hill of Disang
and Luit were recorded at 7 days interval till harvest and values are presented in Figure
4.32. At 49 DAT, the panicle dry weights were 0.27g and 0.29¢g hill” in variety Disang
and Luit respectively, which increased gradually and obtained values of 11.56g hill™ in
Disang and 12.61g hill ' in Luit, respectively at harvest. Luit recorded higher dry weight

of developing panicle compared to Disang in both the years.
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Dry weight of developing panicle (g hill")
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Fig. 4.32. Dry weight (g hill"') of developing panicle of varieties Disang and Luit.
Data presented are means + SEd (vertical bars; SEd values are
multiplied by 10. When no bars visible, they are completely covered by
the marker).
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Table 4.10.Comparisons of yield and yield attributing parameters of

varieties Disang and Luit grown in rainfed upland / Ahu

ecosystem.
Parameters Variety
Luit Luit t values

1000 grain weight (g) 19.00a°  20.25b°  3.286
Spikelet sterility (%) 14.00a"  12.87b°  2.742
Panicle plant” 9.33a" 11.03b"  14.20
Spikelet panicle™ 72.94a 73.31a 0.898
Panicle (m ) 234.00a" 236.00b°  2.449
Panicle length (cm) 2020a"" 219867  4.219
Panicle dry weight 11.56a”  12.61b"  3.962
(g plant™)

Yield (t ha) 2.78a" 299" 12.86

In each row, means with similar letters are not significantly different.
(* = Significant at 0.05 level of significance; = = Significant at 0.01 level

of significance).
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Table 4.11. Correlation of plant and soil parameters with methane emission from

varieties Disang and Luit grown in rainfed upland / Ahu ecosystem.

Parameters Correlation with methane emission
Disang Luit
Plant Height 0.44* 0.44*
Leaf number 0.66* 0.55*
Tiller Number 0.54* 0.43*
Leaf Area 0.71** 0.51%*
Root Volume 0.43* NS
Root length 0.61* 0.48*
Root dry weight 0.56* 0.50*
Leaf-blade dry weight 0.45* 0.45%
Leaf-sheath dry wt 0.42% 0.45*
Culm dry weight NS NS
Photosynthesis NS NS
Organic carbon 0.78%* 0.75%*
Soil pH NS NS
Soil temperature NS NS

*= Correlation is significant at the 0.05 level of significance

** = Correlation is significant at the 0.01 level of significance

NS = Non significant
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4.3.21. Yield

Data recorded on yield and yield attributing parameters of the two varieties are
presented in Table 4.10. Variety Luit recorded significantly higher grain yield (2.9% ha™')
than Disang (2.78t ha™). Thousand grain weight (g hill'*), filled grain (%), panicle plant™,
spikelet panicle™, number of panicle (m?), panicle dry weight (g hill') were also higher in

Luit compared to Disang.

4.4. Analysis of intervarietal difference in methane flux from rice plants grown during

monsoon season as biological mitigation option
4.4.1. Meteorological parameters

Figure 3.3 represents the meteorological parameter i.e. rainfall (mm) and air
temperature (both maximum and minimum) in °C at weekly interval of the crop-growing
season. Higher temperatures were recorded during the initial stage of the crop growing
period (July- September). There was gradual drop in temperatures towards the end of the

crop growing season (November- December).
4.4.2. Methane flux (mg m” hr?) and seasonal integrated methane flux (g m?)

Measurement of CH, fluxes from ten rice cultivars exhibited significant cultivar
differences in CHy emission (Fig. 4.33; Table 4.12). Highest seasonal integrated CH, flux
(Esir) was recorded from the cultivar Basmuthi (Egs¢: 12.46g m™) and lowest from Gitesh (Esir
. 8.74g m?) (Fig. 4.34). The tested rice cultivars were ranked into three groups based on
their Egr values as high methane emitting (cultivars: Basmuthi, Bogajoha, Choimora),

medium level methane emitting (cultivars: Rashmisali, Lalkalomdani, Mahsuri and
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Moniram) and low CH, emitting cultivars (cultivars: Kushal, Prafulla and Gitesh). In all the
cases, CH, flux was initially very low, and then increased with the advancing age of the rice
plants. Two distinct CH4 emission peaks were observed in each genotype, one at active
tillering stage, and the other at panicle initiation stage, irrespective of high, medium and low
CH, emitting cultivars. First emission peak was observed at 42 DAT in cultivars Choimora,
Rashmisali, Lalkalomdani and Kushal, at 49 DAT in Basmuthi, Mahsuri, Prafulla and
Gitesh; and at 56 DAT in cultivar Bogajoha and Moniram, which corresponded to the active
tillering stage of the crop. Second CH, emission peak was found at 63 DAT in cultivar
Rashmisali; at 70 DAT in Basmuthi, Choimora, Lalkalomdani, Mahsuri and Kushal; and at
77 DAT in cultivar Bogajoha, Moniram, Prafulla and Gitesh, at panicle initiation stage. The
rate of CH, emission declined after panicle initiation stage in all the cultivars and reduced to

a negligible level at harvest.
4.4.3. Water level (cm)

Water level (cm) in the experimental field was recorded at weekly intervals and

results are presented in Figure 4.35. Water level in the field was highest (4.6cm) at 63 DAT.

4.4.4. Soil organic carbon (%)

Organic carbon content (%) of soil was initially low, reached maximum at active
tillering and panicle initiation stage (Table 4.13) of the crop. At the end of the crop growth
period, the organic carbon in the soil was low. A highly significant posttive correlation was

found between methane emission and soil organic carbon (Table 4.22).
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Fig. 4.33. (a) and (b). Methane emission (mg m> hr ') from cultivars
Basmuthi and Bogajoha grown in mensoon / Sali ecosystem. Data
presented are means + SEd (vertical bars; SEd values are multiplied

by 10). When no bars visible, they are completely covered by the
marker.
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Methane emission (mg m™ hr™')

Methane emission (mg m? hr")
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Fig. 4.33. (¢) and (d). Methane emission (mg m? hr ') from cultivars
Choimora and Rashmisali grown in monsoon / Sali ecosystem.
Data presented are means + SEd (vertical bars; SEd values are

multiplied by 10). When no bars visible, they are completely
covered by the marker.
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Methane emission (mg m? hr™)

Methane emission (mg m™? hr)
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Fig. 4.33. (¢) and (f). Methane emission (mg m? hr ") from cultivars
Lalkalomdani and Mahsuri grown in monsoon / Sali ecosystem.
Data presented are means + SEd (vertical bars; SEd values are
multiplied by 10). When no bars visible, they are completely
covered by the marker.
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Methane emission (mg m? hr)

Methane emission (mg m™ hr)
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Fig. 4.33. (g) and (h). Methane emission (mg m™ hr ') from varieties Moniram
and Kushal grown in monsoon / Sali ecosystem. Data presented are
means + SEd (vertical bars; SEd values are multiplied by 10). When
no bars visible, they are completely covered by the marker.
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Methane emission (mg m? hr™)

Methane emission (mg m? hr)
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Fig. 4.33. (i) and (j). Methane emission (mg m™ hr ') from varieties Prafulla
and Gitesh grown in monsoon / Sali ecosystem. Data presented are

means + SEd (vertical bars; SEd values are multiplied by 10). When
no bars visible, they are completely covered by the marker.
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4.4.5. Soil temperature (C)

Figure 4.36 represents the soil temperatures (°C) of the experimental fields recorded at
weekly interval. Soil temperature of the experimental fields was recorded from the day of
transplanting till two weeks after harvest. Higher soil temperature was observed (34.0°C at 7
DAT) during the initial stage of crop growth. With the advancement of growth and

development of the crop, the soil temperature decreased gradually up to crop maturation stage.

4.4.6. Plant height (cm)

Plant height (cm) of different rice cultivars was recorded at early tillering stage (28
DAT), active tillering stage (56 DAT), panicle initiation stage (70 DAT), ripening stage (98
DAT) and at harvest of the crop (Fig. 4.37). There was variation in plant height among the
cultivars. Rapid increase in plant height was recorded up to ripening stage in all the cultivars.
Although there was increase in plant height after the ripening stage, but the increment in
height was at a slower rate. Cultivar Rashmisali recorded higher plant height compared to all

other cultivars in all the growth stages.

4.4.7. Leaf area (cm’ hill'")

Table 4.14 represents the leaf area (cm®) per hill of the cultivars. Leaf area increased
gradually and obtained maximum values at panicle initiation of the crop in all the cultivars.
Subsequently, decrease in leaf area per hill was observed towards the maturation of the crop.
Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher leaf area per hill compared to

other rice cultivars.
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Seasonal integrated methane flux ( g m?)
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Fig. 4.34. Seasonal integrated methane flux (Egs; g m'z) of ten rice cultivars (bars
indicate standard error deviation values multiplied by 10). Bars with similar
letter are not significantly different at P < 0.05 level by Duncan’s multiple

range test.
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Fig. 4.35. Water level (cm) of the experimental field planted with ten rice cultivars.
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Soil temperature ( °C)
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Fig. 4.36. Soil temperature (°C) of the experimental field planted with ten rice cultivars.
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Fig. 4.37. Plant height of ten rice cultivars grown in monsoon / Sali ecosystem. Data
presented are means + SEd (vertical bars; SEd values are multiplied by 10). When no
bars visible, they are completely covered by the marker.
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4.4.8. Leaf area index

Table 4.14 represents the leaf area index of different rice cultivars. In all the
cultivars, leaf area index increased gradually and obtained maximum values at panicle
initiation of the crop Subsequently, decrease in leaf area index was observed towards the
maturation of the crop. Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher leaf

area index compared to other rice cultivars.

4.4.9. Tiller number (hill")

Tiller numbers per hill of the cultivars were recorded at weekly interval and values
are presented in Table 4.14. Variation in tiller number was observed among the cultivars.
Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher tiller number compared to
other rice cultivars. A gradual increase in tiller number was noticed with the advancement of
the growth. All the cultivars showed a gradual decrease in tiller number from 63 DAT

onwards.
4.4.10. Root length (cm hill™")

Root length (cm) per hill of the cultivars were recorded at weekly interval and
presented in Table 4.15. Variation in root length was observed among the cultivars.
Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher root length compared to
other cultivars. A gradual increase in root length was noticed with the increase in growth of

the plant. There was a decline in root length after the ripening stage of the crop.

128



Table 4.12. Methane flux (mg m hr™') from ten rice cultivars grown in monsoon / Sali ecosystem.

Days after transplanting
0 7 14 21 28 35 42 49 56 63 70 77 84 971 98 108 112 119 126
Vi 137a 1 61ab 195a 3 14a 326a 4 68a 536d 7 16a 6 19b 625b 7340a 6 46b 5 59b 535a 437b 3 14a 063b 028c 018
’
V) 135a 1 58ab 185ab 2 76b 3126 4 36b 473f 6276  696a 5 84c 6080d 71la 595a 498b  467a 364a 171a 049a 0 26at
Vs 13%9a 153abed  172bc 2 53¢ 290c 3 85¢ 6 73a 565d 5 74c 5 84c 7060b 593d 564b  494b  396¢ 210bc  104b 0 462 021bc
Vs 135a 1 57abe 163¢c 226d 312b 3494 627b 536e 553cd  698a 5665¢  534e 519c 4 64c 391¢ 212bc  078b 038  027a
Vs 142a 1 64abe 193a 216de 289¢ 318e 594¢ 5 00f 535d 5584 6750c  530e 507c 4 46¢ 397 177bc  081b 031bc  020bc
Vs 138a 1 36e 18lab  198f 250d  303f 498e 633b  4950e 519 6555¢  494f 4 55¢ 414d  360d 150cd 083b 024c 018¢c
Vs, 139a 1 54abe 173bc 2 13e 225e 274g 4 59f 5 00f 6 20b 481f 5370f 644b 473d  443¢ 317 222b 0 64b 023¢ 018¢
Vs 134a 1 41cde 182bc 21le 225e 2 54h 594c 457g  444f 4 84f 6265d 479f 448¢ 327f 279f 17lbc  062b 028¢ 010d
V, 128a 1 46de 1 64c 197f 215¢f 237 4278  596¢ 436f 448 5095 622c 409¢ 3 8le 30lef 14lcd 100b 03lbc 0 16¢cd
Vie 138a 1 49¢ 174bc  193f 208f 229 363h 569d  406g 418h  4645h 600d 384g 363e 323f 101d  088%  028c 021bc

In each column, means with the similar letters are not significantly different at P<0 05 level by DMRT
(V) Basmuthi, V; Bogajoha, V3 Choimora, V4 Rashmisali, Vs Lalkalomdan, V¢ Mahsuri, V; Moniram, Vg Kushal, V,

Prafulla, Vyo Gitesh)
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Plate 4.1. Micrographs of medullary cavity of ten Sali rice cultivars (Basmuthi (V,),
Bogajoha (V,), Choimora (V3), Rashmisali (V,), Lalkalomdani, (Vs), Mahsuri
(Vs), Moniram, (V5), Kushal, (Vs), Prafulla, (Vo), Gitesh (Vo).
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4.4.11. Root volume (ml hill'*)

Table 4.15 represents the root volume (ml) per hill of the rice cultivars. Variation in
root volume was observed among the cultivars. Basmuthi, Bogajoha, Choimora and
Rashmisali recorded higher root volume compared to other cultivars. A gradual increase in
root volume was noticed with the advance;ﬁent of the growth of the crop. All the cultivars

showed a gradual decrease in root volume after 84 DAT.

4.4.12. Leaf blade dry weight:(g hill")

Table 4.16 represents ;the leaf blade dry ‘weight (g) per hill of different rice cultivars.
Leaf blade dry weight was recorded at early tillering stage (28 DAT), active tillering stage
(56 DAT), panicle initiation stage (70 DAT), ripening stage (98DAT) and at harvest of the
crop. There was variation in leaf blade dry weight among the cultivars. Rapid increase in leaf
blade dry weight was recorded up"t‘o the panicle initiation stage in all the cultivars. Cultivar
Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher leaf blade dry weight

compared to other cultivars.

4.4.13. Leaf sheath dry weight (g hill"")

Table 4.16 represents the leaf sheath dry weight (g) per hill of different rice cultivars.
Leaf sheath dry weight was recorded at early tillering stage (28 DAT), active tillering stage
(56 DAT), panicle initiation stage (70 DAT), ripening stage (98DAT) and at harvest of the
crop. There was variation in leaf sheath dry weight among the cultivars. Rapid increase in
leaf sheath dry weight was recorded up to the panicle initiation stage in all the cultivars.
Cultivar Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher leaf sheath dry

weight compared to other cultivars

131



Table 4.13. Soil organic carbon (%) the experimental field planted with ten rice cultivars grown in monsoon / Sali

ecosystem.
Days after transplanting
7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119
V., 097a 102a 104a 113a 118a 136bc 14la 136b 137bc 143a 142ab 140a 136ab 1352 124ab 1252 12la
vV, 097a 098a 104a 107b 117ab 134c 1370 14la 1 §8b 139 143a 138ab 1372 133ab 123ab 121b 12la
V; 09a 099a 102ab 1 13a 116ab 139a 1370 136b 137bc 14lab 140abc 136bcd 1356 131b 124ab 122b 118b
Vi, 097a 10la 102ab 106bc 117ab 137ab 135b 136b 140a 141b 13%9cd 137bc 132c 131b 124ab 119bc 120ab
Vs 09a 099a 10lab 102de 114bc 135bc 132c 133cd 138 141b 138cde [36bc 129cd 132b 1252 117cd 119ab
V¢ 097a 098a 103ab 103cd 112c 119f 136b 135bc 136bc 140b )38cde 133e 131c 126c  119cd 121b 1 13cd
V, 09a 099 100b 104bcd 112c 129d 131c 134bc 130e 136cd 137cde 133e 127de 126c  12lbc 115de 1 15¢c
Vg 096a 098a 099 1 0lde 111c 1 34¢ 131c 130d 1 36¢ 1 36¢ 1 36¢ 135¢cde  130cd 1 26¢ 1 14e {17cd 111d
Vo, 09a 099 09% 10lde 107d 127de 136b 134bc 132d 135cd 136de 133de 126c 127c 117de 114e 112d
Vg 095a 098a 099b  100e 10le  124e  135b 132cd 131de 134d 136e 133 125¢  126c  120bc_ 115de 1 13cd

In each column, means with the similar letters are not significantly different at P< 0.05 level by DMRT.
(V,: Basmuthi, V;: Bogajoha, V3: Choimora, V4: Rashmisali, Vs: Lalkalomdani, V¢: Mahsuri, V7: Moniram, Vg: Kushal, Vg:
Prafulla, V,o: Gitesh)
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Table 4.14, Tiller number (hill"'), leaf area (cm? hill') and leaf area index (LAI) of ten rice cultivars grown in monsoon / Sali

ecosystem
Days after transplanting
7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119
Tiller number
Vi 233 5 50b 12 45a 13 48a 14 48a 1548a 1570a 15 80a 1595a 1573a 15 40a 14 50a 13 35a 12 25a 12 00a 11 60a
V: 2 58cde 4 60cd 11 70b 12 73b 13 68b 14 68b 14 78b 14 85b 14 98b 14 85b 14 48b 14 00b 12 98b 11 83b 11 65b 11 38a
Vv, 475a 6 83a 1043d 11 53d 12 53¢ 13 63¢ 13 7¢ 13 80c 13 93¢ 13 83¢ 13 45¢ 12 18¢ 11 58cd 10 68¢ 10 50¢ 10 33be
Vi 0 40f 335e 9 83e 10 85e 1108g 12 18f 12 63f 12 78f 12 93f 12 83f 12 50e 1175d 11 3cd 10 53¢ 10 35¢ 10 18bc
Vs 2 55cde 4 60cd 10 85¢c 11 78¢ 12 70c 13 78¢ 13 90c 14 00¢ 14 10¢ 13 98¢ 13 48¢ 12 55¢ 11 6¢ 10 68¢ 10 50c 10 38b
Ve 278¢ 4 83c 9 50fg 1063ef 1170de 1283de 1300de 13 15de 13 33de 13 23de 12 70e 12 35¢ 11 28d 10 43¢ 10 33¢ 10 10c
\ ] 343b 543b 9 65¢ef 10 782 1) 95d 13 03d 13 25d 13 35d 13 55d 13 45d 13 18d 12 40¢ 1145cd 1043¢ 10 28¢ 10 18bc
Vs 238de 3 48e¢ 6 701 7 78h 9 78h 10 95g 1128g 1135g 1163g 11 53g 11 38f 11 25¢ 10 68¢ 9 85d 965d 9 48d 9 48a
Ve 2 63cd 4 63cd 935gh 10 50fg 11 53ef 1273e 12 85¢f  1295¢f 13 13ef 13 00ef 12 58¢ 1158de 10 73e 978d 9 53d 9 40d 9 40a
Vio 2 38de 438d 9 20h 10 33g 1120fg  1263e 12 83ef  1293ef 13 18ef 13 OSef 12 53e 1163de 10 8¢ 1000d 970d 9 48d 9 45a
Leaf aren .
Vi 4569a 60 18a 14538a 34697a 40091a 48897a 64627a 98106a 101050a 105087a 1048262 99041a 82970b 59745h 548 42e 528 85b
Vi 4387a S8 16ab 14393a 28897b 38858b 44897b 60197b 91797b 9658b  104392a 103097b 93597b 87797a 6503d4c 506 97f 47497
Vs 41382 5640ab 13591b 25591c 31129d 37630c 54073c 83850c 91550c 98092b 933 49¢ 83590d 75548g 61537f 557464  53237b
Vi 41252  5523ab  13443b 24591d 32069c 35097d 47797d 76989d 97123b 94768 900 85¢ 86427c 795484 520911 41524g 399 8%h
Vs 40 54ab 53 14bc 133 53b 24291d 29297f 38191c 4166%9¢ 69695¢ 84521d 93127d 92074d  8093le 763 74f 62784e 57735bc 4406lg
Vs 3436bc  4793cd 13037b 19538e 30027e 35136d 39828 64926f 76959 86569 860 26f 83589d 80537c 67188b 58247ab 542 89%a
Vs 3330c  4774cd  12973b  17395f 27797g 33318e 40596f 61608 73630f 84738F 84209g 81297 7768% 72919a 503 98f  44928f
Vs 2993¢  4393d 10583¢ 15507g 25387h 30719f 36927h 57315h 63830g 81863 81378h 776 08f 707 16h 60527g 58478  47508e 427 15¢
Vs 2793¢ 4214d 10091¢ 12536h 21309 23797g 33690t 5331 60212h  78130h 77622 74712g 682191 63508d 56212d 48508d 464 12a
Vi 2732d 4191d  9980c 1206%h 15471y 23147h 30796) 489165 56908 771 231 751 88 73319h  71108h 59530h 574 47c 522 18c 43509
Leaf area index
Vi 016a 022a 052a 125a 144a 1 76a 233a 353a 364a 378a 377a 357a 29% 2 15h 197g 190¢
V3 016b 021b 052a 104b 140b 162b 217 331b 3 48¢c 3 76a 371b 337b 316a 234c 183h 171f
V; 015¢c 020c 049b 092 112d 136d 195¢ 302 330d 353b 3 36¢ 301d 272 222¢ 201f 192b
V. 015¢c 020c 048¢c 0 89d 115¢ 126e 172d 277d 350b 341c 3 24e 31llc 2 86d 188 150 144
Vs 015d 019d 0 48¢ 087e 1 06f 138¢c 1 50e 251e 3 04e 336d 332d 291f 275¢ 2 26¢ 2 08¢ 1 5%h
Vs 012e 017e 047d 0 70f 108e 127 143g 234f 271 312 3 10f 301d 290c 242b 2 10b 195a
V, 012e 017e 047¢ 063g 100g 120f 1 46f 222g 265g 305f 303g 293e 2 80e 263a 181s 162¢g
Ve 011f 0 16f 038f 0 56h 091h 111g 133h 2 06h 230h 295g 293h 279 255 218g 21la 171f 1 54¢
Vs 010g 015g 036g 045 077 0 86h 121 1921 21 2 81h 279 2 6%h 2 4¢; 229 202e 175e 167a
Vi 010g 0153  036g 04y 0 56 0831 11 176 205 278 271 2 641 256h 214 207d 1 88d 157

In each column, means with the similar letters are not significantly different at P< 0 05 level by DMRT
(Vi1 Basmuthi, V2 Bogajoha, V3 Choimora, V4 Rashmisali, Vs Lalkalomdani, V¢ Mahsuri, V; Moniram, Vg Kushal, Vy Prafulla,
Vio Gitésh)
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4.4.14. Culm dry weight (g hill")

Table 4.16 represents the culm dry weight (g) per hill of different cultivars. Culm dry
weight was recorded at early tillering stage (28 DAT), active tillering stage (56 DAT),
panicle initiation stage (70 DAT), ripening stage (98DAT) and at harvest of the crop. There
was variation in culm dry weight among the cultivars. Rapid increase in culm dry weight
was recorded up to the ripening stage in all the cultivars. Although there was increase in
cuh-r\l dry weight after the ripening stage, but the increment in dry weight was at a slower
rate. Cultivar Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher culm dry

weight compared to other cultivars.

4.4.15. Shoot dry weight (g hill'")

Shoot dry weight (g) per hill of the cultivars were recorded at weekly interval and
presented in Table 4.17. Vanation in shoot dry weight was observed among the cultivars.
Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher shoot dry weight compared
to other rice cultivars. A gradual increase in shoot dry weight was noticed with the
advancement of growth and development of the crop. Dry weight was highest at 63 DAT

and thereafter the cultivars showed decline in shoot dry weight.
4.4.16. Root dry weight (g hill")

Root dry weight (g) per hill of the cultivars was recorded at weekly interval and
values are presented in Table 4.17. There was variation in root dry weight among the
cultivars. Basmuthi, Bogajoha, Choimora and Rashmisali recorded higher root dry weight
compared to other rice cultivars. A gradual increase in root dry weight was noticed with the
advancement of growth and development of the crop. The cultivars showed a gradual

decrease in root dry weight after panicle initiation and ripening stage.
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Table 4.15. Root volume (ml hill'l) and total root length (cm hill'l) of ten rice cultivars grown in monsoon / Sali ecosystem.

Days after transplanting

7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119
Root volume
Vv, 190a 4 00a 5 80a 6 10a 13 00a 17 00b 24 80a 26 40a 3270a 34 50a 34 90b 34 90b 26 40a 24 502 22 10a 18 80a
Vv, 1 90a 360b 540b 570b 1120b 17 50a 23 10b 26 40a 31 00b 34 50a 3570a 36 00a 25 60b 22 40b 21 30b 16 50¢
V, 1 90a 360b 540b 5 80b 10 40c 1320c 17 40c 20 40b 22 00d 29 10b 31 00c 3200¢ 21 00f 19 70d 19 00d 15 50e
\ 7 1 80a 240c 4 00d 500c 10 30c 12 40d 1500d 1930c 24 20c 26 30d 29 70d 30 50d 22 90¢c 19 30e 19 10d 17 10b
Vs 1 80a 230c 430c 4 60d 8 70d 11 70e 14 30e 16 90d 20 40e 27 00c 27 90e 30 40d 2270d 2150¢ 20 30c 15 30f
Vs 200a 230c 3 50e 410e 7 20e 9 30f 13 50f 14 90e 17 90g 2540e 26 10f 29 30e 2200e 19 50e 19 20d 13 80h
V; 190a 230c 330e 3 70f 6 70f 8 70h 12 80g 13 90f 18 80f 24 90f 2540g 28 50f 21 10f 18 80f 18 40e 15 70d
Vs 1 80a 220c 330e 4 10e 6 00g 9 00g 12 00h 13 50g 17 20h 24 20g 24 70h 26 90g 2030g 18 00g 16 90f 15 10g 12 00a
Vs 1 90a 220c 330e 340g 5 50h 7 301 11301 13 00h 15001 21 60h 24 001 25 70h 19 70h 16 80h 16 40g 13 501 9 50¢
Vie 190a 2 20c 2 60f 2 90h 540h 6 50y 1010y 10 801 1410y 20201 21 304 24 501 19201 16301 15 60h 12 60) 11 40b
Root length
Vi 13631a 305652 32264a 471 8% 1001 41a 121138b 165127a  203117a 2221 36a 2301 86a 249192a 232363b 220236a 204026a 1697 25b 1566 S5a
V) 13424a 27862b 300 8ib 408 34b 861 27b 1251 30a 154193b  203187a 2131 17b 2301 86a 2361 89b 2401 14a  213429b 186945b 1781 1la 1378 49¢
Vs 13519a 27956b 30175  4092% 801 17¢ 941 93¢ 1161 49¢ 1571 16b 1831 81d 2071 10b 221119c  213128c  175136f 164138d 154136d 1291 83e
\Z 131752 181 7lc 221 l4e 38600c 789 28¢ 884 09d 1001 89d 1481 07¢ 1881 16c 2001 26¢ 211940d 203109d 1911 59¢c 161186e 1481 79¢ 1421 52b
Vs 12796a 17765¢ 258 84¢ 357954 666 63d 835 52e 956 d44e 1301 62d 1696 52e 1801 47d 199555¢ 2024 59d 189243d 1788 59c 156529¢ 1274 63f
Vs 13954a 17467c 195 64f 31807¢ 553 2le 667 10f 898 72f 1050 20f 1490 11g 1696 06e 1864 14f 1950 17¢ 183602¢ 162118e 147988 1153 22h
V; 136952 17399c 242 89d 285 83f 516 44f 620 33h 853 25g 1070 36e 1565 33f 1658 28f 181736g 190240f 1761 24f  156540f 141510f 131244d
Vs 12871 17149c  18571fg 31447¢ 458 60g 643 61g 801 42h 1038 21f 1434 50h 1612 45g 1761 53h 1790 56g 1694 41g 149957 130127g 1259 61g 1001 6la
Vo 13577a  17245¢ 18364fg 25979 421 13h 520 444 755 861 886 29g 1253 021 1441 97h 1598051 171109h  163907h  14020%h  12597%h 1122131 789 13c
Ve 13413a 17046c  18014g  22485h 411 65h 462 86 733 58) 834 56h 1177 50 1349 451 1521 53) 1630 561 1600 90i 1356 571 1201 27s 1046 61) 952 61b

In each column, means with the similar letters are not significantly different at P< 0.05 level by DMRT.
(V1: Basmuthi, V,: Bogajoha, V3: Choimora, V4: Rashmisali, Vs: Lalkalomdani, V: Mahsuri, V;: Moniram, Vg: Kushal, Vy: Prafulla, Vo:
Gitesh)
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Plate 4.2. Scanning electron micrographs of stomata on the adaxial leaf surfaces of ten

Sali rice cultivars [Basmuthi (V,), Bogajoha (V2), Choimora (V3), Rashmisali
(V4), Lalkalomdani (Vs), Mahsuri (Vg), Moniram (V5), Kushal (Vg), Prafulla

(Vy), Gitesh (Vj9)]. Arrows point to the stomata.
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4.4.17. Leaf photosynthetic rate (i mol CO; m™ sec™)

Leaf photosynthetic rates (1 mol CO, m™ sec”) of the cultivars were recorded at
weekly interval and data are presented in Table 4.18. During the vegetative growth phase,
higher photosynthetic rate was recorded in high CHs emitting cultivars viz. Basmuthi,
Bogajoha and Choimora compared to low emitting cultivars viz. Prafulla, Kushal and Gitesh.
During the reproductive stage, the trend was found to be reversed as higher photosynthetic
rate was recorded in low CH,4 emitting cultivars. Lower rate of photosynthesis was recorded
in cultivars Basmuthi, Bogajoha and Choimora (higher CH4 emitting cultivars) during the

reproductive stage.
4.4.18. Dry weight of developing panicle (g hill")

After panicle initiation, dry weights (g) of developing panicles of different cultivars
were recorded at 7 days interval till harvest and the data are presented in Tabie 4.19. Panicle
dry weight increased.gradually and was maximum at harvest in all the cultivars. Higher
panicle dry weight was recorded in cultivars Prafulla, Kushal and Gitesh compared to

Basmuthi, Bogajoha, Choimora and Rashmisali.
4.4.19. Size of the medullary cavity (mm)

Significant differences in the size of the medullary cavity among cultivars were
observed (Table 4.20; Plate 4.1). High methane emitting cultivars viz. Basmuthi and
Bogajoha recorded greater size of medullary cavity (6.93mm and 7.21mm in diameter,
respectively) than lower methane emitting cultivars Gitesh and Prafulla (3.92 mm and
5.41mm). Significant positive correlation was recorded between methane emission and size

of medullary cavity (Table 4.22).
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Table 4.16. Dry weight (g hill'?) of plant parts (culm, leaf blade and leaf sheath) of ten rice cultivars grown in monsoon /

Sali ecosystem.

Days after transplanting

7 14 21 28 35 42 49 56 63 70 77 84 91 98 10§ 112 119
Culm dry weight
Vi 0.37a 0.77a 0.94b 1.19 1.99p 208 5.71b 8.21b 11.84b 1291b 15.15b 15.56b 16.51b  18.57b 19.72b . 19.77b
\ 0.31e 0.75a 0.84¢ 1.09% 1.83¢ 1.92f  5.33f 7.67f 11.10e  11.83¢ 13.88¢ 14.48f  15.36e 17.28f 18.38c  18.41f
\A 0.34d 0.76a 0.86d 1.13¢ 1.87¢ 1.98c S46c 7.82¢ 11.34c  11.86d 14.05d 14.76d °15.65d 17.60d 18.7d 18.76d
\2 0.36b 0.76b 0.96a 122a 2.02a 2.13a 5.86a 8.35a 12.03a 13.42a 16.28a 16.75a 17.79a 19.99a 21.25a 21.32a
Vs 0.31e 0.75¢ 0.84¢ 1.10d 1.83d 1.93¢ 5.35¢ 7.68¢ 11.08f 11.91c 14.08c 15.14c  16.05¢ 18.05¢ 19.17cd 19.23¢
Vs 0.34d 0.74d 0.88¢c 1.13¢ 1.87¢ 1.97d 542d  7.78d 11.11d  11.75f 13.74f 14.72¢ 15.61f 17.55¢ 18.63¢c 18.6%
\Z! 0.35¢ 0.65¢ 0.76f 0.98f 1.63g 1.74g 4.85g 7.00g 10.18g 10.64g 12.24h 13.08g 13.85g 15.58h 16.3¢ 16.43g
Vs 0.28¢g 0.57h 0.7h 0.91f 1.53h 1.61i 4.52i 6.56i 9.52i 10,151 11.94i  12.24i 12.96i 14591 15.51f  15.56i 15.59b
Vs 0.3f 0.58¢g 0.65i 0.86h 1.47i 1.57j 4.40j 6.37 9.31j 9.63j 11.33j  11.76 12.55; 14.12j 15.01g 15.06f 15.09¢
Vi 0.28¢g 0.61f 0.75g 0.98f 1.64f 1.72h  4.84h  6.9%h 10.12h  10.58h 12.26g 12.81h  13.56h  15.23g 16.19¢  16.26h 16.29a
Leaf blade dry weight
Vi 0.25a 0.29a 0.61a 1.71a 2.74a 3.68a 5552 9.72a 11.13a  14.41a 13.64a 11.89a 9.97¢ 7.96e  7.14f 7.04d
V2 0.24ab  0.28b 0.61a 142b 2.65b 338 5.17b  9.10b 10.63b 13.84b 1341b 11.24b 10.55a 8.66c  6.5%h 6.28i
Vs 0.23bc  0.27c 0.58b 1.30c 226c 297c¢ 447c 8.50c  9.88¢c 12.92¢  12.46¢ 10.34d 9.44¢ 831d 797 7.78b
Vi 0.23bc  0.27c 0.57bc 1.21d  2.19d 2.72¢ 4.1d 7.63d 9.69d 12.05d 11.72¢ 1038  9.98b 6.94j 6.41i 6.02j
Vs 0.22c 0.26d 0.56cd  1.20e  2e 2.87d 3.57¢ 69le 93le 11.61e 11.98d 9.72f 9.17g 7.73h  7.52¢ 6.63h
Ve 0.19d 0.23e 0.55d 0.97f  2.05f 2.65f 3.42g 6.44f  8.48f 10.62f 11.02f 10.04¢ 9.67d 895a 8.58a 8.16a
V: 0.18d 0.22¢ 0.55d 0.86g 1.9g 2.51g 348f 6.1lg 7.9g 10.14g 10.58g 9.64g 9.33f 8.81b 6.94g 6.66f
Vs 0.16e 0.2f 0.45¢ 0.77h 1.74h  231h  3.17h 5.68h  6.85h  9.56h 10.32h 9.01h 8.5h 7.80f  7.36d 7.15h  6.21a
Vs 0.15¢ 0.19¢ 0.43f 0.62i 1.46i 1.79i 2.89i 5.2%i 6.46i 9.11i 9.54i 8.66i 8.14j 7.75¢  6.93g 6.65i 6.17a
Vio 0.15¢ 0.19g 0.42f 0.60i  1.06j 1.75) 2.64j 4.85j 6.27j 8.62j 9.11j 8.59j 8.2i 7.5 7.17¢ 6.82j  5.49%
Leaf sheath dry weight
A 0.23a 0.25a 0.57a 1.6la 2.38a 3.51a 54la 848a 10.98a 14.62a 13.84a 12.16a 1024bc 7.88c  7.25b 7.17b
\Z} 0.23a 0.23b 0.57a 1.35b 228 3.21b 4.76b  7.84b 10.05b 14.22b 13.78a 11.66b 1l.1a 831b 6.74c 6.60d
\ 0.21b 0.23b 0.54b 1.22¢ 1.96c 2.83¢c 436¢c 7.42¢ 9.75¢c 13.11c  12.64b 10.57cd 9.7d 822b 8.02a 7.32ab
v, 0.21b 0.21c 0.53bc  1.15d 1.88d 2.59d 3.78d 6.58d 9.15d 12.38d 12.04c 10.77¢  10.5b 6.66f  6.23¢ 5.42g
Vs 0.2¢ 0.22¢ 0.52bed  1.13e 1.74e  2.74c 348 6.03e 9.19d 11.78¢ 12.15¢ 9.94¢ 9.42d 7.65d  7.28b 6.06f
Vs 0.18d 0.19d 0.5lcd  0.92f 1.77¢  2.52d  3.15f 5.55f 8e 10.91f 11.32d 10.42d 10.18c 8.58a 8.12a 7.38a
\Z! 0.17¢ 0.19d 0.51d 0.81g 1.65f 2.3% 33% 533g 7.8 10.29g 10.73¢e  9.86e 9.59d 8.72a  7.04b 6.82¢
Vs 0.16f 0.17¢ 0.42¢ 0.73h 1.49g  2.2f 292g 490h 647f 9.82h 10.6e  9.35f 8.94¢ 7.48d 6.35de  6.15¢f 5.54b
A\ 0.14g 0.17¢ 0.39f 0.58i 1.27h 1.71g  2.8th  4.61i 6.37f  9.24i 9.68f  8.86g 8.36g 7.67d  7.03b 6.81c  6.03a
Vio 0.14g 0.16f 0.39f 0.57i 0.91i 1.66g  2.43i 4.18] 5.92g  8.86j 9.36g  8.91g 8.63f 72le  6.58¢ 6.27e S.11¢

In each column, means with the similar letters are not significantly different at P< 0.05 level by DMRT.
(V1: Basmuthi, V,: Bogajoha, V3: Choimora, V4: Rashmisali, Vs: Lalkalomdani, Ve: Mahsuri, V;: Moniram, Vi: Kushal, Vo: Prafulla,
Vio: Gitesh)
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Table 4.17. Root and shoot dry weight (g hill”') of ten rice cultivars grown in monsoon / Sali ecosystem

Days after transplanting

14

21

28

35

42

49

7 56 63 70 77 84 91 98 105 112 119
Root dry weight
v, 006a 013 023a 037a  070a 11la 191a 2 85a 357a 404a 46la 4452 390a 3 65a 250d  237b
\'A 006a 012b 02la 029  042b 103b 1 48b 277b 321b  396b 425b 459b  381b 319b 271a 223d
V; 005a 009¢c 017bc  02lc 037d 072d 125¢ 158¢ 247d 338¢ 3 88¢c 407¢c 320h 269g 2 58¢ 2 12f
V. 005a 008d 015¢d 018d 039c 077c 102d 1424 2 57c 324d 379 395d 357d 257h 243e 229c¢
Vs 005a 0 08d 018b 0 17de 036d 067e 091f 133e 229 2 83e 348¢ 3 65¢ 3 62¢ 2 79 263b 242a
\'Z 005a 0084  0l4de O015ef  028f 060g  086g 113f 211f 268f 3 30f 342 333f 245 229 2224
v, 005a 008d 017bc 0 l4f 033e 063f 0 96e 108g 183g 2 54g 327g 3 55f 325g 2 76f 218h 209g
Vs 005a 008d 013de 0 15ef 028f 0 56h 077h 1 05h 169h 2 45h 303h 344g 3dle 3 03¢ 2 35f 2 16e 203a
Vo 005a 008d 013ef 012f 023g 045 077h 0 8% 1481 224 29% 325h 325g 287d 199 172 167b
Vi 005a 0 08d 013f 011f 021h 040; 0751 0 84y 138 207 284 32h 3081 257h 2081 181h 1 60c
Shoot dry weight
Vi 0.85a 1.30a 2.11a 4.51a 7.lla 9.27a 16.67a  26.40a 33.94a 41942 4262a 39.6la 36.72c 34.40b 34.10b 33.97b
V, 0.78c 1.25b 2.0lc  3.85b  6.75b 8.51b 15.26b 24.62b 31.770 39.89b  41.06b 37.38¢  37.0lb 34.24bc 31.70d 31.29¢
V; 0.78¢ 1.26b 1.97d 3.65¢  6.09c 7.78¢c 1429¢  23.73¢ 30.96c 37.89¢  39.15d 35.67d  34.79¢  34.13¢c  34.04b 33.86b
V, 0.80b 1.24c 2.05b 3.58d 6.10c 7.44¢ 13.74d  22.56d 30.87¢ 37.84c  40.03c 37.90b 37.6a 33.59d  33.30c  32.76¢c
Vs 0.74d 1.22d 1.91f  3.42¢  5.57e 7.54d 12.4¢ 20.62¢ 29.57d 35.30d 38.2le 34.80f 34.65¢ 33.43d 33.00c 31.92d
Vs 0.71e 1.15e 1.93¢e  3.02f 5.68d 7.13f 11.99f  19.76f 27.59¢ 33.28¢ 36.07f 35.17¢  35.08d 35.08a 35.00a 34.23a
Vv, 0.70f  1.06f 1.81g 2.64g  S.18f 6.64g 11.73g  18.43¢g 25.87f 31.07f 33.55g 32.89g  32.77f  32.50e  30.29¢ 29.91f
Vs 0.59¢ 0.94h 1.56h 2.40h  4.76g 6.12h 10.61h  17.14h 22.83g 29.53g  32.85h 30.60h 30.40g 29.88f 29.21f 28.86h 27.33a
Vo 0.59¢ 0.94h 1477 2.06) 4.1%h 5.071 10.10i 16.28i 22.14h 27.98h  30.54i 290.271  29.04h  29.00g 28.97f 28.51i 27.28a
Vio 0.57h  0.96g 1.56h 2.14i 3.61i 5.13i 9.91j 16.02) 22.31h 28.05h  30.72i 30.55h  30.39g  29.95f 29.94¢ 29.35g 26.89%b

In each column, means with the similar letters are not significantly different at P< 0.05 level by DMRT.

(V1: Basmuthi, V,: Bogajoha, V3: Choimora, V4: Rashmisali, Vs: Lalkalomdani, Ve: Mabhsuri, V;: Moniram, Vs: Kushal, Vo: Prafulla, Vo:

Gitesh)
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Table 4.18. Photosynthetic (u mol CO; m? sec’) and transpirational (m mol H20 m? sec”) rate of ten rice cultivars grown in

monsoon / Sali ecosystem.

Days after transplanting

7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119
Photosynthetic rate i
VvV, 33.04a 14.75a 2625a 22.63b 17.82a 23.07b 14.85a 29.98b 22.10b 24.32a  21.58de 13.65f 12.70h 9.45g 6.74f 4.21h
vV, 19.95b 14.80a 23.07b 25.80a 14.37b 26.25a 11.87b 34.87a 24.90a 23.11b  20.87ef  13.50f 9.44i 10.95f 6.94f 5.92g
V, 12.18¢ 12.90b 17.00c 18.38c 14.19b 21.36¢c 11.13¢  29.25b 21.97b 22.48¢  21.53de 14.60e 13.2g0 11.90e 6.84f 6.16g
VvV, 7.24de 12.00c 13.48d 16.16e 13.79c 20.73d  8.56d 18.24d 20.80c 21.26d  25.10b 16.33d 16.15¢ 15.43d 10.00d 7.30f
VvV, 8.43d 11.54d 11.62e 17.43d 13.45¢ 19.68¢ 7.55¢ 26.05¢ 19.97d 21.93¢  29.44a 14.83¢ 16.30e 15384 7.16f  7.66¢
V¢  7.19de 9.52¢ 11.11e  11.75f 11.22d 19.44e 7.llef 16.38de 18.8%¢ 17.80f  22.63cd 16.05d 13.58f 15.45d 9.50e 7.81e
V, 6.94de 9.3% 10.20f 16.10e  10.87d 7.82g 6.98¢f  18.14d 17.47fF 19.12¢  23.78bc 16.85¢ 19.83¢ 15.73d 10.98c 14.70d
Vs 6.26e 7.28f 8.19g 11.68f 9.87¢ 10.20f  6.46f 15.82¢ 14.86g 17.32fg  15.98g 1698c 16.73d 17.83c 10.26d 15.94¢ 4.29%¢
V, 2.44f 4.73g 7.82g 8.01g 9.81e 3.88i 5.73g 14.39¢ 14.60g 17.00g  19.85f 19.35b 20.95b 20.85a 12.14b 16.39b 5.89t
Vo 5.60e 4.69¢ 4.76h 7.08h 8.54f 4.75h 5.36g 9.87f 11.01h 11.11h  16.65g 22.80a 23.10a 18.58b 13.80a 16.84a 6.62a
Transpirational rate
A7 18 35a 6 93b 6 62¢ 1233a 520a 520b 4 44a 55l1c 903e 13 73b 573¢ 3 15¢ 2 36e 1 84a 067 038a
V) 13 86b 6 88b 521d 11 88b 4 26¢ 662a 401b 11 65a 13 50b 13 65b 577c 2 80f 129f 079 06le 027a
V; 7 06e 8 34a 8 66a 8 58¢c 4 50c 4 08¢ 439a 8 64b 8 43f 12 26¢ 507d 4 28¢ 124f 0 68b 103d 0 68b
v, 6 23f 591¢ 7 44b 7 06e 432d 2 54e 166d 4 58d 18 03a 10 88d 623b 384d 3 48¢ 061bc 0 38cd 0 87bc
Vi 1019 3301 677c 699  470b 217  051f  806b 12 09¢ 14438 575 216g  390b  020c  103cd  083be
Ve 979 515d 6 46¢ 4 49f 354g  317d 0 56f 558¢c 919 1009 452 317¢ 055 073b  055c 097
v, 624f 4 86e 200e 772d  389f  150g  280c 3 96e 10 84d 1116d  663a 369d 274d 1978 044b  132d
Vs 9 76d 3 92h 545¢ 373g 280 2 00f 137de 4 68d 437g 793g 353f .+ 36l1d 2 68d 1 86a 099cd 0 84bc 197b
Vs 4 65g 423g 151f 343g 2703 100h 124e 3 64¢ 917e 943f S 56¢ 4 73b 538a 2 24a 105a 1 76¢ 078a
Vio 7 12¢ 4 35¢f 041g 302h 3 00h 0444 127e 4 96¢cd 3 36h 12 31c 4 36¢ 6 34a 357 0 86b 0 90b 127d 192b

In each column, means with the similar letters are not significantly different at P<0.05 level by DMRT.
(V;: Basmuthi, V2: Bogajoha, V3: Choimora, V4: Rashmisali, Vs: Lalkalomdani, Vs: Mahsuri, V;: Moniram, Vg: Kushal, Vg: Prafulla, Vio:
Gitesh)
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Table 4.19. Dry weight of developing panicle (g hill'') of ten rice cultivars grown in
monsoon / Sali ecosystem.

Days after transplanting

Cultivars 70 77 84 91 98 105 112 119
Basmuthi - 0.23g  0.42f 091 3.66j 8.94j 14.15) -
Bogajoha - 0.24f  040f 0.71j 4.30i 9.041 14751 -
Choimora - 0.11e  0.25f 1.13g  4.40h  9.08h 15.64g -
Rashmisali 0.21 0.28d  0.56e 1.70f  5.03f 10.32¢ 1520h -
Lalkalomdani - 0.27¢ 046f 227d 4.88g  9.93g 16.18¢ -
Mahsuri - 035  0.73d 1.12h 5.82d 10.59d 16.36d -
Moniram - 0.31c  0.80cd 2.00e 5.5le 11.50b 15.92f -
Kushal - 0.34b  0.83c 2.73¢  7.l4c 10.10f 16.90c 20.88c
Prafulla - 0.35a 1.47a  3.68a  8.88a 11.30c 18.17b 21.08b
Gitesh - 035a  094b 331b 8.04b 13.87a 19.70a 21.20a

In each column, means with the similar letters are not significantly different at P< 0.05 level by

DMRT
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Table 4.20. Variation in diameter of medullary cavity (mm) and stomatal frequency (no
of stomata mm) of ten rice cultivars grown in monsoon / Sali ecosystem.

Diameter of medullary cavity Stomatal frequency

Cultivar (mm) (No. of stomata mm %)
Basmuthi 6.93(x 0.06)a 736(x20)a
Bogajoha 7.21(£0.21)a 637(£33)b
Choimora 6.19(x0.15)b 617(x20)b
Rashmisali 6.39(x0.07b 577(x20)b
Lalkalomdani 6.01(x0.27)b 597(x23)b

Mahsuri 6.17(x0.070b 498(£20)c
Moniram 5.99(x0.11)b 378(+£20)de

Kushal 5.98(x0.24)b 398(x33)d

Prafulla 5.41(x0.09)c 338(x£20)de

Gitesh 3.92(x0.05)d 318(%33)e

In each column, means with the similar letters are not significantly different at P< 0.05
level by DMRT. Values within parenthesis indicate SEd.
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Table 4.21. Yield and yield attributing parameters of ten rice cultivars grown in monsoon / Sali ecosystem.

Thousand grain wt Panicle Panicle dry wt Panicle Panicle length Spikelet Filled grain Yield
Cultivar (2 (hill'") (g hill'") (m?) (cm) (panicle™) (%) (tha™)
Vi 18.02¢ 9.25d 14.15j 233.75b 20.98bc 86.50a 76.00c 2.7hH
A\ 18.10¢ 9.50cd 14.75i 237.00b 21.45ab 87.25a 76.25¢ 2.86h
V3 18.57¢ 9.50cd 15.80g 238.75b 20.55cd 89.00a 76.75bc 3.03g
V4 18.55¢ 9.75bed 15.20h 246.00b 19.85ef 87.75a 77.25abc 3.09f
V5§ 18.75bc 10.25abed 16.18¢ 258.75a 20.95bc 87.50a 77.50abc 3.2%
V6 19.38ab 10.50abc 16.36d 262.00a 21.73a 88.50a 77.75abe 3.49d
v7 19.58a 10.75ab 15.92f 264.00a 19.23f 88.25a 78.50ab 3.58¢c
\¢:] 19.45a 10.50abc 20.88¢ 262.75a 20.78bc 89.25a 78.75ab 3.59%¢
A\ 19.78a 10.75ab 21.08b 262.75a 20.58cd 88.50a 79.50a 3.66b
V10 20.02a 11.00a 21.20a 267.00a 19.95de 88.75a 79.00ab 3.75a

In each column, means with the similar letters are not significantly different at P< 0.05 level by DMRT
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Table 4.22. Correlations of physiological and anatomical characteristics of
ten rice cultivars with methane emission.

Parameters Correlation with methane emission
Plant height 0.41%*
Leaf number 0.74%*
Leaf area 0.98**
Tiller number 0.85%*
Leaf blade dry weight 0.57**
Leaf sheath dry weight 0.57**
Culm dry weight 0.16**
Shoot dry weight 0.41**
Root dry weight 0.49**
Root volume 0.67**
Root length 0 62%*
Photosynthesis 0.50%*
Diameter of medullary cavity 0.84**
Stomatal frequency 0.95**
Transpiration 0.99%*
Soil organic carbon 0 84**
Soil pH 0.74**
Soil temperature NS

** = Correlation is significant at the 0.01 level of significance; NS= Non

significant.
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4.4.20. Stomatal frequency (No. of stomata mm™)

Higher stomatal frequencies were exhibited by Basmuthi (736mm'2) and Bogajoha
(636mm'2), whereas Prafulla (338 mm™) and Gitesh (318 mm™?) showed lower stomatal
frequencies (Table 4.20; Plate 4.2). Significant positive correlation was recorded between

methane emission and stomatal frequency of different rice cultivars (Table 4.22).
4.4.21. Transpirational rates

Transpirational rates of the cultivars were recorded at weekly interval and are
presented in Table 4.18. Significant cultivar differences were observed in the rate of
transpiration at different growth stages of the crop. High and medium CH,4 emitting cultivars

recorded higher rate of transpiration compared to low emitting varieties.
4.4.22. Yield

Data recorded on yield and yield attributing parameters of the cultivars are presented
in Table 4.21. Variety Gitesh recorded higher grain yield (3.75t ha™) followed by Prafulla
(3.66t ha™') and Kushal (3.59t ha™). On the other hand, Basmuthi recorded lower grain yield
(2.77t ha') compared to other rice cultivars. Thousand grain weight (g hill""), filled grain
(%), panicle plant”, spikelet panicle™, number of panicle (m ), panicle dry weight (g hill™")
were higher in low CHj emitting cultivars Prafulla, Kushal and Gitesh compared to

Basmuthi, Bogajoha, Choimora and Rashmisali (high CH4 emitting cultivars).
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Discussion



5. DISCUSSION

There are three processes of CHa release in to the above ground atmosphere from rice
fields: (i) methane release as bubbles, (ii) diffusion of methane across the water surface, and
(iii) transport of CHa through the rice plant and then emission to the atmosphere. Emission
through rice plant has been reported as the most important phenomenon (Wassmann ef al.,
2000). Results obtained from the present investigation on plant mediated methane emission

from rice fields are discussed below.
1. Seasonal and cultivar variation in methane emission

In the present investigation, methane emissions from paddy fields were evaluated
from three different agroecosystems, viz. monsoon (Sali), irrigated (Boro) and rainfed upland
(Ahu) rice agroecosystems. Among the three rice growing agroecosystems, higher seasonal
integrated methane flux (Eqg) was recorded in the monsoon / Sali rice agroecosystem
followed by irrigated / Boro and rainfed upland / Ahu rice agroecosystems. Cultivar
differences in methane emission were observed irrespective of agroecosystems. Despite this
difference, similar pattern of CH,; emission from the cultivars was observed. In all
agroecosystems, methane flux was initially very low and then increased with advancing age
of the rice plants. Two distinct methane emission peaks were detected; the first was during
active vegetative growth and the second at panicle initiation stage of the crop. Methane
emissions declined after panicle initiation stage and were negligible at harvest. This trend of
methane emission was observed in all the agroecosystems independent of the cultivars.

The low emission of methane after transplanting might be due to the limited carbon
sources, low levels of methanogenesis and poor conduction of methane from the soil to the
atmosphere through rice plants with under-developed biomass (Adhya et al., 1994). Some

workers reported an initial methane emission maximum that occurs shortly after
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transplanting, apparently caused by the fermentation of easily degradable soil organic matter
in the soil (Sass and Fisher, 1992). However, if the amount of easily degradable carbon is
low at the beginning of the season, no initial peak of methane emission is reported to
develop (Neue et al., 1995). In the present study irrespective of agroecosystems and
cultivars, no distinct peaks were detected soon after transplanting, which may be due to low
amount of soil organic carbon (Fig. 4.3; 4.14; 4.24; Table 4.13) as suggested by Neue et al.
(1995). Methane formation during the early and mid-season growth stages of rice results
primarily from microbial decomposition of freshly incorporated crop residues (Wassmann et
al., 2000). Therefore, the first methane emission peak, observed at active vegetative growth
stage of the cultivars irrespective of the agroecosystems might be associated with
decomposition of organic matter derived from left over plant residues in the form of paddy
straw and dead roots from the previous crop, which served as substrate for methanogenes
(Xu et al., 2000). The second highest CHs; flux maxima observed in the present
investigation, during the panicle initiation stage, can be attributed to the higher availability
of substrates in the rice rhizosphere as suggested by Adhya et al. (1994) and Mitra et al.
(2005). Root exudates provide important carbon sources for CHs production by supplying
energy for microbial activity in rice growing soil. Dissolved organic carbon in the soils of
rice root zone increased with plant growth, whereas in the soils without rice plant, it
remained low throughout the growing season (Lu et al., 2000), indicating that the primary
source of this carbon fraction was plant derived. Increased organic matter input through root
exudates and decaying roots might be responsible for the second methane emission maxima
at panicle initiation stage of the cultivars irrespective of agroecosystems observed in the
present investigation, a mechanism suggested by Bouwman (1991) and Wassmann ef al.
(1993). Drop in methane emission observed in the present investigation at the end of the
crop growth period can be attributed to limited carbon availability (Fig. 4.3; 4.14; 4.24;
Table 4.13), decline in gas transport capacities due to reduction of leaf area (Table 4.1; 4.5;
4.14; Fig. 4.27) and tiller number(Table 4.1; 4._5; 4.9; 4.14) and reduction in conductance of
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the roots due to reduction of root growth (Fig. 4.7; 4.17; 4.28; Table 4.15) as suggested by
Nouchi et al. (1994).

2. Soil factors and methane emission

Various physico-chemical characteristics of soil have been found to influence CH,
emissions from paddy fields through their effect on CH, production. Soil organic carbon
contents of the experimental plots were initially low, reached a maximum at late tillering and
panicle initiation stage of the crop. This trend was observed in all the agroecosystems for all
the cultivars (Fig. 4.3; 4.14; 4.24; Table 4.13). Higher soil organic carbon content was
recorded in plots of high methane emitting cultivars. In these cultivars, higher amount of
photosynthate was portioned to the root (Fig. 4.9; 4.19; 4.30; Table 4.17) which may enter
the root-zone soil in the form of rhizo-deposition, a mechanism suggested by Lynch and
Whipps (1990) and Marschner (1996). Incorporation of higher amount of photosynthetic
carbon in to the soil increased the soil organic carbon content (Jimenez and Lal, 2006) in
plots grown with high methane emitting cultivars resulting in higher methane flux (Fig. 4.1;
4.12; 4.22; 4.33; Table 4.12).

It is evident that regulation of seasonal-variation of CH, flux was under the control of
organic carbon available in the soils. A highly significant positive correlation was found
between methane emissiqn and soil organic carbon content in all the agroecosystems (Table
4.4; 4.8; 4.11; 4.22). Lu et al. (2000) also established a similar trend and reported that the
change in methane emission was closely related to the change in organic carbon
concentration in the root zone. Towards the end of the crop growth, when methane emission
was negligible, soil organic carbon also recorded lower values in all the cultivars rrespective
of ecosystems. Carbon loss from soils could not be compensated by the carbon input through
plant photosynthesis (Zhongjun et al., 2006) because the increase in soil organic carbon was
less than the net plant carbon input (Lu et al,, 2002). Decrease in photosynthate partitioning

to root at the end of the season recorded in the present investigation (Fig.4.9; 4.19; 4.30;
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Table 4.17) and concomitant reduction of incorporation of plant derived carbon in to the soil
(Lu et al., 2000) can be attributed to decline in organic carbon at this stage of crop growth.
The anaerobic and reduced soil condition is congenial for methane production in rice
soils (Sass et al., 1990; Mathews et al., 1991). The physico-chemical characteristics of
transplanted rice soils get changed after flooding. Reduced level of oxygen supply cannot
meet the demand of the aerobic organisms, whereas anaerobic organisms start to proliferate
under anoxic soil environment. Under such circumstances, the redox potential of soil drops
sharply and CO, and HCO’; concentrations increase to very high levels. As a result, the pH
of acid soils increases after flooding and stabilize between 6.5 and 7.2 (Wang et al., 1993).
Changes in soil pH were regularly monitored in all the experiments. Soil pH started to
increase after transplanting and then there was a decreasing trend of soil pH during the crop
maturation stage till harvest. The pH of the soils grown with the rice cultivars ranged
between near neutrality throughout the growing period irrespective of ecosystems (Fig. 4.5,
4.15, 4.26), which were favorable for methanogenesis (Wang et al., 1992). The lowest value
(pH 5.37) was recorded in monsoon / Sali rice growing season (in 2005) at 7 DAT, which
later tended to reach near neutrality and attained the highest value (pH 6.34) with prolonged
submergence at 63 DAT (Fig. 4.5). Methane flux values are correlated with soil pH in
monsoon / Sali and irrigated / Boro ecosystems (Table 4.4; 4.8; 4.22). The findings of the

present investigation are in conformity with the results obtained by Parashar et al. (1991).

Rice is grown under a wide range of water regimes from upland to deep-water
conditions. The rice plant is adapted to submerged anaerobic soil conditions because of its
unique air pathway from leaves to roots. On the other hand, methane production is promoted
by anaerobiosis created in rice soil due to submergence (Lindau ef al., 1993). In the present
investigation, considerable amount of standing water was recorded in the field during the
crop growth period in all agroecosystems, creating anaerobic situations favorable for
methane production. Among different ecosystems, higher amount of rainfall was recorded

during monsoon / Sali rice growing season, which created a favorable environment for
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higher methane production (Fig. 3.2; 3.3). During this season, seasonal rainfall kept the
experimental field submerged during the crop growth period (Fig. 4.2) in both the years (up
to 105 DAT in 2005 and 98 DAT in 2006). Standing water in the experimental fields during
monsoon season is one of the factors for higher emission from the Sali rice ecosystem and
this is supported by the findings of Yagi and Minami (1990), Sass et al, (1990) and Rath et
al. (1999a).

In Sali rice growing period, higher soil temperature was observed at the initial and
mid season of the crop, but with the advancement of growth and development of the crop,
soil temperature decreased gradually and reached lower values at the crop maturation stage
(Fig. 4.4). In contrast, during the Boro rice growing season, at initial stage of crop growth,
lower soil temperature was observed, but with the advancement of growth and development
of the crop soil temperature increased gradually and reached higher values at maturity (Fig.
4.13). This wide range of temperature variation might be a reaso‘:\;i of relatively lower
methane emission in irrigated spring / Boro rice as compared to monsoon / Sali rice. Most of
the methanogenes are mesophilic with temperature optima of 30 to 40° C (Nouchi et al,,
1990). Relatively higher soil temperatures at the initial stage and at the.mid season may be
one of the causes of higher methane flux in monsoon / Sali rice compared to spring / Boro
rice agroecosystem. The methanogenic bacteria in monsoon season experiences high
optimum temperature, required for methane production a mechanism proposed by Nouchi et
al., (1990). The same concept holds good for our study also where we report more emission
of methane in the monsoon / Sali season. Moreover, the higher soil temperatures during Sali
rice growing season stimulated organic matter degradation which favoured methane
production. Hence, during Sali season higher seasonal methane flux (Eqf) was obtained.
Although in upland / Ahu rice growing season, favourable soil temperatures for
methanogenesis were recorded, low Eg values were observed in this agroecosystem. This is
primarily because of plant factors such as lower leaf area (Table 4.1; 4.5; 4.14; Fig. 4.27),
tiller number (Table 4.1; 4.5; 4.9; 4.14) and reduced root growth (Fig. 4.7; 4.17; 4.28; Table
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4.15) of Ahu rice cultivars, which reduced plant mediated transport and release of methane.
Shorter crop duration of 4Au rice cultivars (77 days from transplanting to harvest) compared
to Sali (119 days) and Boro (112 days) rice cultivars was another contributing factor of
lower seasonal integrated methane flux recorded in upland / AAu ecosystem. Similar findings

have been reported for long and short duration cultivars by Adhya et al. (1994).

3. Methane emission and morphology of rice plant

Rice plants are primarily responsible for transport of methane from the reduced soil
to the atmosphere (Wassmann et al., 2000). Rice plants have there major functions in
regulating the CHy4 budget: (i) as a source of methanogenic bacteria (ii) as a conduit for CH,
through a well developed system of intercellular air spaces and (iii) as a active CH4
oxidizing site in the rice-rhizosphere by supporting O, counter transport (Aulakh et al.,
2002). Therefore, the morphology of different genotypes of rice is closely associated with
the regulation mechanism of methane emission to the above ground atmosphere (Gogoi et
al., 2005).

Detail study of the growth parameters of rice cultivars have shown that there exists a
close relationship of morphological parameters of rice plant with methane emission. In the
present investigation, methane emission was found to be positively correlated with the root
growth in all the cultivars irrespective of agroecosystems (Table 4.4; 4.8; 4.11; 4.22).
Methane production from soils planted with rice plant was found to be higher than that of the
unplanted soils (Zhongjun et al., 2006), which indicates a direct role of rice root on methane
production. Rice cultivars grown during monsoon / Sali and irrigated / Boro seasons had
higher root vigour compared to upland / Ahu rice-growing season. Larger root biomass
during Sali and Boro season may contribute to production of more root exudates and root
litters. Root exudates refer to organic materials released by roots into the surrounding soil
and consist mainly of carbohydrates, organic acids, amino acids and phenolic compounds

(Marschner, 1986) that provide the substrates to the microbial community (Neue et al, 1997)
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and enhance methane production (Vogel et al., 1988). Larger root litter in the form of
sloughed off root cap cells and higher exudation from larger root biomass may enhance
methane emission in monsoon / Sali and irrigated / Boro rice ecosystem, a mechanism
suggested by Sass et al. (1990). In the present investigation, high methane emitting cultivars
recorded higher root growth in terms of length, volume and dry weight, irrespective of
ecosystems. Amount of root exudates was reported to be positively correlated to root dry
matter production (Wang and Adachi, 2000), and therefore, higher root weight recorded in
the high emitting cultivars increased the methane production and transport (Ladha et al.,
1986). Therefore, it can be assumed that cultivars with higher root biomass provide higher
substrate to the methanogenes resulting in higher methane production. Therefore the cultivar
variation in methane emission observed in the present study can also be attributed to the
differences in nature of root growth of the cultivars as suggested by Sass ez al. (1990).

Leaf area and dry matter of leaf blade, leaf sheath and culm are reported to be
associated with conductance of methane (Nouchi et al., 1994). In the present investigation,
dry weight of leaf blade, leaf sheath and culm of different rice cultivars was measured (Table
4.4; 4.8; 4.11; 4.16) and a relationship of methane flux with these parameters had been
observed. Increase in biomass during plant growth until flowering determines the
corresponding increase in methane transport capacity (Aulakh er al., 2002). In the present
study, plant biomass production and methane emission were found to be positively
correlated (Table 4.4; 4.8; 4.11; 4.22). Cultivars with higher plant biomass recorded higher
methane emission, irrespective of the ecosystems. Our results are supported by the findings
of Sass et al., (1991). A positive correlation of methane emission with leaf number, leaf area
and leaf area index (LAI) was recorded in all the ecosystems independent of rice cultivars.
Irrespective of the agroecosystems, cultivars with more leaf number and larger leaf area
recorded higher methane emission. Higher leaf number and leaf area index of monsoon / Sali
and irrigated (Boro) rice cultivars provide larger area for methane release in to the
environment compared to upland / 4hu rice cultivars. Moreover, all the cultivars recorded

higher LAI during the panicle initiation stage, which is one of the reasons for more methane
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flux during that period. Similar results of cultivar differences in leaf area and methane
emission were reported by Nouchi (1994) and Gogoi et al., (2005). Dissolved methane in the
soil water diffuses into the cell-wall water of the root cells, gasifies in the root cortex and
then is transported through plant and released into the environment (Nouchi et al., 1990).
The rice culm, leaf sheath and leaf blade provide the major release pathway of methane to
the atmosphere (Nouchi, 1994). Therefore, results of the present investigation have shown
that tiller number can be a major regulating factor of plant mediated methane transport.
Profuse tillering increases the total intercellular air spaces of rice plants, which will provide
larger cross sectional area for plant mediated methane transport to the atmosphere. In the
present investigation, rice cultivars with more tillers released more methane into the
atmosphere. These results are supported by the findings of Neue et al. (1996) and Mariko et
al. (1991). Positive correlation of methane emission with tiller number in all the ecosystems
obtained in the present study is a strong evidence to support this concept (Table 4.4; 4.8;
4.11; 4.22). These results are in conformity with the findings of Aulakh ef al. (2002). This is
one of the reasons for cultivar differences in methane emission recorded in the present study.
Therefore, it is logical to assume that plants with less number of tillers would minimize CHj,

emission from the soil to the atmosphere.
4. Methane emission and anatomical characteristics of rice plant

In the present investigation, attempts were made to establish a relationship of
methane emission with anatomical characteristics of rice plants. Anatomical study of ten rice
cultivars grown in monsoon rice ecosystem revealed significant differences in the size of the
medullary cavity among the cultivars (Plate 4.1; Table 4.20). High methane emitting
cultivars recorded significantly greater size of medullary cavity compared to medium and
low emitting ones. Methane concentrations in the medullary cavities of rice plants are
reported to be about 2900 times higher than that of ambient air (Nouchi et al., 1990).
Therefore, it is possible that methane may diffuse and move upward through the shoots via
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the medullary cavity along concentration gradients. Since methane emission is diffusion
controlled process, it is hypothesized that larger size of the medullary cavities in the cultivar
Basmuthi and Bogajoha may increase the cross-sectional area of the methane diffusion
pathway. On the other hand, smaller medullary cavities of Prafulla and Gitesh may restrict
the methane flow by reducing the cross sectional area. This may be one of the reasons of
higher methane emission from Basmuthi and Bogajoha. These findings suggest that the wide
variation in methane emission among rice cultivars may be associated with the anatomical
features of the medullary cavity, which is further strengthened by observed positive
correlation between methane flux and the size of medullary cavity (Table 4.22). Our findings
on the role of medullary cavity in methane emission are supported by the report of Yao ef al.
(2000) that methane transport was correlated with inter-cellular volume of stem.

Numerous stomata were detected at the adaxial surface of the rice leaves from the
experimental field. Scanning Electron microscopy (SEM) showed higher stomatal
frequencies in the leaves of high methane emitting cultivars (Plate 4.2; Table 4.20). Methane
emission is found to be positively correlated with stomatal frequency (Table 4.22). The
stomata of leaf blade is one of the release sites of methane in to the atmosphere. As
discussed above, high methane emitting cultivars recorded higher tiller number and larger
leaf area compared to low methane emitting varieties. It may be hypothesized that since leaf-
stomata is one of the release sites of methane, higher tiller number and leaf area with higher
stomatal frequency provide more cross sectional area for release of methane from the plant
body to the atmosphere. Neue et al. (1997) reported that before shoot elongation, about 50%
of the methane is released from leaf blades. Although micropores, present in the basal
portion of leaf sheath, were described as the main site of methane release by Nouchi et al.
(1990), it was also pointed out by them that the micropores, surrounded by sclerenchyma,
are not linked to the lysigenous intercellular space. Moreover, the presence of micropores in
the leaf sheath was not confirmed by other workers (Butterbach-Bahl et al., 2000) and such
differences in findings might be attributed to the inherent genetic traits of the rice cultivars

used in the studies (Wang et al,, 1997). The intercellulars, located between the epithelial
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cells and closely related to the leaf sheath stomata may have a crucial role in plant mediated
methane transport (Butterbach-Bahl ef al., 2000) and a link of the stomata with the lacunae
via these intercellulars is assumed logically. Therefore, stomata of the leaf sheaths are also
suggested to be one of the sites of methane release (Butterbach-Bahl et al., 2000). Similar
mechanism may operate in the leaf blade also and might be the reason for the relationship of
methane emission with leaf area and stomatal frequency (Table 4.22).

Significant positive correlations between transpiration and methane emission (Table
4.22) in the rice varieties have been observed. High methane emitting cultivars exhibited
higher transpirational rate than the low emitting varieties (Table 4.18). Allen et al. (2003)
recorded that methane emission coincides with increased transpirational rate indicating that
soil water flow to the roots deliver more dissolved methane to the rice plant during periods
of rapid transpiration. Diel rates of CH4 emissions were also found to be linked with the
transpiration induced bulk flow (Chanton et al., 1997). From the data recorded on stomatal
frequency, leaf area and transpirational rate, it can be hypothesized that a fraction of methane
may be released into the environment due to transpiration-induced bulk flow, although
methane is transported within the rice plant predominantly via molecular diffusion (Wang et
al., 1997). It may be noted that all the traditional rice cultivars examined in this investigation
recorded higher leaf area and tiller number with higher transpirational rate and bigger
medullary cavity and found to emit more methane compared to the high yielding improved
varieties. The transport mechanism of methane to stomata from the lacunae via intercellulars
is not well understood. This intercellular mechanism can be described with more
sophisticated methodologies, e.g. use of radio-tracer techniques for clear understanding of

plant mediated methane transport.

5. Methane emission and photosynthetic characteristics of rice plant

Methane emission and photosynthetic characteristic of rice are reported to be closely
related (Denier van der Gon et al., 2002; Sass and Cicerone, 2002). Elevated CO, induced
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higher photosynthate production was found to increase methane emission (Weiguo et al.,
2006) from rice plant. In the present investigation, photosynthetic rates of different rice
cultivars grown in different ecosystems were recorded at weekly interval. As discussed
above, a major portion of the net photosynthetic carbon is allocated to the root and a
significant amount of this fraction enters the soil in the form of rhizo-deposition.
Subsequently, a part of this rhizo-deposition will be transformed to methane (Jimenez and
Lal, 2006), and as much as 4.5% of photosynthetically fixed carbon can be released as
methane into the atmosphere (Huang et al., 2002). In our work, higher photosynthetic rates
were recorded in high emitting cultivar at the vegetative stage (Fig. 4.10; 4.20; 4.31; Table
4.18) of crop growth. Higher photosynthetic rate resulted in profuse vegetative growth in the
form of larger leaf area (Table 4.1; 4.5; 4.14; Fig. 4.27) and root length (Fig. 4.7; 4.17; 4.28;
Table 4.15) and volume (Fig.4.8; 4.18; 4.29; Table 4.15), which in turn would support
extensive methanogenesis via an enhanced assimilate discharge into the soil (Lu et al., 2002;
Weiguo et al., 2006; Wang and Adachi, 2000) and thus gas absorption. The percentage
distribution of photosynthetically derived assimilates to soil was exponentially correlated to
the rate of root growth (Lu et al., 2002). Greater root growth provides greater surface area
for diffusion of CHj into roots and greater air space (Singh et al., 1999), which might be the
reason for enhancement of CH,4 emission from rice cultivars having higher photosynthetic
rates during the vegetative growth period. Dry weight of above ground plant parts of high
emitting cultivars also significantly higher, and as discussed in the earlier section, larger
aboveground biomass signifies the conduit effect of rice plants (Mariko et al., 1991).
Comparatively lower photosynthetic rates recorded in low methane emitting cultivars during
vegetative growth period lead to reduced vegetative growth, which resulted in low methane
emission.

After panicle initiation, photosynthetic rate was higher in low methane emitting
cultivars. Despite higher photosynthetic rate, those cultivars recorded lower methane
emission during this period. This trend can be explained in terms of preferential

translocation of photosynthate towards the developing panicle (Fig. 4.11; 4.21; 4.32; Table
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4.19) rather than the root system (Denier van der Gon et al. 2002). Lower vegetative growth
of low emitting cultivars in terms of smaller leaf area, reduced leaf number, lower root
length and volume, and lower dry weight of different plant parts may be attributed to lower
methane emission during this period. On the other hand, in high emitting cultivars,
translocation of higher amount of photosynthate towards the vegetative parts during the
reproductive phase resulted into larger root and shoot growth which enhanced methane

emission.
6. Methane emission and grain yield of rice

During the entire course of investigation, apart from evaluating the methane emission
potential of rice varieties, their grain yield potential were also recorded (Table 4.3; 4.7; 4.10;
4.21). It was found that cultivars with low methane emission exhibited better yield potential
in agroclimatic condition of Assam. Higher values of thousand grain weights, number of
panicle m, filled grain percentage and higher yield were recorded in low methane emitting
cultivars, indicating higher photosynthate partitioning towards the developing grains. A
major portion of photosynthesized carbon, not partitioned to rice grains, is emitted as
methane (Denier van der Gon et al., 2002), and therefore an inverse relationship exists
between rice plants’ ‘capacity to store photosynthetically fixed carbon and seasonally emitted
methane (Sass and Cicerone, 2002), which supports the findings of the present investigation.
Dry weight of developing panicle was also found to be higher in low emitting cultivars
during the whole grain filling period. Higher rate of photosynthesis during the reproductive
stage, along with efficient translocation of assimilates to the grain, as evident by the superior
yield attributing parameters, might be the reason of better grain yield in low methane
emitting cultivars. On the other hand, high emitting cultivars exhibited lower yield and
inefficient yield developing attributes. This indicates that in high methane emitting cultivars,
photosynthesized carbon could not be allocated efficiently to the developing grain. Cereal
grain yield can be limited either by the supply of assimilate to fill the grain (source

158



limitation) or by the capacity of the reproductive organs to accept the assimilate (sink
limitation) (Denier van der Gon et al., 2002). In high methane emitting cultivars, lower
photosynthetic rate during the reproductive stage indicated source limitation, whereas low
yield development, in spite of higher availability of pre-anthesis reserves reflected sink
limitation. Lower efficiency of stored photosynthates translocation from different plant parts,
inferior capacity of current assimilates supply to the developing grain, along with lower
photosynthetic rate, resulted in lower yield in the high methane emitting cultivars. The
amount of carbon, not allocated to the developing grain, reflects the yield gap and a portion
of the photosynthetically assimilated carbon associated with the yield gap entered the soil as
rthizo-deposition. This resulted in higher substrate availability of methanogenes and this
might be a major reason for more emission of methane from these cultivars, a mechanism
supported by Denier van der Gon et al. (2002).

It can be proposed that while selecting rice genotypes for low methane emission,
yield potential of a cultivar has to be taken care of which is the most important trait of a
genotype from agricultural point of view. The findings of the present investigation indicate
that the use of high-yielding cultivars with higher photosynthate carbon translocation
towards the grain would result in lower methane emission. Therefore, screening of existing
rice cultivars, and initiation of breeding programme for new cultivars with higher
photosynthate carbon translocation towards the grain and low photosynthate partitioning to
the vegetative parts could offer an important methane mitigation option. Rice cultivars
having higher photosynthate carbon allocation capacity to the grain and lower translocation
of carbon to root for methanogenes might help to reduce methane emission from paddy
fields, without compromising the grain yield. Therefore, development of new plant type of

rice with a balance in source and sink capacity may be important in mitigating methane

emission from paddy field.
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6. SUMMARY AND CONCLUSION

This experiment was carried out to evaluate the methane emission from rice paddies
at different agroecosystems of North Bank Plain Agroclimatic Zone of Assam. Attempt was
also made to establish a relationship of CH4 emission with physiological and anatomical
characteristics of rice plant. Following conclusions have been drgwn from the results of the

experiments and the findings are summarized below.

1. Two-years (2005 and 2006) of measurement of methane flux from rice varieties Bahadur
and Piolee grown in rainfed monsoon (Sali) agroecosystem (August-November) indicated

higher methane flux from variety Bahadur compared to Piolee irrespective of growth stages.

2. Two-years (2006 and 2007) of measurement of methane flux from rice cultivars Agni and
Ranjit grown in irrigated agroecosystem (February- June) indicated higher methane flux
form cultivar Agni compared to Ranjit. Higher seasonal integrated methane flux (Egif) was
recorded from cultivar Agni (Egi in 2006. 7.15g m™; Egrin 2007. 7.42g m™) compared to
Ranjit (Eg¢in 2006. 5.42g m™”; Egrin 2007. 5.76g m™).

3. Measurement of methane flux from two different rice varieties Disang and Luit grown in
rainfed upland agroecosystem (April - July) indicated higher seasonal integrated methane
flux from variety Disang (Eg;: 1.38g m”), compared to Luit (Egy : 0.96g m™).

4. Measurement of CH4 flux from ten rice cultivars grown in rainfed monsoon (Sali)
agroecosystem (August-November) indicated highest seasonal integrated CH, flux from
cultivar Basmuthi (Esif: 12.46g m™) and lowest from Gitesh (Esit: 8.74¢g m'z). The traditional
rice cultivars exhibited higher methane emission than the improved, high yielding rice

varieties.
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5. Among the three rice growing ecosystems, monsoon rice agroecosystem (Kharif / Sali)
emitted maximum methane followed by irrigated Boro (Spring rice) and rainfed upland

(Summer / Ahu) rice agroecosystems.

6. Methane flux was initially low and then increased with advancing age of the rice plants.
Two distinct methane emission peaks, first at active vegetative growth, and the second at
panicle initiation stage were detected. Emission was very low at harvest. This trend of

methane emission was recorded in all the rice cultivars irrespective of the ecosystems.

7. Results of the present investigation revealed that regulation of seasonal variation of
methane flux was under the control of organic carbon available in the soils. Soil organic
carbon contents of the experimental plots were initially low, reached a maximum at late
tillering and panicle initiation stage of the crop when higher methane emissions were
recorded. This trend was observed in all the agroecosystems for all the cultivars. In high
methane emitting cultivars, higher amount of photosynthate was partitioned to the root
which may enter the root-zone soil in the form of rhizo-diposition, thereby increasing the

soil organic carbon content resulting in higher emission.

8. It has been observed in the present study that the cultivars with profuse vegetative growth
recorded higher methane flux values. Higher tiller number, leaf number, leaf area index, root

length, root volume positively influenced methane emission.

9. Anatomical study of ten rice cultivars grown in monsoon rice ecosystem showed that high
methane emitting cultivars recorded greater size of medullary cavity compared to medium
and low emitting ones. A positive correlation of methane flux with the size of medullary
cavity, stomatal frequency and transpirational rates were observed. It is hypothesized that a

fraction of methane may be transported with transpiration-induced bulk flow and released
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into the environment through stomata. All the traditional rice cultivars examined in this
investigation recorded higher leaf area and tiller number with higher transpirational rate and
larger medullary cavity emitted more methane compared to the high yielding improved

varieties.

10. Grain yield and yield-related parameters such as increased photosynthate partitioning to
panicles were greater in low methane emitting cultivars. In higher methane emitting
cultivars, greater diversion of photosynthates to vegetative parts, at both vegetative and
reproductive stages of the crop, enhanced methane emission from the soil to the above

ground atmosphere.

The study concluded that the methane emission from paddy fields depends on the
type of rice agroecosystem. Methane emission is also regulated by phenological,
physiological and anatomical characteristics of rice cultivars. Methane emission from
monsoon rice (Sali) agroecosystem was found to be higher among all the agroecosystems.
But this agroecosystem is most popular among the farmers of Assam. Therefore, methane
emission from Sali rice needs to be minimized since this ecosystem has greater methane
emission potential. In this respect, findings of this study suggest the possibility of reducing
methane emission through judicious selection of plant characters. However, while selecting
rice cultivars as a biological mitigation option, yield potential of a cultivar must be
considered because it is the most important end value of a genotype from the economical
point of view. Therefore, development of new plant type of rice with balance source and sink
capacity may be important in mitigating methane emission from paddy field. Results of the
present investigation indicate that cultivation of high-yielding cultivars with low
photosynthate carbon translocation towards the vegetative parts of the plant would result in
lower methane emission. Therefore, screening of existing rice cultivars, and initiation of
breeding programme for new improved varieties with low photosynthate partitioning to

vegetative part could offer an important methane mitigation option. Rice cultivars having
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higher photosynthate carbon allocation capacity to rice grain and lower translocation of
carbon to root for methanogenes might help to reduce methane emission from paddy fields,
without compromising the grain yield. Therefore, incorporation of these plant traits
identified in the present investigation could help the plant breeding programme for high

yielding rice plants with low methane emission potential.
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Abstract

Wetland nice fields serve as an important anthropogenic source of atmospheric methane, a greenhouse gas implicated 1n global warming
An expeniment was conducted at the North Bank Plain Zone of Assam, India, during summer rice growing season (Apnil-July 2006) in order
to elucidate the effects of morpho-physiological charactenistics of rice (Oryza sativa L) plants on methane emission from paddy fields Two
improved rice cultivars viz Disang and Luit were grown in hight textured loamy so1l (Sand 28 50%, Clay 30 10%, Silt 41 40%, electrical
conducuvity (EC) 043 mmhos/100 g, cation exchange capacity (CEC) 1020 meq 100 g™') under ranfed condition Higher seasonal
integrated methane flux was recorded in cultivar Disang (Eq¢= 1 38 g m™2) compared to Luit (Er = 0 96 g m~2) Both the cultivars exhibited
two emission peaks, one at active vegetative growth stage and the other at panicle iitiation stage of the crop Methane emission from the
culnvars was sigmficantly regulated by crop phenology and growth Vegetative growth in terms of leaf number and area, root volume and
length and nller number was lgher in Disang Statistical analysis of these parameters showed a positive correlation with methane emission
On the other hand, yield and all yield-attributing parameters were found to be superior mn cultivar Lurt Cultivar Luit recorded higher
photosynthetic rate after panicle initiation On the other hand, Disang recorded higher rate of photosynthesis during active vegetative growth
period In Luit, maximum partiioning of photosynthates was found towards the developing panicle, whereas n cultivar Disang,
photosynthates could not be allocated sufficiently towards the panicle In Disang, maximum partitioning of photosynthates was recorded
towards the vegetative parts (including root) of the nce plant Vanation in organic carbon content of so1l was observed in the field planted with
two cultivars Higher soil organic carbon content was recorded 1n the field planted with cultivar Disang From this, we hypothesize that in
Disang, photosynthetic carbon products were utihzed as substrate by methanogens in the rhizosphere leading to more production of methane
Additionally, higher vegetative growth with high methane transport capacity (MTC) may positively contribute to hugher methane emission
from cultivar Disang
© 2007 Elsevier BV All nghts reserved

Keywords Growth, Methane, Organic carbon, Phenology, Photosynthesis, Rice

15% of the current increase in global warming (Batjes and
Bridges, 1992) Although, methane can be emitted from
plants under aerobic condition (Keppler et al , 2006), most of
the methane 1n atmosphere 1s originated from biological

1. Introduction

Methane 1s an important greenhouse gas and 1ts
atmospheric concentration has almost tripled since pre-

industrial imes (Leheveld et al , 1998) Methane influences
the photochemustry of the atmosphere, accounts for about
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processes 1n anoxic environment Rice (Oryza sativa L),
generally cultivated 1n submerged anoxic soil environment,
has been identified as one of the major sources of
anthropogenic methane contnibuting about 10-15% to
global CH, emissions (Neue, 1993) Rice fields occupy
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approximately 15% of the world’s arable lands (Maclean
etal,2002) India produces about 80 Mt of rice on an area of
42 3 million ha, corresponding to 28% of the global rice
land (Sharma et al , 1995) The nice growing areas of India
can be broadly categonzed into rainfed and imgated farming
types representing about 52% and 48% of the total rice area
of the country, respectively (Babu et al , 2006) Worldwide
emussion of methane from rice has been extrapolated from
reports from China, India, Vietnam, Korea, and the
Philippines to be from 21 to 30 Tg/year (Sass et al , 2002)

Methane production 1n rice fields 1s the result of
interactions of soil processes involving plants and microbes
(Verburgetal ,2006) Flooding rice fields promotes anaerobic
fermentation of carbon sources supplied by the rice plants and
other mcorporated organic substrates resulted in methane
production Subsequent methane emission 1s the result of its
production and oxidation 1n the soil and the transport of the
gas from soil to atmosphere through rice plants (Kruger et al
2001) Therefore, the magnitude of methane emission from
rice plant 1s regulated by complex and dynamic interactions
among plant, environment and microorganisms

Major sources of substrate for methanogenes are derived
from root exudates, and dead plant parts derived from rice
plants and incorporated organic matters Therefore, the rate
of production and emission of methane, largely depend on
the morpho-physiological parameters like growth character-
1stics and photosynthetic efficiency of the rice plant, which
in turn influence the supply of substrate for methanogenes
for methane production (Sass and Cicerone, 2002) and 1ts
subsequent release into the environment (Gogoi etal  2005)
Photosynthetic carbon products are stored 1n plants and are
mcorporated 1n the so1l in the form of exudates and dead
plant parts (Jimenez and Lal, 2006), which are utilized by
the microorganisms for methanogenesis On the other hand,
gramm yield of rice 1s strongly determined by the
photosynthetic efficiency It 1s evident that rice gran
production must increase to feed an increasing world-
population, while at the same time, methane emissions from
paddy fields need to be reduced Thus, the relatonship
between rice grain yield and the emission of methane from
paddy fields emerges as a major scientific and policy issue
Therefore, 1n the present study, attempt was made to
establish a relationship of methane emission with photo-
synthate partitioning, growth and yield characteristics of rice
plant This approach may help to develop an economically
feasible, environmentally sound biological mitigation option
of methane from paddy fields

2. Maternals and methods
21 Expenimental site and field procedure
The experiment was conducted 1n a farmer’s field at village

Amolapam, located near Tezpur Central University campus of
North Bank Plain Zone of Assam, situated at northeastern part

North Bank
Plain Zone of

Assam
River

Brahmaputra

Fig | Experimental site at North Bank Plain Agro-climatic Zone of
Assam northeast India

of India (Fig 1) Methane emussion from paddy fields was
estimated duning the rainfed summer rice (locally known as
Ahu) growing season (April-July) of 2006 So1l samples were
collected from the experimental field before the start of the
experiment and analyzed for various parameters, the results of
which are presented 1n Table 1 The field was ploughed,
puddled thoroughly to 15cm depth and levelled Rice
seedlings (30-day-old) of two improved cultivars, viz Disang
and Luit, developed by Regional Rice Research Station,
Titabor, of Assam Agricultural University, were transplanted
(spacing 20 cm x 20 cm, 2 seedling mil™") mn four reph-
cated plots (Sm x 5 m=25m?) Fertilizers were apphed at
the rate of 40 20 20 kg No-P,0s~K,0 ha™' in the form of
urea, single super phosphate (SSP) and murate of potash
(MOP) as recommended 1n the package of practice of Assam
Agricultural University, India

Table 1

Soil charactenstics of the experimental field

Soil charactenstics Values

pH 540 = 006"
EC (mmhos/100 g) 043+002
CEC (meq 100g™") 1020+ 055
Bulk density (g cm™%) 085+002
Clay (%) 3010+£049
Silt (%) 4140 £ 090
Sand (%) 2850 044
Organic carbon (%) 094 £ 001
Available mtrogen (kg ha™") 37540+ 173
Available phosphorus (kg ha™') 3620+ 083
Available potassium (kg ha ') 23770+ 203
Total iron (ppm) 44500 £ 208
Total manganese (ppm) 2000+£100
Total copper (ppm) 1700 £ 153
Total zinc (ppm) 2300+ 153

* Standard error
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22 Gas sampling and estimation of methane emission

Methane flux from rice field was recorded at 7-day
intervals, from 0 days of transplanting tll 15 days after
harvest, by using a static chamber technique described by
Parashar et al (1996) Briefly, chambers of 50 cm length,
30 cm width and 70 cm height made of 6 mm thick acrylic
transparent sheets were used for gas sampling The
rectangular U-shaped alumuinium channel (50 cm x 30 cm)
cm) supported on an aluminium frame (50 cm x 30 cm X
15cm) was used to accommodate the chamber The
aluminium channel was pre-inserted into the soil to a depth
of 15cm well in advance (7 day before transplanting)
During gas sampling, the aluminium tray was filled with
water to a depth of 2 5 cm, which acted as air seal when the
Perspex box was placed on the tray A battery-operated fan
mnside the Perspex box homogemzed the air in the chamber
before sampling Gas samples were drawn from the
chambers by airtight syringe (50 ml volume) fitted with a
three-way stop cock and a fine needle The needle was
mserted gently to the Perspex box through a self-sealing
rubber septum Immediately after drawing the gas sample by
moving the stop cock, the syringe was made airtight Gas
sampling was done twice a day (morning 0900am,
afternoon 2 00 p m ) at intervals of 15 min (0, 15, 30 and
45 min) The temperature inside the Perspex chamber was
recorded by a thermometer inserted through a rubber septum
installed at the top of the box Barometric pressure and water
level inside the chamber were measured duning each
samphng for calculating air volume at standard temperature
and pressure (STP) Gas samples were brought to the
laboratory 1n the Department of Environmental Science,
Tezf)ur Central University, Tezpur, and concentration was
determined by gas chromatograph (Vanan, Model 3800,
USA) fitted with flame 1omzation detector (FID) and
Chromopack capillary column (50 cm long, 0 53 mm out
side and 1 um mside diameter) Column, detector and
injector temperature were maintained at 50, 90 and 150 °C,
respectively Gas chromatograph was calibrated periodically
by methane standard obtained from National Physical
Laboratory, New Delhi Methane flux was calculated from
the temporal increase in the methane concentration nside
the box using the equation of Parashar and Fisher (1998) and
the average of morning and evening fluxes were considered
as the flux value for the day Cumulative methane emission
for the entire growth period was computed by plotting the
methane efflux values against the days of sampling, and the
area covered under the plot of such relationship was
expressed as seasonal integrated flux (Eq¢) In g m~2 Results
of methane efflux values were processed and plotted against
days after transplanting (DAT)

23 Plant and soil parameters

Morphological parameters such as plant height, tller
number, leaf number, leaf area, root length and root volume

were recorded at weekly intervals Dry weights of different
plant parts (leaf-blade, leaf-sheath, culm and root) were
taken at 7-day intervals by drying the plant parts separately
in an oven at 75 °C Leaf area and root length was measured
by portable laser leaf area meter assembled with a root
measurement attachment (CID, Model CI-203, USA) Total
organic carbon of the soil was determined by standard wet
oxtdation method following the protocol given by Jackson
(1973) Field water level was recorded during each gas-
sampling period Soil temperature was measured with a soil
thermometer inserted mto the soil (5 0 cm depth) near the
Perspex chamber

24 Photosynthetic rate

Leaf photosynthesis was measured at weekly interval
(from 7 day after transplanting till harvest) by an infra-red
gas analyzer (L1-6400 portable photosynthesis system, LI-
COR, USA), under ambient environmental conditions
Measurement was done following the method of Baig
et al (1998) The photosynthetic rate (wmol CO, m~2s™")
of intake leaf was measured between 11 00 and 11 30 am
The middle portion of a fully expanded, healthy-green 2nd
leaf from the top was used for measurement up to the pre-
flowering stage, and the flag leaf was used for photosynth-
esis measurement from the panicle mnitiation stage of the
crop Leaves were held in the chamber until values of
photosynthests were observed to be as constant as possible
(steady state), which was rapid (3 + 4 min) due to the
similanty of environmental conditions of 1nside and outside
the leaf chamber Leaves were kept at steady state for 1 min
before measurements were taken

25 Statistical analysis

Measurements of different parameters for all the growth
stages were replicated four imes The significance or non-
significance of a given vanance was determined by
calculating the respective ‘¢’ and S E = values (Gomez
and Gomez, 1984), considering the cultivars as source of
varnation Correlation of methane flux with other parameters
(means of all different growth stages) was done by Pearson
correlation method

3. Results

Measurement of methane fluxes from two different rice
cultivars grown 1n rainfed condition indicated culuvar
differences 1n methane emission (Fig 2) Higher seasonal
itegrated methane flux was recorded in culuvar Disang
(Eqr=138 gm™?), compared to Luit (Eqr=096gm™2)
Despite the cultivar differences in methane fluxes, a stmilar
seasonal pattern of CH4 emuission from both the rice cultivars
was observed In both the cases, methane flux was imtially
very low, and then increased with the advancing age of the
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rice plants. In both the cultivars, two distinct methane
emission peaks were detected; one at active vegetative
growth stage (35 days after transplanting), and the other at
panicle initiation stage (56 days after transplanting). The
emission peaks of methane were observed in both the
cultivars at the same age of plants due to similanity in their
growth duration. Methane flux was found to decline at the
npening stage of the cultivars during the later part of crop
growth. The rate of methane emission declined after panicle
initiation stage in both the varieties and reduced to a
neghgible level at harvest. Similar results are reported by
other workers (Singh et al., 1999). The organic carbon
content, like methane flux, was initially low, reaching
maximum at active tillering and panicle initiation stage
(Fig. 3). A highly sigmificant positive correlation was
observed between methane emission and soil organic carbon
content for both the cultivars (Table 2).

Meteorological parameters (rainfall, minimum and
maximum temperature) during the entire crop growing
period were recorded (Fig. 4). Water regime plays an
important role in the process of methanogenesis in rice soil
(Kongchum et al., 2006). Seasonal ramnfall kept the
experimental field submerged during most of the growth
period, except at 49 days after transplanting and at harvest
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Fig 3 Organic carbon (%) of the expenimental field planted with rice
cultivars grown under rainfed condition Data presented are means & SEd
(verucal bars, SEd values are multiphed by 10)
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Table 2
Comrelation between plant and soil parameters and seasonal methane
ermussion from rice cultivars grown under rainfed condition

Parameters Correlation with methane
€mission
Disang Lunt
Plant height 0.4407" 04414
Leaf number 06564 05532
Tiller number 05389 04266
Leaf area 07058" 05122
Root volume 04280° NS
Root length 06071° 04709°
Root dry weight 05614° 04977°
Organic carbon 07815™" 0.7548""
Leaf-blade dry weight 0.4532" 04481°
Leaf-sheath dry weight 04182° 0.4450"
Culm dry weight NS NS
NS non-significant
* Correlation 1s significant at the 0 05 level of significance
* Correlation 1s significant at the 0 01 level of significance
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Table 3

109

Comparison of growth parameters (plant height, leaf number, tiler number and dry weight of leaf-blade, leaf-sheath and culm per hill) between two rice

cultivars grown under rainfed condition

Parameters Cultuvars Days after transplanting
7 14 21 28 35 42 49 56 63 70 77
Plant height (cm) Disang  2563"" 2830M 4256 4858 5326 61177 67277 71797 71947 7225 72477
Luit 2346°° 2864™ 4210 s221" 5722" 66217 7715 8195" 82137 8243 8262
tvalues 4322 0055 0256 7787 10042 7688 16393 17208 18015 18049 18416
Leaf number (li~') Disang 1450 2592"" 3475"° 5903 6128 6295 67137 68307 6368 5988 4558
Lunt 1483™% 2092°° 28837 51357 54107 5560 57437 576577 5305 4905 35057
rvales 0177 3900 3875 27757 16579 19471 12797 22836 23479 28443 20390
Tiller number (hili~™") Disang 225" 642 12677 14337 14837 15237 1468 14257 132570 1243 11337
Luit 250" 483 11757 13307 13507 1358 13587 13337 12287 1153 10307
tvalues 1964 2165 3667 5704 8020 16855 10914 10262 14085 9194 7137
Leaf blade dry weight (g hull™*) Disang 009575 0675™ 0933" 2596 3953"° 5959™° 8932"° 9958™ 9468 9331 8639
Luit 0096™ 068™  0819" 2096 3071" 4944 7879 8922°° 9073 8870 75507
rvalues 0570 0504 25828 22683 37344 34397 23067 40694 8083 10341 14984
Leaf sheath dry weight (g ill™') Disang  0094”" 0106™ 0441 2661"° 3561"° 6077 9032°° 9700 9511 9353 9249™
Luit 0096 0115™ 0407 2073"° 3061°° 5037"° 8391"° 92607 93677 8849"° 82267
tvalues 0812 2262 3969 12791 18969 34927 19665 17409 7307 17153 28505
Culm dry weight (g hall™") Disang 0083 0134 0260 0656™ 0921" 1385 3268" 34727 3505 3546™ 3579%
Lunt 0086™ 0137% 0206™ 0671™ 0772 1083"" 26357 3096 3385 3507™5 3533
tvalues 0696 1145 11085 0807 4605 11950 10896 5330 5993 1888 2282

NS non-sigmficant
" Sigificant at 5% level of sigmificance
™ Sigmificant at 1% level of significance

(Fig 5), which intensifies soil reduction and favours
methanogenesis (Bharati et al , 2001) In this study, recorded
soil temperatures were found to be within the range of 26—
37 °C, which 1s reported to be suitable for methanogenic
bacteria for methane production (Nouchi et al , 1990)
Data recorded on plant height, leaf number, leaf area and
number of tillers for rice varieties are presented 1n Table 3
and Fig 6 Higher plant vigour, in the form of leaf number,
leaf area and tiller number, were recorded 1n cultivar Disang
over the cultivar Luit Leaf number 1n both the cultivars
increased gradually up to the pamicle mtiation stage and
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Fig 6 Leaf area (cm?) per hill of rce cultivars grown under ranfed
condition Data presented are means = SEd (vertical bars, SEd values
are multsplied by 10)

declined thereafter Methane emission was found to be
positively correlated with leaf number and leaf area n both
the cultivars (Table 2) After the maximum tillening stage,
some tillers did not survive, and consequently, total number
of ullers was found to decline Results of the present
mveshigation are 1n confirmation with the earhier report on
rice by this group (Gogor et al , 2003, 2005)
Photosynthetic rates of the two cultivars were recorded at
weekly mterval (Fig 7) During the entire vegetative growth
phase (up to 49 days after transplanting), higher photo-
synthetic rate was recorded 1n Disang, compared to the
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Fig 7 Photosynthetc rate (wmol CO, m™?s™") of nice culuvars grown
under rainfed condition Data presented are means 4= SEd (vertical bars,
SEd values are multiphied by 10)



110 K Das KK Baruah/Agriculture Ecosystems and Environment 124 (2008) 105-113

1600,

—o— Disang - Loy

1400

800
600 1
400 4
et
P’,"_——‘"

- -
(=1 »n
o o
o o
1

Root length (cm) hutt *

200 4

1 . I - —_
7 14 2t 28 35 42 49 56 €3 70 77
Days after transplanting

Fig 8 Root length (cm) per hill of nice culuvars grown under rainfed
condition Data presented are means + SEd (vertical bars SEd values are
multiphed by 10)

~+—Disang ~e—Lust

Root volume (mf) hiy !
o - ~N w
S v = o N (n W oy b

7 14 21 28 35 42 49 56 63 70 77
Days after transplanting

Fig 9 Root volume (mi) per hill of rice cultivars grown under rainfed
condinon Data presented are means + SEd (vertical bars SEd values are
multiphed by 10)

cultivar Lutt However, from the panicle mitiation stage (1 €
from 56 days after transplanting), the trend was found to be
reversed higher photosynthetic rate was recorded tn cultivar
Lutt than, that of cultivar Disang In cultivar Disang, higher
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Fig 10 Root dry weight (g) per hill of rice cultivars grown under rainfed
condition Data presented are means + SEd (vertical bars SEd values are
muluphed by 10)

root growth 1n terms of Iength, volume and dry weight from
the active vegetative growth till matunty of the crop was
recorded (Figs 8-10) Dry weight of above ground plant
parts (leaf-blade and leaf-sheath) also significantly differed
in the two cultivars (Table 3)

4. Discussion

The low emission of methane after transplanting might be
due to the hrmted carbon sources, low levels of methano-
genesis and poor conduction of methane from the soil to the
atmosphere through rnice plants with under-developed
biomass (Satpathy et al, 1997) Some workers reported
an 1nit1al methane emission maximum that occurs shortly
after transplanting, apparently caused by the fermentation of
easily degradable soil organic matter in the soil (Sass and
Fisher, 1992) However, 1if the amount of easily degradable
carbon 1s low at the beginning of the season, no initial peak
of methane emission develops (Neue et al, 1995) In the
present study, no distinct peaks were detected soon after
transplanting, which may be due to low amount of soil
organic carbon (Table 1) as suggested by Ncue et al (1995)
Very little increase 1n methane flux was recorded from 7 to
21 days after transplanting in both the cultivars Methane
formation during the early and nud-season growth stages of
rice, which last for 40-50 days in tropical chimates, results
prumartly from mucrobial decomposition of freshly incor-
porated crop residues (Wassmann et al , 2000) Therefore,
the first methane emussion peak, observed at achive
vegetative growth stage of the crop, may be associated
with decomposition of organic matter derived from left over
plant residues 1n the form of paddy straw and dead roots
from the previous crop, which served as substrate for
methanogenes (Xu et al, 2000) The second highest CH,4
flux maxima, duning the panicle initiation stage, were
attributed to the higher availability of substrates 1n the rice
rhizosphere (Adhya ct al, 1994, Mutra et al, 2005) Root
exudates provide tmportant carbon sources for CH,
production by supplying energy for microbial activity 1n
nce growing soil Dissolved organic carbon (a mobile form
of soil organic carbon) in the rice root zone ncreased with
plant growth, whereas 1n the non-root zone, 1t remained low
throughout the growing season (Lu et al , 2000), indicating
that the primary source of this carbon fraction was plant-
derived Increased organic matter input through root
exudates and decaying roots might be responsible for the
observed increases in CHy4 flux at panicle imtiation stage, a
mechanism suggested by Bouwman (1991) and Wassmann
ctal (1993) Drop tn methane emisston at the end of the crop
growth penod, observed 1n the present investigation (Fig 2),
may be due to decline in conductance possibly because of
reduced permeability of the root epidermal layer (Nouchi
et al, 1994), hmited carbon availability and a decline 1n
porosity and transport capacities of the roots (Wang and
Patnick, 1995)
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It 1s evident that regulation of seasonal variation of CH,
flux was under the control of organic carbon available 1n the
soils Lu et al (2000) also established a similar trend and
reported that the seasonal change 1n methane emission was
closely related to the change n organic carbon concentration
in the root zone Towards the end of the crop growth, when
methane emission was negligible, so1l organic carbon also
recorded lower values in both the cultivars (Fig 3) Carbon
loss from soils could not be compensated by the carbon put
through plant photosynthesis (Zhijian et al , 2006) because
the increase 1n so1l organic carbon was less than the net plant
carbon mput (Lu et al , 2002) This may be the reason of low
so1l organic carbon recorded at the end of the crop growing
season 1n the present investigation Similar decline 1n
dissolved organic carbon content was recorded by other
workers and such decrease at the end of the season was also
attributed to decline in root exudation and decomposttion of
dissolved organic carbon pool (Lu et al, 2000)

Positive correlation between methane emission and tiller
number was recorded 1n this study (Table 2) Aulakh et al
(2002) observed similar results and suggested that increase
in methane transport capacity with increased number of
tillers was due to enhanced density and amount of
aerenchyma The lower methane emission rate duning early
part of the plant growth 1s partly due to the lower methane
transport capacity of the rice plant at this stage due to less
leaf number (Table 3), leaf area (Fig 6), uller number
(Table 3), and root growth (Figs 8-10)

Methane emission and photosynthetic characteristic of
rice are reported to be closely related (Denier van der Gon
et al, 2002, Sass and Cicerone, 2002) Through photo-
synthests, carbon 1s stored in different plant parts and
through decomposition and root exudation, 1s incorporated
into soil (Jumencz and Lal, 2006) On an average, 30-60% of
the net photosynthetic carbon 1s ailocated to the root, and as
much as 40-90% of this fraction enters the so1l in the form of
rhizo-deposition (Lynch and Whipps, 1990, Marschner,
1996) Lu ct al (2002) confirmed, by pulse labeling of C,
that about 1-5% of the net assimilation was incorporated
into soil Interestingly, within 3-5 h after assimulation, part
of photosynthesized C was transported to the rhizosphere,
transformed to CHy, and emtted to the atmosphere (Minoda
and Kimura, 1994) Rhizo-deposition was shown to be the
main origin of CH, evolved from rice fields (Kimura et al ,
2004) From the observed photosynthetic rate, dry matter
allocation to different plant parts and methane emission rate,
we hypothesize that higher photosynthetic rate during the
vegetative growth phase of Disang resulted in profuse
vegetative growth of the plant including the root (Table 3,
Figs 6 and 8-10) The percentage distnibution of photo-
synthetically derived assimilates to soil was exponentially
correlated to the rate of root growth (Lu et al , 2002) Greater
root growth provides greater surface area for diffusion of
CH, into roots and greater air space (Singh et al, 1999),
which might be the reason for enhancement of CH, emission
from the cultivar Disang Amount of root exudates was

reported to be positively correlated to root dry matter
production (Wang and Adachi, 2000), and therefore, higher
root weight and density increase the methane production and
transport (Ladha et al , 1986) Methane production potential
of soil planted with rice plant was higher than that of the
unplanted so1l (Zhongjun et al, 2006), which indicates a
direct role of rice root on methane production In the present
mvestigation, sigmificant positive correlation was observed
between methane emission and root growth, n terms of
length and dry weight 1n both the cultivars (Table 2) Disang
recorded higher dry weight of leaf-blade and leaf-sheath
compared to Luit, which may be due to hmgher photo-
synthetic assimilation i different parts of that cultivar
Larger aboveground biomass signifies the conduit effect of
rice plants (Manko et al, 1991) Methane emission and
shoot dry weight, in terms of leaf-blade and leaf-sheath dry
werght, were found to be positively correlated (Table 2)
Increase in root or aboveground biomass during plant growth
until flowering determines the corresponding increase In
methane transport capacity (Aulakh et al, 2002) The
contributions of plant biomass, both in CHy production m
rhizosphere and 1ts subsequent transport to atmosphere,
explain the relation among the higher rate of photosynthests,
greater biomass accumulation and higher CH, emussion
from cultivar Disang during the vegetative growth stage
Huang et al (2002) found that the carbon released as
methane 1s approximately equivalent to 3% and 4 5% of
photosynthetically fixed carbon 1n the biomass for low and
high emission cultivars, respectively Recently, Weiguo et a)
(2006) reported that elevated CO, significantly increased
methane emission (as high as 58%) compared with ambient
CO, These findings clearly indicate the relationship of
photosynthesis and methane emission As expected,
comparatively lower photosynthetic rate recorded i Luit
during this period lead to reduced vegetative growth, which
resulted 1in low methane emission from this cultivar

After panicle imtiation, photosynthetic rate was higher in
cultivar Luit compared to Disang Despite higher photo-
synthetic rate, Luit recorded lower methane emission during
this pertod This trend may be associated with the pattern of
photosynthates translocation towards the developing pani-
cle Earher studies revealed that there 1s an inverse
relationship between rice plants’ capacity to store photo-
synthetically fixed carbon and seasonally emitted methane
(Sass and Cicerone, 2002), and on an average, 11 £ 4% of
the carbon, not allocated to rice grains, was emitted as
methane (Denter van der Gon et al , 2002) In the present
study, higher values of thousand grain weight, number of
panicle per m?, filled gramn percentage and higher yield were
recorded (Table 4) in culuvar Luit, indicating higher
photosynthate partitioning towards the panicles and devel-
oping grains As expected, dry weight of developing panicle
was significantly higher in cultivar Luit (Fig 11) during the
whole grain filling period Higher rate of photosynthesis
during the reproductive stage, along with efficient transloca-
tion of assimilates, as evident by superior yield attributing
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Table 4
Compansons of yield and yield attributing parameters of two nce cultivars
grown under rainfed contiion

Culuvars/parameters Cultivar t values
Disang Lust

1000 grain weight (g) 19 00a° 20 25b° 3286
Spikelet sterility (%) 14 002" 12876° 2742
Panicle plant™ 933a" 11 03b™ 14 20
Spikelet panicle ™ 72 94a 73 31a 03898
Pamcie (m~?%) 234 002" 236 00b" 2449
Panicle fength (cm) 2020a™ 21 986" 4219
Panicle dry weight (g plant™") 11 562" 12616 3962
Yield (tha™") 2783 299" 12 86

[n each row, means with similar letters are not significantly different
* Sigmficant at 5% level of significance
™ Significant at 1% level of sigmificance

parameters, resulted in better grain yield in cultivar Luit On
the other hand, lower vegetative growth of this cultivar n
terms of smaller leaf area, reduced leaf number, lower root
length and volume, and lower dry weight 1n different plant
part may be attributed to lower methane emussion From the
recorded data, 1t 1s evident that translocation of higher
amount of photosynthates towards the vegetative parts
during the reproductive phase resulted mto larger root and
shoot growth n cultivar Disang Leaf number and area, tller
number, root volume and length, and dry weight of different
plant parts were sigmficantly higher 1n this cultivar, whereas
yield and all yield attributing parameters like thousand grain
weight, number of grain per panicle, number of panicle per
m?, filled grain percentage were inferior compared to
cultivar Luit It clearly indicates that in Disang, during the
reproductive stage, photosynthesized carbon could not be
allocated efficiently to the developing gram Cereal grain
yield can be limited either by the supply of assimilate to fill
the grain (source hmitation) or by the capacity of the
reproductive organs to accept the assimilate (sink imitation)
(Demer van der Gon et al . 2002) In cultivar Disang, lower
photosynthetic rate during the reproductive stage indicated
source limitation, whereas low yield development, 1n spite of
higher availability of pre-anthests, reserves reflected sink
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Fig 11 Dry weight (g) per il of developing panicle grown under rainfed

condiion Data presented are means £ SEd (vertical bars, SEd values are
muluphed by 10)

hmitation Lower efficiency of stored photosynthate
translocation from different plant parts, mferior capacity
of current assimilates supply to the developing gran, along
with lower photosynthetic rate, resulted tn lower yield in the
cultivar Disang In this cultivar, major portion of photo-
synthates s translocated towards the vegetative parts, as
evident from the recorded values on dry weight of root, leaf-
blade, leaf-sheath and culm The amount of carbon, not
allocated to the developing grain, reflects the yield gap and a
portion of the photosynthetically assumilated carbon
associated with the yield gap entered the soil as rhizo-
deposition This resulted in higher substrate availabiity of
methanogenes and this might be a major reason for more
emission of methane from this cultivar

5. Conclusion

The findings of the present investigation idicate that the
use of high-yielding cultivars with low photosynthate-
carbon translocation towards root would result in tower CHy
emussion Therefore, screening of existing rice cultivars, and
inttiation of breeding programme for new cultivars with low
photosynthate partiioning to root couid offer an important
methane mitigation option Rice cultuvars having higher
photosynthate carbon allocation capacity to rice grain and
lower translocation of carbon to root for methanogenes
mught help to reduce methane emission from paddy fields,
without compromising the grain yield Therefore, develop-
ment of new plant type of rice with balance source and sink
capacity may be important in mitigating methane emission
from paddy field
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Abstract Over two consecutive years in the North Bank
Plain Zone of Assam, India, during the spring growing
season (February—June) of- 2006 and 2007 we examined
effects of morpho-physiological characteristics of rice
(Oryza sativa L.) plants in relation to methane (CH,)
emission from paddy fields. Traditional cultivar “Agni”
and modern improved cultivar “Ranjit” were grown in light
textured loamy soil under irrigation. A higher seasonal
integrated methane flux (E¢) was recorded from “Agni”
compared to “Ranjit”. Both cultivars exhibited an emission
peak during active vegetative growth and a second peak at
panicle initiation. Leaf and tiller number, leaf area, length,
and volume of root were greater in “Agni”, but grain yield
and yield-related parameters such as increased photosyn-
thate partitioning to panicles at the expense of roots were
greater in “Ranjit”. “Ranjit” also photosynthesed faster
than “Agni” during panicle development but slower than
“Agni” at tillering. In both the years, a higher soil organic
carbon content was recorded in plots of “Agni”. Our results
suggest that in “Agni” enhanced diversion of photosynthate
to roots resulted in more substrate being available to
methanogenic bacteria in the rhizosphere. Additionally, the
more extensive vegetative growth of this cultivar may
enhance methane transport from the soil to the above-
ground atmosphere.
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Introduction

The giobal atmospheric concentration of methane (CHs4)
has increased from a pre-industrial value of about 715-
1,732 ppb by the early 1990s and to 1774 ppb by 2005
(IPCC 2007). Methane is an important greenhouse gas, and
the atmospheric increases account for about 15% of current
global warming (Batjes and Bridges 1992). Most methane
in the atmosphere originates from anaerobic biology.
Although, annual increases in atmospheric CH,4 have slo-
wed recently, possibly because of decreasing anthropogenic
emissions from fossil fuel, this is thought to be only a
temporary pause (Bousquet et al. 2006).

Most rice (Oryza sativa L.) is cultivated in submerged
anoxic soils. These have been identified as a major
source of anthropogenic methane contributing about 10—
15% to global CH, emissions (Neue 1993). Rice grow-
ing in India can be broadly categorized into rainfed and
irrigated farming representing about 52 and 48% of the
total rice area, respectively (Babu et al. 2006). Methane
production in rice fields such as these is the result of
interactions of soil processes involving plants and
microbes (Verburg et al. 2006). Flooding the soil pro-
motes anaerobic degradation of photosynthetic carbon
supplied by rice plants resulting in methane production
whenever redox potentials become sufficiently negative.
The major sources of substrate for methanogenic bac-
teria are root exudates and decaying plant remains
(Jimenez and Lal 2006). Therefore, the rate of produc-
tion and emission of methane is thought to depend on
morpho-physiological parameters such as growth and
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Table 1 Soil characteristics of the experunental field

Soil characteristics 2006 2007

pH 545 £ 00! 536 £ 001°
EC (mmhos 100 g™") 0.47 £+ 0.01 0.45 + 0.02

CEC (m eq. 100 g™) 10.87 £ 0.15 10.13 £ 0.15

Bulk density (g cc™') 0.87 £ 001 0.85 + 001

Clay (%) 3157 £0.12 3243 4:0.18

Silt (%) 3950 £ 021 4027 £ 0.09

Sand (%) 2893 + 0.09 273+ 015

Organic carbon (%) 0.95 £ 001 096 + 0.01

Available nitrogen (kg ha™") 37867 £ 162 3715+ 127

Available phosphorus (kg ha™")  39.43 £ 064  36.83 £ 0.70

Available potassium (kg ha™") 24090 £ 081  236.3 £ 0.701
Total irop (ppm) 431.00 £+ 265 438.67 £ 067

Total manganese (ppm) 19.67 + 0.88 23 £ 208

Total copper (ppm) 1767 £ 145 2033 +£1.20

Total zinc (ppm) 2400153 2233145

? Standard error

photosynthetic effi¢iency of the rice plant (Sass and
Cicerone 2002). On the other hand, grain yield of rice is
also strongly affected by photosynthetic efficiency. An
important goal is to maximise grain production while
reducing methane emissions. The relationship between
rice grain yield and the emission of methane from paddy
fields is thus a major scientific and policy issue. Several
reports document methane emission from the paddy
fields of northeast India (Gogoi et al. 2003, 2005) but
details of the relationship between growth, photosyn-
thetic efficiency, grain yield and methane emission has
yet to be worked out for this region. The present paper
addresses this shortcoming.
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Fig. 1 Methane emission (mg m™ h™") from rice cultivars grown
under irrigation. Data presented are means + SEd (vertical bars, SEd
values are multiplied by 10). E,;r seasonal integrated flux
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Fig. 2 Organic carbon (%) of the experimental field planted with rice
cultivars grown under irrigation. Data presented are means + SEd
(vertical bars, SEd values are multiplied by 10)

Materials and methods
Experimental site and field procedure

The experiment was conducted in a farmer’s field at
Amolapam near Tezpur Central University campus
(26°41'N, 92°50/E) in the North Bank Plain Zone of Assam,
northeast lndia. The region is subtropical humid having
moderately hot-wet summers and dry winters with a max-
imum temperature of 39°C (July—August) and minimum of
8°C (December—January). In both years of the present study
(2006 and 2007) and during the early period of crop growth
(February), temperatures were cool and gradually increased
towards maturation (May-June). Methane emission from
paddy fields was estimated during the irrigated spring rice
(Boro rice) growing season (February-June). Soil samples
were collected from the experimental field before the start
of each experiment and analysed (Table 1). The field was
ploughed, puddied thoroughly to 15-cm depth and levelled.
Rice seedlings (35-day-old; 5-6 leaf stage) of two cultivars,
viz. “Agni” (traditional) and “Ranjit” (improved and
developed by Regional Rice Research Station, Titabor,
Assam Agricultural University) were transplanted (spacing:
20 cm x 20 cm; 2 seedling per hill) in four replicated plots
(5 x 5m = 25 m?). Fertilizer was applied at the rate of
60:30:30 kg N-P—K ha™" in the form of urea, single super
phosphate (SSP) and murate of potash (MOP) as recom-
mended in the package of normal practice of Assam
Agricultural University. Fields were submerged from
transplanting to panicle initiation (70 days after trans-
planting, DAT).

Gas sampling and estimation of methane emission

Methane flux from rice field was recorded at 7-day inter-
vals until 15 days after harvest using the static chamber
technique described by Parashar et al. (1996). Briefly,
chambers 50 cm long, 30 cm wide and 70 cm tall made of
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Table 2 Comparison of morphological parameters (plant height, leaf number, leaf area and tiller number per hill) between two rice cultivars grown under irrigated condition

Days after transplanting

7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112
Plant height (cm)
2006
Agni  [8.13%* 2625%+ 39.134* £275%* 66.00%* 76.38** 02.38%% 02.63%* [26.88** 135.25%*% 137.63%* 137.81** 138.02** 138.19%* 138.38** 139.08**
Ranjit  13.00** 20.25%* 29.13%% 4350** 58.88%* 67.75** 70.00%* B84.88%* 109.00** 116.50** 116.67** 116.87** 117.02%* 117.11%% 117.25%* 117.32%*
tvalues 522 520 8.20 1334 6.25 4.35 1476  10.37 7.69 7.745 8.763 8.876 8.99 8.96 8.96 9.70
2007
Agni  18.73%* 19.98%*% 2473%% 3033%% 4030%* 46.44%%  79.26** 9998%*  ]08.63%* 123.85%* 12734%* 129.20%* 129.98%* 131.00** [31.95** 133.10%*
Ranjit  16.03** 17.93%* 21.80** 26.88%* 3521%* 42.18%* S5R8.70** 78.79%*  §7.99%+ ]]2.53%* ]]13.99%% 1]5.69** 115.83*%* 1]16.40%* 116.64** [17.31%*
tvalues 396 681 6.53 9.72 3.57 486 6605 7513 19.10 2172 38.05 15.19 20.84 43.80 4977 72919
Leaf no. (hill™")
2006
Agni  1025™° 1475%  21.75%%  44.50%% S1.50** 6400* 90.5*  105.50* 12350  130.75** 12625%* 123.75*  12025%* 117.75%  113.75*% 109.75%*
Ranjit ~ 9.00%° 11.00* 16.25%* 2475** 32.00%* 57.50* 83.00* 99.25*%  [13.50* 124.00** 12025** 117.75%  114.50% 11200  110.00* 100.75**
tvalues 075  3.15 374 10.20 6.50 2.73 321 284 297 4246 5.308 251 4.09 2.70 2.60 4.665
2007
Agni 8.80** 11.48%* 13.75%* 16.93** 24.85*% 3210%* 74.65%* 82.98** 106.95** 125.00%* 112.33**  91.45%*+  B87.63**  8593%*  84.03** 82.05**
Ranjit ~ 6.63%* 9.85%* [1.65%% [400%* 1833%% 2728%* 58.18%* 7345%+  0768%* |]1240%* 99.95%%  8028%*  76.68%*  75.10**  73.40** 71.80%*
tvalues 443 601 6.12 8.19 8.76 10.12 11.09 3283 795 31.07 13.33 14.27 16.48 17.80 21.96 18.54
Leaf area (hill™")
2006
Agni  37.62%° 50.50%* 123.45%+ 14116%* 199.48%* 300.77** S509.80%** 792.86** 1022.95%* 1688.80** 1590.35%* 1513.21%+ 1361.41* 1267.94%* 087.80** 783.04**
Ranjit  34.00%° 46.62%* 85.87%* 94.71%* 157.20%* 25245** 418.50%* 629.86** 884.92%* 1589.95%* 149840%* 135484*+ 120344% 1184.15%* §79.48** 60635**
t values 231 6.43 10.77 12.76 6.98 6.45 12.34 15.10 494 1.57 6.53 385 2.58 295 2366  42.996
2007
Agni  38.61** 45.16%* 58.84%% 102.26** 197.56%*% 25501%% 490.24** 750.94%* 927.24%* |518.76** 1422.08** 1313.30** 1216.86%* 1148.70** 1032.21** 807.29**
Ramjit  32.61** 37.09%% 46.12%* 83.67+* 166.86** 213.17** 305.24%* 607.51%* 823.54*% 1411.37** 1300.17** 1195.98%** 1046.98** 974.15** 902.97** 707.98**
tvalues 419 356 642 5.09 8.65 476 19.27 18.15 10.33 9.54 7.50 835 6.83 443 535 9.96
Tiller no. (hill™")
2006
Agm 0.00% 000N 450%%  9.00%* 11.50%* 17.75%% 25.00%* 2475%  2400%**  23.50%*  2225%*  21.25%  20.50%*  19.75%*  [875%* 16.75**
Ranjit ~ 0.00%% 000YS  250**  650%*  8.25%* 155+  20.50%* 2025%*  2025%*  20.25%*  16.00**  1675*  16.00**  1575%¢  14.25** 12.50**
tvalues - - 424 433 5.04 5.10 5.10 4.93 433 407 447 5.76 6.04 641 493 4.58

8L5-695:0¢ (8007) 1Eld 01sAGd B1oY
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g1 5 < 2.5 cm. This acted as an air seal for the flux boxes. A
= Sy - B .
& L Lo c 3 battery-operated fan inside each box thoroughly mixed the
g « Z I3 : 3 air in the chamber before sampling. Gas samples were
S8 R ~ . e .
) % g8 ¥ drawn from the chambers using a 50 ml airtight syringe
3 v oo .
Ele == e S fitted with a three-way stop-cock and a fine needle that was
g i~ S 1% g % inserted through a self-sealing rubber septum. Gas was
- 2 g & 5 sampled four times at intervals of LS min at 0900 hours
- | a0 . .
2 s 5EgF[|2 &3 and again at 1400 hours. Barometric pressure, temperature
& f<x {201

&
wn
o)
=5
=]
o9
4]

and water level inside the chamber were measured during
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Table 3 Comparison of growth parameters (leaf blade dry weight, leaf sheath dry weight, culm dry weight and shoot dry weight per hill) between two rice cultivars grown under irrigated

condition

Days after transplanting

7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112
Leaf blade dry weight (g hill™")
2006
Agni 0.19NS 025+ 0.49%*  0.70** 1.19%* 1.95* 2.16* 6.02** 8.17**  10.08* 8.04+ 8.40* 7.86** 6.74* 5.62%* S5.45%*
Ranjit 0178 0.21* 0.26%* Q.57+ 1.06%* 1.69* 2.07* 5.65%* 7.83%% 9.85* 8.64* 8.14* 7.36** 6.54% 5174+ 5.04%*
t values  1.57 248 10.65 4.99 4.45 3.35 2.74 4.69 5.35 2.96 3.03 278 4.58 271 5.02 4.7
2007
Agni 0.19+* 021 0.30%* 0.4+ 0.99%* 1,73 2.40%* 5.26%* 7.42%% Q.11+ 8.68** 7.88%* 7.30%* 5.40* 4.96%* 4.84%+
Rayjit 0.16** 019 0.23%*  (.34%+ 0.83%* 1.28%= 1.90%+* 4.25%* 4.94%% 7.20%* 7.15%* 6.94%* 5.76** 487+ 433 4.25%*
t values 3.84 221 5417 5.16 8.56 8.54 21.21 18.10 33.70 30.64 15.52 11.22 11.08 217 5.36 993
Leaf sheath dry weighs (g hill™")
2006 .
Agni 0.06* 0.08*~ 0.10%*  0.17+* 0.29%+ 0.40%* 0.48** 1.29%# 2.4]% 3.96** 3,97 4,08+ 3.8+ 372 3.28%+ 3.15%*
Ranjit 0.04* 0.05%* 0.07%* Q.1 1%+ 0.15%* 0.19%+* 0.40%* 1.02%* 2.01%* 3.08** 3.08%* 3.09** 3.05** 2.98%* 2.3G%+ 224+
¢ values  2.69 378 6.45 6.57 8.78 16.60 5.06 8.72 8.65 20.44 23.37 34.50 22.80 518 9.43 11.01
2007
Agni 0.08+*  0.09* 0.1INS 0.i1* 0.24* 0.40%* 0.51** 1.58** 2.90** 4.01%* 4.08%* 441+ 4.40%* 4214 4,12+ 4.07**
Ranjit 0.06%*  0.07* 0.IONS 0.12* 0.23* 0.3]%* 0.44%% 0.89*+ 1.48%* 2.81** 3.15%* 3.40%* 3.37%* 331+ 3.20%* 323>
t values 397 2.84 2.12 245 2.84 7.23 14.85 46.07 53.93 47.06 20.14 21.88 11.27 6.39 8.44 17.37
Culm dry weighs (g hill™")
2006
Agni 0.15NS  0.26%* 0.39%*% .53+ 1.27* 1.72%* 2.30%* 5.77** 7.97%* 8.4+ 8.76%* g.37%* 9.90%%  {0.12%* 11.42%* 11.21%*
Ranjit 0.09NS (.18 0.28%*  0.40%* 0.50* 1.10%* L.75%* 4.65%* 6.06** 6.97+* 7.54%+ 7.95%* 8.13%* 8.43%+ 9.14%* 9.07++
t values  1.63 283 71.14 5.00 271 431 3.26 6.49 2343 6.00 5.10 6.99 22.02 16.64 945 10.33
2007
Agni 0.13N8  .18%» 0.24** .29+ 0.73%* 1.25% 3.09%* 6.00** 6.52** 8.05%* 8924+ 9.04** 9.75** 1048** 10.56%*  10.65**
Ranjit 0.11NS  0.16%+ 0.21%*  0.24%+ 0.53*# 0.63%* 1.17*#* 473+ 5.59%* 6.75%* 6.84%* 8.10** 811w 8.96** 9.33%* 9.97%*
t values 241 179 9.53 9.64 7.26 36.83 156.77 72.65 29.83 45.64 90.80 15.55 32.16 58.15 49.12 40.86
Shoot dry weight (g hill™")
2006
Agni 040NS  0.59%» 0.99*+ 1.3G++ 2.76%* 4.07%* 493+ 13.07**  18.55%*% 22.44%* 21.67%* 21.84** 21.74%* 2058** 20.32%* 19.80**
Ranjit 03INS 0454+ 0.60%* 1.07++ 2.11»* 2.98%* 4.22* 11.32%% 590" 19.90** 19.26** 19.18** 1855** 17.95%** 16.70** 16.34%*
t values 1.87 372 9.20 6.15 3.94 5.20 348 6.43 17.76 7.53 6.67 9.18 16.24 11.56 11.66 14.62
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Table 3 continued

&
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o=}
2
3
R
ot

2007

6.00%*  [2.83%* ]6.83%* 21.17%* 21.67%* 21.34** 21.45*% 20.09%** 19.63**  19.56%*

3.39%*
2224+
17.56

0.48+** 0.64%%  0.81** 1.95%+
1.59%#
10.94

0.40%*

Agni

17.44%*
19.41

16.96%*
13.13

17.15%*

17.24%*
16.95

18.44%+
15.52

17.14%*
28.88

16.76**

9.87#%  12.01%*
49.09 46.23

3753

3.50%*
83.95

0.70%+
5.47

0.33%*  042%* 0.54%*
379 572

7.82

Ranjit

9.28

¢ values

NS Non-significant

* Significant at 5% level of significance

** Significant at 1% level of significance

Table 4 Correlation between plant and soil parameters and seasonal
methane emission from rice cultivars grown under irrigated condition

Parameters Correlation with methane emission

2006 2007

Agni Ranjit  Agni Ranjit
Plant height 038" 039+ 0348 03178
Leaf no. 0.51* 0.53* 0.58* 0.59*
Leaf area 045 051* 0.46™ 0.49*
LAI 0458 051 0.46NS  0.49*
Tiller no. 0.70%* 077 067  (.64**
Root length 0.70%*  0.75*%  0.55* 0.53*
Root volume 0.55% 0.61* 0.48™ 04588
Root dry weight 0.50* 0.55% 046" 050+
Leaf blade dry weight  0.50* 0.53% 0.56* 0.51*
Leaf sheath 0228 o030 021™ 0.128
Culm dry weight 0.13% 016" 0178 0.07™
Shoot dry weight 020 034 032" 023"
Organic carbon 0.90**  0.88%*  095%*  0.96%*

NS Non-siggpificant
* Correlation is significant at the 0.05 level of significance
** Correlation is significant at the 0.01 level of significance

—
I Agn (2006)

[ Raryit (2008)
) Agrd (2007)
] Rangit (2007)

cwaoa83R8EESLES

Photosynthatic rate (4 mol COz m* sec™')

T r T

7 14 21 28 35 42 4 56 63 70 77 84 61 88 105 112
Days after transplanting

Fig. 5 Photosynthetic rate (umol CO, m~2s™') of rice cultivars
grown under irrigation. Data presented are means 3 SEd (verrical
bars; SEd values are multiplied by 10)

each sampling. This permitted calculation of air volumes
at standard temperature and pressure (STP). Methane in
gas samples was determined using a gas chromatograph
(Varian, Model 3800) fitted with flame ionization detector
(FID) and Chromopack capillary column (50 cm long,
0.1 pm inside diameter). Column, injector and detector
temperature were maintained at 50, 90 and 150°C,
respectively. Gas chromatograph was calibrated with a
methane standard obtained from National Physical Labo-
ratory, New Delhi. Methane flux was calculated from the
temporal increase in the CH, concentration inside the box
using the equation of Parashar and Fisher Jr (1998) and the
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Dry weight of developing panicie (g hill )

70 77 84 91 98 108 112
Days after transpianting

Fig. 6 Dry weight (g hill™") of developing panicle of nce cultivars
grown under irrigation. Data presented are means & SEd (vertical
bars; SEd values are multiplied by 10)

average of morning and evening fluxes were considered as
the flux value for the day. Cumulative CH, emission for the
entire growth period was computed by plotting the CH,
efflux values against the days of sampling and the area
covered under the plot of such a relationship was expressed
as the seasonal integrated flux (E) in g m~>

Plant and soil parameters

Plant height, tiller number, leaf number, leaf area, leaf area
index, root length and root volume were recorded weekly.
Dry weights of leaf-blade, leaf-sheath, culm, root and shoot
were taken at 7-day-intervals after drying at 75°C. Leaf
area and root length was measured with a portable laser
leaf area meter (CID, Model C1-203) with root measure-
ment attachment. Soil samples were collected at 7-day-

=0 Sall

wi(2007)

Sofl temperature ("C)
(u1) PA] JNBA

0 7 14 21 28 35 42 49 56 B3 70 77 84 91 S8 105112119128
Days after transplanting

Fig. 7 Soil temperature (°C) and water level (cm) of the experimen-
tal field planted with rice cultivars grown under mrigation. Data
presented are means =+ SEd (vertical bars, SEd values are multiplied
by 10)

intervals from 15 cm depth from the four replicate plots.
Total organic carbon of the soil was determined by stan-

_ dard wet oxidation method (Jackson 1973). Field water

level was recorded every 7 days and soil temperature was
measured with a soil thermometer inserted into the soil
(5.0 cm depth) near the Perspex chamber.

Photosynthetic rate

Leaf photosynthesis (umol CO, m~2 5~') was measured at
weekly intervals between 11.00 and 11.30 a.m. from 7 days
after transplanting until harvest using an infra-red gas analyzer
(LICOR, L1-6400 portable photosynthesis system) under
ambient environmental conditions as described by Baig et al.
(1998). The middle portion of the youngest fully expanded
leaf (second from the top) was used up to the pre-flowering
and the flag leaf used thereafter.

Statistical analysis

Significance of differences between means were assessed
using Student’s “s” and standard errors considering culti-
vars as the source of variation. Correlations of methane flux
with other parameters (means of all different growth
stages) were made by the Pearson correlation method.

Results

Two-years of measurement from “Agni” and “Ranjit”
grown in irrigated condition indicated cultivar differences
in methane emission (Fig. 1). Higher seasonal integrated
methane flux (E,) was recorded for cultivar “Agni” (E¢
in 2006 = 7.15 g m™2; E¢ in 2007 = 7.42 g m™?) com-
pared to “Ranjit” (Egs in 2006 = 542 g m™2; Ey in
2007 =576 g m~3). Despite these differences, a similar
seasonal pattern of CH, emission from both cultivars was
observed in both years with methane flux being initially
very low and then increasing with advancing age of the rice
plants. Two distinct methane emission peaks were detec-
ted. The first was during active vegetative growth (42 DAT
in “Agni”; 49 DAT in “Ranjit”). The second at panicle
initiation (63 DAT in “Agni”; 70 DAT in ‘Ranjit’). The
emission peaks of methane were observed at the same age
of plants in both the years due to the similarity in growth
duration of the cultivars. Methane emission declined after
panicle initiation stage in both the cultivars and was neg-
ligible at grain harvest.

Soil organic carbon content, like methane flux, was
initially low, reached a maximum at active tillering and
panicle initiation (Fig. 2). In both the years, highly sig-
nificant positive correlations were found between methane
emission and soil organic carbon content for both the
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Table 5 Comparisons of yield and yield attributing parameters of two nice cultivars grown under smgated condition

Cultivars/parameters 2006 2007

Agm Ranm 1 value Agm Ranpt t value
1,000 grain weight (g) 19 13* 20 50* 252 18 30** 19 98** 669
Filled gramn (%) 74 50** 78 50%* 380 74 7578 77 50" 223
Panicle plant™’ 9757 1050 170 9 75* 10 75* 245
Spikelet panicle™ 87 25™ 89 25NS 219 8675 8875 219
Pamcle (m™2) 243 7578 262.50NS 170 252 2578 261 50NS 121
Pamcle length (cm) 2025* 22 00* 317 20 25% 21 50* 284
Panicle dry weight (g plant™") 1437%* 16 60** 596 13 52%+ 15 57** 558
Yield (¢ ha™") 303** 3774 406 299*+ 3 59* 545
NS Non-significant
* Significant at 5% level of sigmificance
** Significant at 1% level of sigmficance
cultivars (Table 4) Water regime plays an important role  Discussion

in the process of methanogenesis (Kongchum et al 2006)
Seasonal rainfall and applied urigation kept the expen-
mental field submerged during most of the growth period
(Fig 7) Ths intensified bactenial chermucal reduction 1n the
sotl thus favouring methanogenests (Bharati et al 2001)
Soil temperatures ranged between {8 and 37°C 1n 2006,
and 18 and 31°C 1n 2007 and were thus warm enough to
support vigorous methanogenic bactenal activity (Nouch:
et al 1990)

Plant height, leaf number, leaf area and tiller number
were higher in “Agm” compared to “Ranpt” Leaf num-
ber, leaf area and leaf area index 1n both the cultivars
ncreased gradually up to the panicle imtiation stage and
declined thereafter (Table 2, Fig 3) Methane emussion
was positively correlated with these growth parameters in
both cultivars (Table 4) 1n both years After the maximum
tllering stage, some tillers died and consequently total
number of tllers declined In both the years, the two cul-
uvars showed highly significant positive correlations
between tller number and methane enussion Results of the
present investigation confirm our earlier prehminary report
(Gogo et al 2005)

Dunng vegetative growth (up to 49 DAT 1n 2006, and
up to 63 DAT in 2007) faster photosynthetic rates were
recorded for “Agm”, compared to “Ranyt” (Fig 5)
However, at subsequent panicle initiation, panicle devel-
opment and ripening stages (1 e from 56 DAT 1n 2006, and
from 70 DAT 1n 2007) the position reversed with photo-
synthetic rate beng faster for cultivar “Ranjit” In “Agm”,
lugher root growth m terms of length, volume and dry
weight from the active vegetative growth unti) maturity of
the crop was seen 1n both the years (Figs 3,4) Dry weight
of above ground plant parts (leaf-blade, leaf-sheath, culm
and shoot) also sigmficantly differed between the two
culvars (Table 3)

@ Springer

The low methane flux recorded soon after transplanting was
probably the outcome of Lumuted respirable soil carbohy-
drate resulting 1n mimmal methanogenesis The small size
of the plants at this time also provided a poor conduit for
methane to escape by diffusion from the soul to the atmo-
sphere (Satpathy et al 1997) Very bttle increase in
methane flux was recorded untl the third week after
transplanting Subsequent methane release duning the early
and mud-season growth stages of rice plants 1s thought to
result pnmanly from microbial decomposition of freshly
incorporated crop residues (Wassmann et al 2000)

Therefore, the first methane emission peak, observed at
active vegetative growth stage of the crop (42 DAT m
Agm, 49 DAT in Rant), 1s probably the result of decom-
posiion of orgamic matter denived from left over plant
residues such as paddy straw and dead roots from the pre-
vious crop (Xu et al 2000) The second CH, flux maxima,
occurnng dunng panicle mutiaton (63 DAT i Agm,
70 DAT 1n Ranpt) 1s attnbuted to greater avallability of
substrates 1n the nce rhuzosphere (Adhya et al 1994, Mutra
et al 2005) as already suggested by Boowman (1991) and
Wassmann et al (1993) Durnng this penod, root exudates
and cell debris are expected to provide carbon sources for
CH,4 production by supplying energy and carbon substrate
for mucrobial activity In support of this view, organic
carbon 1n the rice root zone 1s known to increase with plant
growth, whereas in the non-root zone 1t remains low
throughout the growing season (Lu et al 2000) The drop
methane emussion at the end of crop growth (Fig 1) may be
explained by a decline 1n gas conductance possibly because
of reduced permeability of root epidermus (Nouchi et al

1994), himuted carbon discharge 1nto the rhizosphere and a
decline 1n porosity and longitudinal transport capacity of the
roots (Wang and Patnick Jr 1995)
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Regulation of seasonal variation of CH, flux was
therefore seemingly under prime control by the availability
of organic carbon in the soil. Lu et al. (2000) also estab-
lished a similar trend and reported that the seasonal change
in methane emission was closely related to the change in
organic carbon content in the root zone. Towards the end of
the crop growth, when methane emission was negligible,
soil organic carbon also recorded low for both cultivars
(Fig. 2). This trend was observed in both years. Decline in
organic carbon content at the end of the season was
attributed to decline in root exudation and rate of decom-
position of soil organic carbon (Lu et al. 2000). Our
observation of increase in methane transport capacity with
increased number of tillers (Table 4) may be the result of
enhanced aerenchyma formation and associated increase in
aerial discharge area (Aulakh et al. 2002). Conversely,
slower methane emission when plants were small may, in
part, be the result if less well-developed aerenchyma and
smaller leaf areas for gas discharge (Table 2), smaller root
system for methane uptake (Figs. 4, 5, 6) and a smaller rate
of carbon release into the soil.

Methane emission and photosynthetic characteristic of
the rice plant have been reported by others to be closely
related (Denier van der Gon et al. 2002; Sass and Cicerone
2002). A major portion of the net photosynthetic carbon is
allocated to the root and a significant amount of this frac-
tion enters the soil (Lu et al. 2002) in the form of rhizo-
deposition (Lynch and Whipps 1990; Marschner 1996), a
part of which, in flooded rice soils, will be transformed to
CHy, and emitted to the atmosphere (Minoda and Kimura
1994). In our work, higher photosynthetic rates were
recorded for cultivar “Agni” compared to “Ranjit”
(Fig. 5) at the vegetative stage and this presumably un-
derpinned its more extensive vegetative growth, including
greater leaf area (Tables 2, 3; Figs. 3, 4) and more root
(Table 4) which in turn would support more vigorous
methanogenesis via an enhanced assimilate discharge into
the soil (Lu et al. 2002; Weiguo et al. 2006; Wang and
Adachi 2000) and gas absorption. The larger root system of
cultivar “Agni” is thus one of the reasons for the increased
the CH, production and transport, a mechanism as already
suggested by Ladha et al. (1986). Dry weight of above
ground plant parts also significantly differed in the culti-
vars (Table 3). These findings clearly indicate an indirect
relationship of photosynthesis with CH, emission. During
the grain filling period, photosynthetic rate was higher in
cultivar “Ranjit” even though it emitted less CH, than
“Agni” at this time. This seeming contradiction may be
explained in terms of preferential translocation of photo-
synthate towards the developing panicle rather than the
root system (Denier van der Gon et al. 2002).

In the present investigation, yield and yield-related
parameters were recorded from the plants grown outside the

Perspex box. Yu et al. (2006) observed that temperature inside
the box was increased up to 18°C during gas sampling (with a
final temperature inside the chamber up to 46°C), which
caused significant yield reduction. However we did not
observe such abrupt rate of increase in temperature, and such
high temperature was not recorded inside the box. On average,
only 4-6°C increase in temperature inside the box was
recorded (highest final temperature recorded was 37.5°C)
during panicle differeptiation and anthesis of the crop.
Therefore, it is logical to assume that yield parameters
recorded from the plants grown outside the box did not
influence our interpretation of resulits.

We conclude that higher grain yield and superior yield-
related parameters of cultivar “Ranjit” (Table 5) indicate
higher photosynthate partitioning towards the panicles and
developing grains (Fig. 6). On the other hand, reduced
vegetative growth in terms of smaller leaf area, lesser root
length and volume, and reduced dry weight in different
plant parts may explain the lower CH4 emissions from this
cultivar. In “Agni”, photosynthetic carbon could not be
allocated efficiently to the developing grain during the
reproductive stage (Fig. 6), with major portion of photo-
synthates being translocated towards the vegetative parts,
including the roots and thus available for rhizo-deposition.
This resulted in higher substrate availability of methano-
genesis and thus explains the larger emissions of CH, from
cultivar “Agni”. We reported a similar relationship of
photosynthate partitioning with CH, emission from rainfed
rice (Das and Baruah 2008).
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Introduction

Plant-mediated transport ts the primary route of methane (CH,4) emission from
the reduced paddy field to the aboveground atmosphere Experiments were
conducted at North Bank Plain Agro-climatic Zone of Assam, India, during
monsoon rice-growing season (July to December 2006) to elucidate the
influences of anatomical and morphophysiological characteristics of rice
{Oryza sativa L) cultivars on methane enmssion from submerged agro-
ecosystem Ten rice cultivars were grown in hight-textured [oamy sotl under
rainfed uniform field condition Among the 10 cultivars, 5 were traditional rice
genotypes commonly grown in the agrochimatic zone and the other 5 were
improved high-yielding varieties Wide variation in CH, flux was recorded
among the nce cultvars, which may be regulated by the difference in
anatomical and morphophysiological characteristics of rice plant Micro-
scopic analysis of stem portion showed that high- and medium-CH -emitting
cultivars recorded higher size of the medullary cavity Leaf area and trans-
prrational rates were also found to be higher in high-CH,-emitting varieties
Scanning electron microscopic analysis revealed higher stomatal frequencies
in high-methane-emutting cultivars Data presented in this study suggest that
vanation 1n anatomical and morphophysiological characteristics among differ-
ent rice genotypes may influence CH, emission from paddy fields

estimated as 15% of the global methane emission (IPCC

The global atmospheric concentration of methane (CH,)
has increased from a preindustrial value of about 0 715-
1 774 parts per million by volume 1n 2005 (IPCC 2007)
Methane gas present in the atmosphere substantially
affects the radiative budget of the earth and has pre-
dominant impact on the global warming Most of the CH,
in atmosphere 15 oniginated from biofogical processes in
anoxic environment, although there are reports that CH,
can be emitted from plants under aerobic condition
(Keppler and Rockmann 2007, Keppler et al 2006) Sub-
merged paddy fields are one of the dominant anthropo-
genic sources of methane to the atmosphere, which 1s

1994) Flooding of rice fields promotes anaerobic micro-
bal fermentation of organic carbon (Aulakh et al 2000,
Hosono and Noucht 1997, Jimenez and Lal 2006, Schutz
etal 1989), resulted in extensive methanogenesis in rice
rhizosphere Methane generated by methanogenesis in
paddy field s released to the atmosphere by plant-
mediated transport, molecular diffusion across the water—
air interface and ebulhition (Wassmann et al 1996) The
transport of methane through the aerenchyma system of
the rice plants 1s known to be the most important of
these (Yag: et al 1996) Cheng et al (2006) reported that
the CH, emitted by plant-mediated transport and

Abbreviations — Eg, seasonal integrated flux, SEM, scanning electron microscopy, STP, standard temperature and pressure
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ebulliton-diffusion accounted for 86 7 and 13 3% of
total emissions, respectively

Dissolved methane absorbed by the roots can be
gasified quickly 1n the root cortex and transported (n the
gaseous state to the shoots through the aerenchyma and
the lysigenous intercellular space (Nouchr et al 1990)
This results in a steep gradient of methane concentration
in medullary cavities, where very high concentration of
CH, can be detected (Wang etal 1997) The air space of
the medullary cavity is linked to the lysigenous air space
through the aerenchymatous tissues involved in methane
transport Although efforts have been made to describe
the plant-mediated methane transport, the relation of
methane emission with the size of medullary cavity 1s not
well established Recent studies documented a close
relationship between methane emission and inherent
varietial characteristics of rice plant (Das and Baruah
2008, Gogo: et al 2005) However, information on
anatomical and related morphophystological character-
istics such as stomatal frequency and transpirational rate
of rice plant assoctated with emission and transport of
methane 1s scanty Conclusive descriptions of the micro-
structures regulating plant-mediated methane transport
are also not available In the present study, attempts were
made to establish a relationship between anatomical and
morphophysiological characteristics of rice plant associ-
ated with methane emission Information generated by
this study can be used in future breeding programme for
developing new cultivars having low CH, emission
potential

Materials and methods

Experimental site and field procedure

The experiment was conducted n a farmer’s field, near
Tezpur Central Unmiversity campus (lat 26°41'N, long
92°50'E) of North Bank Plain Agro-climatic Zone of
Assam, situated at northeastern part of India Methane
emission from paddy fields was estimated during the
monsoon rice-growing season (July to December) of
2006 The field was ploughed, puddled thoroughly to
15-cm depth and leveled Rice seedlings (30 day old)
of 10 cultivars were transplanted (spacing 20 x 20 cm,
2 seedling hill ™"} in four replicated plots (5 x 5 m =
25 m?) Among the cultivars, five were traditional rice
cultivars popularly grown in this agroclimatic zone, viz
Basmuthi (V), Bogajoha (V,), Choimora (V3;), Rashmisali
(V4) and Lalkalomdani (Vs), and the other five were
improved cultivars viz. Mahsur (Vg), Moniram (V;),
Kushal (Vg), Prafulla (Vg) and Gitesh (V) developed by
Regional Rice Research Station, Titabor, Assam Agricul-
tural University, India The traditional cultivars selected

in this experiment exhibit profuse vegetative growth,
whereas improved varieties are semidwarf and have
superior yield characteristics All the traditional and
improved cultivars have almost similar growth phases and
crop duration Fertilizers were applied at the rate of
40 20 20 kg N-P-K ha~" in the form of urea, single super
phosphate and murate of potash as recommended in the
package of practice of Assam Agricultural University,
India

Gas sampling and estimation of methane emission

Methane flux from rnce field was recorded at 7-day
intervals, from O days of transplanting till 15 days after
harvest, by using a static chamber technique described by
Parashar and Fisher (1998) Briefly, Perspex chambers
(50 cm length, 30 cm width and 70 cm height for
semidwarf cultivars and 50 cm length, 30 cm width and
100 cm height for tall cultivars) made of 6-mm-thick
acrylictransparent sheets were used for gas sampling The
rectangular U-shaped aluminum channel (50 x 30 cm)
supported on an aluminum frame (50 x 30 x 15 cm)
was used to accommodate the chamber The aluminum
channel was preinserted into the soil to a depth of 15 cm
7 day before transplanting During gas sampling, the
aluminum channel was filled with water, which acted as
air seal when the chamber was placed on the channel A
battery-operated fan inside the chamber homogenized
the air in the chamber before sampling Gas samples were
drawn from the chambers by airtight syringe (50 ml
volume) fitted with a three-way stopcock and a fine
needle The needle was inserted gently to the chamber
through a self-sealing rubber septum Gas sampling was
performed twice a day (at 09 00 h and again at 14 00 h) at
intervals of 15 min (0, 15, 30 and 45 min) The temper-
ature inside the chamber was recorded by a thermometer
inserted through a rubber septum installed at the top of
the chamber Barometric pressure and water level inside
the chamber were measured during each sampling for
calculating air volume at standard temperature and
pressure (STP) Methane concentrations of gas samples
were estimated by gas chromatograph (Varnian model
3800) fitted with flame 1onization detector and Chromo-
pack capilary column (50 cm long, 0 53 mm outside
and 1 wm inside diameter) Column, jector and
detector temperature were maintained at 50, 90 and
150°C, respectively Gas chromatograph was calibrated
periodically by CH, standard obtained from National
Physical Laboratory, New Delht The chromatogram was
recorded n a computer with VARIAN STAR WORKSTATION
{version 6 41) software to record peak area and peak
height against the retention time The report generated
directly gave the concentration of CH, in the sample
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Table 1. Methane flux(mg m~2h™"), leaf area (cm? hill ) and transpiration {(mmol H,0 m ™2 s~ ") of 10 rice cultvars grown under wetland conditions In each colurn, means with the similar letters are not
significantly different at # < 0 05 level by Duncan's multiple range test

Days after transplanting

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126

Methane flux vV, 137a 161ab 1852 314a 326a 468a 536d 716a 619 6250 734a 646b 559 535 437b 314a 063b 028bc 018ab

V, 135 158z 185ab 276b 312a 436b 473 627b 696a S584c 608d 7112 5952 498h 467a 364a 171a 049a 0262

V3 1393 153abc 172bc 253c 290b 385¢ 6733 565d 574c 584c 706b 593d S564b 494bc 396c 210bc 104b 046a 0O21ab

V, 135 157abc 163c 226d 3123 349d 627b 536e 553cd 698 5 66e 534e 519c 464cd 391c 212bc 078y 038ab 0272

Vs 142a 164a 193a 216de 289 318 594c 500f 5354 558d 675¢ S30e 507c 446de 397c¢ 177bc 08th 031bc 0203b

Vg 1383 1 36e 181ab 198ef 250c 303f 498f 633b 490e 519 656¢ 494f 455f 414e 360d 150bcd 083b 024bc 0 18ab

V, 139 t54abc 173bc 213de 225d 274g 459g 500f 6206 481f 537t 644b 473d 443de 317e 222b 064b 023c 0 18ab

Vg 134a 141de 182ab 21idef 225d 254h 594c 4579 444f 484f 626d 479f 448f 3279 279 171bcd 062b 028bc 010b

Vo 128a 146cde 164c 197ef 215de 2377 427h 596¢ 436f 4483 5109 622c 4099 381 30%ef 141cd 100b 031bc 016adb

Vi 138a 149bcd 174bc 193f 208f 2291 363t 569d 406g 418h 464h 600d 384h 363f 323e 101d 088 028bc 0213b
Leaf area V, 45 7a 602a 1453 347a 401a 489a 646a 981a 1010a 1051a 1048a 990a 830b 597h 548e 529b

v, 43 9a 582ab 1443 289b 38% 449 602b 918b  966b 10442 1031b 936b 878a 650¢ 507f 475e

Vs 41 4a 56 4ab 136b 256c  311d  376c  S41c 838c 916¢ 981b 933¢ 836d 755g  615f 857d 532b

Vg a1 2a 552ab 134b 246d  321c  351d 4784 770d  971b  948c 901e 864c 795d 521 4159 400h

Vs 40 Sab 53 1bc 134b 243d  293f 382c 417e  697e  845¢ 931d 921d 809 764f 628e 577bc  443g

Ve 344bc 47 Scd 130b 195e  300e 351d 398g  649f 770d  866e 860f 836d 805c 672b 582ab 5432

v, 333cd 47 7¢d 130b 174f 2789 333e  406f 616g 736e  847f 8429 813e 777e 7292  S04f 449f

Vg 299cd  439d  106¢ 155  254h 307f 369h 573h  638f 8199 814h 776f 707h  605g 585a 475  427c

Vg 279d 421d 101¢ 125h 2131 2389 337 533 6029 781h 7761 747g 682 635d S562d 485d  464a

Vio 27 3d 419d  100c 121h 155 23th 308 489; 569h 77n 752 733h 71th 595h  S574¢ 522¢  435b
Transprration  V, 18352 693b 662 1233a 52083 520b 4442 SSIlc 903e 13733b 573¢c 31% 236e 1843 067d 0 38e

v, 138b 688 521d 1188 426d 6628 401b 1165a 13500 1365b 577¢ 280f 129f 079 061d 027e

V3 7 06d 834a B66a 858b 450c 408 d43% 864b 843f 1226c 507d 428 124 068b 103a 0 68d

V, 6 23f 591c 744b 706d 4320 254e 166d 4584 1803a 1088d 623b 384d 348c O061bc 038bd 087cd

Vs 1019% 330 677 699d 4700 217 O051f 806b 1209c 1443a 575¢ 216g 390b 020c 103ad 083cd

Ve 979 515d 646¢ 44%¢ 354f 317d 056f 558 91% 100% 452 317e 055 073b 055d 097c

V5 6 24f 486e 200e 772c 38% 150fg 280c 396e 1084d 1116d 6633 3639d 274d 1972 044bd 132b

Vg 9 76¢ 392h 545d 373f 280h 200ef 137de 468d 4379 793f 363f 361d 268d 186a 099%d 084cd 1972

Vg 4 659 423g 151 343f 2701 100g 124e 364e 917e 943e 556c 473b 538a 2242 105d 176a 078b

Vio 712d 435f 041g 302g 300g 044h 127e 496cd 336h 1231c 436e 6343 357¢ 08b 090a 127b 192a




Methane flux was calculated by considering the change
in methane concentrations «nside the chamber, box
volume at STP, paddy area covered by the chamber and
time of samphing intervals usting the equation of Parashar
and Fisher (1998) The average of morning and evening
fluxes were constdered as the flux value for the day and
expressed asmgm ™2 h™' Cumulative methane emission
from different rice genotypes for the entire growth period
was computed by the method of Naser et al (2007) by
using the following formula

Cumulative methane emission ="' 3" (R,xD,),
=1
where R, 1s the mean gas emission (mg m~2 day™), D, 1s
the number of days in the sampling interval and n is the
number of sampling times Cumulative methane emtsston
15 presented as seasonal integrated flux (Eq) and ex-
pressed in g m™?

Measurement of morphophysiological parameters

Plant growth parameters such as tiller number (data not
presented) and leaf area were measured at weekly
intervals Total feaf area was measured by using portable
laser leaf area meter (CID model Ci-203) Rate of trans-
piration (mmof H,O m~?s™") of intake leaf was measured
at weekly nterval (from day 7 after transplanting till

[6] harvest) by an infrared gas analyzer (L1-6400 portable

photosynthests system, LI-COR} under ambient environ-
mental conditions The muiddle portion of a fully ex-
panded, healthy green second leaf from the top was used
for measurement up to the preflowering stage, and the
flag leaf was used from the panicle initiation stage Leaves
were held in the chamber until values of transpiration
were observed to be as constant as possible (steady state),
which was rapid (3 £ 4 min) because of the simularity of
environmental conditions of inside and outside the leaf
chamber Leaves were kept at steady state for 1 mun
before measurements were taken

Evaluation of anatomical characteristics

For scanning electron microscoptc {SEM) analysis, leaf
sections were prepared from the middle portion of the of
the flag leaf at panicle initiation stage Nodal sections of
the stems were taken from about 15 cm above the ground
surface Fresh leaf and stem samples of different rice
cultivars were fixed and dehydrated following the method
of Nemnhuis and Edelmann (1996) After fixation and
dehydration, samples were cntical pont dried, fixed to
metal stubs with carbon adhesive tape, coated with
platinum by Auto Fine Coater (JFC-1600, JEOL, Japan)

and examined 1n a scanning electron microscope (JSM-
6390LV, JEOL) Observations and photographs with the
SEM were made at 15 kV Four random fields from each
sample were taken for the measurement of stomatal
frequency (from the adaxial surface of the leaf sample)
and expressed as number of stomata mm~? For the
measurement of the diameter of medullary cavity, stem
sections were taken from the rice plants from about 15 ¢cm
above the ground surface Leaf sheaths were carefully
removed and fine sections of the culm were examined
under Stereo Microscope {Stemy 2000-C, ZEISS, Germany)
at 40x Observations were replicated for four times and
diameters of medullary cavity were computed by using
Axiovision LE Documentation Sortware (Germany)

Statistical analysis

Measurements of different parameters at all the growth
stages were replicated for four times The significance of
the difference of different parameters among the cultivars
was assessed by repeated measures anova and sub-
sequently by Duncan’s multiple range test and differences
are reported at P < 0 05, considering cultivars as source
of vanation Partial correlation of morphophysiological
and anatomical parameters (means of all different growth
stages) with mean CH, emission from different cultivars
was analyzed The statistical analysis was conducted by
USING SPSS PACKAGE PROGRAMME (version 10 0)

Seasonal integrated methane flux (g m?)

Vi V2

V3 V4 V5 V6 V7 V8
Cultwar

V8 V10

Fig 1 Seasonal Integrated methane flux (E,« g m™2) of 10 rice cultwars
(bars indicate standard error deviation values multiplied by 10) Bars with
sirmilar latter are not signuficantly different at P < 0 05 level by Duncans
multiple range test
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Results

Measurement of CH, fluxes from 10 rice cultivars indi-
cated significant cultivar differences in CH,4 emission
(Table 1). Highest seasonal integrated CH,4 flux (Eg) was
recorded from plots grown cultivar Basmuthr (Eg¢ =
12.46 g m~%) and lowest from Gitesh (Eq¢ = 8.74 g m™?)
(Fig. 1). The tested rice cultivars could be ranked
into three groups based on their €, values (Fig. 1) as
high- (cultivars: Basmuthi, Bogajoha and Choimora),
medium- (cultivars: Rashmisali, Lalkalomdani, Mahsuri
and Moniram) and low-CH,-emutting cultivars (cultivars:
Kushal, Prafulla and Gitesh). Despite the significant

cultivar differences 1n CH, fluxes (Table 2), a similar
seasonal pattern of CH, emission from all the rice
cultivars was observed. In all the cases, CH4 flux was
initially very low and then increased with the advancing
age of the rice plants. The rate of CH, emission declined
after panicle initiation stage in all the cultivars and
reduced to a negligible level at harvest (Table 1).
Significant variation in leaf area among the rice
cultivars was noticed (Table 1). Highest leaf area was
recorded in high-CH4-emitting cultivar Basmuthi over the
other cultivars. Low-CH4-emutting varieties Gitesh and
Pratulla recorded lower leaf area. Leaf area in all the

Table 2. Descriptive statistics of repeated measures of methane flux, leaf area and transpiration of 10 rice cultivars grown under wetland condition

*Sigruficant at the 0 01 level. DAT, days after transplanting

Source Sum of square df Mean square F Significance
Methane flux
Test of within /subject effects (DAT) DAT
Sphenaity assumed 2185 18 121 5697 000
Lower bound 2185 1 2185 5697 000
DAT x cuftivar
Sphericity assumed 119 162 073 3454 000
Lower bound 119 9 1324 3454 000
Error(DAT)
Sphericity assumed 7 66 360 0021
Lower bound 7 66 20 0383
Test of between subject effects (cultivars) Intercept 6264 . 1 6264 68 420 000
Cultivar 86 1 9 96 104 5 000
Error 183 20 0092
Leaf area '
Test of within subject effects (DAT) DAT 594 x 107 16 371 x 108 132 x 108 000
Spherncity assumed 594 x 107 1 594 x 107 132 x 108 000
Lower bound
DAT x cuftivar
Sphericity assumed 460 x 10° 144 31960 11330 000
Lower bound 460 x 10° ] 511 x 10° 11330 G 00
Error{DAT)
Sphericity assumed 1354 480 282
Lower bound 1354 30 4514
Test of between subject effects (cultivars) Intercept 159 x 108 1 159 x 108 586 x 10° 000
Cultwar 148 x 10° 9 164 x 10° 609 000
Error 8125 30 2708
Transpiration
Test of within subject effects (DAT) DAT 7106 16 444 12 5548 000
Sphencity assumed 7106 1 7106 5548 000
Lower bound
DAT x cultivar
Sphencity assumed 2333 144 162 202 4 000
tower bound 2333 g 2552 202 4 G 00
Error(DAT)
Test of between subject effects (cultivars) Sphencity assumed 842 480 5 x 107°
Lower bound 3842 30 128
Intercept 14 430 1 14 430 37 620 000
Cultivar 547 9 608 158 4 000
Error 1S 30 038
Phystol Plant 0, 2008 5



cultivars increased gradually up to the panicle imtiation
stage and declined thereafter

Significant differences in the size of the medullary
cavity of different rice cultivars were observed (Table 3,
Fig 2) High-methane emitting cultivars viz Basmuth
and Bogajoha recorded greater size of medullary cavity
than lower emitting cultivars Gitesh and Prafulla Sig-
nificant positive correlation was recorded between
methane emission and size of medullary cavity (Table 4)
Higher stomatal frequencies were exhibited by Basmuthi
and Bogajoha, whereas Prafulla and Gitesh showed lower
stomatal frequencies (Table 3, Fig 3) Transpirational
rates of the cultivars were recorded at weekly interval
Significant cuttivar differences were abserved 1 the rate
of transpiration at different growth stages of the crop
High- and medium CH,-emitting cultivars  recorded
higher rate of transpiration compared with low-emitting
varieties (Table 1) Water level of the experimental field
was recorded during the time of methane sampling and
presented in Fig 5

Discussion

In the present investigation, significant differences in the
size of the medullary cavity of the rice cultivars were
observed (Table 3, Fig 2) High-methane-emitting culti-
vars recorded significantly greater size of medullary
cavity compared with medium- and low emitting ones

Table 3 Vanation in diameter of medullary cavity and stomatal frequency
of 10 nice cultvars grown under wetfand condition In each column means
with the similar letters are not significantly different at P < 0 05 level by
Duncans muluple range test Values within parenthesis indicate standard
error deviation

Diameter of medullary  Stomatal frequency

Cultivar cavity (mm) (number of stomata mm™?)
Basmuthi 6 93 (+0 06)a 736 (+20)a
Bogajoha 7 21(£021)a 637 (£33)b
Choimora 619 (0 15)b 617 (£20)b
Rashmisall 639 (0 07)b 577 (£20)b
Lalkalomdam 601 (+027)b 597 (£23)b
Mahsuri 617 (0 07)b 498 (+£20)c
Moniram 599 (+0 11)b 378 (£20)de
Kushal 598 (10 24)b 398 (£33)d
Prafulla S 41 (0 09)¢c 338 (£20)de
Gitesh 392 (+005)d 318 (x33)e

Methane concentrations in the medullary cavities of rice
plants are reported to be about 2900 times higher than
that of ambient air (Nouch: et al 1990) Therefore, 1t 1s
possible that methane may diffuse and move upward
through the shoots through the internal air spaces afong
concentration gradients Because methane emission 1s
diffusion-controlled process, it 1s logical to hypothesize
that larger size of the medullary cavities recorded 1n
the cuftivar Basmuthi and Bogajoha may increase the
cross-sectional area of the methane diffusion pathway

o
;
3
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=
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W

Fig 2 Micrographs of medullary cavity of (A) Basmuths (igh methane emitting cultivar) (B) Lalkalomdans (medium methane emitting cultvar) and

(C) Gitesh (low methane emitting cultvar)
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Table 4 Partial correlations of morphophysiological and anatomical
characteristics of rice cultivars with methane emission *Correlation s
significant at the 0 01 level

Parameters Methane emission
Leaf area 098~
Tiller number 0 85*
Diameter of medullary cavity 084+
Stomatal frequency 0 95*
Transpiration 0 99*

On the other hand, smaller medullary cavities of Prafulla
and Gitesh may restrict the methane flow by reducing the
cross-sectional area This may be one of the reasons of
higher methane emission from the cultivars Basmutht and
Bogajoha This finding suggests that the wide vanation in
methane emussion among the rice cultivars may be
assoclated with the anatomical features of the medullary
cavity A positive correlation between the seasonal
integrated methane flux and the size of medullary cavity
was observed (Tabfe 3) Our assumption on the role of
medullary cavity in methane emission may be supported
by the report of Yao et al (2000) that methane transport
was correlated with intercellular volume of stem
Numerous stomata were detected at the adaxial surface
of nice leaves SEM showed higher stomatal frequencies in

AR DS

the leaves of high-methane-emitting cultvars (Fig 3)
Both methane emission and seasonal integrated methane
flux were positively correlated with stomatal frequency
(Table 4) The stomata of leaf blade may be one of the
release sites of methane into the atmosphere Positive
influence of leaf area and tiller number on methane
emission was reported from this laboratory (Das and
Baruah 2008, Gogoi et al 2005) In the present inves-
tigation also, high-methane-emitting cultivars recorded
higher tiller number compared with low-methane-
emitting varieties (data not presented) It may be hypo-
thesized that if feaf stomata 1s one of the release sites of
methane, higher tiller number and leaf area with higher
stomatal frequency provide more cross-sectional area for
release site of methane from the plant body to the
atmosphere Other workers also reported that before
shoot elongation, about 50% of the methane 15 released
from leaf blades {(Neue etal 1997) Although micropores,
present in the basal portion of leaf sheath, were descrnibed
as the main site of methane release by Nouchi et al
{1990), 1t was aiso pointed out by them that the
micropores, surrounded by sclerenchyma, are not linked
to the lysigenous intercellular space Moreover, the pre-
sence of micropores in the leaf sheath was not con
firmed by other workers (Butterbach-Bahl etal 2000) and
such differences in findings might be attributed because

Fig 3 Scanning electron micrographs of stomata on the adaxtal leaf surfaces of (A) Basmuthi (high-methane emitting cultivar) (B) Lalkalomdani
{medium methane ermitting cultivar) and (C) Gitesh (low methane emitting cultivar) Arrows point to the stomata
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Fig 4 Scanning electron micrographs of vascular bundles of (A) Basmuthi (high-methane-emitting cultwar) (B) Lalkalomdant (medium-methane-
emitting cultvar) and (C) Gitesh (low-methane-emitting cultivar) Arrows point to the xylem

of the differences 1n cultivars (Wang et al 1997) The  with the lacunae through these intercellulars is logically
intercellulars [ocated between the epithehal ceflsandthe  assumed Stomata of the leaf sheaths are suggested to be
closely refated to the leaf sheath stomata may have  the main site of methane release (Butterbach-Bahl et al
a crucial role in plant-mediated methane transport ~ 2000) Similar mechanism may operate in the leaf blade
(Butterbach-Bahl et al 2000), and a link of the stomata  also, which may explain the close relationship among
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Fig 5. Water level (cm) of the expenmental field during the expenimental pertod
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methane emussion, leaf area and stomatal frequency
observed n our study

Significant posttive correlation was recorded among
transpiration, methane emisston and seasonal integrated
methane flux (Table 4) in the rice varieties High-methane-
emitting cultivars exhibited higher transpirational rate than
the low-emitting varieties (Table 1) Allen et al (2003)
recorded that highest CH, efflux coincides with increased
transpirational rate indicating that soil water flow to the
roots deliver more dissolved CHy to the rice plant during
periods of rapid transpiration Diel rates of CH, emissions
were also found to be linked with the transpiration-
induced bulk flow (Chanton et al 1997) However, by
using SEM, we were unable to show the difference in the
distribution and anatomy of xylem 1n the node of rice stem
(Fig' 4) From the data recorded on stomatal frequency, leaf
area and transpirational rate, it may be hypothesized that at
Jeast a small fraction of methane may be released into the
environment because of transpiration-induced bulk flow,
although methane 15 transported within the rice plant
predominantly through molecular diffusion It may be
noted that all the traditional rice cultivars examined n this
investigation recorded higher leaf area and tifler number
with higher transpirational rate and bigger medullary
cavity, emitted more methane compared with the high-
yrelding improved cuitivars  Although 1t 1s difficult to
specify the primary factor for high methane ermussion, it
may be assumed that all these factors collectively regulate
methane emisston from rice plant However, as discussed
above, the transport mechanism of methane to stomata
from the facunae through intercellulars 1s not welf under-
stood This interceflular mechanism must be described
with more sophisticated methodologies, eg use of
radiotracer techmiques for clear understanding of plant-
mediated methane transport The findings of the present
study might open up new areas for further research on
methane transport
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