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Chapter 1
GENERAL INTRODUCTION

1.1 INTRODUCTION

Evidence from ancient civilization reveals that the earliest human
civilization flourished along the banks of major rivers (Pohl, 1996), which
supported nearly 70% of their population (Keddy and Fraser 2000). For ages,
these watery lands have been coined to represent all the water-related land-use
or land cover features, including lakes, ponds, reservoirs, estuaries, canals, and
rivers. With the advent of modern civilization and detrimental human activities
had made it a mear waterlogged lands, harbouring disease, hazardous and are
also the source of immense human suffering (Dugan, 1993; Keddy P and Fraser
2000) which paved the way to its gradual disappearance. However, since the
early 1980s, another term related to water bodies gained popularity, known as
“wetland.”(Anderson 2012). On recognizing the ecological functions wetland
performs has resulted in redesigning some of the wetland as “Wetlands of
International Importance” based on the international treaty for wetland

conservation adopted during 1971 in Ramsar, Iran.

The Ramsar Convention (1971), defined wetlands in Article 1 as, “Areas
of marsh, fen, and peatland, or water, whether natural or artificial, permanent or
temporary, with water that is static or flowing, fresh, brackish, or salty, including
areas of marine water, the depth of which at low tide does not exceed six
meters”. Moreover, the Article 2 broadened the area of coverage of wetlands by
incorporating “riparian and coastal zones adjacent to the wetlands, and islands
or bodies of marine water deeper than six meters at low tide lying within the

wetlands” (Ramsar convention Secretariat 2013).
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1.2 DISTRIBUTION OF WETLANDS

The anthropogenic unsustainable developmental activities had led to
declining in wetland area and diversity. Therefore, it is essential to understand
the historical and current abundance, distribution and diversity of wetlands
existing on our planet. Wetlands exist in all the continents of the world except in
Antarctica. In the early 1980s, Maltby and Turner (1983) estimated that 8.6
million km? (more than 6.4% of the land surface of the world) were a wetland.
Later, Finlayson and Davidson (1999) included nearshore marine areas as one of
the categories of wetlands as per the Ramsar Convention definition and
estimated that the global extent of wetlands is 12.8 million km2. However, based
on several other previous studies, Mitsch and Gosselink (2007) estimated the
extent of the world’s wetlands as 7-10 million km2. Global distributions of major
wetland areas are shown in Fig. 1.1. According to Ramsar Convention’s
“Classification System for Wetland Types” have three main categories of

wetlands, viz. “marine/coastal wetlands,” “inland wetlands” and “human-made

wetlands.” Under these categories, a total of 42 wetland types were identified.

Distribution of Wetlands

Figure 1.1 Distribution of major wetland area in the world

(adapted from US Dept. of Agriculture 1999)
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1.3 WETLANDS IN INDIA

Space Applications Centre (2011) has estimated total wetland area of
India as 152,606 km?, which accounts for 4.64% of the country’s geographical
area. The classification of Indian wetland by (MoEF 2007) is given in table 1.1

Table 1.1 Classification of wetland types of India according to MOEF (2009)

Wetland Classes Wetland types

Inland Wetland Freshwater lakes

Freshwater Swamps
Reservoirs
Large Ponds

Coastal Wetlands Estuaries / Backwaters
Mangrove Forests
Paddy wetland systems
Coastal Swamps
Mudflat
Aquaculture pond

Islets

1.4 WETLANDS IN KERALA

Wetlands in Kerala are distributed all along the coast and in the islands,
and the total wetland area estimated is about 1,60,599 ha. The major wetland
types are river/ stream (65,162 ha), lagoons (38,442 ha) reservoirs (26,167 ha)
and waterlogged areas (20,305 ha) (SAC 2011). Geomorphologically the
wetlands in Kerala could be classified into five major systems viz marine,
estuarine, riverine, lacustrine and palustrine. The international convention of
wetlands designated three wetland ecosystems in Kerala as Ramsar site on 19th
August 2002, for the conservation of biological diversity and for sustaining
human life through the ecological and hydrological functions they perform. They

are the Vembanad- Kole, Asthamudi, and Sasthamkota wetlands.
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Kole wetland is the part of Vembanad - Kole wetlands are the most
extensive brackish humid and tropical wetland system in the southwestern
coastal state of Kerala. Kole- paddy wetlands are tracts lying 0.5 to 1.5 meters
below the mean sea level, spreading over Thrissur and Malappuram districts of
Kerala. Kol wetlands are among the water-logged paddy cultivating area in
Kerala such as Kuttanad (Alappuzha, Kottayam, and Pathanamthitta), pokkali
(Alappuzha, Ernakulam, and Thrissur) and Kaipad (Kozhikode and Kannur)
(Jayan and Sathyanathan 2010). Kole wetlands were under rice cultivation for
the past 200 years. The cycling nutrient recharges of the wetland during the

flooding season making the area one of the most fertile soils of Kerala.
1.5 SIGNIFICANCE AND FUNCTIONS OF WETLANDS

Wetlands are prominent ecosystems lying at the interphase between
terrestrial and aquatic ecosystems. As the influence of water dominates wetland
ecosystems; they possess characteristics of both terrestrial and aquatic
ecosystems which are unique properties of their own. As wetlands are highly
productive, they are ranked among the third most productive ecosystems in the
world. Wetland also supports a wide array of flora and fauna and deliver many
ecological, climatic and societal functions. Higher rates of primary production
and lower decomposition provide large storage of carbon and any changes that
could affect the storage by drying could result in the massive positive feedback
of even more emission of carbon dioxide to the atmosphere (Keddy and Fraser
2000). They are valuable sources, sinks and transforms of a multitude of
chemicals, biological and genetic materials and are considered the kidneys of the
earth for cleaning function they perform through biogeochemical cycles. The
principal functions which wetlands perform are water storage and groundwater
recharge, flood control, shoreline stabilization, water quality control, moderating
climate and community structure, biodiversity and wildlife support. Wetlands
are immensely valuable in various aspects, viz. recreational and aesthetic value,

supply and quality, biodiversity value.
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1.6 PRODUCTIVITY OF WETLANDS

Wetlands are among the most productive types of ecosystems (Leith and
Whittaker, 1975), and thus can serve as a significant C sink. Primary productivity
is an indicator of the ability of a plant to convert inorganic C in the atmosphere
(COy) into part of the plant structure through photosynthesis. Thus NPP can be
used as a proxy for C storage. According to Leith and Whittaker (1975), swamps
and wetlands are the second most productive type of ecosystem, with algal beds
and reefs as the most productive type of ecosystem. High productivity means
high C storage, adding to the importance of wetlands for ecological services, as
well as ecosystems that maintain high biodiversity. Many natural and cultivated
tropical wetlands have an NPP of more than 1000 g C m-2 y- which is higher than
that of any other ecosystem type. Schlesinger (1991) reported a global mean
NPP of 1,125 g C m2 y-1 for swamps and marshes and 900 g C m-2y! for tropical
rain forests. Aselmann and Crutzen (1990) reported a range of 1600-3220 for
swamps, 1350 for rice, 1170-1990 for floodplains, 620-1400 for bogs, 430-970
for fens, 290-740 for marshes and 50-100 g C m-2 y-1 for lakes.

The balance between accumulation, mainly NPP but also allochthonous
deposits, and redox and pH-controlled decomposition determines if a tropical
wetland acts as a sink or source of carbon. The significant spatial and temporal
variability of the controlling factors and the limited geographic information of
these factors currently do not allow reliable estimates of the global carbon

balance of tropical wetlands.
1.7 CARBON DYNAMICS IN WETLANDS

Wetlands are significant carbon sinks attributed to low decomposition
rates in anaerobic soils. It stores approximately 25000 Pg of the earth’s carbon
pool (Lal 2008; Bridgham et al. 2006). It comprises of five main carbon
reservoirs namely (a) plant biomass carbon, (b) particulate organic carbon
(POC), (c) dissolved organic carbon (DOC), (d) microbial biomass carbon (MBC),

and (e) gaseous ends products such as CO; and CHa.
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Active biomass comprises wetland vegetation, which transforms the
inorganic carbon such as CO; to organic carbon through photosynthesis.
Particulate organic carbon (POC) consists of decaying plant materials, microbial
exudates, and particulate organic substances found on the soil surface. Dissolved
organic carbon (DOC) comprises dissolved biochemical oxygen demand and
other carbon components in the water phase. Microbial biomass carbon occurs
in heterotrophic micro-floral catabolic activities, transforming organic carbon
back to inorganic carbon, and mineralizing particulate organic carbon and

dissolved organic carbon (D’Angelo and Reddy 1999; Picek et al. 2007).

Carbon storage in the wetland is the balance between carbon input
(organic matter production) and release (decomposition, respiration, and
methanogenesis.). The resulting storage of carbon depends on several factors
such as land use change, soil conditions, topography, geological position, the
hydrological regime, the type of plant present, the temperature, moisture, pH
and the redox conditions of the soil (Chabbi et al. 2009). Organic matter is
entering the submerged wetlands as plant remnants; wetland biomass typically
contains 45% to 50% of carbon, which undergoes complex processes of aerobic
and anaerobic decomposition. The fundamental processes undergoing during
this processes are respiration in the aerobic zone, fermentation,
methanogenesis, sulfate, iron, and nitrate reduction in the anaerobic zone. The
combination of the elevated water table, high productivity and slower or
incomplete decomposition of organic matter under anaerobic conditions in
wetlands allows significant storage of carbon in the soil from the atmosphere

acting as a sink of carbon.

Even though wetlands are globally a significant sink for carbon, releases
of CO; may exceed photosynthesis in some circumstances making it into a
source. Wetlands are identified as ecosystems significantly contributing to
emissions of major greenhouse gases (GHGs)- carbon dioxide (CO;), methane

(CH4) and nitrous oxide (N20) (Smith et al. 2007). GHG emissions from wetland
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soils are complex heterogeneous processes in which CO; is released from soil
autotrophic and heterotrophic respiration (Janzen 2004). CHs by
methanogenesis under flooded, anoxic, low redox conditions by obligate
anaerobes (Singh et al. 2000) and N;O driven by microbial transformation of
nitrogen compounds through nitrification and denitrification process (Li et al.
2013).

Atmosphere
597 + 165
] T
120
Land Land
02 1196 | 26 sink 1.6 4 64

GPP
Respiration!|

Weathering

Vegetation,
Soil & Detritus

2300+ 101-140

50 _!,> Marine Biota
w ﬂ\' 3

termediate
&Deep Ocean
37,100 + 100

Reservoir sizes in GtC Surface sediment
Fluxes and Rates in GtC yr1
Figure 1.2 Cycling of carbon between earth systems

(adopted from IPCC AR4 WG1 1990)

Seasonal shift in soil aerobic and anaerobic pathways in line with
changes in environmental and soil management factors determine the behavior
of GHGs as a source or sink in the ecosystem (Janseens et al. 2003). Furthermore,
production, emission and spatial-temporal distribution of CO,, CH4 and N;0 in
tropical wetlands vary significantly with seasonal changes in
micrometeorological conditions such as soil temperature, soil water content,
alternate wetting, and drying. These factors affect the substrate precursors and
microbial activity, mineralization of C and N, vegetation cover and soil
management (Garcia-Marco et al. 2014; Mitra et al. 1999). Globally wetlands
emit 20-25 % of current global methane emissions, or about 115-227 Tg-CHa
year-! (Whalen 2005; Bergamaschi et al. 2007; Bloom et al. 2010) disturbing the

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala » 7
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radiative balance of the earth’s atmosphere. In particular, the decomposition and
turnover of soil organic matter (SOM) is recognized as an essential determinant
of carbon-driven climate change as the regulatory effect of temperature on
decomposition is crucial to the stability of organic matter stocks (Knorr et al.

2005; Fang et al.,, 2005).
1.8 CARBON SEQUESTRATION POTENTIAL OF WETLANDS

Globally wetlands stores nearly 44.6 Tg Cy! (Patil et al. 2012) with an
average carbon sequestration rate of 20 to 30 g C m2yr-! (Roulet 1993) in which
tropical, temperate and boreal wetlands sequester about 0.56 Pg Cyr-1, 0.16 Pg
Cyr1,and 0.11 Pg Cyr-! respectively. On accounting the sequestration potential, it
varies widely among wetlands and climatic regime as sequestration is a function
of both biomass production and respiration. Coastal wetlands comprise more
than 226,000 km2 of mangroves, and salt marshes (Patra et al. 2013) that have a
potential to sequester 4.77 g C m2yr! (Chmura et al. 2003). Along with
mangroves tidal wetlands of San Francisco Bay that sequester nearly 79 g C
m-2yr-1 (Callaway et al. 2012). It has also been estimated that the northern and
tropical peat based wetland systems constitute a carbon store of up to 510 Gt C
which equates to approximately 30% of the total global organic soil carbon stock
(Saunders et al. 2014). By carbon density carbon storage of temperate and
tropical peatlands was estimated as 256 Gt C and 19.3 Gt C respectively whereas
boreal and subarctic peatlands alone store nearly at 460 Gt C (Mitra et al. 2005).
Globally SOC in most of the agricultural pools is below their ecological potential
prone to soil erosion and other degrading processes. Wetland under cultivation
has 0.2 to 7.6 g C m2yr! under improved crop management and 8 to 10 g C
m-2yr-! through the restoration of wetlands (Lal 2008). Under the ongoing
national wetland conservation action plan in China, the carbon sequestration
potential of restored wetlands was 6.57 Gg C yr-1. North American prairie
pothole restored wetlands also has an annual sequestration rate of

27gCm?2 yri,
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India accounts for nearly 757 wetlands contributing to nearly 4.7% of
the total geographical area of the country. Of the total wetland area, coastal and
inland wetlands constitute 27% and 69% respectively (SAC, 2011). The total
extent of coastal ecosystems (including mangroves) in India is around 43,000
km? and can sequester about 1.5 Mt C ha! yr-! (Kathiresan and Thakur, 2008).
The total area under wetlands in Kerala is 1,279.3 km?, of which 341.9 km? and
937.3 km? are constituted by inland and coastal wetlands, respectively. Studies
on the sequestration of carbon from the wetlands of India are scanty and lesser

studied. However, most of the studies deal with the emissions of GHG.
1.9 CLIMATE CHANGE ON WETLANDS

Globally wetlands are recognized as an essential component of the global
carbon cycle invariably related to climatic factors both at global and regional
scale. Prevailing unique biogeochemical processes facilitates wetlands as
significant reservoirs of carbon (C) sequestering nearly 20-30% of the global
carbon pool. As carbon stored in the wetland soils are highly sensitive to
climate-driven environmental changes, including fluctuations in water
inundation, temperature, the nutrient regime and microbial activity they also act
as a significant source of carbon especially major greenhouse gases (GHG) CHa,
COz and N0 (Mitra et al., 2005). Since 1750 to 2011, atmospheric CO; had
increased by 40% from 278 ppm to 390.5 ppm, CH4 by 150% from 722 ppb to
1803 ppb and N0 by 20% from 271 ppb to 324.2 ppb (IPCC 2013). This
unprecedented rate of change in the atmospheric concentrations of radiatively
and chemically important trace gases over the last century along with an
increase in global temperature made it increasingly important to understand the
climatic factors and processes regulating the sink and source of carbon and
significant greenhouse gases emissions from wetlands to address the climate

change issue.
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1.10 SIGNIFICANCE OF RICE PADDY WETLANDS

Since the evolution of the earth, wetlands have played and continued to
play a significant role in supporting a large population of people especially in
Asia and humid areas of the world via rice production in lowlands. Evidence of
rice cultivation dates back to the earliest age of humans, long before the era of
historical records. It was the staple food and the first cultivated crop in Asia. Rice
culture probably began within a broad belt that extends from the Ganges plains
below the eastern foothills of the Himalayas through upper Burma, northern
Thailand, Laos, and Vietnam, to southwestern and southern China.
Archaeological digs in 1973 and 1974 near Homutu village in Yuyao county of
Chekiang province, China, uncovered “rice” dated more than 6,960 years old.
Findings throughout the lowlands of the south and Southeast Asia and the
southern tier of China substantiate that a significant portion of the population
was dependent on rice between the fourth and fifth millennia B.C. Because
wetlands are dynamic systems, they are susceptible to climatic changes. Thus, if
the predicted global warming trend materializes shortly, wetlands are apt to
increase or decrease in various regions of the world as the precipitation to

evapotranspiration ratio increases or decreases, respectively.
1.11 ROLE OF RICE PADDY IN C STORAGE AND CYCLING

Globally rice paddies share a significant portion of the wetlands and have
a high carbon sequestration capacity, holding up nearly 466 to 2011 Gt C in soils
and plant biomass. The primary source for carbon storage in paddy wetlands is
directly through crop residue and indirectly by fertilizer inputs, vulnerable to
decomposition and lost back to the atmosphere as both carbon dioxide and
methane. As paddy wetlands are dynamic systems with flooding and drying
events, carbon storage has many implications, functioning both as a significant
sink as well as a source of carbon micromanaging the emissions of major
greenhouse gases (GHG). The evolution of primary greenhouse gases CO, CH4

and N;O emissions from paddy soils are as a result of mineralization of SOC
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through complex heterogeneous processes of respiration, methanogenesis, and
denitrification influenced by soil management activities and environmental
parameters. Thus carbon storage in paddy fields is the balance between ongoing
accumulation and decomposition process, influenced by several environmental
and micro-meteorological factors such as temperature, moisture, pH, redox
conditions, topography, geological position, the hydrological regime and type of
vegetation (Akhilesh Vijay and Bijoy Nandan, 2017).

Globally, occupying about 5.8% of the total agricultural area, rice paddies
contribute nearly 12,000 MT of COz-equivalents per year in which Indian
agriculture has an emission potential of 94,012.79 Gg, accounting nearly 13.5%
of the global anthropogenic GHG emissions. Through the increase in organic
matter, paddy soils may sequester atmospheric CO; emitted by anthropogenic
sources thereby mitigating climate change. As land use and soil management
practices significantly influence the SOC dynamics and C flux from paddy soils.
The emerging shifts in soil management by organic manures and various
inorganic fertilizers is, expected to influence on GHG emissions and retention of

SOC from paddy ecosystems, therefore, demands research attention.

At present, the uncertainty in understanding the role of paddy soils in
the global carbon cycle due to the poor understanding of the spatial distribution
and dynamics of soil organic carbon. The literature reviewed in Indian context
revealed limited availability regarding the C storage and its stock changes with
related parameters concerning paddy wetlands. In this regard, this work would
be an early attempt in Kerala- India aiming to give preliminary insights into C
dynamics from rice paddy wetlands. Thus the spatially distributed estimates of
SOC pools and flux are essential for better understanding the significance of soils

in the global C cycle and for assessing the potential of biospheric responses.
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Significance and scope of the Study

Wetlands are prominent ecosystems lying at the interphase between
terrestrial and aquatic ecosystems. Owing to its unique biogeochemical features
they are capable of storing nearly 20-30% of earth’s SOC with an average carbon
sequestration rate of 20 -30 g C m-2 yr-1. Globally rice paddies share a significant
portion of the wetlands and have a high carbon sequestration capacity, holding
up nearly 466 to 2011 Gt C in soils and plant biomass. The primary source for
carbon storage in paddy wetlands is directly through crop residue and indirectly
by fertilizer inputs, vulnerable to decomposition and lost back to the atmosphere
as both carbon dioxide and methane. As paddy wetlands are dynamic systems
with flooding and drying events, carbon storage has many implications,
functioning both as a major sink as well as a source of carbon micromanaging
the emissions of major GHG. The evolution of major greenhouse gases CO,, CHs4
and N;0 emissions from paddy soils are as a result of mineralization of SOC
through complex heterogeneous processes of respiration, methanogenesis, and
denitrification influenced by soil management activities and environmental
parameters. Thus carbon storage in paddy fields is the balance between ongoing
accumulation and decomposition process, influenced by several environmental
and micro meteorological factors such as temperature, moisture, pH, redox
conditions, topography, geological position, the hydrological regime and type of

vegetation.

Globally, occupying about 5.8% of the total agricultural area, rice paddies
contribute nearly 12,000 MT of CO;-equivalents per year in which Indian
agriculture has an emission potential of 94,012.79 Gg, accounting nearly 13.5%
of the global anthropogenic GHG emissions. Through the increases in organic
matter, paddy soils may sequester atmospheric CO; emitted by anthropogenic
sources their by mitigating climate change. As land use and soil management

practices significantly influence the SOC dynamics and C flux from paddy soils.
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The emerging shifts in soil management by organic manures and various
inorganic fertilizers is expected to influence on GHG emissions and retention of
SOC from paddy ecosystems, therefore, demands research attention. At present,
the uncertainty in understanding the role of paddy soils in the global carbon
cycle due to the poor understanding of the spatial distribution and dynamics of
soil organic carbon. Thus the spatially estimates of SOC and flux are important
requirements for understanding the significance of soils in the global C cycle and
for assessing the potential of biospheric responses. The increasing demand by
the scientific community, policymakers and the public for realistic projections of
agricultural emissions and SOC dynamics has rendered the issue of regional
estimations of GHG critically essential and significant factors regulating these
emissions are discussed giving insights on global warming potential (GWP).
Therefore, this doctoral thesis embodies the dynamics and factors leading to the
sequestration of carbon and GHG emissions in a representative paddy wetland in

Kerala.

Objectives of the Study

1. Analyse the soil carbon sequestration potential and its dynamics.

2. Assess the emission potential and fluxes of GHG- methane, carbon
dioxide and nitrous oxide in the paddy wetland.

3. Assess the effect of different soil management practices on GHG
emissions.

4. Suggest measures adaptive for the adaptive management of paddy lands

vis-a-vis global climate variability.
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STUDY AREA SAMPLING DESIGN AND ANALYSIS

Kerala lies within East Longitudes 74° 52' and 77° 22' and North
Latitudes 8° 18’ and 12° 48" and constitutes approximately 1.18 % area of India
with a total geographical area of 38,863 km2 Geologically, Pre-Cambrian and
Pleistocene formations comprise the bulk of Kerala’s terrain. Kerala has an
undulating topography with open lands, valleys, and hills. The width of the State
varies between 15 and 120 km, and coastal belt extends up to 580 km in length

(SOE 2007).

Physiographically, Kerala State is divided into three natural zones: the
lowland, the middle land, and the high land. These zones form parallel belts
running across the length of the state while the width of the state varies from 15
to 120 Km. The lowland is characterized by numerous lagoons and backwaters,
such as the Vembanad, Asthamudi, which receives drainage from the rivers. The
backwaters are connected by a network of artificial canals which help in inland
navigation for a length of about 558 Km. The lowland is often subjected to
salinity intrusion. Rice and coconut are the principal crops grown in the lowland.
Kol-lands of Trichur and padasekharam (Paddy fields) of Kuttanad are situated
in the lowland. The highland is situated on the eastern boundary comprising of
the high ranges of the Western Ghats; the lowland is a narrow strip along the

coast, and the Midland lies between the highland and the lowland (SOE 2007).

The Western Ghats is situated in the highland, which form the eastern
part of the state, rise from very low latitudes of a few hundred meters up to
2000m on an average. Most of the reverse forest of the state is in the highland
region. The important peaks in the Western Ghats are the Anamudi, Mukurti, and
Nilgiri. The Palghat Gap with a width of about 32 Km is the most significant gap
in the Western Ghats (SOE 2007)
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2.1 STUDY SITE: PADAYATTI AGRO WETLAND ECOSYSTEM-
PALAKKAD

Palakkad is the largest district located centrally in Kerala and is often
known as “the rice granary.” The district lies between 10° 21’ and 11° 14’ N and
76° 02’ and 76° 54’ E covering an area of 4,475.8 sq. Km. Palakkad is the major
paddy growing district of the state with its economy primarily dependent on
agriculture. In the area, paddy is cultivated mainly in the mid-low plains where
the red loamy soils with irrigation favor wet paddy cultivation. Of the total
geographic area of Palakkad 45% is used for agricultural activities, in which 86
% of the net sown area is cultivated aided by irrigation. The rest of the areas are
rainfed, where agricultural activities are solely depended on southwest and

northeast monsoon.

The area selected for the study was a tropical paddy wetland located in
Padayatti village, Palakkad Dist, Kerala, India (Fig. 2.1). The study area extends
between 10° 41'10.63 and 10°41'67and 76° 32" 47.47 E, and 76° 33'16.70 E.
Padayatti is an interior agricultural village located in Eriymayur panchayat,
Alathur block Palakkad, is a unique in many aspects. It is a micro-watershed
situated at an altitude of approximately 86 m above the mean sea level spreading
over an area of 161.6 ha in the mid low land plain areas of the district. The
floodplains of Padayatti were drained mainly by the rivers Bharathapuzha and

its tributaries, which is divided into 50 watersheds and 290 micro-watersheds.

According to Thornthwaite’s climatic classifications, Padayatti agro
wetlands experience tropical arid and humid climate (Raj & Azeez, 2010). The
temperatures in the area remain moderate throughout the year, except in the
summer seasons (March and April) being the hottest months. At Palakkad, the
maximum temperature ranges from 28.1 to 37.4 °C whereas the minimum

temperature was in the ranges from 22.2 to 25.3 °C.

All the agricultural operations in Padayatti agro wetland systems are

depended on Southwest and northeast monsoon which is the only source of
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irrigation in the area. The paddy fields of the area are flooded from June to
January. The agro wetland system of Pdayatti has two crop seasons namely
“Virippu” (autumn crop) and Mundakan (winter crop) depending on the
southwest monsoon and northeast monsoon. During the summer months, the
field is kept fallow. Agriculture season in Padayatti agro wetland ecosystem
starts with the onset of southwest monsoon. Farmers prepare their lands by
plowing, fertilizing, smoothing, and strengthening of the earthen bunds which
demarcate each plot with multifunctional soil preparation machines before the
onset of monsoon. During the south-west monsoon, the inflow of rainwater into
the floodplain submerges all the paddy area. During heavy rains, the water
drains out through the canals which are meant for irrigation. In areas where
paddy is entirely grown as rain-fed crop, no systems of canals were there for
drainage. The water simply overflows the fields and reaches the lowest fields
from where it runs to the bottom of the valley where there will be natural water
flow outlet. The first crop is “Virippu” (autumn crop) raised during June to
October. It is normally a broadcast crop as it is sown expecting the rain. The
second crop season starts immediately after the first is “Mundakan” (winter
crop) raised during October to January. The second crop “Mundakan” is mainly
dependent on the northeast monsoon. Weeds were removed from the field
manually and were done twice in a season. During harvesting, the whole plant is

cut leaving 5 to 8 cm at the base.

2.2 STUDY STATIONS

A total of nine stations were selected for the study based on the
agricultural practices in the area in which seven stations were selected from the
conventional field, and two were from the organic field (Fig. 2.1). Field samples
were collected from these nine stations for 33 months from July 2011 to March
2014. Whereas weekly samples were taken during October 2014 to January
2014 exclusively for the study of gaseous emissions. All study stations were
typical paddy wetland ecosystems, and details on the latitude and longitude of

the stations are given in Table 2.1.
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Figure 2.1 (a) Location map showing Padayatti agro wetland ecosystem in
Palakkad, Kerala India

Kerala

Palakkad District

Fig 2.1 (b) Location map showing study stations in Padayatti agro wetland
ecosystem
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Figure 2. 1(c) Google earth i lmagery showmg of study area in Padayattl,
agroecosystem Palakkad

Figure 2.1 Study stations of Padayatti wetland, Palakkad during different
staged of rice paddy cultivation (a) field preparation, (b) water submerged
condition before sowing, (c) Rice paddy plant transplanted stage (d) and
(e) Rice paddy growth period and (f) summer fallow period
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Table 2.1 The latitude and longitude of study stations of Padayatti,
agroecosystem Palakkad

Station Latitude Longitude | Fertilizers
1 10°41'.127'N | 76°32". 846 E | Conventional
2 10°41."117'N | 76°32'. 860 E ”
3 10°41'.046'N | 76°32". 926 E ”
4 10°41.'078'N | 76°32'.934 E ”
5 10°40'.098'N | 76°32". 934 E ”
6 10°40'.907'N | 76°32'.954 E ”
7 10°40."913'N | 76°32". 961 E ”
8 10°41'.101'N | 76°.32'.834 E Organic
9 10°41'.097'N | 76°32'.826 E ”

2.3 Crop Seasons in Padayatti, Palakkad

In Padayatti, Palakkad, the rice variety Orizya sative L (Jyothy) (PTB 39)
was cultivated following a double cropping pattern. Agricultural practices were
based on three seasons depending on the south-west and northeast monsoon.
The first agricultural crop season (CS-I) begins with the onset of southwest
monsoon in June and ends in September (monsoon season). Whereas the second
Crop season (CS-II) starts from October to February and is associated with the
northeast monsoon (post-monsoon season) which ceases by December. The
remaining months from March to May are dry non-growing Fallow summer

season (FS) known as pre-monsoon season.
2.3.1 Conventional mineral fertilizers (CMF)

Rice paddy cultivation practices followed by farmers in agroecosystems
of Padayatti dates back to 100’s of years. During the years the soil management
practices followed were organic. Materials of organic origins especially cow
dung, composts, plant residues, and plant remains were used for farmland
management along with a native variety of seeds. Indicting that organic farming
practice is native to ancient agriculture. With the increasing demand for food
necessitated the introduction of modern agriculture as part of the green

revolution in 1966, unaware of its darker side. Modern agricultural practices use
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high yielding varieties of seeds, mineral fertilizers and pesticides and alternative
land management activities. In this study, we term this practice of agriculture as

conventional agriculture practices as it is being continued for the last 50 years.

We define Non-organic (Conventional) farming system, which relies on
synthetic mineral fertilizers along with farmyard manures as it was locally
practiced by the farmers for long. Synthetic fertilization practices make use of
the mineral fertilizers-FACTAMFOS (AMMONIUM PHOSPHATE SULPHATE),
chemical pesticides, and locally available farmyard manures. FACTAMFOS
20:20:0:13 is a chemical blend of 40 parts of ammonium phosphate and 60 parts
of ammonium sulfate. It contains 20% N and 20% P05 (FACT 2016).Fertilizers
were applied three times in a crop season. Initially during the paddy bed

formation, and during the first and second top dressing.
2.3.2 Organic Farming (ORG)

Organic fertilization practices were introduced in the Padayatti
agroecosystem are as a part of a pilot project “Agro-Biodiversity Enhancement
Programme” by the state government of Kerala -India, to promote organic
farming to enhance the biodiversity of the area. For this, 100 acres of land from a
total of 161 ha micro watershed from Padayatti agroecosystem was demarcated
for the organic cultivation and maintained in the same state from July 2011
onwards till the completion of the study in March 2014. Organic (ORG)
fertilization practices include organic manure (Biogrow,
http://www.tstanes.com/products-bio-gro.html), cow dung, farmyard manures,
leaf decoctions and Panchagavaya (Kumar et al, 2011). The organic manures
applied was at a rate of one tonne/ acre (100 kg Ha!) during 0, 30, 40 and 50th
days after field preparation. Tablel shows the composition of organic manure

applied, in the farming site.
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Table 2.2 Composition of organic manure used for the study
during 2013-2014 period

Parameters | Concentration

TC 36.14 6 mg'Kg
TOC 18.6 mg1Kg

TN 1.25%
P05 0.58%
k20 0.81%

Ca 1.75%

Mg 0.27%

Mn 175ppm

Zn 15ppm

Fe 100ppm

Cu 12ppm

Panchagavya is an essential traditional formulation used by the organic
farmers of Padayatti, Palakkad, which is effective as an antimicrobial and
antifungal agent, which is sprayed over plants during cultivation. Farmers of
Padayetti locally prepared the “Panchagavya” with the technical support of the
State Agriculture Department. The constituents of the Panchagavya assortment
were milk (2 liters), curd (2 liters), groundnut cake (1 kg), tender coconut water
(3 liters), banana (12 nos.), toddy (2 liters), cow dung (7 kg), and urine (5 liters).
The constituents were mixed, and 1 liter of it was diluted to 10 liters and applied
in the organic farming areas. The period of application of Panchagavya was for
25 days, 45 days, and 60 days, the interval from the date of sowing paddy and its
further growth.

2.4 EXPERIMENTAL DESIGN: ORGANIC (ORG) AND CONVENTIONAL
MINERAL FERTILIZERS (CMF)

The dynamics of organic and conventional mineral fertilizers on soil
were monitored in the rice paddy ecosystem (Orizya sativa). Two neighboring
rectangular plots (one acre in dimension) permanently separated by earthen

bund pathway (1 m width) were chosen for the study. The plot is demarcated as

22 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Study Area Sampling Design and Analysis

ORG where the only organic way of agricultural practice was followed. Whereas
the second plot is demarcated as CMF where conventional mineral fertilizer
aided treatments were carried out. In addition to organic and conventional plots,

a control plot was also maintained devoid of fertilizer and pesticide treatments.

Measures were taken to prevent intercalation of water and materials
between the plots throughout the experimental period. Both plots were
prepared by ploughing, fertilizing and smoothing with a multifunctional soil
preparation machines. The seedlings are prepared in seedling beds in the
respective plots and transplanted after 30-50 days to fields, which have been
flooded by irrigation or by rain. Normally, three to five seedlings compose a
group that is transplanted in a hill by hand. During the growth period, depth of
paddy water (DPW) was maintained by seasonal rainfall assisted by irrigation.
Field irrigation was initiated few weeks before transplanting and maintained for
30-40 days until mid-season drainage, which lasted for one week. After that
paddy were intermittently flooded until final drainage before rice harvesting.

The fields were allowed to drain completely before harvesting.
2.5 SAMPLING AND ANALYTICAL METHODS

Monthly field sampling for the collection and analysis of gaseous
measurements of CO2, CHs and N»O and soil physicochemical parameters from
the selected stations were undertaken from July 2011 to March 2014 in
Padayatti paddy wetlands of Palakkad.

2.5.1 Ambient temperature and rainfall

Data such as daily temperature, rainfall, and humidity were obtained
from the weather station at Integrated Rural Technology Centre (IRTC)-Palakkad

(http://www.irtc.org.in/). Where temperature was expressed in °C and rainfall

in mm.
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2.5.2 Diurnal Temperature, Humidity, and Solar radiation

The In-situ measurement of temperature was carried out using an
automatic humidity and temperature recorder RHT Temp 101, (MadgeTechUSA,
0.1 K resolution). The recorder was placed inside a Stevenson’s Screen mounted
in a pole in the center of the field. Solar radiation was measured using a
pyranometers LPPYRAOS, Licore USA. The measurements were recorded for

24 hrs.
2.5.3 Depth of Paddy Water (DPW)

The depth of paddy water (DPW) in the paddy fields was also recorded
using a permanently installed metric scale during the sampling period and

expressed in cm.
2.5.4 Soil sampling and analytical methods

Soil core samples (15cm) were collected using standard soil corer and
were air dried. Less than 2 mm size fraction of soil samples were used for
chemical analysis.Soil surface temperature (0 to 5cm) was measured during the
sampling period with a portable digital thermometer with an accuracy of
0.01and was expressed in °C (Metravi DTM-902). Soil pH was determined using
Systronics pH meter No.371 with an accuracy of +0.01 (APHA 2005).Sediment
oxidation-reduction potential Eh (accuracy +0.05) was determined in the field
using digital Eh meter (Systronics no. 318). Eh is measured with an electrode
pair consisting of an inert electrode and reference electrode. Eh of soil is
expressed in mV.Soil moisture content (SMC) was determined by gravimetric
analysis after drying at a maximum temperature of 105 °C. The temperature was
maintained for five hours to eliminate free form of water and no organic matter
and unstable salts that lost by volatilization (Pansu and Gautheyrou, 2006).

Moisture content is expressed in percentage.

Soil Particle size was analyzed using automated particle analyser

sympatrec T 100 laser diffraction granulometer. The aggression of particles
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resulting from cementing action was eliminated by dissolution of the soil into
elementary particles by adding the dispersing agent, sodium
hexametaphosphate. Measurements were linked to the size of the particle to
physical characteristics of the suspension of the soil after dispersion. A
dispersing liquid containing suspended particles circulates in a measuring cell
intersected by monochromatic laser beam collimated by a condenser on a
window of analysis of a defined surface. The light of the laser was diffracted on
the outside of the particle, and the analysis of the diffraction is inversely
proportional to the size of the particles. An optical system collects the signal
engraved with pre-determined angles. The signal was treated to extract the
distribution of the particle. The output was in the form of curves; averaging
diameter (particle size distribution) expressed as a volume (Carter 1993). The
result is expressed in percentage of sand silt and clay.

Available forms of potassium (K), Sodium (Na) and available calcium (Ca)
from soil was analysed using a flame photometer (Systronics no. 128 make). A
known volume of samples was mixed with 1N ammonium acetate and shaken for
5 minutes in a reciprocating shaker. The filtrate was extracted through
Whatman No.42 filter paper, and 5ml of the filtrate was made up to 50ml with
NH40Ac and readings were taken with the respective filter in a pre-calibrated
flame photometer. The NH4 ion provides a sharp, rapid separation of elements
from exchange complex. The extract is atomized in the flame where the atoms of
the element are excited, emitting radiations of characteristics wavelength. The
radiation emitted by the K, Na and Ca atoms is passed through the filter which
falls on photocell emitting electronsie, the electric current which is measured on
digital galvanometer of the flame photometer. The electric current generated is

proportional to the concentration of elements in the extract.

Total nitrogen (TN) of soils was analysed by automated Kjeldhal
distillation method (KelplusDISTYL EM). The samples to be analysed were
digested at 400°C before distillation. Digestion is carried out with Con. H2S04 in

the presence of CuSOs; as a catalyst and K;SOs which raise the digestion
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temperature. During digestion, H>S0. is reduced to SO; which in turn reduces N
to NH3 and this ammonia forming ammonium sulphate to combine with excess
H>S0.. Digest is made alkaline and ammonia liberated is distilled off into the
boric acid solution. The quantity of ammonia liberated is determined by titration
against standard acid (Jackson 1973, Carter 1993). The result was expressed in
percentage of Total Nitrogen gKg-!. Available nitrogen (aV) of soils was analysed
by alkaline permanganate method (KelplusDISTYL EM). The amount of nitrogen
released as ammonia by alkaline permanganate solution was estimated by
distillation and distillate was collected in boric acid mixed indicator solution.
The ammonia liberated was determined by titration against standard sulfuric
acid (Jackson 1973, Carter 1993). The result is expressed in percentage of
available nitrogen.

Available phosphorus was determined by Olsen’s method (Olsen et al.
1954). Available phosphorus was extracted with sodium bicarbonate at pH of 8.5
for 30 minutes. Interference from organic matter dissolved in the solution has
frequently been eliminated by sorbing other organic matter on to activated
charcoal added to the extract. The phosphomolybdate complex was measured at
a wavelength of 712 nm in a Systronics UV-VIS 117spectropotometer (Carter
1993). Available phosphorus is expressed in mg kg-1.

Total carbon (TC) and soil organic carbon (SOC) concentrations were
determined on dried samples by thermal combustion using a TOC - analyzer,
(Analytik Jena multi N/C 2100s) using the direct method. The soil samples are
treated with non-oxidizing acid (10% HCI) to remove the Soil Inorganic Carbon
content. Afterwards, the same sample is combusted at a temperature above
900°C in the oxygen flow to gain the SOC content. TC, SIC, and SOC were

expressed in g kgL

2.5.5 Estimation of Soil Bulk Density
Bulk density (g/cm3) = Dry soil weight (g) / Soil volume (cm3)
Bulk density is usually expressed in megagrams per cubic meter (Mg/ms3)

(Cresswell and Hamilton, 2002).
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2.5.6 Estimation of Soil Carbon stock

Carbon stock is calculated for total carbon (TC), soil organic carbon
(SOC) and soil inorganic carbon (SIC) by substituting corresponding TC, SOC and
SIC values in the equation (Bhattacharyya et al., 2007a)
Carbon Stock (Mg ha1) = C con (%) x Bulk density (Mg m-3) x depth (m) *100

2.5.7 GHG flux measurements
2.5.7.1 Experimental Design

The greenhouse gas (GHG) fluxes in triplicates were measured from
paddy fields of Padayatti from 2011-2014 (month or date) for CH4 and 2013 -
2014 (month or date) for CO, and N,0. Weekly samples were also collected for
gaseous flux measurements of CO2, CHs, and N»O from October 2013 to January
2014. Diurnal samples for gaseous analysis of CH4, CO2, and N;0 was carried out
on 18t December 2013, where samples were collected at the one-hour interval
during 04 am to 06 pm and from 06 pm to 04 am samples were collected at an
interval of 02 hrs. Static chamber method and gas chromatography techniques
were applied to determine the fluxes of COz, CHs4, and N0 from the paddy fields
(Chen et al., 2013). The static chamber of perspex in different dimensions (0.45 X
0.45 X 0.75 m? and 0.45 X 0.45 X 0.5 m?) (Fig.2.2) with a square metal base was
used for the study and height of the chamber varying with the growth of paddy
plants. The metal frame was permanently inserted into the soil to a depth of 20
cm during the entire crop season. The chamber was mounted on the metal
frames during the incubation period and immediately removed after the
collection of the gas samples. The chamber was inverted after each experiment
to remove the gas that accumulated during the incubation period. Gas sample
collections regularly started at 8:00 am to 9:00 am local time. Soil heterotrophic
respiration was also measured from respective stations devoid of plant and
roots using an opaque chamber of an area of 0.131 m2. The chambers were
closed for 30 minutes, and 30 ml of gas samples were collected in a hypodermic

plastic syringe with a lure lock. The concentrations of CO2, CHs4, and N3O in the
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gas samples were analysed using PerkinElmer Calrus 580 gas chromatograph.
Gas samples were injected using a 1ml gas sampling valve. The isothermal
separation was performed at 55°C in 30 m long 0.53 mm internal diameter split
duel Elite-Plot Q column for simultaneous measurements using an ECD for N0
analysis and a methanizer FID for the CH4 and CO; analysis. The gas fluxes were
calculated from changes in the initial rate of concentration within the chambers
headspace. This was calculated from the initial slope of a non-linear regression
of concentration against time (Bhattacharyya et al., 2013).
F=p x (V/A) x (AC/At) x [273/(273/T)] (1)

Where F is the CO2, CHs, or N0 flux, p is the respective gas density, V is the
volume of the chamber area, AC/At is the rate of gas accumulation in the
chamber and T is the absolute temperature. Negative flux values indicate gas
uptake from the atmosphere, and positive flux values indicate gas emissions to

the atmosphere.

Figure 2.2 Static chamber deployed for collection of GHG from rice paddies
of Padayatti, Palakkad

2.5.7.2 Estimation of Plant-mediated Transport of GHG

The experiment was carried out to estimate the plant-mediated
transport of GHG from the soil to the atmosphere. Plant-mediated GHG was
estimated by subtracting the GHG concentration from static chambers
accommodated with plants and from those devoid of the rice plant (Thomas et

al, 1996)
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Plant-mediated transport = GHG plant - GHG no plant
Where GHG plant = mg m-2h-1 of GHG where static chamber has desired plant

GHG noplant = mg m-2h-! of GHG where GHG is measured from bare area

devoid of roots

To determine the portion of the paddy plant having maximum resistance
to lacunal gaseous transport, shoot cutting experiment was carried out. For the
experiment, a 56 days old healthy rice paddy plants were selected from the field.
After the initial measurements done for comparing the rate of emission with rice
plants, plant-mediated transport of GHG was measured by cutting the rice plant
10 cm above the soil. Difference between the intact and cut plant gives the rate

of transport of gaseous emissions through the rice plant.
2.5.7.3 Cumulative emission

The daily mean fluxes for each treatment were calculated by averaging
the three replicates for each sampling day; these were further integrated into the

seasonal cumulative sums using a simple linear approach.
Cumulative emission = 7", ( Fi1q + F;)/2 X (tiz1 — t;) X 24 (2)

Where F is the GHG emissions (mg m-2 d-1), i is the ith measurement, the term
(ti+1 — t;) is the days between two consecutive measurements were taken (Ni et
al,, 2012).

2.5.7.4 Global warming potential (GWP)

The global warming potential (GWP) of different treatments were
calculated using the following equation. Based on a 100-year time frame, the
GWP coefficients for CH4 and N0 are 34 and 298, respectively, when the GWP
value for CO; is taken as 1 (IPCC 2013).

GWP = 34x CH4 + COz + 298x N;0 kg CO equivalent ha! (3)
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2.5.7.5 Net Ecosystem Exchange (NEE)

A net ecosystem exchange of CO; (NEE) could be calculated using the
equations (Zheng et al., 2008) as follows:

NEE=Rs+Ra-GPP (4)

Rs =Rr + RH 5

NPP =GPP-Ra-Rr (6)
Combining equations (1) - (3), NEE could be then calculated also as

NEE = RH - NPP (7)
where NPP was the net primary productivity (kg C ha'1); GPP was the gross
primary productivity(kg C ha'l); Ra was the above ground respiration of the
plants (kg C ha'l); Rs was the total soil respiration (kg C ha'1); Rr was the root
respiration of the Plants (kg C ha'); and Ri was the microbial heterotrophic
respiration of soil (kg C ha'1) which was concerned approximately equal to total
CO; fluxes from inter-row collars without covering crop growth (Raich and

Tufekcioglu. 2000).

By using Equation (4), C flux from the atmosphere to the soil-plant
system could be calculated with the measured NPP and Ru. The NPP was simply
derived from biomass harvested and determined by the maximum biomass (W
max) at maturity from the plots where CO, emissions were measured (Zou et al,,
2005). Then, NPP was estimated following the equation proposed by Osaki et at.
(1993) as:

NPP =0.446 x W max - 0.00067 (8)

2.5.7.6 Net Ecosystem Carbon Balance (NECB)

To estimate C balance in flooded rice ecosystem, input and output
components of C were considered. The difference between these two
components gave the net C balance of the ecosystem was estimated by the

modified formula as given by Smith et al. (2008)

NECB = [(St + Rb + Rd + Ab + NEP) - (Sw + St + Rb + CH,4-C + DOC) (9)
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Where,
1) St=Stubble biomass (Mg C ha'1)

2) Rb=Root Biomass (Mg C ha)

3) Rd = Rhizodeposition (Mg C ha')

4) Ab = Algal Biomass (Mg C ha'1)

5) NEP is the net ecosystem production calculated
using the equation (8) and expressed in Mg ha!

6) Sw = Straw biomass (Mg C ha)

7) St=Stubble biomass (Mg C ha'1)

8) Rb =Root Biomass (Mg C ha-1)

9) CH4C = Cumulative methane (Mg C ha'1)

10) DOC = Closs as dissolved organic (Mg C ha')

2.6 DATA ANALYSIS

Statistically transformed and normalized data were used for analysing
the significant difference in the environmental parameters and GHG fluxes.
Pearson rank correlation, One-way ANOVA, general linear model (GLM) and
Tukey’s post hoc test were performed to find out the significance and variations
among the data. Statistical analysis such as 2 Way ANOVA (Analysis of Variance),
standard deviation and the correlation was done based on SPSS 16.0 software
packages for Windows for testing the presence of significant differences and
correlation among the parameters between stations and between seasons. Non-
linear and Gaussian fit regression models were also carried out. Mean variation
in the data is expressed as standard error. Data in the tables and figures are
presented as mean * standard errors. All the statistical procedures were
performed using software packages SPSS 16.0. Tables and graph were prepared

in Sigma Plot 12.5, and Principle component analysis (PCA) was performed and
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was interpreted graphically by constructing biplot using R 3.5 software.
Principal component analysis (PCA) was done on environmental data to analyse
the variation in environmental characteristics across the study area. This
analysis uses an ordination plot to project the points of more similarities closer

together while less similar samples further apart (Clarke and Warwick 2001).

32 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Chapter - 3

ENVIRONMENT VARIABLES AND
SOIL CARBON DYNAMICS IN PADDY WETLANDS

3.1 INTRODUCTION

Carbon is an essential component of soil attributed to its quality and
productivity. Globally, terrestrial soils are the major reservoir of atmospheric
carbon (CO3), storing approximately 1500 Pg of organic carbon (OC). Roughly
three times the amount of carbon in vegetation and twice the amount (750 Pg) in
the atmosphere (Baldock, 2007; IPCC, 1996; Lal, 2009; Liu et al., 2006). Similarly,
inorganic component of the carbon stock is also stored in soils in the form of
CaCOs3 and is estimated to store nearly 700 Pg to 1000 Pg (Godoi et al. 2009).
Recently carbon storage in terrestrial soils gain global importance because of the
functions it plays in improving the physical and chemical environments of the
soil by holding moisture, supporting plant growth with nutrients and in the
global carbon cycle by mitigating atmospheric levels of GHG, with special

reference to CO; especially in an agro-ecosystem (Reichstein et al. 2013).

Carbon storage in soils is the balance between the input (leaf and root
litter) and losses from decomposition and mineralization processes
(heterotrophic respiration) (Milne et al. 2007). In the terrestrial ecosystems,
atmospheric CO; is fixed by plants and autotrophic microorganisms through
photosynthesis and thereby transformed to organic compounds locked away
from the atmosphere in the soil as soil organic carbon (SOC), a process called
carbon sequestration (Kayranli et al. 2010). However, these processes in soils
are more significant because it takes thousands of years of organic carbon in the
soil to renew itself (Lal, 2004). As the soil C pool is twice the amount of
atmospheric C, even minor changes in the SOC pool can have a critical effect in

the global C cycle, influencing the atmospheric concentration of GHG and thereby

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala ) 33



Chapter - 3

global climate change (Davidson et al. 2000; Galloway et al. 2004; Smith 2004;
Davidson and Janssens 2006). Recent reports on SOC stock change has made it
evident that there is a rapid and significant decline of SOC as result of various
anthropogenic activities. Essential factors controlling SOC levels include climate,
hydrology, parent material, soil fertility, biological activity, vegetation patterns

and land use.

Among agricultural systems, paddy wetlands are essential ecosystems
covering around 153 million hectares. Globally harvested area of these paddies
cover areas of 146 million ha in Asia which accounted for 89% of the total
harvested area across the world in 2013 (FAOSTAT, 2015). Globally paddy
wetlands are identified as crucial ecosystems capable of sequester 466-2011 Gt
of carbon as well as they act as a source of carbon contributing to emissions of
major GHGs (Smith et al. 2008). The potential of agriculture on SOC
sequestration in Indian soils ranges between 12.7 and 16.5 Tg C y-1 (Lal, 2002;
Bhattacharyya et al.,, 2013).

Carbon sequestration in paddy wetlands depends upon the balance of C
inputs from photosynthesis and C gases, mostly in the form of CO, with some
other non-CO; losses. Therefore the processes of autotrophic and heterotrophic
respiration control ecosystem carbon fluxes. CO; fluxes can be differentiated into
three types: (1). Soil respiration includes root, anaerobic and aerobic microbial
respiration, (2). Ecosystem respiration: additionally includes aboveground plant
respiration, and (3). Net ecosystem exchange (NEE) is the difference between

photosynthesis and ecosystem respiration.

Even though paddy wetland ecosystems have a considerable potential
for sequestering CO; from the atmosphere (Bernal and Mitsch, 2012; Mitsch et
al, 2013), they can quickly become a source of atmospheric C contributing
significantly to global flux of 68-75 Pg CO,-C year! (Smith et al., 2008). Most
SOC entering the soil surface is rapidly consumed, and some of it is respired by

heterotrophic organisms primarily occurring in the rooting zone (top 10-20 cm).
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This rapid mineralization quickly returns CO; to the atmosphere influenced by

various environmental factors.

Terrestrial soils are the largest sink of the global terrestrial C cycle.
Approximately half of all soil organic carbon (SOC) in managed ecosystems has
been lost to the atmosphere during the last two centuries, and it is accepted that
this loss has been a major factor leading to increased atmospheric CO; and soil
degradation (Schlesinger, 1991; Lal, 2004). The relevance of soil CO; emissions
in the global carbon budget has been pointed out in numerous studies. Various
studies had identified significant factors regulating the C sequestration
processes in paddy wetlands So far, few reports on soil CO2 emission have been

available in subtropical regions.

Among the environmental factors, soil temperature and moisture
conditions are frequently addressed as those closely related to soil respiration.
Soil temperature and moisture conditions in the surface 10 cm were significantly
related to CO; emissions (Omonode, Vyn, Smith, Hegymegi, & Gal, 2007., Goulden
et al,, 2004). A reduction in respiration during the dry season was an important
cause of this seasonal pattern. Erickson et al. (2011) studied the effect of
temperature and precipitation on carbon storage and trace gas flux from crop
land soils, since changes in temperature, precipitation, and atmospheric CO
concentration will affect NPP, C: N inputs to soil and soil carbon decomposition
rates (Saito et al. 2005) Thus terrestrial ecosystem carbon fluxes both respond
to and strongly influence the atmospheric CO; increase leading to climate change

(Cao and Woodward 1998a).

Bhattacharyya et al, (2013) reported the influence of various
environments factors, ranging from tropical to temperate regions, with varying
climatic, edaphic and biological conditions and different agricultural
management practices that naturally affect the rates of CO, exchange. Soil
properties influencing the GHG emissions include texture, structure, moisture

content, temperature, pH, salinity, redox potential, pore size distribution, SOC, N
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concentrations and management practices. The SOC content in wetland soils is
also affected by natural conditions, including pedogenesis (Riha et al., 1986) and
groundwater fluctuations (Johnston et al, 2001). Also, human activities
(including land-use changes) play a critical role in SOC dynamics (Xiong et al.,
2002) cultivation of soil, by plowing, tillage or other soil management methods
may enhance the decomposition of SOC and CO; production (Lal 2004; Chen et
al. 2007). The combined application of rice straw and an inorganic fertilizer was
most effective in sequestrating soil organic carbon (1.39 Mg ha-1), resulting in
higher grain yield (Bhattacharyya et al. 2012). In agricultural soils intensive
management practices, like deep ploughing, land use changes from both pasture
to rotation or pasture to crop, crop residue removal, erosion, causes SOC

depletion (Lal, 2002; Vleeshouwers and Verhagen, 2002).

Degraded soils can be rejuvenated, primarily by adopting management
practices that lead to an increase in the size of the SOC pool. Such practices
should not only improve soil quality but may help mitigate climate change by
removing atmospheric carbon dioxide (CO2) and transferring it to a more stable
SOC pool. Improved soils and crop management could potentially remove large
quantities of CO, through soil carbon sequestration in the form of SOM.
Examples of soil C sequestration strategies include reduced tillage or no-tillage,
use of cover crops in the rotation, land use change from arable to permanent
crops, restoration of degraded lands, reduction of fallow periods (Paustian et al.,
1997). The residence time of this SOC is also much longer than in biomass, which
constitutes an excellent C sink. The SOC parameter is normally employed as an

indicator of soil quality and can accumulate in the soil for decades.

In this context, the environment variables influencing soil carbon
dynamics and sequestration were investigated in addition to soil C and N stock
assessments from Padayatti agro wetland ecosystem to have a better
understanding of the carbon storage s especially in regional scale for mitigation

options.
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3.2 LITERATURE REVIEW

3.2.1 International Scenario

I[slam and Islam (1973) was the first report the chemistry of submerged
soils and growth and rice yield from different parts of Bangladesh showing
variations in the environmental parameters like pH, Eh, water-soluble
phosphorus, Calcium, Magnesium, Potassium, and sodium. Soil chemistry of
paddy soils from tropical Asia concerning factors affecting paddy growth was
reported by Kawaguchi and Kyuma (1974). Armentano (1980) reviewed world’s
wet organic soils in relation to the global carbon cycle and estimate the
consequences of drainage for the global carbon exchange of these soils. Brejda et
al. (1981) estimated the surface soil organic carbon content at a regional scale
using the National Resource Inventory. The available nitrogen from soil in
relation to fraction of soil nitrogen and other soil properties was studied by
Warren and Whitehead (1988).Influence of environmental parameters on like
soil temperature, phenology, fertilization and water level on methane flux is
studied by Schiitz et al. (1990); Singh et al. (1996). Role of carbon cycle and
probable responses to climatic warming from Northern peatlands are studied by
Gorham (1991) and reported that boreal and subarctic peatlands comprise a
carbon pool of 455 Pg that has accumulated during the postglacial period at an
average net rate of 0.096 Pg y-1. Bouwman (1991) studied the agronomic aspects
of wetland rice cultivations like manure addition and material with varying C:N
ratios and associated wetland emissions. Gaston et al. (1993) reported the
potential effect of no-till management on carbon in the agricultural soils of the
former Soviet Union whereas Osaki (1993) studied carbon-nitrogen interaction
model in field crop production. Carbon biogeochemistry and climate change
were studied by Sarmiento and Bender (1994). Bachelet et al. (1995) studied the
balancing the rice carbon budget in China using spatially-distributed data and
calculated the net primary production (NPP) of rice fields in China. However the

carbon in tropical wetlands was studied by Neue et al. (1997). The effect of soil
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nitrogen, carbon and moisture on methane uptake by dry tropical forest soils
was studied by Singh et al. (1997). The impact of C sequestration in forest
derived soils of eastern corn belt was studied by Dick et al.(1998). However
Haynes and Naidu (1998) reviewed the Influence of lime, fertilizer and manure
applications on soil organic matter content and soil physical conditions. The net
primary and ecosystem production and carbon stocks of terrestrial ecosystems
and their responses to climate change was studied by Cao and Woodward (1998)
and also reported dynamic responses of terrestrial ecosystem carbon cycling to
global climate change. The influence of management on soil carbon stock using
the ICBM model in agricultural fields was studied by Kitterer and Andrén
(1999). The carbon balance of tropical temperate and boreal forests was studied
by Malhi et al. (1999). Hou et al. (2000) has studied the Methane and Nitrous
oxide Emissions from a rice field in relation to Soil redox and microbiological
processes where as Kuzyakov et al. (2000) reviewed the mechanism of priming
effects. However the Respiration as the main determinant of carbon balance in
European forests was studied by Valentini et al. (2000). The soluble nitrogen
concentration in paddy soils and its dynamics was studied by Murphy et al.
(2000). The Potential nitrogen immobilization in grassland soils across a soil
organic matter gradient was reported by Whiting and Chanton (2001). Jackel et
al. (2001) studied the effect of moisture, texture and aggregate size of paddy soil
on production and consumption of CHs. Simulation of C and N mineralization
during crop residue decomposition: a simple dynamic model based on the C: N
ratio of the residues was reported by Nicolardot et al. (2001). Saunders and Kalff
(2001) studied Nitrogen retention in wetlands, lakes, and rivers. Analysis of
carbon sinks in cropland soils and the emission of greenhouse gases from paddy
soils: A review of work in China was done by Liping and Erda (2001). A meta-
analysis was conducted by Johnson and Curtis (2001) on Effects of forest
management on soil C and N storage. West and Marland (2002) studied the Net
carbon flux from agricultural ecosystems: methodology for full carbon cycle

analyses. Whereas Eve et al. (2002) studied national-scale estimation of changes
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in soil carbon stocks on agricultural lands. Net carbon flux from agricultural
ecosystems was studied by West and Marland (2002). Lal (2002) studied Soil
carbon sequestration in China through agricultural intensification, and
restoration of degraded and desertified ecosystems and reported potential of
soil C sequestration in China is 105-198 Tg C y1 of SOC and 7-138 Tg C y! for
soil inorganic carbon. Albrecht and Kandji (2003) reviewed the carbon
sequestration in tropical agroforestry systems. Song et al. (2003) studied the
carbon dynamics of wetland in the Sanjiang plain which reveals that wet and
warm conditions during the early spring led to the greater value of CHs emission
flux. Characterizing redox status of paddy soils with incorporated rice straw was
done by Taniji et al. (2003). However, Springob and Kirchmann (2003) studied
bulk soil C to N ratio as a simple measure of net N mineralization from stabilized
soil organic matter in sandy arable soils. Gross nitrogen mineralization,
immobilization, and nitrification rates as a function of soil C:N ratio and
microbial activity was studied by Bengtsson et al. (2003). Bell et al. (2003)
studied the priming effect and C storage in semi-arid to no-till spring crop
rotations and suggests C inputs have a greater effect on mineralization of
residual C compared to disturbance and endogenous metabolism appears to be
the source of primed C. Choi and Wang (2004) studied the dynamics of carbon
sequestration in a coastal wetland using radiocarbon measurements indicating
that salt marshes have been and continue to be a sink for atmospheric carbon
dioxide. Because of higher rates of C sequestration and lower CHs emissions,
coastal wetlands could be more valuable C sinks per unit area than other
ecosystems in a warmer world. However Zhang and He (2004) studied long-
term changes in organic carbon and nutrients of an Ultisol under rice cropping in
southeast China. Lal (2004) reported the total soil carbon sequestration of India
as 39 to 49 Tg C y-L. Galantini and Rosell (2006) studied long-term fertilization
effects on soil organic matter quality and dynamics under different production
systems in semiarid Pampean soils. Zhang et al. (2006) studied soil organic

carbon changes as influenced by agricultural land use and management: a case
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study in Yanhuai Basin, Beijing, China. Kamoni et al. (2007) predicted the soil
organic carbon stocks and changes in Kenya between 1990 and 2030. Cerri et al.
(2007) predicted soil organic carbon stocks and changes in the Brazilian Amazon
between 2000 and 2030 whereas Dawson and Smith (2007) studied the carbon
losses from soil and its consequences for land use management and conclude
with possible management options to reduce soil carbon loss and identify gaps
in knowledge in order to better understand carbon processes in the terrestrial
environment. Hutchinson et al. (2007) reported some perspectives on carbon
sequestration in agriculture a significant mitigation option in China. Xie et al.
(2007) reported the soil organic carbon stocks in China and changes from 1980s
to 2000. Kaur et al. (2008) studied the soil organic matter dynamics as affected
by long-term use of organic and inorganic fertilizers under maize-wheat
cropping system. Thomsen et al. (2008) estimated soil C loss potentials from the
C to N ratio as C to N ratio of a soil and its CO;-C loss during incubation
represents a simple but useful measure for predicting soil C loss potentials on a
more general level. Nishimura et al. (2008) studied the effect of land use change
from paddy rice cultivation to upland crop cultivation on soil carbon budget of a
cropland in Japan. The results indicate that land use change from paddy rice
cultivation to upland crop cultivation causes significant loss of carbon from
cropland soil. However Smith (2008) studied land use change and soil organic
carbon dynamics. Grybos et al. (2009) reported increasing pH drives organic
matter solubilization from wetland soils under reducing conditions. Bernal and
Mitsch (2012) compared the carbon sequestration in temperate freshwater
wetland communities. Cui et al. (2013) studied changes in soil carbon
sequestration and soil respiration following afforestation on paddy fields in
north subtropical China. Whereas the carbon budget of South Asia was studied
by Patra et al. (2013) The dynamics of redox control on carbon mineralization
and dissolved organic matter along a Chronosequence of paddy soils was studied
by Hanke et al. (2013). Morillas et al. (2013) studied wetting and drying events

determine soil N pools in two Mediterranean ecosystems; suggest that the
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changes in wetting-drying cycles expected with global climate change may have
a significant impact on the availability and turnover of organic and inorganic N.
Adviento-Borbe and Linquist (2016) assessed the fertilizer N placement on CH4
and N20 emissions in irrigated rice systems of California. Rodriguez Martin et al.

(2016) made an assessment of the soil organic carbon stock in Spain
3.2.2 Indian Scenario

Bhattacharyya et al. (2000) studied organic carbon stock in Indian soils
and their geographical distribution. Changes in levels of carbon in soils over
years of two important food production zones of India was also reported by
Bhattacharyya et al. (2007a) This suggests that the agricultural management
practices advocated through the national agricultural research system for the
last 25 years did not cause any decline in SOC in the major crop- growing zones
of the country. Bhattacharyya et al. (2007b) modeled soil organic carbon stocks
and changes in the Indo-Gangetic Plains, India from 1980 to 2030. Whereas soil
carbon storage capacity as a tool to prioritize areas for carbon sequestration.
Bhattacharyya et al. (2008) explain the role of soils as one of the most important
natural resources in enhancing carbon sequestration in soils. Kukal et al. (2009)
studied soil organic carbon sequestration in relation to organic and inorganic
fertilization in rice-wheat and maize-wheat systems. However, Grace et al.
(2012) studied soil carbon sequestration and associated economic costs for
farming systems of the Indo-Gangetic plain: A meta-analysis. Mohanty et al.
(2013) studied carbon and nitrogen mineralization kinetics in the soil of rice-
rice system under long-term application of chemical fertilizers and farmyard
manure. Higher values of CO2, N;0, and rates of mineralization were recorded
under aerobic condition than that under submergence. The amount of N released
per unit C mineralization was higher in an aerobic system that may result in
greater. Hanke et al. (2013) studied the redox control on carbon mineralization
and dissolved organic matter along a chronosequence of paddy soils. Whereas

Ray et al. (2014) reported soil and land quality indicators of the Indo-Gangetic
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Plains of India. Describing the spatial distribution of soil and land quality with
respect to major crops of IGP. Venkanna et al. (2014) studied carbon stocks in
major soil types and land systems in the semiarid tropical region of southern
India. However, Pal et al. (2015) reported that the carbon sequestration in
Indian soils: present status and the Potential. The author also studied the Carbon
sequestration and its relation with some soil properties of East Kolkata Wetlands
(a Ramsar Site): a spatiotemporal study using radial basis functions (Pal et al.
2016). Gupta et al. (2016) studied the mitigation of greenhouse gas emission
from a rice-wheat system of the Indo-Gangetic plains. Whereas Ma et al. (2016)
studied the changes in soil organic carbon stocks of wetlands on China's Zoige
plateau from 1980 to 2010. Bharali et al. (2017) estimated the Methane emission
from irrigated rice ecosystem: relationship with carbon fixation, partitioning,

and soil carbon storage.

3.3 RESULTS
3.3.1 Ambient maximum and Minimum Temperature

The ambient temperature varied from the highest value of 39.68°C to the
lowest value of 27.61°C with a mean value of 34.40 + 3.3°C during the study
period from 2011-12 to 2013-14 (Fig. 3.1). Seasonally significant variation in the
ambient-maximum temperature was observed between crop season (CS) and
fallow season (FS) (p<0.01). During the period highest temperature was
observed in FS compared to that of CS. In CS-I ambient-maximum temperature
varied from 27.61 °C to 36.6°C with a mean value of 30.96° + 2.23 °C, whereas in
CS-II ambient-maximum temperature varied from 31.38 to 37.4 °C with a mean
value of 34.5 * 1.6 °C. During FS ambient-maximum temperature ranged from
35.34 °C to 39.68 °C with a mean value of 38.07 + 1.2°C. The annual ambient-
maximum temperature did not differ significantly between the years from 2011
to 2014. During the observation period, the ambient-minimum temperature also
followed a similar pattern as that of ambient-maximum temperature. During the

period ambient-minimum temperature varied from 21 to 28 °C with a mean
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value of 24.08 £ 1.3 °C. The seasonal ambient-minimum temperature was lowest
in CS-1I with a mean value of 23.3 + 0.9 °C, followed by CS-I with a mean value of
243 + 0.9°C and the highest was observed in FS with a mean value of

24.65 1.8 °C.
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Figure 3.1 Mean monthly ambient-maximum and ambient-minimum
temperature variation in the rice paddies of Padayatti during 2011 to
March 2014
3.3.2 Diurnal Variations: Ambient temperature, Humidity, and Total solar
radiation

Diurnal variation in an ambient temperature varied significantly
between day and night cycles with a mean value of 25.16 * 0.34 °C. Ambient
temperature was observed lowest during the early morning hours of 04.00 am
with a mean value of 22.5 * 1.2 °C. With time the temperature gradually
increased towards noon reaching the maximum temperature of 32.15 + 2.4 °C at
02:15 pm. The temperature was observed gradually decreasing towards night

reaching the lowest value of 22.8 * 1.8 °C during 03:45 am hours (Fig. 3.2).
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Figure 3.2 Diurnal variation of ambient temperature and humidity from
rice paddies of Padayatti Palakkad

Diurnally humidity also varied significantly between day and night
cycles. Variation in humidity pattern was inverse to that of ambient temperature
(Fig. 3.2). During the study highest value of relative humidity was observed
during the early hours of 04:00 am hours with a mean value of 84.3 + 2.3% RH.
However, the lowest % of relative humidity was observed between the afternoon
hours of 05 to 06 pm with a mean value of 58.2 + 3.8% RH which gradually

increases towards night.

Diurnal total solar radiation also varied significantly between day and
night cycles. Solar flux was observed positive towards day hours ranging from
0.25 to 775W m2 during 6.00 am to 6.00 pm and decreases towards night (Fig.
3.3). During the study the total solar flux started to increase from 06:00 am
hours with a mean value of 2+0.12 Wm-2 and it reached the highest value of 775
Wm=2 at 12:00 pm. Solar flux eventually started to decrease towards evening
hours with a lowest observed value of 2.25 Wm-2 during 06:00 pm hours and it

decreases towards night to a constant value of 1 Wm-2.
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Figure 3.3 Diurnal net solar radiation from rice paddies of Padayatti,
Palakkad during 2011-12 to 2013-14

3.3.3 Rainfall

The seasonal distribution of rainfall from the rice paddy wetland of
Padayatti during the period from 2011 to 2014 is shown in Fig. 3.4. The average
rainfall during the entire study period from 2011 to 2014 was 152+ 31.7 mm.
During the period the highest annual rainfall was observed during the year 2014
with a mean value of 162.82 + 61.1 mm. However, the significant seasonal
difference in rainfall was observed between CS-I and CS-II (p< 0.05). in which
highest rainfall was observed during CS-I with a mean value of 290.92+40 mm
followed by FS with a mean value of 148.14 + 71 mm. However, the lowest

rainfall was observed during CS-II with a mean value of 28.3 + 31.79mm.
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Figure 3.4 Mean monthly rainfalls in the rice paddies of Padayatti,
Palakkad during 2011 to 2014

3.3.4 Soil surface Temperature

The average soil surface temperature (5cm) during the study period
varied from 21 to 36 °C with a mean value of 26.7 + 3.3 °C (Fig. 3.5). Seasonally, a
significant difference (P<0.01) in soil temperatures were observed between CS
and FS, with the highest observed temperature in FS with a mean value of 30.35
+ 3.3 °C. However, variations in soil temperature were observed between the
crop growing seasons of CS-I and CS-II in which highest temperature was
observed in CS-I with a mean value of 26.21 * 1.8 °C. Whereas the lowest value
was observed in CS-II, with a mean value of 24.27 + 1.96 °. Soil temperature was
observed positively correlated with air temperature (r = 0.401, p<0.05) and

negatively correlated with soil moisture content (r =-0.676, p<0.01).
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Figure 3.5 Mean monthly soil temperature variation in the rice paddies of
Padayatti, Palakkad during 2011-12 to 2013-14

3.3.5 Soil Moisture Content

Soil moisture content (SMC) in Padayatti paddy wetlands differ
significantly between seasons (p<0.01), however, it lacks annual and spatial
variations. During the entire study period, significant seasonal variations
(p<0.01) in SMC (%) was observed between crops growing and summer fallow
seasons. During 2011, SMC was observed higher in CS-I, followed by CS-II and
lowest during FS with mean values of 49.02 + 2.35%, 44.90 + 1.56% and 12.04 +
6.91% respectively. In 2012 highest value of SMC was observed in CS-1I, followed
by CS-I and lowest in FS. During this period SMC varied from the highest value of
48.75%to the lowest value of 31.48 % with a mean value of 42.60% in CS-I while
it varied from 53.48 % to 38.79 % with a mean value of 18.05 % 48.05 % in CS-IL
During the fallow seasons, SMC varied from 16.19 to 8.23% with a mean value of
12.86%. During the year 2014, SMC was observed highest in CS-I followed by CS-
II and lowest in FS respectively. In CS-1, SMC varied from 14.76 to 6.91 % with a
mean value of 10.88 + 3.9%, whereas in CS-1I SMC varied between 52.48 to 37.63
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% with a mean value of 42.99 * 3.2 %. However, in FS it varied from the highest
value of 14.76 % to the lowest value of 6.91 %with a mean value of 10.83% (Fig.
3.6). In the present study, SMC was found highly dependent on irrigation and

flooding pattern as part of the agricultural and field management operations.

60
N SMC

50

30 A

SMC (%)

ICS I CS FS ICS I1CS FS ICS II CS FS

Seasons

Figure 3.6 Seasonal variations in soil moisture content (SMC) of rice
paddies of Padayatti, during 2011-12 to 2013-14

3.3.6 Soil Texture

Soil textural properties of Padayatti wetland showed significant (p<0.05)
seasonal variation between sand, clay, and silt fractions. However, it lacks
seasonal and annual variations. Based on the sand silt and clay fractions soils of
Padayatti are classified into silty loam, clay loam, and loam fractions during the
study period (Fig. 3.7). In St.1 the texture of the soil observed was silt loam with
sand silt and clay in the order of 22.27%, 52.21%, and 25.5 % respectively. While
in St.2 it was in the order sand (22.94%), silt (51.76%) and clay (25.94%). In St.3
it varied between sand (21.3%), silt (51.65%) and clay (27.01%). Among
stations, St.4 and St.5 are classified as clay loam with sand, silt and clay % in the

order 27.86%, 44.09%and 28.03 % in St.4 and 26.54%, 47.2%and 26.4% St. 5.
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Textural characteristics of St.6 and St.7 is of loam in nature with sand, silt and
clay in the order 34.05%, 42.2% and 23.2% in St.6 and 33.05%, 41.25% and
26.1% in St.7 respectively.
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Figure 3.7 Soil textures of the Padayatti rice paddy during the study period
3.3.7 Soil pH and Eh

The soil pH during the study period varied from 5.12 to 6.84 with an
average value of 6.06 + 0.55 (Fig. 3.8). During the period, soil pH lacks significant
variation both seasonally and annually. In CS-I, pH varied from the lowest value
of 5.15 to the highest value of 6.76 with a mean value of 6.02 + 0.57. Whereas in
CS-11, pH varied from the lowest value of 5.55 to 6.84 with a mean value of 6.18 *
0.47.However, in FS pH varied from 5.12 to 6.55 with a mean value of 5.9 + 0.64.
Annually highest pH was observed in 2011-12 and 2012-13 with an average
value of 6.14 * 0.54 and 6.16 * 0.6 respectively. Lowest pH was observed in the
year 2012-2014 with a mean value of 5.85 + 0.52. However, pH had a significant

negative correlation with DPW significant at p<0.05, r = -596.
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Figure 3.8 Mean monthly pH variation in the rice paddies of Padayatti,
Palakkad during 2011-2012 to 2013-2014

The soil Eh during the study period varied from -339 mV to 126 mV with
an average value of -89.65+ 14.5 mV (Fig. 3.9). During the observation period,
soil Eh varied significantly with flooded CS and dry FS (p< 0.05). In CS-I, Eh
varied from -339 mv to 50 mV with a mean value of -71.14 * 21.4 mV. Whereas
in CS-I1, the Eh was observed varying from -313 mV to 26 mV with a mean value
of -166.8+19.55 mV. However, in contrast to the flooded CS, Eh was observed
positive during the dry FS with a mean value of 11.94 + 20.4 mV. In the present
study, Eh was observed positively correlated with air (p< 0.01) and soil
temperatures (r =0.602, p < 0.01) however Eh was negatively correlated with

soil moisture content(r = -0.692, p< 0.01).
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Figure 3.9 Mean monthly Eh variation in the rice paddies of Padayatti,

Palakkad during 2011-12 to 2013-14

In the present study, soil pH was observed decreasing towards

increasing soil depth (Fig. 3.10). In the top 0 to 5 cm of the soil profile, pH was

observed with a mean value of 6.53 * 0.51 which slightly decreased to 6.5 * 0.14

towards 05 to 10cm. In the 10 to 15 cm of the soil profile pH further decreased to

a mean value of 6.29 * 0.18 and it remained in 6.11+ 0.24 in the 15 to 20 cm

profile of the soil. Depth wise profile of soil Eh (Fig. 3.10) showed a decreasing

trend towards 0 to 5 and 5 to 10 cm of soil profile with a mean Eh value of -321 +

1.35 and -385 +0.584 respectively. However it increased to -329 to -284 mv in

the 10to 15 and 15 to 20 cm profile of the soil.
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Figure 3.10 Soil profile showing depthwise distribution of pH and Eh from
rice paddies of Padayatti, Palakkad during 2011-12 to 2013-14

3.3.8 Sodium, Potassium, and Calcium

The average concentration of sodium in the soil of Padayatti wetland was
0.441 = 0.11 mg g!(Fig. 3.11). The Na concentrations in soils lack significant
annual variations and it was 0.438 = 0.13 mg g1 in 2011-12 and 0.447 * 0.84 mg
glin 2012-13 and that of 0.42 + 0.11 mg g! in 2013-14. Seasonally, the highest
concentration of Na was observed in FS while it lacks significant variation
between seasons. Among crop, seasons mean value of Na was 0.453 + 0.14 mg g'!
in CS-I whereas it was 0.416 + 0.076 mg g1 in CS-1I and 0.464 + 0.12 mg g in FS.
Spatially, the highest concentration of Na was observed in St.5 (0.511 £0.21 mg
g1) whereas lowest concentration was observed in St. 6 with a mean value of

0.34 +0.14 mg g 1.

The average concentration of K in the rice paddy soils of Padayatti was
0.69 £ 0.479 mg g! (Fig. 3.11). Annually K varied from a mean value of 0.68 *
0.49 mg gt during the year 2011-12, whereas it was 0.691 + 0.46 mg g1 in 2012-
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2013 and 0.65 * 0.47 in 2013-2014 respectively. Among seasons highest
concentration of K was observed in CS-I (0.8 £0.65 mg g1) and lowest in CS-II
(0.548 + 0.26 mg g'1). Spatial distribution of K among seven stations showed the
highest value in St. 1 (0.88 + 0.6 mg g1) and lowest value in St. 5 (0.20 + 0.14 mg
g1). The concentration of K in paddy soils lack significant variation annually,

seasonally and spatially during the present study.

The average concentration of Ca from the rice paddy soils of Padayatti
was 2.75 + 1.06 mg g1 (Fig. 3.11). The highest concentration of Ca was observed
during 2012-2013 (2.77+ 1.02 mg g?') whereas lowest concentration was
observed during the year 2013-2014 (2.75 * 0.06 mg g'). Seasonal variation in
the concentrations of Ca was observed higher in CS-1 with an average value of
3.07 £ 1.1 mg g'1. However, the lowest value of Ca was observed in CS-II with an
average concentration of 2.4+ 1.01 mg g-1. Spatially, among the seven stations,
the concentration of Ca was observed highest in St. 5 (3.1 + 0.14 mg g'1), and a

lowest value that was observed in St. 4 with a mean value of 23.+ 0.93 mg g-.
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Figure 3.11 Mean spatial distribution of Na, K and Ca from rice paddies of
Padayatti, during 2011-12 to 2013-14
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3.3.9 Available Phosphorus

The average concentration of P in the rice paddy soils of Padayatti was
75.24 £ 56 mg g'1. The mean value of P during 2011-2012 was 51.92 + 23.69 mg
gl,and it was 121.88 + 33 during 2012-2013. However, it was 62.58 + 48 mg g'!
during 2013-2014. Seasonally, concentrations of P varied with the highest value
0of 93.63 * 30 mg g! in FS and the lowest value of 66 + 54 mg g! during CS-II.
Among stations, the highest concentration of P was observed in St. 1 with a mean

value of 81.89 + 65.13 mg g! and lowest in St.5 with a mean value of 54.35 +

24.81 mg g1 (Fig. 3.12).
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Figure 3.12 Mean spatial distributions of Phosphorous rice paddies of
Padayatti during 2011-12 to 2013-14
3.3.10 Total Nitrogen

The surface distribution of TN (Fig. 3.13) differs significantly between
seasons and stations, while its lacks significant annual variations. Seasonally, a
significant difference in TN was observed between CS and FS. The highest

concentration of TN was observed in CS-I ranging from 2.41 to 3.57 g Kg-1with a
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mean value of 3.004 + 0.13 g Kg-1. Whereas lowest value was observed in FS,
ranging from 1.74 to 2.87 g Kg! with a mean value of 2.30 + 0.124 g Kg!1. TN
followed a clear seasonal pattern with the lowest value in the FS which increased
towards CS-II and then decreases towards the FS. In contrast to seasonal
variation, TN lacks significant annual variation ranging from the lowest value of
2.59+ 0.18 g Kg'1in 2011-2012 to the highest value of 2.76 + 0.11 g Kg! in the
year 2013-2014. Spatially TN showed significant variation (p< 0.05) ranging
from the lowest value in St.1 (2.05 * 0.12 g Kg'!) to the highest concentration in
St.5 (2.9 £ 0.07 g Kg 1) (Fig. 3.14).
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Figure 3.13 Temporal variations in TN from the rice paddies of Padayatti
during 2011-12 to 2013-14
The surface distribution of soil TN stock was showed no significant
variations between crop seasons and years. Annually during both the years
2011-12 and 2013-14 showed a similar trend in TN stock with a mean value of
11.5 +1.22 Mg ha! and 11.07 * 0.74 Mg ha! respectively. However, the lowest
TN stock value was observed in 2012-2013 with a mean value of 11.53 £0.98 Mg

ha-l. Seasonally TN lacks significant variations where highest TN stock values
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were observed in CS-1(4.17 + 0.188 Mg ha!) followed by FS (3.63 £ 0.24 Mg ha'l)
and lowest was observed during CS-II (3.57 + 0.13 Mg ha-1). The net TN stock of
the rice paddy soils of Padayatti, Palakkad during the observation period from
2011-12 to 2013- 14 was estimated as 34.14 + 1.72 Mg haL.

. TN

2.8 1

St St.2 St.3 St.4 S5 St.6 St.7
Stations
Figure 3.14 Spatial variations in the distribution of TN from rice paddies of
Padayatti, during 2011-12 to 2013-14

3.3.11 Available Nitrogen

The mean concentration of AN in rice paddy soils of Padayatti was
0.0471 £0.03%. The highest concentration of available nitrogen was observed
during the year 2011-2012 with a mean value of 0.0481 * 0.04 %, and the lowest
value of 0.045 * 0.08% was observed during 2013-2014. Among the seasons,
concentrations of available nitrogen were observed lowest in FS with a mean
value of 0.039 * 0.012 %, and the highest value was observed in CS-II with a
mean value of 0.05 + 0.02%. Spatially highest concentrations of available
nitrogen were observed in St.1 with a mean value of 0.057 £ 0.07 % whereas the

lowest value of 0.027 + 0.03 was observed in St.7 (Fig. 3.15).
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Figure 3.15 Mean spatial distribution of available nitrogen of rice paddies
of Padayatti during 2011-12 to 2013-14

3.3.12 Soil Organic Carbon (SOC)

The surface distribution of SOC in the rice paddy soils of Padayatti varied
temporarily, spatially and annually during the observation period (Fig. 3.16).
Seasonally SOC concentration was 5.57 + 0.14 g Kg1,5.42 + 0.13 g kgt and 5.93 *
0.15 g Kg! in CS-I, CS-II and in FS respectively with a seasonal significant
difference among CS and FS (r = 0.07, p< 0.05). During the period the highest
concentration of SOC was observed in the FS ranging from 5.6 to 6.22 g Kg-! with
a mean value of 5.93 + 0.15 g Kg-1. However, the lowest value was observed CS-II
ranging from 5.15 to 5.68 g Kg-1 with a mean value of 5.42 + 0.135 g Kg-1. Annual
variation in SOC was significant at p<0.05 level in which highest concentration of
SOC was observed during 2011-12 followed by 2012-13 and the lowest
concentration was observed in 2013-14 respectively. Annually highest
concentration of SOC was observed during the year 2011-2012 with values
ranging from 5.62 to 6.15 g Kg-! with a mean value of 5.88 £0.135 g Kg1. The
year 2013-2014 showed the lowest concentration in SOC ranging from 4.98 to
5.57 g Kg! with a mean value of 5.25 * 0.158 g Kg-1. Spatially SOC varied
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significantly with stations (p<0.01).During the period highest concentration SOC
was observed in St. 7 with a mean value of 6.4 + 0.29 g Kg-1, whereas, the lowest

concentration of 4.9 + 0.21 g Kg-'was observed at St.4 (Fig. 3.17).
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Figure 3.16 Mean temporal distribution of SOC from rice paddies of
Padayatti during 2011-12 to 2013-14
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Figure 3.17 Mean Spatial variation of SOC in the rice paddies of Padayatti
during 2011-12 to 2013-14
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The annual and seasonal distribution of SOC stock among rice paddies of
Padayatti, Palakkad did not differ significantly during the observation period
(Table 3.1). Annually SOC stock was found higher in 2011-2012 with a mean
value of 25.13 + 1.44 Mg ha'l. However, there was a decrease in the SOC stock in
the subsurface soil depths of 0-15cm during the successive years of rice
cultivation with a mean value of 24.68 + 0.91 Mg ha'! in 2012-2013. The lowest
SOC stock was observed in 2013-2014 with an average value of 23.50 + 2.08 Mg
haL. On a seasonal basis of rice cultivation highest SOC stock was observed in FS
with a mean value of 8.48 + 0.30 Mg ha! followed by CS-I (8.21 + 0.32 Mg hal)
and lowest SOC stock was observed in CS -II (7.73 + 0.30 Mg ha'l). The net
organic carbon stock of the rice paddy soils of Padayatti, Palakkad during the
observation period from 2011-12 to 2012-14 was estimated as 8.145 +
0.18 Mg ha-l.

3.3.13 Soil Inorganic Carbon (SIC)

Soil inorganic carbon varied both temporally, spatially and annually
during the observation period (Fig. 3.18). Seasonally, the highest concentration
of SIC was observed in CS-I ranging from 6.65 to 7.73 g Kg-! with a mean value of
7.19 = 0.27 g Kg-1. However, the lowest concentration of SIC was observed in the
FS ranging from 5.2 to 6.3 g Kg-1 with a mean value of 5.81 + 0.29 g Kg-1. During
the crop growing seasons, SIC started to increase from May in CS-I and had its
higher concentration in October during CS-II, and it decreased toward FS.
Annually significant variations (p<0.01) in SIC was observed with the highest
concentration in the year 2012-2013 with a mean value of 8.35 + 0.263 g Kg1
and lowest concentration towards 2013-2014 with a mean value of 3.49 £ 0.31 g
Kg1. Spatial distribution of SIC also showed significant variation (p<0.05).
Spatially highest concentration was observed in St.5 (8.06 + 0.62 g Kg-1) whereas
lowest was reported in St.3 (6.13 + 0.5 g Kg'1) (Fig. 3.19).
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Figure 3.18 Mean temporal distribution of SIC of the rice paddies of
Padayatti during 2011-12 to 2013-14

The one way ANOVA of sub-surface SIC stock showed significant annual
variation (p< 0.05). The annual SIC stock was observed decreasing during the
period from 2011-12 to 2013-14 (Table 3.1). The SIC stock was observed
moderately stable during the period 2011-12 and 2012-13 with a mean value of
11.7 + 0.53 and 11.72 * 0.82 Mg ha! respectively. However, a significant
decreasing trend in SIC stock was observed during the cultivation period 2013-
2014 with a mean value of 63.2 + 0.84 Mg hal. Seasonally SIC stock lack
significant differences with a mean value of 10.18 + 0.92 Mg ha-1in CS-1, 10.22 +
1.32 Mg hatin CS-II and 9.3 + 0.60 Mg ha!in FS respectively. Overall the net SIC
stock of the rice paddy soils of Padayatti during the observation period from

2011-12 to 2012- 14 was estimated as 89.26 + 9.49 Mg ha'..
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Figure 3.19 Spatial distribution of SIC from rice paddies of Pdayatti during
2011-12to 2013-14

3.3.14 Soil Total Carbon

The surface distribution of TC during the entire study period varied form
6.94 to 16.37 with a mean value of 12.67 * 0.49 g Kg. During the period
significant annual and spatial variations were observed while TC lacks seasonal
variations (Fig. 3.20.). Seasonally TC varied with a mean value of 13.19 + 0.34 g
kg1, 12.38 + 0.42 g kg-land 12.46 + 0.36 g kgt in CS-I, CS-1II, and FS respectively.
During the study period, TC was highest in crop growing seasons and was
decreasing towards FS which remain in the same status until the next CS. During

the observation period, fluctuations were observed with respect to crop cycles.

Annual distribution of TC showed a significant (p<0.01) decline in its
concentration towards the year 2013-2014; however consistency in its
concentrations was maintained during the period 2011-2012 and 2012-2013.
During 2011-2012, TC varied from 19.05 to 10.01 g Kg-! with a mean value of
14.109 * 0.22 g Kg!. Whereas in 2012-2013 it ranged between 19.30 to
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6.4 g Kg! with a mean value of 14.13 * 0.285 g Kg1. However a significant
(p<0.01) decline in the concentrations of TC was observed during 2013-2014,
both temporarily and spatially which varied from 15.91 + 4.8to 3.7+ 13 g Kg!
with a mean value of 8.82 + 0.33 g Kg!. Spatially TC was observed varying
significantly (p<0.05) with stations with the highest concentration in St.7
ranging from 7.5 to 19.05 g Kg! with a mean value of 13.84 + 0.59 g Kg-! and
lowest in St.4 ranging between 5.29 to 15.65 with a mean value of 11.08 + 0.56 g
Kg1 (Fig. 3.21).

The subsurface soil TC stock was found decreasing toward continuous
paddy cultivation with the lowest TC stock values in the year 2013-2014
compared to 2011-12 and 2012-13. (Table 3.1). One way ANOVA showed
significant (p<0.01) annual variation in TC stock with the highest mean value in
2012-2013 (20.22 + 0.74 Mg ha'!) followed by 2011-2012 (20.08 = 0.46 Mg ha1).
Whereas lowest TC stock was observed during the period 2013-2014 with a
mean value of 13.84 * 0.94 Mg ha'l. Seasonally TC stock lacked significant
differences and was observed consistent with cropping seasons with major
variations. The seasonally highest TC stock was observed in CS-1 (18.62 + 0.94
Mg ha1) followed by CS-1I (17.88 + 1.4 Mg hal) whereas lowest was in FS with a
mean value of 17.63 * 0.94 Mg ha-l. The net TC stock of the rice paddy soils of
Padayatti during the observation period from 2011-12 to 2012- 14 was
estimated as 18.54 * 3.9 Mg ha'.
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Figure 3.21 Spatial distribution of TC from rice paddies of Padayatti during
2011-12 to 2013-14
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Table 3.1 Distribution of C and N stock during different crop seasons in rice
paddies of Padayatti, Palakkad from 2011-12 to 2013-14

Year | Seasons | SOC Stock SIC Stock TC Stock TN Stock
g Cs-1 8.483 +£0.53 | 11.651 +1.23 | 20.133 +0.81 | 4.469 +0.24
3 CS-II | 8.299 +0.29 | 13.114 +0.33 | 21.413 £0.49 | 3.723 +0.38
§ FS 8.349 +0.62 | 10.348 +0.46 | 18.697 +0.48 | 3.348 +0.59
g CS-1 7.680 +0.32 | 11.853 £0.63 | 20.326 +0.82 | 3.956 +0.31
2 CS-II | 7.849 +0.36 | 13.333 +£0.93 | 21.183 £0.79 | 3.348 +0.14
§ FS 9.152 +0.24 | 10.000 +2.09 | 19.152 +2.03 | 3.768 £ 0.30
E CS-1 8.472 £0.80 | 07.043 +£1.63 | 15.413 +1.85 | 4.104 +0.43
E CS-II | 7.070 £0.73 | 04.241 +£0.66 | 11.064 +0.59 | 3.645 +0.14
§ FS 7.960 +0.56 | 07.691 +1.58 | 15.053 +1.45 | 3.785 +0.40

3.3.15 C:N Ratio

The surface distribution of C:N ratio varied significantly between
seasons, with stations and between consecutive years (Fig. 3.22). Seasonally, a
significant difference in C:N ratio was observed between FS and CS. During the
period C:N ratio was found higher in FS with a mean ratio of 5.62 + 0.22.
Annually C:N ratio varied significantly with the highest ratio in 591+ 0.206 in
2011-2012 followed by 2012-2013 (5.66 = 0.206) and 2013-2014 (3.5 + 0.241)
respectively. Spatially C:N ratio varied significantly between stations. During the
period St.5 exhibited highest C:N ratio with a mean ratio of 5.8 + 0.32 and the
lowest ratio in St.2 with a mean ratio of 4.42 + 0.32 (Fig. 3.23).

Statistical analysis where made to study the significant relationship

between parameters and the detailed result are shown in table no. 3.3
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Figure3.23 Spatial distribution of C:N ratio in rice paddies of Padayatti,
Palakkad during 2011-12 to 2013-14

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala ) 65



Chapter - 3

(pa[re1-z) [2A9] T0'0 U3 38 JULIYIUSIS ST UONR[ALIOD "4y
(Parte3-z) [9A9] §0°0 243 32 JURDYIUSIS ST UONR[RIIO]

STL'0- | LOT°0- | 9F0°0 [ EOL'0- | «EES™ | «S45- | 981°0- | 950°0- | 8%C'0- | 8%0°0 | 920°0 | «¥8%* 990°0- #x9E9™ | SPP0- | #0004 d
T 6270 [ 222°0 | 9T0°0- | L0E'0- | 86T'0 [ 8ZF'0- | «S¥S- | LI¥'0 | 66E0 | ¥L0°0- | T6T'O- TEE0 Zevo «L1S" 9€'0- e)
) 1 #xL06L"| 9T°0- | 9E0°0- | 6£0°0- | «£CZS™- | «86F- | €010 | 61%°0 | 19%0- | S61°0- <610 SLED S0€0 F91°0- ). |
.| T 9€€’0-1 902°0 | 66Z°0- | LEE'0- | 2L2°0- | ¥¥0O'0- | SO¥'0 | 22¥°0- | ¥T2°0- €810 61’0 6LT°0 SE00- BN
EN T CZL'0- ] 62E°0 | LEEO | SLT'O | €420 | 9EC0O- | BZZ'0 | €9T°0 L11°0- 1200 S¥0°0- ¢s00 uy
uy T w2 L09| «x0TL" | %5769" | EGC°0 | #9T°0 | S60°0 | 902°0- 81E0 S0E0- 120°0 €82°0 ND
N:D 1 LS0°0 | TEQ'O | LTT°0 | LBZ'0- | 600°0- | «68E LSZ°0- #0258 | 9ET'0 | #+8T5™ NL
N.L T #xLL0" | «CBE" | L¥O'0- | €ZC°0 | TETO LIT0 Z10°0 64070 6L0°0- JL
JL T ST'0 |ZFPT0-| TSTO | 220 800°0- €¥0°0 | 600°0- | 9¢T°0- JIL
JIL T «FSE | §S0°0-| TE0- xS 5" EIr o (98" Z91°0 J0L
J0L T SEE0- [#x00L-| #ET9° €200 | #x0%9" | #x0ES" qq
qa |1 1SZ°0 60T°0- 99Z°0- | ««06%™- | ZEO0 ud
Hd L #%9L9" 6520 «[6E™ | «xCLL™ INS
INS T Z8T°0 | %199 «T0% |dwap 108
dwag, 10 1 +£8E" V65" | [Iejuley
mejurey T LETO urorary
eIy 1 Xeuray
Sa[qeLIe)
xew ary|  cAug

S3[ELIEA [BJU WU OJIAUI U33M]3q diysuorje[a.d SuImoys SISA[EUE UONB[3.L10) Z'E J[qeL

66 Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Environment Variables and Soil Carbon Dynamics in Paddy Wetlands

3.3.16 Principal Component Analysis (PCA)

Principle component analysis (PCA) of the environmental parameters of

Padayatti, agro wetland ecosystem showed that the axis Dim1, 2 and 3 obtain

large eigenvalues contributing to greater than 74.5% of cumulative % variance

(Table 3.2). The variables TC, SIC, SOC, C:N Eh, soil temp, air-max and air-min has

the positive load towards Dim1l. The negative loading towards Dim1 was

attribute mainly by TN, pH, and SMC.

Table 3.3 Variable loadings for Dim1,Dim 2,Dim 3, Dim4 and Dim5

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5
T_Carbon 0.204 0.915 0.310 -0.004 -0.063
TI_Carbon 0.103 0.929 0.191 -0.173 0.105
TO_Carbon 0.450 0.074 0.542 0.463 -0.500
T_Nitrogen -0.575 -0.114 0.689 0.301 0.113
C:N 0.544 0.750 -0.239 -0.201 -0.118

pH -0.168 0.494 -0.321 0.657 0.385

Eh 0.761 -0.345 0.088 0.013 0.081

MC -0.854 0.245 0.174 -0.135 -0.023
Soil_Temp 0.807 -0.011 0.231 0.071 0.312
Air_Max 0.698 -0.134 -0.440 0.223 -0.089
Air_Min 0.547 -0.241 0.635 -0.248 0.274
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Figure 3.24 Scores and loadings from principal component analysis (PCA)
biplot from three seasons showing the relationship between
environmental parameters from Padayatti paddy wetland during 2011-12
to 2013-14

3.3.17 Partitioning of net ecosystem carbon and the NEE of the rice

ecosystem
a) Carbon Input

The major components which add carbon inputs to an ecosystem are (a)
NEP, (b) addition of C inputs from stubble and root biomass (previous season
crop residue left in the field), (c) rhizodeposition plus algal biomass and (d)
manure inputs as compost. Partitioning of net ecosystem carbon and the NEE of

the rice ecosystem was calculated for the year 2013-2014.

In the present study, the net ecosystem production (NEP) of the
Padayatti was +1.595 Mg C ha-lin CS-I and it was +1.945 Mg C ha-! in CS-II
respectively (Table 3.4). Carbon inputs in the form of crop residues, rice stubble,

and root biomass were estimated as 1.16Mg C ha! in CS-I and 1.31 Mg C ha! in
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CS-1I respectively. The rhizodeposition for the period was estimated by using a
conversion factor of 15% of total above ground biomass at harvest, and the
values are 0.0426 in CS-I and 0.0472 in CS-II respectively. The factor value of
0.70 Mg C ha-! for C load of aquatic algal mass in tropical rice was used for C
input. The manures added to the paddy field during the present study constitute
0.33 and 0.32Mg C ha! during CS-I and CS-II respectively. From adding up all the
respective C input components 3.832 Mg C halin CS-I and 4.33 in CS-1I was
calculated to be added to the system (Fig. 3.24).

b) Carbon release from the system

In the present study, C was lost from the system due to several farm
practices and crop biochemical and physiological processes were quantified.
Carbon is usually removed from the system mainly by means of (a) harvest of

crop biomass, (b) DOC, and (c¢) CH..

The C removal after harvest through rice grain, straw, stubble, and root
were 2.72Mg C ha! in CS-I and 2.968 Mg C ha! in CS-II. The cumulative CH4
constitute 0.07and 0.151Mg C h-! for CS-I and CS-II whereas DOC constitutes
0.078 and 0.077 Mg C h't during CS-I and CS-II respectively. Therefore, C loss
from the system was estimated as 2.87 and 3.19 Mg C h-tfor CS-I and CS-II
respectively. As crop residue and stubble burning was not a regular farm
practice in the study area, the gaseous C loss due to biomass burning was not
included during balancing the input and output C flux components in the net
ecosystem carbon balance (NECB) model. From the results, it was estimated that
the system has the potential to store C at the rate of 0.957 Mg C h-1 in CS-I and
1.1368 in Mg C h-1 respectively.
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Carbon Addition
Rhizodeposition Manure inputs as Stubble and root
+ compost biomass
NEP Algal biomass 0.33 Mg C ha’! 1.16 Mg C ha
1595 Mg C ha 0.71 Mg C ha

Organic Input in to the system
3.83 MgCha™

Seasonal Carbon Balance = 0.957 Mg C ha™' (potential of the System to store C)

Organic C release from the system

2.87 Mg C ha™

~
CH4-C Emission
0.07257 Mg C ha' .

- ¢ rlf:;?;::ltl " Mangé;gg;ts @ C lost as DOC
-
/ 2.72Mg C ha’! 0.33 Mg C ha'! 0.0781 Mg C ha
Carbon Release

Figure 3.25 (a) Schematics of carbon balance in tropical low land rice
ecology in CS-1,2013-14
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Carbon Input

RhlZOdiposmon Manure inputs as Stubble and root
NEP Algal biomass compost biomass
-1 R
0.7473 Mg C ha’ 0.33 Mg C ha 1.312 Mg C ha
1

1.945 Mg C ha™

Organic Input in to the system
4.335 MgCha™

Seasonal Carbon Balance = 1.136 Mg C ha' (potential of the System to store C)

Organic C release from the system

3.198 Mg C ha™

\

CH,-C Emission

0.1519 Mg C ha™ .

i Cremovatac || Mamseiputsas || ¢ gt s DOC
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Z | 2.968 Mg C ha” 0.33 Mg C ha’ 0.077 Mg C ha
Carbon Release

Figure 3.25 (b) Schematics of carbon balance in tropical low land rice
ecology in CS-1I1, 2013-14
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Table 3.4 The rate of NEE, NPP and Rh in different paddy plant growth
stages during 2013-2014

Seasons | Months NPP Rh NEE NEP
(Kg Cha1) | (KgCha) | (KgChal) | (KgChat1)

Mar-13 -0.00067 33.926 33.927 -33.927

2 Apr-13 -0.00067 39.924 39.924 -39.924
May-13 -0.00067 612.002 612.002 -612.002

Jun-13 214.079 159.42 -54.659 54.659

— Jul-13 1355.839 284.394 -1071.45 1071.45
& Aug-13 1534.239 152.82 -1381.42 1381.42
Sep-13 1945.165 350.15 -1595.02 1595.02
05-Oct-13 239.055 2.352 -236.703 236.703
17-Oct-13 677.919 5.928 -671.991 671.991
23-0Oct-13 | 1095.375 69.36 -1026.02 1026.02
11-Nov-13 | 1462.879 232.73 -1230.15 1230.15
23-Nov-13 | 1712.639 236.88 -1475.76 1475.76

— 30-Nov-13 | 1819.679 97.9922 -1721.69 1721.69
A 09-Dec-13 | 1926.719 97.56 -1829.16 1829.16
© 18-Dec-13 | 1962.399 104.11 -1858.29 1858.29
28-Dec-13 | 1998.079 179.5 -1818.58 1818.58
08-Jan-14 | 2069.439 126.28 -1943.16 1943.16
16-Jan-14 | 2176.479 75.354 -2101.12 2101.12
30-Jan-14 | 2205.023 511.72 -1693.29 1693.29

Feb-14 2268.783 323.904 -1944.88 1944.88

3.4 DISCUSSION

Flooded rice paddies are unique ecosystems regulated by complex
micro-meteorological, physiological and soil biological processes (Martins et al.
2016). According to Thornthwaitesclimatic classification, Padayatti rice paddy
wetland experiences a humid as well as an arid climatic condition due to its
specific geographical location along with the presence of Palakkad gap(Raj and
Azeez 2010).The specific geographic location of Palakkad along with its high
ambient temperature makes it distinct from the rest of the districts of Kerala in

many aspects. Generally, Palakkad experiences oppressive summer during the
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month of March to May where the ambient temperature was near to 40 °C. These
extreme summer months make Palakkad especially Padayatti free from rice
paddy cultivation due to water scarcity. Thus the increased ambient and soil
temperature in the summer fallow season make it significantly distinct from
both the crop growing seasons. The area receives maximum rainfall during the
southwest monsoon (June to September) followed by the northeast monsoon
(November to December) where as rest of the months receive only a little
rainfall. Generally, the total annual rainfall of Palakkad was lower compared to
that of other districts of Kerala (Krishnakumar et al., 2009).Therefore the
peculiar geographic conditions and seasonal variation determine the
temperature distribution in the study area. Diurnal variation in ambient
temperature depends upon the availability of solar radiation and its day and
night cycling(Chen et al. 2015).Variations in temperature are also influenced by
wind patterns (Chen et al. 2016), physiology of the vegetation, such as the
canopy/stomatal conductance, photosynthetic and chlorophyll rates etc.
(Maruyama and Kuwagata 2008). Where as the diffusional transport of
greenhouse gases from the paddy soil is significantly influenced by

temperature(Mikkela et al. 1995).

Soil temperature of the study area co-varied with the air temperature
and the correlation analysis showed significant positive correlation to air
temperature. However, a significant negative correlation was observed between
ambient temperature and SMC. This shows that variation in air temperature and
moisture content plays a significant role in soil temperature though they are
growing in flooded conditions (Takata et al. 2008). Soil moisture content in
Padayatti wetland differs significantly between seasons and it lacks annual and
spatial variations. The moisture content was higher in crop growing seasons
compared to summer fallow and this seasonal variation in SMC was related to
rainfall and the soil temperature. Higher rainfall during the crop growing
seasons resulted in the increase of SMC whereas elevated temperature leads to

decline in SMC during FS. The correlation analysis also showed significant
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positive correlation between rainfall and negative correlation to air temperature
which was similar to the observation of (Hamerlynck et al. 2013). Agricultural
and field management operations such as irrigation and flooding pattern also
affect the distribution of SMC in Padayatti wetland. The continuous irrigation
and flooding could be the reason for the insignificant annual and spatial

variations.

The soil texture is a basic property that is useful in deriving several
physical and chemical soil quality parameters. The soils of Padayatti wetlands
were silty loam, clay loam, and loam and the percentage composition showed
that silt content was higher during the study period which was similar to other
wetlands of Kerala (Sheela, 1988 Hameed, 1975).However Thomas (2003) and
Hameed (1975) reported that clay texture predominates in most localities of
Kole wetland. According to Trask (1953) fine-grained sediments contains more
organic matter than coarse sediments. The hydraulic equivalence of clay and
organic particles (Calvert and Pedersen 1992) and the higher surface area to
volume ratios of fine-grained particles (Keil et al. 1994, Mayer 1994) were the
reason behind it. Soil texture may also be an important factor affecting the
mineralisation response to due to its role in the stabilisation of soil organic
matter(Harrison-Kirk et al. 2013). The moisture release characteristics of soil
are also related to pore size distribution (Liu et al. 2006). It was also reported
that genetic structure of some of the bacterial community is related to soil
physico chemistry and is dependent on soil texture(Guigue et al. 2015). Soil
texture may control SOC decomposition, and its content may give an idea of the
degree of protection conferred by a particular soil(Xu et al. 2016). The
predominance of finer sediments (clay and silt) than coarse sediments (sand) in
Padayatti agro wetland ecosystem could be a reason for higher organic matter in

the study area.

Soil pH in paddy soils is an important index that affects a wide range of
agronomical and environmental functions of soils (Funakawa et al. 2008). It is

also an ecologically important variable that acts as an indicator of soil processes
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which influence the availability of plant nutrients and soil microbial ecology
(Husson 2013). In the present study, pH was observed in the range near acidic to
neutral with a mean value of 6.06 + 0.57 which was comparable to most of the
arable ecosystems including paddy fields (Hadi et al. 2010). It was inferred from
many studies that cultivated crops can grow well on soils that are slightly acidic
to near neutral and only a few species can develop at a pH below 4.5 or above 9
(Springob and Kirchmann 2003). During the study, the submergence of the
paddy field was observed to influence the soil pH. The pH was observed
negatively correlated with DPW, significant at p < 0.05 with an r = -0.596
(Fig.3.8). During the initial submergence of the field during May, soil pH slightly
decreased and then gradually increased and maintained a stable pH in the range
5.3 to 6.1. The initial decrease in pH of 0.5 units in Padayatti was associated with
high organic matter (Li et al. 2005). The magnitude of variation of pH in
agriculture soil is related to the amount of organic matter added and easily-
decomposable organic matter retard the increase in pH during its intensive
decomposition(Ghimire et al. 2017). Whereas application of inorganic fertilizer
significantly decreased soil pH value, while amendment with organic manure
showed less effect on soil pH value(Ge et al. 2010) because the organic carbon in
wetlands buffers the soil to neutrality (DeLaune and Reddy 2005). In the present
study, the direct application of organic manure in FS and the organic residues of
each crop season make the availability of organic matter in the paddy field
throughout the season and this may be the reason for lower pH in padayatti. The
low iron content in the paddy soils is also reported which also influence the
decrease in soil pH. The subsequent increase in pH on submergence was
associated with reduction process of soil. The Eh was observed to decrease with
submergence in the range -152 to -568 mV. Redox conditions has significant
effects on the pH of individual soils, because of H* consumption during reduction
reactions (nitrate reduction, but little Fe reduction) (Hanke et al. 2013). In paddy
soils pH appears to be a better indicator of CHs emission as methanogenic

bacteria are pH sensitive and most of them grow over a relatively narrow pH
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range of about 6-8 (Vijay and Bijoy Nandan 2016). pH also regulates the
denitrification and ammonification rates and N0 and NO emissions from paddy
soils.

About 75% of the rice is grown on paddy soils which are kept
submerged during the growing season(Le Mer and Roger 2001). As a result of
continuous flooding, anoxic conditions accompanied by low redox potentials are
characteristic for paddy soil ecosystems.As paddy soilsexperience wide range of
hydrological variations from drying to flooding, severe changes occur in its
physicochemical characteristics(Ford et al. 2007). Soil redox potential (Eh) is the
measure of electron activity of the soil and is one of the most important
electrochemical properties of the soil affected by the dynamic changes when
paddy fields are subjected to hydrological fluctuations. Eh predicts the ionic
distribution between chemical species which may interact with the transfer of
electrons, such as ferrous and ferric iron or nitrite and nitrate nitrogen. During
the present study Eh ranged from -339 mV to 126 mV with an average value of -
89.65 + 14.5 mV. According to soil Eh classification (Husson 2013), a reduced to
highly reduced conditions are prevailing in the study area of Padayatti during
the observation period. Generally, the redox potential of 0 mV indicates a highly
reduced soil status where oxygen and nitrate are not likely to be present and the
bioreducable iron and manganesecompounds are in a reduced condition(Tanji et
al. 2003). However, sulfate will be in a stable state under the same situation(Yao
and Conrad 2001). A redox potential of +400 mV indicates oxidised state of the
soil with the presenceof oxygen(Mansfeldt 2003). During the present study,
significant seasonal variation was observed between submerged crop seasons
and dry summer fallow seasons, indicating submergence of paddy fields had
asignificant effect on Eh which was in accordance to the results of (Husson
2013). During flooding the oxygen supply from the air-soil interface was cut off
which results in the quick depletion of oxygen in the soil (Jayalath et al. 2016).
This results in soil reduction and sets in motion a series of physical, chemical and

biological processes that profoundly influence the quality of soil as a medium for
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the growth of crops such as wetland rice. As paddy systems experience wide
hydrological variations from drying to flooding, severe changes in its
physicochemical characteristics is also expected. During the flooded anoxic
condition microbial reduction processes sequentially use NO3-,Mn4* Fe3*,S042- as
electron acceptors, accompanied by the emission of the trace gases N»0, N3, H>S,
and CHs due to reduction induced increasing pH and NH3z(K6gel-Knabner et al.
2010). In iron rich soils, anoxic flooded conditions provide the physio-chemical
environment for the formation of black ferrous sulphides (Bloomfield 1969;
Briimmer 1974) and lead to the anoxic decomposition of organic matter,
resulting in the production of methane by methanogenic archaea
(Ponnamperuma 1972; Liesack et al. 2000). However, the prolonged dry seasons
alter soil character in paddy soils by promoting oxidation, shrinkage, and
compaction of well-developed organic layer leading to a reduction in the SOC
stock of the soil (Zhang et al. 2012). Various authors have also reported marked
differences in Eh and pH as a function of soil depth (Mansfeldt 2003). Depending
on the hydrological regime and input of electron donors and acceptors steep Eh

gradient was observed.

K+, Na*, and Ca* are major essential macro nutrients present in the soil
which helps to maintain electro neutrality at the soil-root interface of the paddy
plants. Potassium is an essential nutrient for plant growth and is the third most
important fertilizer element (after N and P). The average concentration of
available potassium in the soil of Padayatti wetland was 0.672 mg g-! during the
study period which is comparable with paddy fields of California Sacramento
valley have a similar K levels especially the plant available potassium in organic
soils (Drinkwater et al., 1995). Ravikumar & Somashekar (2013) also reported
low exchangeable potassium from Varahi River basin, Karnataka with a mean
value of 0.023 meq/100g. During the adequate supply of K+ crops remove K+ at a
high rate which is three to four times that of phosphorous. This tendency is
termed as ‘luxury consumption’ because the excess K+ adsorbed apparently does

not increase crop yield to any extent. This results in the depletion of K+ in the
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soil. However a certain amount of this element is needed for optimum yields and
this is termed as ‘required potassium’. Much of the unavailable K is bound with
other minerals. The K* are attracted to and held by negatively charged colloids
which make up the cation exchange capacity (CEC) of the soil and an increase of

CEC increases the uptake of K+ by plants.

Potassium is absorbed by plants as K+ ion. Plant requirements for this
element are typically high. Potassium is involved in large number of
physiological processes like including carbohydrate metabolism, enzyme
activation, osmoregulation, cation-anion balance, protein synthesis and
activation of enzymes. Being a major inorganic solute, it plays a key role in the
water balance of plants. Nutrient K is less mobile in soils because of the strong
affinity with some exchange sites of clays (Singh and Mishra 2012). Potassium
also plays a role in minimizing certain plant diseases and in improving plant
quality. Potassium deficiencies have been primarily associated with sandy soils
because of the scarcity of K-bearing minerals and low clay contents, organic
materials low in K, and high lime soils in which K+ uptake is inhibited by high

concentrations of Caz+ (Cook and Ellis, 1987).

Three forms of sodium are typically found in the soil: fixed in insoluble
silicates, exchangeable in the structures of other minerals, and soluble in the soil
solution. In the majority of soils, most of the Na is present in silicates. In highly
leached soils, Na may occur in high-albite plagioclases and in small amounts of
perthite, micas, pyroxenes, and amphiboles, which exist mainly in the fine sand
and silt fractions (Tisdale et al.,, 1997). In arid and semiarid soils, Na typically
exists in silicates as well as soluble salts, e.g., NaCl, Na,S04, and Na,COs.

Sodium is a highly important nutrient of an ecosystem. The availability of
Na is dependent on the reaction rate between soil solutions and exchangeable
phases of Na, which is strongly dependent on the type of clay minerals, present.
Even though Na+ is an essential cation for the plants, soil Na+ levels can be used

as an indicator of degradation of soils by irrigation with ground waters
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containing residual alkalinity which poses a major threat to agriculture. In the
present study the mean level of exchangeable Na* observed was 0.442 mg g1

which is comparable to the results of (Bajwa et al., 1983).

Sodium is usually a soil chemical concern when it occurs in excess.
Sodium has a dispersing action on clay and organic matter, resulting in the
breakdown of soil aggregates and reducing permeability to air and water.
Because of the loss of large pores, soils with excessive amounts of Na become
almost impervious to water and air, root penetration is impeded, clods are hard,
seedbed preparation is difficult, and surface crusting results in poor germination
and uneven stands. These detrimental effects of excess levels of exchangeable
Na+ are conditioned by soil texture and clay mineralogy (Tisdale et al., 1997).
High concentrations of sodium are toxic to some plants. This toxicity may be
relatively insignificant in comparison to the restrictions resulting from the
associated physical condition of the soil. Poor physical soil condition normally
precedes Na toxicity, and high pH usually accompanies the accumulation of Na in
soils; however, these problems are less important than the water and

micronutrient problems induced by Na accumulation (Bohn et al., 1985).

Calcium is typically the most abundant exchangeable -cation in
soils.Yields of most agricultural crops is highest when the soil exchange complex
is dominated by Ca2?*. A Ca-dominated exchange complex usually indicates a
near-neutral pH, which is considered optimum for most plants and soil micro-
organisms (Bohn et al., 1985).The average concentration of calcium during the
study period in Padayatti wetland was 2.887 mg g-1. Ca has been identified as a
basic process that initiates the development of sodicity. Despite the importance
of CaZ+ as an exchangeable cation, soils derived from limestone can be
unproductive; i.e., as the limestone weathers, the Ca;* and HCOsz ions are
released but are leached out of the system because the soils lack the cation-
exchange capacity to retain the Ca;* (Bohn et al,, 1985). Calcium is an essential
nutrient for plant growth and is absorbed by plants as the ion Ca;*. Calcium has

an essential role in cell elongation and division, in cell membrane structure and
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permeability, in chromosome structure and stability, and in carbohydrate

translocation (Tisdale et al., 1997)

Phosphorus is the second most important macronutrient available in the
biological systems and available P is the main source of plant available
phosphorus in agricultural soils. During the present study available P in rice
paddy soils of Padayatti was 51.92 + 23.69 to 121.88 + 33 mg Kg! which was
comparable to the results of Varahi agricultural plains of Udupi district in the
western part of Karnataka state (Ravikumar and Somashekar 2013). The
concentration of available P in Padayatti paddy wetlands is observed to be low
according to Singh and Mishra (2012). Where areas with concentration of
available P less than 12.4 kg ha'! is graded as phosphorous deficient regions. The
major factors controlling the P distribution in paddy soils is the P sorption and
releases especially under flooded conditions (Cao and Zhang 2004). Flooding
and drainage cause chemical changes in soils, which leads to the dynamic release
or adsorption of soil P (Gopal 2003). Frequent flooding and drainage can alter
pH and Eh in the water soil system and thus affect soil P transformations and its
availability in floodwater and pore water. Flooding can decrease Eh, which
increases P release due to iron reduction (Kogel-Knabner et al. 2010). However,
a secondary reaction between Fe2* (produced by the reduction of Fe3+) and

soluble P can decrease soluble P (Ng Kee Kwong et al. 2002).

Soil is an important non-renewable natural resource which captures and
stores the basic components SOC and SIC. Among the C fractions, SOC is an
important indicator of soil quality that affects ecosystem functioning and food
security. Thus a small change in SOC stock could have a large consequence for
global carbon cycling and feedback to the climate system. In the present study,
the average concentration of SOC from Padayatti agro wetland ecosystem was
5.93+ 0.13g Kg! which was comparable to the results of similar rice paddy
systems (Venkanna et al. 2014). Surface soil SOC distribution in the Padayatti
rice paddies were comparable to other Indian ecosystems (Tang et al. 2012) but

it was lower compared to the topsoils of low land rice soils in tropical Asia.
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However, Indian non-cultivable ecosystems especially agroforestry have a
significantly higher concentration of SOC (8.35 + 0.80) than rice paddy systems
(Benbi et al. 2012). The SIC distribution in the surface soil layers of Padayatti
agroecosystems varied with a mean value of 7.19 + 0.27 g Kg'L. In the present
study, the paddy soils of Padayatti showed an increased concentration of SIC
when compared to SOC. This was similar to previous reports showing an
increased concentration of SIC in various paddy ecosystems characterized by
hot, humid and arid climate (Ray et al. 2014). The TC content of Padayatti varied
with a mean value of 12.67 + 0.38 g Kg-1. TC is the sum total of SOC plus SIC.

The potential of soil to sequester carbon can be assessed by estimating
carbon stock such as SOC and SIC stock ofthe area (Zhang et al.,, 2004). During
the entire study period from 2011-12 to 2013-14, the SOC stock varied with a
mean value of 73.31 + 4.4 Mg ha! whereas SIC was in the range 89.27 + 9.5 Mg
hal. The average TC stock of Padayatti was 162.43 * 9.2 Mghal. The
observations of carbon stocks reveal that rice paddy soils of Padayatti has higher
concentration of SIC content compared to SOC.This was comparable to the
estimates of SOC stock (in the first 0-150 cm) of Indian soils having an increased
concentration of SIC (33.98 Pg) compared to SOC (29.92 Pg) than that of SIC (Pal
et al. 2015). In Indian soils, SIC concentration is observed with increased
concentration and are affected by dry climatic conditions that cause more
calcareousness in the sub soil. The presence of CaCO3z in the humid and per-
humid region is due to its inheritance from strongly calcareous parent material

and could be the reason for relatively large SIC stock in a dry climate.

Results of annual SOC, SIC and TC stock changes during the observation
period from 2011-12 to 2013-14, evaluated from the surface soil layer (15 cm)
are presented in Table 3.1. After three years of cropping, we observed a decline
in SOC by 2%. Even though the change in the SOC stock from 25.13 Mg h-! during
2011-12 to 23.5Mg ha! during 2013-14 were not significant but decreased
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slightly during the study period (Table 3.1). This result indicated that the organic
matter inputs into the soil may not be sufficient to maintain the SOC and SIC
stock in this study area. Several studies have indicated a positive relationship
between the amounts of C incorporated into the soil and SOC content.
However,fertilization and irrigation are largely dependent on climatic
conditionsof the regions and how the crop residues are managed (Ma et al,
2008; Lal, 2002). The interplay between climate, soil, cropping and management
systems determines the carbon productivity and both the input and output of C
in soil and thus determine the direction of change in soil C. Our analysis was
largely based on the relative change of total soil C or organic C after consecutive
three years of paddy cultivation. The arid and humid climate with a high ambient
temperature of the study area of Padayatti could lead to increased
mineralization of C stored in the soil and could be the reason for declining trend
in SOC with increased SIC. Our study revealed that soil type, climate, vegetation
indices and terrain attributes are important predictors of SOC. This corroborates
reports from previous studies (Jobbagy and Jackson, 2000). Several studies have
highlighted the importance of climate in predicting SOC contents at the regional,
national and continental scales (Luo et al. 2010). At the supra-national to
continental scale, reported that SOC is positively correlated with precipitation
amount and negatively correlated with average temperature. Similar
observations were also made by Scharlemann et al. (2014) who highlighted a
stronger correlation between SOC and precipitation than with temperature.
Precipitation plays a key role in biomass productivity which determines litter
input to the soil (Zeiger and Fohrer 2009) while temperature influences the

decomposition of litter in the soil as well as C mineralization rate.

Soil total nitrogen is used as an important index of soil fertility
evaluation and reflects the soil nitrogen status. The major nitrogen sources to

paddy soils is mainly from fertilizer inputs, decomposition and mineralization of
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organic matters, nitrogen fixation, atmospheric deposition and flood water
(Zhang et al.,, 2004). Whereas nitrogen loss from paddy soils are attributed to
plant uptake, immobilization, leaching, ammonia volatilization and
denitrification. During the present study TN values ranged from 1.74 to 3.57 g
Kg-1 with a mean value of 2.66 + 0.083 g kg-! which was comparable with the
results of Tong et al,, (2009). Significant increase (p< 0.05) in TN content in the
surface soil layers was observed in the crop growing seasons of CS-1 and CS-II
when compared to FS. The nitrogen fertilizer treatments during the CS would
have increased the N concentrations during CS-I and CS-II respectively. In the
present study the TN was observed positively correlated with SMC and rainfall
(significant at p<0.05).The existence of oxidation layer in the interface of water-
soil under submerged conditions, mineralization and subsequent nitrification

could occur in this layer (Lamers et al. 2012).

In the present study available nitrogen varied from 0.02 to 0.11 % with a
mean value of 0.04 * 0.03 % which was low compared to other reports from
similar ecosystems (Ravikumar and Somashekar 2013). Low nitrogen status in
the soils could be due to low amount of organic carbon in the soils since most of
the soil nitrogen is found in organic form (Singh and Mishra 2012) Consequently,
nitrogen availability in all ecosystems is largely dependent on inputs of
biologically available nitrogen from external sources or internal cycling of
nitrogenous compounds into biologically available forms. However, it has to be
considered that the portion of directly plant available N within the amount of
total N in soils is little as most N is contained in slow-cycling soil organic matter.
Excess soil moisture content is one of the important factors affecting nitrification
in water logged soils and is having a major contribution to vary the process.
Since excess water is found in water logged areas, soil suppresses the process of

nitrification because of deficient oxygen.
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Table 3. 5 Comparison of Total carbon stock (Pg ha1) in rice paddies of
Padayatti, Palakkad with Indo-Gangetic plain, India and other regions

Regions SOC stock SIC stock | Total stock
Padayatti | 0.08x10-7 | 0.099x10-7 | 0.18x10-7
IGP-India 0.63 0.13 0.76

Indian Soils 9.77 4.06 13.83

Tropics 207 76 283

World 704 234 938

C to N ratio of a soil has been considered as a measure of SOM quality
and soil N mineralization/immobilization potentials. According to Thomsen et
al,(2008) a threshold value exists in C:N ratio below which the lability of SOM is
considered to remain constant. Springob and Kirchmann (2002) had suggested
that non-labile SOM is related to the soil C to N ratio. Thus, the pool of labile SOM
would decrease when soil C to N ratios increase, resulting in less CO,-C being
evolved per unit of soil C indicating C:N ratio as a measure of decomposability of
SOM. It is estimated that increase in the soil C to N ratio above 10 (data from
Springob and Kirchmann, 2002) reduces the CO;-C evolution by 50%. Thus soil
C/N ratio is an indicator of the quality of soil organic matter with respect to
decomposition and nitrification and can reflect coupling relationship of C and N
cycles. The dependence of C and N mineralization on soil C:N ratio resulting in
the release of CO,, CH4 and N0 has been well described for paddy soils (Simek et
al. 2014).

During the present study the average C:N ratio from rice paddies of
Padayatti is estimated as 5.62 #0.22 indicating a less C per unit N, which may
influence the C turnover leading to high decomposition rate of SOM and
adversely affecting its sequestration process in soil. In addition to C:N ratio high
CO; flux from the present study area was also observed indicating a high

decomposition rate of SOM. Therefore increasing the soil C concretion in the
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soils of Padayatti will increase the C:N ratio to above threshold value of 10 to 14
and could reduce the mineralization rate of SOM thereby enhancing soil C
storage.

Principle component analysis clearly reflected the variation in
environmental parameters with respect to crop seasons. The parameters TN,
SMC and pH were negatively correlated with rest of the parameters.

Carbon Balance about NEP and CH4 Exchange in rice-ecosystem

Enhancing carbon sequestration in soils is an important means to reduce
the net CO; emissions to the atmosphere (Lal, 2002). In agricultural soils, the
SOC pool is much lower than the capacity, and most soils have lost 30-75% of
their SOC pool, which comes to 30-40 t C ha-! (Lal et al., 2009). In this study, the
NECB is used to evaluate the total rate of carbon accumulation in ecosystems
(Smith et al., 2008) on a seasonal crop time scale. In this study, the amount of
carbon stored in and emitted or removed from the agroecosystem depends on
the balance between the amount of C fixed into soils from residue C and manure

addition and C loss from respiration, CH4 emissions, and removal of C by harvest.

Carbon entered into agroecosystems mainly via manure amendment,
stubble and root biomass, rhizodeposition and crop residue accounts for 3.83
Mg C hal and 4.335 Mg C ha, respectively during CS-I and CS-II respectively, of
the total C increase. The positive NECB during the present study was mainly due
to a large amount of manure addition and crop residue returned to the soil after
crop seasons. In Padayatti agro wetland system the crop season CS-II starts
immediately after the harvesting of CS-I. This leads to much more availability of
fresh crop residues getting incorporated into the soils devoid of much
decomposition. Whereas in CS-I the residues left over by CS-II in the previous
crop season has to pass through a period of summer fallow where most of the
decomposition of remaining crop residue take place leading to a declining input
of crop residue biomass in CS-1. This process is reflected in the present study

where carbon input as crop residue is higher in CS-II compared to CS-I leading to
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an increased sequestration rate in CS-II. The NEE values also reflect in the same

level with higher NEE in CS-II compared to CS-I.

Carbon leaving the padayatti are mainly in the form of CHs emissions,
Harvesting of crop and lost as DOC which accounts for 2.87 and 3.198 Mg C ha-l.
During the study balancing the total input and output components in NECB
model was found that high land rice paddy wetland of Padayatti, Palakkad
behaved as a net sink of carbon with a sequestration rate of 0.957 Mg C ha'! in
CS-T'and 1.1369 Mg C ha-1 in CS-II on a seasonal basis. The carbon sequestration
rate of rice paddies of Padayatti agroecosystem is comparable to the results of
various authors in which Bhattacharyya et al. reported C sequestration of 0.91
and 0.59 Mg C ha-1., 2014from a tropical paddy wetland. However a loss of 0.35
Mg C ha! was reported from a tropical lowland rice paddy is also reported by

Bhattacharyya et al.,, 2013.

Even though the rice paddy of Padayatti is acting as a net sink of carbon,
low retention of SOC was observed due to the high rate of SOC decomposition. In
addition to this, an increased SIC concentration in the form of CaCO3 was also
observed when compared to SOC in Padayatti rice paddy systems. This self-
terminating process will lead to the formation of sodic soils with exchangeable
sodium percentage (ESP). The process of CaCOsz formation in soils is now
considered as a basic and natural process of soil degradation. Therefore
restoration process of organic and inorganic carbon balance in rice paddy

wetland should be initiated and requires its follow-up.
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NET ECOSYSTEM EXCHANGE (NEE)
AND FLUX VARIATIONS OF CO:

4.1 INTRODUCTION

Carbon dioxide (CO2) is the most important greenhouse gas contributing
to nearly 63% of the total radiative forcing of the earth (1.909 Wm-2). Being used
as a reference gas CO; has been assigned with a global warming potential of 1
regardless of timeframe (IPCC 2014). Since the pre-industrial period, from 1750
to 2013 atmospheric concentration of CO; had increased exponentially by 40%
from 278 ppm to 390.5 ppm and is currently increasing at a rate of 1.5 ppm y-1
(WMO,2014). Over the years the primary source of the increase in CO; is the
dependence on fossil fuels (Milne et al. 2007), and land-use changes for
agricultural operations (Ostle et al. 2009). During the last decade, 5.4 + 0.3 pg of
carbon was added up to the earth's atmospheric C budget as a result of
combustion of fossil fuels, and by cement industry, however, nearly 1.7 + 0.8 pg
is added up by global land use change. The latter includes deforestation, biomass

and conversion of natural to agricultural ecosystems (Jianwen 2004).

Even though agricultural ecosystems have considerable potential for
sequestration of CO; from the atmosphere (Bernal and Mitsch, 2013), they can
quickly act a source of atmospheric C contributing significantly to the global flux
of 68-75 pg CO2-C year! (Smith et al. 2008). In the agricultural system, most of
the CO; fixed or SOC entering the soil surface is rapidly consumed, and some of it
is respired by heterotrophic organisms primarily occurring in the rooting zone
(top 10-20 cm). This rapid mineralization quickly returns CO; to the atmosphere
influenced by various environmental factors. Among the agroecosystems, paddy
wetlands play a significant role in the global budget of GHGs (Hou et al. 2000) as

gaseous carbon emissions in the form of CO; are crucial in the dynamics of
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agroecosystems (Bhattacharyya et al. 2013) and in the contribution to regional
carbon budget. Carbon storage in paddy wetlands depends upon the balance of C
inputs from photosynthesis and C losses, mostly in the form of CO, with some
other non-CO; losses. The processes of autotrophic and heterotrophic
respiration control ecosystem carbon fluxes. CO; fluxes can be differentiated into
three types: (1). Soil respiration includes root, anaerobic and aerobic microbial
respiration, (2). Ecosystem respiration: additionally includes aboveground plant
respiration, and (3). Net ecosystem exchange (NEE) is the difference between
photosynthesis and ecosystem respiration. The net ecosystem exchange (NEE) of
CO2 between the biosphere and the atmosphere is the balance between the
fluxes associated with photosynthetic assimilation by the foliage (gross primary
production, GPP) and respiratory effluxes (RE) from autotrophs and
heterotrophs (microbial and soil fauna). The balance between production and
decomposition determines whether a system is a sink or a source of atmospheric
CO; (Bhattacharyya et al. 2014). In this context on the processes and
components of net ecosystem C balance (NECB) in a rice-rice cropping system, it
is essential to determine whether the system is behaving as net C sink (net C
accumulation in the system) or C source (net C depletion or loss from the
system). Paddy ecosystems are important in contributing to regional C budget
where crops are dominant. In agricultural systems, C may be added through
activities like, application of organic manures, rhizodeposition, aquatic biomass,
CO.-C fixation in terms of net ecosystem production (NEP), decayed roots and
stubbles of the previous crop and C become lost to the atmosphere through crop
harvest and gaseous C emission in the form of CH4 and CO; (Bhattacharyya et al.,
2013).Thus the investigation of the processes and the mechanisms involved in
the CO. exchange between terrestrial ecosystems and the atmosphere are
essential in the context of global warming and changing climatic scenario. In this
context, the investigation was carried out in an agro wetland ecosystem of

Padayatti in a regional scale on dynamics of COz evolution from paddy soils, its
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NEE and NECB along with various environmental parameters influencing CO-

emissions from the soil.

4.2 LITERATURE REVIEW
4.2.1 International Scenario

Estimation and understanding the ecosystem process of CO; from
ecosystem are crucial as it shows a high degree of variability among ecosystems.
Higuchi (1982) studied the Gaseous CO; transport through the aerenchyma and
intercellular spaces about the uptake of CO; by rice roots. Higuchi et al. (1984)
studied the gaseous CO; transport about root uptake of CO; in rice plant. Moore
(1989) studied the influence of water table levels on carbon dioxide emissions
from Peat land Soils china. Relative contributions of greenhouse gas emissions to
global warming were studied by Lashof and Ahuja (1990). Rodhe et al. (1991)
studied the sources and sinks of greenhouse gases in Sweden. Ohtaki and Oikawa
(1991) studied fluxes of carbon dioxide and water vapor above paddy fields.
Freeman et al. (1992) studied fluxes of CO,, CHs and N20 from a Welsh peatland
following simulation of water table draw-down and reported the potential
feedback on climatic change. Nykanen et al. (1995) studied emissions of CHs, N2O
and CO; from a virgin fen and a fen drained for grassland of Finland. Hamilton et
al. (1995) studied oxygen depletion and carbon dioxide and methane production
in waters of the Pantanal wetland of Brazil. Rowell (1995) studied colorimetric
method for CO, measurements in soils. Agricultural soils as a sink to mitigate
CO; emissions was studied by Paustian et al. (1997). As a rainfall event can result
in changes in both soil water content and temperature, the response of soil
respiration to precipitation has been a subject of numerous studies (Shi et al,,
2011). Liu et al,, (2012) found that both the soil volumetric water content and
CO; efflux dramatically increased immediately after the addition of water, and
then gradually decreased. However, many studies have been based on rainfall
simulations, and thus there is a disparity between their conclusions and the real

world (Lee et al, 2015). The influence of soil moisture and flood levels were
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studied by Bhattacharyya et al., 2013, observed that during flooded conditions
paddy fields act as a net sink of CO.. However drained conditions showed
distinct diurnal variation with a maximum efflux observed in the afternoon
(Seiichi Nishimura, Seiichiro Yonemura Kazunori Minamikawa 2015). When the
paddy was flooded, daytime soil CO; fluxes reversed with a peak negative efflux
just after midday. In draining/flooding alternating periods, a sudden pulse-like
event of rapidly increasing CO; efflux occurred in response to re-flooding after
draining. (Liu et al, 2013, Miyata, Leuning, Denmead, Kim, & Harazono,
2000).Though the positive relationship between soil temperature and soil
respiration showed its significance in plots with experimental water addition
treatments (Lee et al., 2015), investigations with soil moisture changes in natural
field conditions have been few and the results were subject to variation (Liu et

al,, 2013; Schimel et al.,, 1995).

Net ecosystem CO; exchange in a boreal peatland, northern Manitoba
studied by Bellisario et al. (1998). Net ecosystem productivity and its
uncertainty in a diverse boreal peatland were analysed by Bubier et al., (1999).
Miyata et al, (2000) studied Carbon dioxide and methane fluxes from an
intermittently flooded paddy field. La Scala et al. (2000) analysed carbon dioxide
emission related to chemical properties of tropical bare soil. Diel and seasonal
variation in the CO; flux of irrigated rice was analysed by Campbell et al. (2001).
Net ecosystem CO; exchange of mixed forest in Belgium over 5 years was studied
by Carrara et al. (2003) and reported that this temperate forest acted as a CO>
source contrasts with previous results. Pumpanen et al. (2004) Compared
different chamber techniques for measuring soil CO; efflux. Seasonal variation of
carbon dioxide exchange in rice paddy field in Japan was analysed by Saito et al.
(2005). Annual carbon dioxide exchange in irrigated and rainfed maize-based
agroecosystems on an annual basis was studied by Verma et al. (2005). Diurnal
and seasonal variability of soil CO; efflux in a cropland ecosystem on the Tibetan

Plateau was studied by Shi et al. (2006) and reported that root respiration in the
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growing season can be estimated approximately by using the discrepancy
between CO; efflux relations in the growing season and non-growing season of

cropland ecosystem.

The stoichiometry of CHs and CO; flux in a California rice paddy was
studied by McMillan et al. (2007), and results report emphasize the importance
of year-round measurements to obtain a reliable estimate of CH4/CO; exchange
stoichiometry. Dalal et al. (2008) studied mitigation of atmospheric CO:
concentrations by increased carbon sequestration in the soil. Mancinelli et al.
(2010) compared the role of conventional and organic cropping systems in soil
carbon dioxide emission and carbon content from the Mediterranean
environment. Spatial distribution of greenhouse gas concentrations in arid and
semi-arid region of East Asia was studied by Guo et al. (2013). Carbon Dioxide
flux from rice paddy soils of Central China was analysed by Liu et al. (2013) and
observed that intermittent flooding and draining cycles play a vital role in
controlling CO; emissions from paddy soils. The influence of ozone pollution on
CO2, CHs, and N0 emissions from a Chinese subtropical rice-wheat rotation
system under free-air O3 exposure was analysed by Kou et al. (2015). They
observed that elevated O3 significantly increased the GWP in the rice-soil system
and the GWP per unit of rice yield, however, it did not change the GWP in the
wheat-soil system or in the root-free soil during the wheat-rice growing period,

nor did it change the GWP per unit of wheat yield.

Role of irrigation management on soil CO, emissions in agriculture was
studied by Zornoza et al. (2016). Variations of carbon dioxide exchange in paddy
field ecosystem under water-saving irrigation in Southeast China was studied by
Yang et al. (2016), and the results showed that the paddy field ecosystem under

water-saving irrigation was a sink for atmospheric CO-.
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4.2.2 Indian Scenario

The CO; dynamics from Indian context are studied by various authors are
detailed below. Addition of nitrogen fertiliser increases net ecosystem carbon
dioxide uptake, and the loss of soil organic carbon in grassland growing in
mesocosms study was conducted by Moinet et al. (2016). Yang et al. (2017)
studied effects of inorganic and organic fertilizers on soil CO; efflux and labile
organic carbon pools in an intensively Managed Moso Bamboo (Phyllostachys
Pubescens) Plantation in Subtropical China. Effect of water management on soil
respiration and NEE of paddy fields in Southeast China was observed by Yang et
al. (2017) and reported that management slightly enhanced the rice dry matter
amount but accelerated the consumption and decomposition of soil organic
carbon and significantly increased soil respiration, which led to the decrease of
net CO absorption. Greenhouse gas inventory estimates for India was studied by
Sharma et al. (2006). Greenhouse gas emission in relation to labile soil C, N pools
and functional microbial diversity as influenced by 39 years long-term fertilizer
management in tropical rice was studied by Bhattacharyya et al. (2013). Net
ecosystem CO, exchange and carbon cycling in tropical lowland flooded rice
ecosystem was studied by (Bhattacharyya et al. 2013b). Kumar et al. bvi\ (2016)
analysed the regression relationship of GHGs emission with key soil parameters
was employed to predict seasonal emissions of GHGs from paddy and the results
suggest that scheduling irrigation can be an effective strategy in order to save
water, maintain rice yield and mitigate CO, emission from direct seeded paddy

fields in eastern India.

4.3 RESULTS

4.3.1 Net Ecosystem Exchange of CO;

The NEE estimates over the whole annual crop rotation cycle during the
period 2013-2014 varied between a minimum of -2.101 t C ha! to a maximum of
0.612 t C ha?! (Fig. 4.1). During the period a significant (p<0.01) seasonal

variation in NEE was observed between wet CS and dry summer FS. Over the
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seasons NEE was 0.275 t C ha'! during FS and ranged from -0.102 t C ha-! during
CS-T'and -0.1503 t C ha'! during CS-II. Among CS significant variations in NEE was
observed through the vegetative stages of the rice plant. In the wet CS NEE
slowly decreased towards tillering stage of the paddy plant with a mean value of
-1.07 during July in CS-I and -1.83 t C ha'! during November CS-II. NEE further
observed decreasing towards panicle initiation with a mean value of -1.38 and
1.9 t C ha! during August and December in CS-I and CS-II respectively. Peak
values in NEE were observed at the reproductive stages during September in CS-
[ and January in CS-II with a mean value of -1.59 and -2.1 t C ha! respectively.
NEE was observed to be increasing towards dry FS devoid of plant biomass with
a mean value of 0.417 t C ha?l indicating that primary productivity had a

significant influence on NEE.

Similar to NEE, NPP also varied significantly (p<0.01) with seasons. NPP
was found lowest during the FS with a mean value of -0.00067 Kg C hal
Whereas it was higher in the crop growing seasons with a mean value of 0.166
and 0.126 t C ha! in CS-I and CS-II respectively. Whereas the heterotrophic
respiration (Rh) didn’t vary significantly between seasons during the period

2013-2014.

1.0

—P== NEE

Upper control line

NEE (tCha')

Date of Observation
Figure 4.1 Net ecosystem exchange of CO: from rice paddies of Padayatti,
Palakkad during 2013-2014
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Table 4.11 Seasonal mean Rh, NPP and NEE from the rice paddies of
padayatti Palakkad during the period 2013-2014

Seasons | Rh Kg Chal | NPP Kg Cha | NEE Kg C ha!
FS 275.9331 -0.00067 275.9338
CS-1 236.6961 1262.331 -1025.63
CS-1I 158.7448 1662.652 -1503.91

Total 195.9143 1269.704 -1073.79

4.3.2 Seasonal Emission of Soil CO; from Rice Paddies

The carbon dioxide emission during the crop growing and summer
fallow seasons from rice paddies of Padayatti wetland Palakkad is shown in Fig.
4.2. During the observation period from March 2013 to March 2014, the total
COz concentration varied within the range of 0.185 g m?2 h'! to 3.26 g m2 hl.
Even though the total CO; flux from the soil is influenced by vegetational growth
of rice plant, it lacks significant variation among seasons. When compared to the
FS CO- emissions increased soon after transplantation in both the CS. During the
period total CO; flux varied from 0.3 to1.8 g m2 h-2 in CS-I with a mean value of
1.046 g m2h-1, where as in CS-II it varied from 0.2 to 3.26 g m2h-1 with a mean
value of 1.43 to 3.26 g m2h-L. In the fallow season CO; flux ranged between 1.01
to 1.27 g m2 h'! with an average value of 0.985 g m2 h-1. Even though there was
no significant variations, seasonal emissions of CO; during the year 2013-2014
were in the order of magnitude FS < CS-I < CS-II with lowest value in FS and
highest value in CS-II. During the period pulse event of total CO, were observed
during July 2013 (1.82 + 0.089 g m2 h-1) and in September2013 (1.5 + 0.32 g m*2
h-1) in CS-I and during December 2013 (3.26 + 1.22 g m'2 h-1) in CS-II depending

on the stages of plant growth, flooding and drainage pattern of the rice fields.
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Figure 4.2 Seasonal variation in carbon dioxide emission from rice
paddies of Padatatti Palakkad during the year 2013-2014.

4.3.3 CO; Emission in Relation to Vegetative Stages

Soil total CO; flux increased gradually during the observation period
depending on the soil moisture, field flooding pattern and NPP. During the crop
growing seasons CO; fluxes increased soon after transplantation with an average
rate of 0.83 + 0.14 g m2 h-1 (Fig. 4.3). CO; flux had its maximum emission during
panicle initiation and heading stage of rice paddy, 65 to 93 DAT with an average
rate of 3.26 +.22 g m2 h-l. Fluxes of CO, was observed declining towards the
harvesting period with an average rate of 1.2 + 0.23 g m2 h! subjected to
midseason drainage. Even though significant relationship was not observed
among fluxes of CO; and DPW, a general increase in CO; fluxes was observed
during the field drainage interval with minimum retention of water levels.

However a positive correlation significant at p <0.05 was observed with CO; and

NPP (Fig. 4.4).
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Figure 4.3 Carbon dioxide emission from rice paddies of Palakkad during
different stages after transplantation during 2013-2014 periods
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Figure 4.4 Relationship showing total soil CO; flux and NPP from rice
paddies of Padayatti, Palakkad during 2013-2014
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During the study period soil CO; fluxes increased soon after re-flooding
and exceeded pre-flooding values by 70%. Replacement of soil air by water
should thus cause an enriched CO; pulse. The CO; fluxes remained minimum
levels during the flooding in the following days. As standing water declined and
eventually disappeared, the CO; fluxes gradually increased and finally reached to
maximum levels. This indicates that drainage and flooding cycles play a vital role
in controlling CO; emissions in paddy soils. During the study soil total CO; flux is
also found correlated with soil pH with a correlation coefficient of 0.610,

significant at p<0.05.

4.3.4 Spatial emission pattern of CO; from the rice paddy

Static chamber based measurements of soil total CO; emission lacks
significant spatial variability among seven observed stations during the period
March 2013 to March 2014. During the period fluxes of CO; was varied from a
highest value of 2.8 + 1.9 g m2 h'l in station 4 to a lowest value of 1.3 £ 0.9 g m3

h-!in station 7 (Fig. 4.5).
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Figure 4.5 Mean variation of CO; among stations from rice paddies of
Padayatti, Palakkad during 2013-2014
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4.3.5 Cumulative, Annual Emission of CO;

Cumulative CO2 emission throughout the year including crop seasons and
fallow period was 10.86 Kg m-2. Seasonally the CS-II contributed 38.7% (4.2 Kg
m-2) of the total cumulative emission, although it was slightly higher than the dry
FS 32.7% (3.5 Kg m2). The contribution of CS-I towards the annual cumulative
emission was 28.47% (3.09 Kg m-2) during the continuously submerged period.
Overall the seasonal cumulative emission of CO; followed the order CS-II

(38.7%) > FS (32.7%) > CS-1(28.47%).
4.3.6 Diurnal Variations in CO; Emissions

The time series flux variations of CO; observed over a period of 24 hours
from submerged rice paddy after 56 days of transplantation is shown in Fig.4.6,
explained using a nonlinear regression model. During the period CO; showed a
distinct diurnal emission pattern with highest emission during the night hours
and lowest towards the daytime. The net CO; flux during the night time 06 pm to
06 am ranged from 0.77 £ 0.014 to 0.89 + 0.03 g m2 h'1, whereas during the day
hours from 06 am towards 05 pm fluxes of CO; decreased drastically ranging

from 0.379 = 0.03 (in mid-noon, 02 pm) to 0.70 * 0.075 g m-2 h-1.

The diurnal emission, of CO2 showed significant negative correlation
with soil temperature (p < 0.001, r = -0.7). During the period diurnal soil
temperature ranged from 21.3 to 28.4 °C and temperature was found lowest
during the night hours and higher toward the day. CO; emission was observed
decreased with increasing soil temperature (Fig. 4.7). Similar to temperature
fluxes, CO, was also showed strong negative correlation with total incoming
solar radiation (p < 0.05 r = 0.07). Total solar radiation varied significantly,
which was positive towards day hours ranging from 0.25 to 775W m-2 during 06
am to 06 pm. Fluxes of CO; was observed decreasing towards increase in solar
radiation. Overall diurnal emission pattern of CO, decreases with increase in soil

temperature and solar radiation (Fig. 4.8).
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Figure 4.6 Diurnal emission of CO; from rice paddies of Padayatti,
Palakkad during 2013-2014 period
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Figure 4.7 Relationship between diurnal emission of CO; and soil
temperature from rice paddies of Padayatti, Palakkad during 2013-2014
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Figure 4.8 Relationship between diurnal CO; emission and total incoming
solar radiation from paddy wetlands of Padayatti Palakkad

4.3.7 Effect of Environmental Variables in CO; Emission

The air temperature and soil temperature exhibited seasonal pattern
similar to total soil CO; fluxes. Negative correlation significant at p<0.05 was
observed between soil CO; flux, air and soil temperatures. The air temperature
varied from 22.06 °C in December 2013 to 28.07 °C in May 2013 whereas soil
temperature ranged from 22 °C to 32.3 °C during December and April 2013
respectively. Nonlinear regression analysis was used to model the influence of
temperature on soil CO; flux rates under both flooded and drained conditions.
Negative linear correlation between air temperature and soil total CO; fluxes

were observed (R2 = 0.35, P<0.05) during the observation period (Fig.4.9).
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Figure 4.9 Relationship between soil total CO; flux and air temperature
from Padayatti rice paddy wetland Palakkad during 2013-2014

4.3.7.1 CO; efflux from soil in relation to Carbon fractions

During the period from 2013-2014, a significant negative correlation
between measured CO; efflux and soil variables such as soil inorganic carbon
(p<0.01, r = -736), total carbon (p<0.01, r = -717), C:N ratio(p<0.01, r = -636)
was observed. Throughout period TIC ranged from 2.4 to 8.4 g Kg-! with an mean
value of 4.25 g Kg-1. Whereas TOC was in the range of 3.5 to 7.6g Kg! with a
mean vlaue of 5.6 g Kg-1. During the period C:N ratio was in the range 2.6 to 6.9
with an average value of 4.21 in surface (0 -15 cm) soil layers. The influeance of
environmeant variable in CO, emissions is evident in the PCA (Fig. 4.10). The
Dim1 and Dim2 represented respectively 50.2% and 22.6% of the overall
variance. The PC1 revealed the opposition between CO, emissions and the TC,

TIC, and C:N ratio indicating they are inversely correlated.
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Figure 4.10 PCA showing relationship between CO; and various
environmental parameters
4.4 DISCUSSION

In the present study NEE, NPP, and Rh indicated strong seasonal trends
largely driven by changes in microbial respiration, soil moisture, temperature,
plant activity and specific stages of plant development (Saito et al., 2005). The
results obtained during the present study were consistent with the results of
Rong et al, (2017) that increased rates of photosynthesis will lead to increased
biomass and NEE (Bhattacharyya et al. 2013b). During the crop growing seasons,
flooded rice field behaved as a net sink of CO from vegetative period to period
just prior to harvesting. NEE exchange values were negative in the flooded rice
field indicating a net sink of CO,. During this period the rate of rice plant C
fixation outpaces continual loss of C from the cropland by respiration resulting
in the net uptake of CO,. High rates of photosynthesis combined with low rates of
respiration in largely anaerobic soils resulted in substantial net carbon uptake in
this wetland ecosystem. However NEE tended to decrease towards the

reproductive stages due to the cessation of plant C uptake (Xiao et al. 2005).
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Over the dry fallow seasons, NEE become gradually more positive, shifting
towards a net CO; source. Our findings also corroborate with Campbell et al.
(2001), Alberto et al. (2015) and Bhattacharyya et al. (2013). NPP also followed
a similar pattern with peak NPP during the ripening stage of the plant with
maximum biomass and declining towards harvesting due to near-cessation of
plant C uptake. Similar to previous studies (Zou et al., 2004; Mosier et al., 2006;
Nishimura et al., 2008), Rh had a slightly different seasonal pattern without any
significant difference among wet and dry seasons. Basically, a decrease in NEE
could be achieved through either an increase in NPP or a decrease in soil CO;
emissions or both. In this study, total CO, emission from soil respiration was

generally unchanged.

During the present study from March 2013 to March 2014, the largest
net flux of CO; into plant-soil system was -1073 Kg CO; ha! (Table 4.1) that
exceeded the losses of biomass C via harvesting with a mean value of 332 Kg C
hat and heterotopic respiration over the period of 323.9 Kg CO; h'! leaving -
1580 Kg C hal remaining in the field. According to Stallard, (1998) rice paddies
were capable of sequestering 0.4 to 1.0x 1015 g carbon globally. The global area
of rice cultivation is 147.5 x 101 m and Stallard’s (1998) estimate would,

therefore, suggest an NEP of 271-678 gCm-1 Y-L.

There was a clear seasonal variation in soil CO; fluxes, depending on the
growth stage of rice plant, flooding and drainage pattern and temperature.
Annually higher CO; emissions were observed during the growing seasons than
those measured during the fallow periods which were similar to the observation
of Song et al. (2003). During the present study seasonal changes in NPP was
observed similar to soil CO; emission. The NPP provides not only abundant
substrate for autotrophic respiration, but also accelerated carbon cycling which
in turn increases CO, emissions. NPP showed a positive correlation significant at

p<0.05 level in the present study with a correlation coefficient r =0.477.
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Flooding and drainage of paddy soils also had a significant influence on
CO; efflux from paddy soils (Meijide et al. 2017). Our present study also
demonstrates the variations in soil CO; efflux depending on the soil moisture
regime and flood water levels. During the flooding of paddy soils subsequent to
rice cultivation cuts off the oxygen supply from the atmosphere and the
microbial activities switch from aerobic (i.e. oxic condition) to facultative (i.e.
hypoxic condition) and to anaerobic (i.e. anoxic condition) conditions (Kogel-
Knabner et al. 2010). Anoxic conditions prevailing due to submergence leads to
reduction in biological activity. During submergence water replaces the soil
pores inhibiting the CO; diffusion rate from the soil dramatically (Miyata et al.
2000; Campbell et al. 2001; Saito et al. 2005).The CO; efflux observed in this
study during the intermittent drainage in summer was generally much higher
than those reported in previous studies in upland cropland soils. During this
period there was an abundant supply of labile fermentation products that were
mineralized rapidly once oxic conditions were established. This, together with
the higher soil temperatures, accounted for the large increase in CO; during the
drained period (Seiichi Nishimura, Seiichiro Yonemura Kazunori Minamikawa
2015). Minamikawa and Sakai (2006, 2007) found a marked increase in CO;
efflux from the paddy soil surface during intermittent drainage similar to this
study and reported that the average CO; efflux was 740mg CO, m2 h-1. Miyata et
al. (2000) suggested that the presence of floodwater acts as an almost complete
diffusion barrier to CO; efflux based on 9 days of observations. In the present
study, the slow yet sustained rate of CO; efflux over the flooded period resulted
in a significant loss of carbon.

Furthermore, correlation analysis revealed that air temperature and soil
temperature explained most of the diurnal fluctuations in soil CO; flux. Our study
also demonstrated that, in rice fields exposed to intermittent flooding and
draining cycles, environmental factors regulating diurnal fluctuations in CO; flux
are quite different from those governing seasonal variations. In the present

study maximum diurnal CO; emissions were observed during the night hours
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from 06pm to 06am when compared to the day hours form 06 am to 06pm. In
day hours drastic decline in CO; efflux occurred to CO; assimilation due to
photosynthesis (Campbell et al. 2001). This occurred primarily because of the
layer of standing water, which is the habitat of bacteria, phytoplankton,
macrophytes and small fauna. The photosynthesis process of these aquatic

organisms affects ecosystem respiration.

A small diurnal variation in net CO; flux indicated that photosynthetic
CO; uptake and respiratory CO; release by the aquatic weeds and algae were the
main components of the net CO; flux fromthe water surface, which was in good
agreement with previous reports by Koizumi et al. (2001). In the daytime,
dissolved CO; in the paddy water would have been assimilated by the aquatic
weeds and algae through photosynthesis, which resulted in the significant
decrease in the dissolved CO; concentration and increase in the pH of the paddy
water. At night time, in contrast, the respiratory CO: release by the aquatic
weeds and algae would have increased the dissolved CO; concentration and
decreased the pH of the paddy water (Seiichi Nishimura, Seiichiro Yonemura
Kazunori Minamikawa 2015). Under flooding conditions, fluxes of CO; were, as
expected, lower because the diffusivity and biological activity of the topsoil that
was substantially reduced by floodwater. Initially, there was a slow release of
CO; into the atmosphere as a positive efflux throughout the night. At sunrise the
fluxes decreased, even negatively peaked at around 16:00 where negative values
indicate net carbon sequestration. This may have been because some aquatic
plants, such as algae, inside the floodwater began to photosynthesize again. In
contrast, CO> flux under draining conditions was positive and settled throughout
the night, despite falling temperatures. After sunrise, CO: fluxes remained
positive and increased with temperature, reaching a peak at 2 pm (14:00 h)

before falling again as temperatures declined.

The C:N ratio of a soil has been considered as a measure of SOM quality

and soil N mineralization/immobilization potentials (Thomsen et al. 2008).
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(Springob and Kirchmann 2003) had reported an decline in soil CO, evolution
with increasing C:N ratio showing an inverse relationship between soil CO; efflux
and soil C:N ratio. Less N per unit C is thus present in soil with higher soil C
content, which may influence the C turnover. Varying proportions between C and
N in the different pools with different turnover times may be the reason why the
C to N ratio better describes SOM decomposability than the actual C
concentration. Thus C to N ratio has likewise been found to relate better to N
mineralization than the soil N concentrations (Springob and Kirchmann 2003). It
is estimated from a wide variety of soil types that an increase in C to N ratio from
10 to 14 (Thomsen et al. 2008) or 16 (Springob and Kirchmann 2003) is
observed to reduce soil CO; emission by 50%. Thus indicating soil C to N ratio as
a feasible indicator of decomposability of soil organic fractions. During the
present study soil C to N ratio ranged between 3.1 to 8.1 indicating a low
significant value below the threshold range of 10 to16. A negative correlation
indicting an increase in soil total CO; efflux with decreasing C to N ratio was also
observed during the study period. The low rate of C to N resulted in the
increased flux of CO; from the paddy soils upsetting the carbon sequestration

potential of the soil.

The results revealed that seasonal changes in soil CO; flux were
influenced by a combination of environmental factors including the air, soil
temperatures water management and soil C:N ratio. Timely and appropriate
management of flooding pattern and fertilizer management can able to regulate

the efflux from soil to a greater extent.
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METHANE FLUX- DIURNAL AND
SEASONAL VARIATIONS FROM RICE PADDY SOILS

5.1 INTRODUCTION

Methane (CH4) is the second most potent greenhouse gas in the
atmosphere after CO; and has 34 times the GWP of CO; over a period of 100-
years (IPCC, 2013). Global atmospheric CHs concentration has increased from
pre-industrial level of 0.715 ppm in 1750 to 1.824 ppm in 2013 (WMO, 2014). In
the atmosphere, CHs has a residence time of 12.4 years, and instantaneous
forcing of 1.37 x 105> Wm2 makes it an important gas among GHG contributing
20% to the anthropogenic greenhouse effect (IPCC, 2013). The massive increase
in the number of ruminants, emissions from fossil fuel extraction and use,
expansion of rice paddy agriculture and the emissions from landfills and waste
are the primary sources of anthropogenic CHa. Biogenic anthropogenic sources
include paddy cultivation, livestock, landfills and waste treatments, biomass
burning and fossil fuel combustion, while natural sources are wetlands, oceans,
forest fires, termites and geological settings. Presently, anthropogenic emissions
of CHs dominate over natural emissions, accounting for about 50-65% of the

total emissions (Kayranli et al. 2010).

Globally wetlands and rice paddies are the largest natural source of CHs
to the atmosphere, accounting for approximately 139-343 Tg CHa4 y1. These
ecosystems contribute 32-47% to the total global CH4 emissions (Denman et al.,
2007). Among wetlands paddy wetlands are considered to be one of the
significant sources of greenhouse gases - CHa, contributing up to 20% or ~100
Tg CHs4 to the global budget on an annual basis. According to IPCC (1996a),
paddy fields contribute to one-fifth of the annual increase in radiative forcing

and 30% of global agricultural CHs emissions, adding up nearly 12,000 mega
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tones of CO, equivalent per year (Holm et al, 2016). In paddy fields CH4 is
formed as an endpoint of methanogenesis, anaerobic bacterial degradation of
complex organic matter, mediated by acetoclastic, hydrogenotrophic and
methylotrophic methanogens (Conrad et al, 2007; Liu and Whitman, 2008).
Under the anaerobic condition of flooded rice ecosystem, CHs is produced as a
result of bacterial degradation of organic matter (Penning and Conrad, 2007)
known as methanogenesis and the bacteria/archaea involved are known as
methanogens. Methanogens are strictly anaerobic obligate, belonging to the

domain Archaea of Phylum Euryarchaeota (Conrad, 2007; Fazli et al., 2013).

The methane emission process is a composition of several micro-
bacterial kinetics. In particular, rice field soils, characterized by O, depletion,
high moisture, and relatively high organic substrate levels, offer an ideal
environment for the activity of methanogenic bacteria, (Mathews et al., 2000).
Two distinct micro- biological processes control methane emission from rice
fields, methane production, a anaerobic process responsible for methane
production and methane oxidation, a but aerobic process responsible for
methane oxidation Neue and Boonjwat, 1993). A considerable part of produced
methane is oxidized microbiologically by in aerobic environment (Oremland and
Culbertson, 1992). A part of produced methane which is not oxidized enters into
the atmosphere by three possible mechanisms such as diffusion, ebullition and
plant-mediated transport. Among these pathways, diffusional plant transport
was found to be dominant in paddy soils (Nouchi et al., 1990). CH4 released
through the parenchyma conduit was much higher possibly bypassing the
microbial CH4 oxidation (methanotrophy) at the soil oxic layers. CH4 oxidation is
the only biological sink where 80% of the produced CH4 being consumed by
methanotrophic bacteria for biological needs, for energy or building up

microbial biomass (Hanson and Hanson, 1996; Nouchi et al., 990).

CH4 exchange between paddy ecosystem and the atmosphere is one of

the key processes that affect the atmospheric concentration of CHs. As rice is
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grown in different environmeants, ranging from tropical to temperate regions,
with varying climatic, edapic and biological conditions and different agricultural
management practices that naturally affects the rate of CHsi exchange
(Bhattacharyya et al., 2013). Therefore, studies regarding the CHs exchange
between paddy field ecosystem and the atmosphere are important to analyse the
magnitude of emission and factors controlling CHs emissions. In these context
diurnal, monthly and seasonal estimations of CH. along with factors influencing
its emission behaviour was studied in an agro wetland ecosystem of Padayatti
Palakkad.

5.2 LITERATURE REVIEW
5.2.1 International Scenario

CH4 exchange between paddy ecosystem and the atmosphere is one of
the key processes that affect atmospheric CH4 concentration are be regulated by
various factors including temperature (Conrad, 2002; Glissman et al., 2004;
Inglett and Inglett, 2013), pH (Wang et al., 1993; Ye et al,, 2012), substrate
availability (O'Connor et al, 2010), and availability of electron acceptors
(D'Angelo and Reddy, 1999). In Asia, many studies have been conducted to
monitor diurnal and seasonal variations of CHs flux from paddy fields and to
analyze the factors controlling the CH4 flux (Aubinet et al., 2000). These previous
studies were performed mainly in Asian countries such as China (Zhu et al,
2005; Ren et al,, 2007), India (Bhattacharyya et al., 2013a,b), Japan (Miyata et al.,
2000, 2005; Saito et al., 2005), Thailand (Pakoktom et al., 2009), South Korea
(Moon et al,, 2003), Bangladesh (Hossen et al,, 2011) and Philippines (Alberto et
al, 2009). Many studies point at nitrogen (N) as an important variable
influencing CH4 cycle in wetland ecosystems (Bodelier, 2011). Effects of N
addition can act directly on the methanogenic community but may have indirect
effects, by stimulating the bacteria capable of denitrification. Denitrifiers and
methanogens compete for organic carbon (C), and furthermore, denitrification

produces toxic intermediates (NO, NO; and N;0) which can inhibit
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methanogenic archaea in wetland sediments, thereby reducing CHs production
(Roy and Conrad, 1999). Alternations of wetting and drying appear in paddy
fields with water-saving irrigation. These alterations can significantly reduce the
water demand and maintain the rice yield (Mao, 2002). The influence of water
management on CHs emission from paddy fields has been well documented

(Johnson-Beebout et al., 2009; Hadi et al., 2010; Liu et al., 2010; Hou et al.,, 2012).

Quantification of CH4 between the ecosystem and the atmosphere is one
of the key issues for assessing the global budget of greenhouse gases and the
global warming potential. Rice is the major food crop in Asia, and about 80% of
its growing in different environments conditions ranging from tropical to
temperate regions with varying climatic, edaphic and biological conditions and
under different agricultural management practices which naturally affect the
rates of CHs emissions. There are uncertainties in the estimation of methane
from Indian agriculture because of its diverse soil, climate, land-use types and
socio-economic conditions. Moreover, various crop-management practices,
water management also play a major role in the emission behavior. In India, the
studies regarding methane emission were limiting especially from south India.
Therefore the observations of the present study in the process and magnitude of
the CH4 emissions from paddy fields under different will provide information for

regional greenhouse gas inventories and mitigation measures.

A perusal of available literature reveals that the various factors both
environmental and agricultural operations are crucial in the methane emission
from soil. On paddy system and wetlands, carbon steam reaction is controlled by
oxygen group attached to the carbon and the methane produced is formed by
reaction of steam with adsorbed hydrogen. Baker-Blocker et al. (1977) studied
the methane flux from wetlands areas of Michigan, and ebullient gases were
collected and analyzed to deduce in situ methane fluxes. Lee et al. (1981) studied
the gas transport through a rice paddy. Seiler and Holzapfel-Pschorn (1984)

studied methane emission from rice paddies of Andalusia, Spain and observed
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substantial seasonal variations in methane flux, with low values during the
tillering stage and shortly before harvest, while maximum values were observed
at the end of the flowering stage. Influence of water table levels on CH4 and CO>
emissions from peatland soils was studied by Moore (1989). King (1990) studied
the relationship between methane emissions and light from a wetland. The
mechanism of methane transport from the rhizosphere to the atmosphere
through rice plants was studied by Nouchi et al. (1990). Relative contributions of
greenhouse gas emissions to global warming were studied by Lashof and Ahuja
(1990).

Schiitz et al. (1990) studied the influence of soil temperature on methane
emission from Italian rice paddy fields and observed that seasonal variations in
methane were not closely related to soil temperatures whereas diurnal changes
were significantly correlated with the diurnal changes of the temperature to
particular soil depth. Moore and Knowles (1990) studied the methane emissions
from fen, bog and swamp peatlands in Quebec, Canada. Distribution and rate of
methane oxidation in sediments of the Florida Everglades was studied by King et
al. (1990). Moore and Roulet (1991) compared the dynamic and static chambers
method in methane emission measurements from subarctic fens. Khalil et al.
(1991) studied methane emissions from rice fields in China and observed that
methane emissions from rice fields of China were 4-10 times higher than
emission rates from rice fields in the United States and Europe. Rodhe et al.
(1991) studied sources and sinks of greenhouse gases in Sweden. Roulet et al.
(1992) studied the methane flux and climatic change from northern peatlands
and reported that methane flux plays an important role in global methane
budget. Freeman et al. (1992) studied fluxes of CO2, CHs4, and N;O from a welsh
peatland about water draw-down and calculated the potential feedback in

climatic change.

Roulet et al. (1993) compared the methane flux from drained northern
peatlands with a rice field with a persistent water table. Neue (1993) studied

methane emission from wetland rice fields rice fields and anlysed the role in
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global warming. Dueias et al. (1994) studied consumption rate of methane by
soils. Nouchi et al. (1994) developed a model based on the seasonal variation in
methane flux from rice paddies associated with soil water, rice biomass and
temperature. Lindau et al. (1994) studied the role calcium sulfate in methane
evolution from flooded rice paddy field. Shannon and White (1994) studied
methane emissions from two Michigan Peatlands. Role of rice paddies in

methane emission was studied by Minami (1994).

Nykanen et al. (1995) compared the emissions of CH4, N2O, and CO; from
a virgin fen and a fen drained for grassland of Finland. Sciences and Babos
(1995) studied methane emission from a wetland rice field and analysed the role
of salinity in methane emission. Oxygen depletion and carbon dioxide and
methane production in waters of the Pantanal wetland of Brazil were studied by
Hamilton et al. (1995). Banker et al. (1995) studied methane as sources or sinks
in paddy rice soils and its emissions relationship to methane production. Gilbert
and Frenzel (1995) studied methanotrophic bacteria in the rhizosphere of rice
microcosms and their effect on pore water methane concentration and methane
emission. They observed that rates of CHs emission depend on both CH,
productions in anoxic parts of the soil and on CH4 oxidation at oxic-anoxic
interfaces. Mikkela et al. (1995) studied diurnal-variation in methane emission
in relation to the water-table, soil-temperature, climate and vegetation cover in a
Swedish Acid Mire. Kelley et al. (1995) studied methane dynamics across a
tidally flooded river bank margin. Plant-mediated methane transport and
methane production as controls on methane flux from arctic wet meadow tundra

were studied by Schimel (1995).

Methane oxidation in the rhizosphere of rice plants was studied by
Denier Van Der Gon and Neue (1996). (IPCC, 1996) Reported methane emissions
from flooded rice fields. Methane emissions from natural wetlands were studied
by Wang et al. (1996). Sequential reduction processes and initiation of CH4
production upon flooding of oxic upland soils was studied by Peters and Conrad

(1996). Control of the diurnal pattern of methane emission from emergent
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aquatic macrophytes by gas transport mechanisms was studied Whiting and
Chanton (1996). Role of methyl fluoride in methane oxidation and methane
production was studied by Frenzel and Bosse (1996). Thomas et al. (1996)
analyzed the role of wetland plants in the diurnal control of CH4 and CO: fluxes in
peat. Methane oxidation in the rhizosphere of Sagittaria lancifolia using methyl
fluoride was studied by Schipper and Reddy (1996). Minoda et al. (1996) studied
the role of photosynthathates as dominant sources of CHs and CO; in soil water
and also reported the CHs emission pathway to the atmosphere from paddy
fields.

Papen et al. (1997) studied the impact of gas transport through rice
cultivars on methane emission from rice paddy fields from China. Chanton et al.
(1997) studied stable isotopes, diurnal variations, and CO; exchange. Neue et al.
(1997) studied factors and processes controlling methane emissions from rice
fields of Japan. Methane-oxidizing activities and methanotrophic populations
associated with wetland rice plants were studied by Watanabe et al. (1997).
Chidthaisong and Watanabe (1997) studied the methane formation and emission
from flooded rice soil incorporated with 13C-labeled rice straw. Top p and
Pattey (1997) studied the role of soils as sources and sinks for atmospheric
methane. Hosono and Nouchi (1997) studied the effect of gas pressure in the
root and stem base zone on methane transport through rice paddies of Tatsuo.
Roy et al. (1997) analysed early initiation of methane production in anoxic rice
soil despite the presence of oxidants. Chen et al. (1997) the observed the nitrous
oxide and methane emissions patterns from soil-plant systems. (Kanno et al.
(1997) studied methane emission from rice paddy fields in all of the Japanese
prefecture and drawn a relationship between emission rates and soil

characteristics, water treatment, and organic matter application.

Methane and nitrous oxide emissions from rice paddy fields as affected
by nitrogen fertilizers and water management were studied by Cai et al. (1997).
Buendia et al. (1997) studied the nature of methane emission from rice

ecosystems as the basis of mitigation strategies. The dependence of methane
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transport in rice plants on the root zone temperature was analysed by Hosono
and Nouchi (1997). Role of rice in mediating methane emission was analysed by
Wang et al. (1997). Segers (1998) studied methane production and methane
consumption. Elevated carbon dioxide stimulates methane emission in tropical
paddy rice was analysed by Ziska et al. (1998). Khalil et al. (1998) studied
Factors affecting methane emissions from the rice fields. Bosse and Frenzel
(1998) studied methane emissions as production, accumulation and oxidation
from rice microcosms. Huang et al. (1998b) drew a semi-empirical model of
methane emission from flooded rice paddy soils. Khalil et al. (1998) studied
effects of production and oxidation processes on methane emissions from rice
fields. Ratering and Conrad (1998) compared the effects of short-term drainage
and aeration on the production of methane in submerged rice soil. Effect of
environmental conditions on methane production and emission from paddy soil
was studied by Yang and Chang (1998). Huang et al. (1998) studied the model

estimates of methane emission from irrigated rice cultivation of China.

Wang et al. (1999) studied factors controlling diel patterns of methane
emission via rice paddy. Joabsson et al. (1999) studied the role of vascular plant
in methane emissions from northern peat-forming wetlands. Methane
production and oxidation potentials about water table fluctuations in two boreal
mires were studied by Kettunen et al. (1999). Temperature effects on soil
methane production were studied by Van Hulzen et al. (1999). Bossio et al.
(1999) studied methane pool and flux dynamics in a rice field following straw
incorporation. Diurnal variation of methane emission from paddy fields at
different growth stages of rice cultivation in Taiwan was analysed by Yang and
Chang (1999). Frenzel et al. (1999) studied rice roots and methanogenesis in a
paddy soil were ferric iron act as an alternative electron acceptor. Chareonsilp et
al. (2000) studied methane emission in a rice field of Thailand. Le Mer and Roger
(2001) analysed the production, oxidation, emission and consumption of
methane by soils. Aulakh et al. (2002) studied methane transport capacity of

twenty-two rice cultivars from five major Asian rice-growing countries. Jia et al.
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(2002) studied effects of rice cultivars on methane fluxes in a paddy soil located
at Jurong Agriculture School, Jiangsu province and observed that the
contribution of rice plants to CH4 production seems to be more important than to
rhizospheric CH4 oxidation and plant-mediated transport in impact of rice plants

on CH4 emission.

Maljanen et al. (2003) studied methane fluxes on agricultural and
forested boreal organic soils and reported that CHs oxidation in agricultural
organic soil is more sensitive to soil drying than CH. oxidation in forested
organic soil. Zhao et al. (2011) studied the mitigation strategies for methane
emission from rice paddies. Diel variation of methane emission from a
subtropical paddy field of South China in the second crop season was studied by
Liu (2012) and observed that soil moisture plays an important role in CHs
emission. Wania et al. (2013) presented a global wetland extent and methane
modelling from wetlands Ebullition of methane from rice paddies was studied by
(Green (2013). Centeno et al. (2017) assessed the diel variation of CH4 flux from
rice paddies through temperature patterns and reported that adequate
management of the water table level reduces CH4 fluxes and has the potential to

decrease the GWP
5.2.2 Indian Scenario

Sinha (1995) studied global methane emission from rice paddies of India.
Shalini-Singh et al. (1997) studied methane emission from two Indian soils
planted with different rice cultivars such as Inceptisol and vertisols. Mishra et al.
(1997) studied the effect of continuous and alternate water regimes on methane
efflux from rice paddies and their influence on greenhouse conditions. Satpathy
et al. (1997) studied diurnal variation in methane efflux at different growth
stages of tropical rice. Methane entrapment in different rice soils of India was
studied by Majumdar et al. (1998). Methane emission from rice fields at Cuttack,
India was analysed by Adhya et al. (2000). Modelling of methane emission from

rice based production system in India with denitrification processes was
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analysed by Jagadeesh Babu et al. (2005). Rath et al. (2000) studied methane

emission from flooded rice fields of IRRI dehi.

Coast et al. (2002) studied methane emissions from a coastal lagoon,
Vembanad Lake, and observed that seasonal variation was significant between
pre- and post-monsoons and soil temperature, time of the day, salinity sediment
organic carbon, all control the rate of methane emissions from the Vembanad
Lake). Kriiger et al. (2002) studied seasonal variation in pathways of CH,
production and in CH4 oxidation in rice fields by using stable carbon isotopes and
specific inhibitors. Bhatia et al. (2004) studied inventory of methane and nitrous
oxide emissions from agricultural soils of India and their global warming
potential. Tyagi et al. (2004) investigated temporal variation in methane
emission from different rice cultivars under the influence of weeds and observed
that peak emission of CH4 at the flowering stage in all the rice cultivars was
associated with maximum extension of root mat, releasing exudates, which serve
as carbon source for the methanogenic bacteria for CHs formation. Jain et al.
(2004) studied emission of methane from rice paddy fields . Jagadeesh Babu et
al. (2005) drew a model of methane emissions from rice-based production
systems in India with special emphasis on denitrification and decomposition
processes. Anand et al. (2005) investigated methane emissions from rice
cultivation in the Indian context and estimated methane emissions from rice

fields in India till the year 2020.

Methane emission from a flooded field of Eastern India as influenced by
planting date and age of rice (Oryza sativa L.) seedlings was studied by Nayak
et al. (2006). The behaviour of methane emission from a paddy field with high
carbon content was studied by De (2007). Methane emission from two different
rice ecosystems (Ahu and Sali) at lower Brahmaputra valley zone of north east
India was studied by Gogoi et al. (2008). Estimation of Methane Emission from a
North-Indian Subtropical Wetland was analysed by Mallick (2009) and the
finding suggests that tropical wetlands act both as source and sink of CHa

emission depending upon the specific ecological and environmental conditions.
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Gupta et al. (2009) developed a methane emission factors for Indian paddy fields
and estimated national methane budget. Trend in GHG Emissions from Northeast
and West Coast Regions of India was studied by Jamir and De (2013) and the
findings show warming trends in the mean air temperature over a majority of
the stations indicating a possible role by increased GHGs. Pattern of methane
emission and water productivity under different methods of rice crop
establishment was analysed by Suryavanshi et al. (2013). Trends, drivers and
mitigation strategies for greenhouse gas emission from Indian agriculture was

reported by Pathak (2015)

5.3 RESULTS

5.3.1 Seasonal Emission of CH4 from Rice Paddies

Temporal emission pattern of CHs observed during six crops growing
(CS-I and CS-1I) and three summer fallow (FS) seasons from June 2011-12 to
June 2013-14 was shown in Fig. 5.1. During this period CHs showed significant
(p<0.01) variations in magnitude and emission pattern both seasonally and
annually. Seasonal fluxes of CH4 followed a bimodal emission pattern, lowest
during FS followed by CS-I and highest in CS-II respectively. Seasonally CH.
emissions were lowest during FS ranged from 0.014 to 4.14 mg m2 h- with a
mean of value 0.81 * 0.13 mg m2 h-1, which increased since water indentation
and rice field preparation. Among crop growing seasons, lowest emission was
observed in CS-I that ranged from 0.75 to 126.5 mg m2 h-1 with an average
emission rate of 24.24 * 3.3 mg m=2 h-l. Whereas CS-II showed the highest
emission that ranged from 0.23 to 384.92 mg m2 h! with an average rate of
60.94 + 9.5 mg m-2 h-1. Overall the magnitude of seasonal emission of CH4 during
the years was highest in CS-II followed by CS-1. However, lowest emission of CHs

was observed in FS.
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Figure 5.1 Temporal variation of methane emissions from the rice paddy
of Padayatti Palakkad during the period 2011-12 to 2013-14

In the present study annual variations were also observed with CHa
emissions. CH4 emissions were higher in the year 2013-2014 with a mean value
of 64.22 = 8.17 mg m2 h'! followed by 2011- 2012 with a mean value 47.09 *
7.33 mg m2h-1 and lowest value in 2013-2014 with a mean value of 40.90 + 4.07
mg mZ hl Annual highest CHs emission was observed during 2013-2014
followed by 2011-2012 whereas lowest emission of CHs was observed during

2012-2013 (Fig. 5.2).
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Figure 5.2 Seasonal emission of methane from rice paddy soils from
Padayatti Palakkad during the period 2011-12 to 2013-14

5.3.2 Methane Emission in Relation to Vegetative Stages

In the present study methane emission co-varied with vegetative stages
of the crop, increasing with the early crop (EL) to panicle initiation (PI) while it
was lowest during harvesting stage (HS) (Fig. 5.3). The mean flux of CHs during
pre-planting of rice was low at about 1.18 * 0.18 mg m2 h-1. During the period
after water indentation and transplanting, 5 to 12 DAT emission rates increased
from 39.5 £ 11.5 to 43.05 + 6.18 mg m2 h-.. CHs had its maximum flux during 37
to 56 DAT with an average rate of 162 + 21 to 140 = 50 mg m-2 h'1. The emission
rates gradually decreased to minimum ranging from 17.17 = 1.4 to 0.14 £ 0.012
mg m-2 h-1after 93 to 125 DAT towards harvesting. However, in contrast to the
declining stage of CH4 flux, an increase in CH4 emission was observed during 83

DAT with a mean value of 54.61 * 24.12 mg m2 h-1.
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Figure 5.3 Emission of methane during different stages of crop growth
5.3.3 Spatial emission pattern of methane from the rice paddy

In the present study, the spatial distribution of CHs emissions did not
differ between stations. The mean flux of CH4 ranged from the lowest value of
40.82 mg m2 h'! to a highest value of 60.60 mg m2 h! in St1 and St. 5
respectively during the observation period from 2011-12 to 2013-14 (Fig. 5.4).
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Figure 5.4 Spatial distribution of Methane flux from rice paddy soils during
the period 2011-12 to 2013-14
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5.3.4 Cumulative Emission of methane from the rice paddy

Annually cumulative emission was lowest during the period 2012-2013
(274.7 gm-) followed by 2013-2014 (279.8 gm-2) and the highest (332.25 gm-2)
in 2011-2012 (Fig. 5.5). Compared to fallow season cumulative emission was
significantly (p<0.05) higher in the wet crop growing season (CS-I and CS-II).
From the study, it is observed that among seasons CS-II contributed nearly 92.01
% of the total annual CHs emission followed by CS-1 (29 %) and FS (1.1%).
Seasonally in CS-II maximum cumulative emission was 257.85 g m? observed
during 2011-2012) and the minimum was 190.62 g m? in 2013-14. Whereas in
CS-I maximum emission was observed in 2013-2014 (87.08 g m?) and minimum
in 2012-2013 (60.32 g m2). During FS maximum emission was observed in 2011-
2012 (4.56 g m?) whereas minimum in 2012-13 (1.83 g m?) (Table 5.1).
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Figure 5.5 Annual cumulative emission of methane from rice paddy soils
during the period 2011-12 to 2013-14
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Table 5.1 Seasonal variation in cumulative emission of methane from rice
paddies of Padayatti Palakkad during 2011 to 2014

Years 2011-2012 2012-2013 2013-2014 Total
Units gm? % gm? % gm2 % gm-2 %
CS-1 69.85 | 21.02 60.32 | 21.95 | 87.08 | 31.11 | 260.23 | 29.34
CS-1I 25785 | 77.6 | 212.58 | 77.37 | 190.62 | 68.11 | 816.04 | 92.01
FS 4.56 1.37 1.83 0.66 2.13 0.76 10.57 | 1.192

5.3.5 Diurnal variations of methane

The time series flux variation of CHs observed over a period of 24 hours
from submerged rice paddy after 56 days of transplantation is presented in Fig.
5.6. The CH; flux over time is explained using a nonlinear regression model,
fitted to a Gaussian equation. In the present study rice paddy follow strong
diurnal emission pattern in CHs emission ranging from 17.17 + 7.65 to 39.4 +
3.11 mg m2 h! (R2 = 0.738). The fluxes of CHs were positive during the day
hours and increased at an accelerating rate from 17.17 + 7.6 to 30.97 + 4.5 mg
m-2 h! during the morning hours from 06 am to 01 pm. The emission flux was at
its peak during the afternoon at 02 pm (39.4 + 3.11 mg m h'!) which rapidly

decreases to low values 18.46 + 0.21 mg m2 h-1 after 07 pm and stabilised during

the night.
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Figure 5.6 Diurnal emission of methane from paddy soil
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Nevertheless, diurnal pattern of methane showed positive significant
positive correlation with soil temperature (p < 0.01, r = 0 .6823) (Fig. 5.7).
During the observation period, diurnal soil temperature varied from 21.35°C to
28.45 °C. After peaking during the early afternoon, soil temperature declined to
low values during the night. Similar to soil temperature total inward solar
radiation also showed strong positive correlation with diurnal methane emission
pattern (p < 0.01, r2 = 0.2777). Total incoming solar radiations varied from 0.25
to 775 W m=2, with maximum intensity during 10 am to 1 pm and that was
minimum during 7 pm to 5 am (Fig. 5.8). Overall, the diurnal methane emission

increases with increase in air temperature and total solar radiation.
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Figure 5.7 Relationship between diurnal methane and soil temperature
from rice paddy wetlands of Padayatti Palakkad
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Figure 5.8 Relationship showing diurnal methane emission and incoming
solar radiation from Padayatti wetland Palakkad

5.3.6 Plant Mediated diffusional transport of Methane

The plant-mediated transport of CH4 from soil to the atmosphere during
the different vegetative stages of rice paddy are shown in Fig. 5.9. In the present
study, plant and soil alone transport nearly 86% and 13.1 % of the total emission
from the soil respectively. Both followed a similar emission pattern co-varied
significantly (p<0.05) with the crop growth in their magnitude of emission. In
the plant-mediated transport of CH, it was relatively low during EC, 5 DAT with a
mean value of 11.92 * 3.57 mg m2 h-land increased as the crop matured. The
rate peaked (315.05 * 18.63 mg m=2 h-!) on panicle initiation (PI) and then
decreased (-8.99 * 0.75 mg m2 h-1) towards ripening of the rice crop, indicating
a net uptake of CHs during the draining period. However compared to plant-
mediated transport ebullition of CH4 through the soil alone was low ranging

from 2.1 to 37 mg m2h-1, without any significant emission pattern.
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Figure 5.9 Flux variations of methane during different stages of plant
growth from Padayatti rice paddy wetland

During the diurnal study, experiments were carried out to identify the
zone of maximum resistance to plant-mediated transport of CHs A significant
difference (p<0.01) in the rate of transfer of methane from the soil was observed
from the intact plant and stubble. Compared to the intact rice plant CH.
emissions from stubble showed a distinct diurnal emission pattern. However, an
exponential increase in the CH4 flux was observed from the stubble. The mean
diurnal emission rate was similar to the intact plants before removing the shoot,
ranging from 75 + 5.68 to 154 + 6.8 mg m-2h-1. After removing the shoot from the
shoot-root transition zone, the diurnal emission pattern increased exponentially
from 12 pm to 08 am ranging from 28.7 + 3.5 to 634.04 * 3.2 mg m2 h-! which
started to decrease by 9 am with an emission rate of 332.24 + 3.2 mg m2 h

(Fig. 5.10).
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Figure 5.10 Diurnal variation showing plant-mediated transport from
Padayatti rice paddy wetland Palakkad

5.3.7 Effect of Environmental Variables on Methane Emission

Physical and chemical characteristics such as TC, SOC, TIC, TN, C:N ratio,
pH, Eh, moisture content and temperature were measured along with CHa
emission.The distinct effect of environmental factors influencing CH4 is shown in
Table 5.2. From the study, it is evident that drying and rewetting the soil
occurring during the summer fallow and preceding flooded crop seasons had
significant effects (p<0.05) on CH4 emission. In contrast to the weak correlation
between CHs fluxes and air, soil temperatures, a significant negative relationship

(p<0.05) were observed between CH4 emission and Eh.

Table 5.2 Correlation analysis showing relationship between CH, and
other environmental parameters

cHs | Mc | 5°! | AirMax| AirMin| B3 | pH|ER | TC | TIC | TOC| TN | C:N
Temp fall

LN < < n —

e |1 (2| 8| 5| & |28 /2I1818|3 %=

S | oS = S S| S| S| | ||

*. Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)
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5.3.8 Global Warming Potential of Methane

Global warming potential (GWP190) of CHs in terms of CO, equivalent
varied significantly (p <0.01) with seasons in the order FS (0.616 + 0.18 Mg CO;
equivalent ha1) <CS-1 (6.16 + 2.07 Mg CO; equivalent ha1) <CS-II (15.97 + 4.9 Mg
CO; equivalent ha1). Seasonally GWP (1¢0) flux of CHs was higher during the wet
crops growing seasons compare to dry fallow seasons, and the variation was
significant at 1% level (p > 0.01). Annually the GWP flux of CH4 over 100-year
time frame at the study site varied with the highest value in 2011-2012 (9.4 + 4
Mg CO; equivalent ha') followed by 2012-2013 ( 7.8+ 4.16 Mg CO; equivalent
ha1) and lowest observed value was in 2013-2014 (5.05+ 2.3 Mg CO; equivalent
ha1)

5.4 DISCUSSION

CH4 emissions from rice paddy wetlands of Padayatti, Palakkad showed
significant intra and inter seasonal variations and are driven mostly by
environmental and soil management practices (Bhattacharyya et al, 2012).
Seasonally significant (p<0.01) positive and negative changes in the CH.
emission pattern was observed with respect to submerged crop growing and dry
summer fallow seasons. Observations similar to the present study was reported
by several authors (Adhya et al.,, 2000; Gaihre et al., 2014; Morillas, Portillo-
Estrada, & Gallardo, 2013). Fluxes of CHs were higher in the flooded crop
growing seasons compared to dry summer fallow seasons. Fallow seasons in
Padayatti Palakkad is characterized by oppressive hot summer resulting in low
production of CHs due to prevailing aerobic non-flooded soil conditions. Aeration
of the soil reduces the potential of CHs production by altering the soil redox
conditions.(r= -0.635**) (Le Mer and Roger, 2001) as well as by enhancing
methanotrophic oxidation of CHs (Le Mer and Roger, 2001). CHs emissions
gradually increased with water indentation and field preparation during CS-I
and CS-II and significant emission rates were maintained under continuous

flooded conditions. (r=0.595*). As methane is usually evolved from paddy soils
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as a result of anaerobic mineralization of organic matter decomposition under

submerged soil conditions (Gupta et al., 2009).

In addition to hydrological fluctuations, CHs fluxes from soil are
regulated by soil amendments exhibiting positive (Kriiger and Frenzel, 2003),
negative or neutral effects (Qin et al, 2010). Among CS, a significant
enhancement in the fluxes (62.67 %) of CH4 was observed in CS-II compared to
CS-I. The incorporation of residual rice straw and stubbles of preceding crop
season in CS-II could be the reason for the increase in CHs flux (Wang et al,,
2016). Retaining rice stubble/straw after harvesting is a common agricultural
practice especially in India and in Asian countries, mainly due to enhancing
nutrient recycling and forbidden straw burning (Ma et al., 2008). Straw retention
provides abundant substrate and exerts priming effect on soil organic matter
which in turn act as an additional substrate for CHs4 production, thus accelerating
CH4 emission by a large margin (Ma et al,, 2008). However, incorporation of
partially oxidized crop residues of the fallow season in CS-I could be the reason

that might have led to a decrease in CH4 during CS-I (Tang et al., 2016).

Plant diffusional transport is one of the most important pathways of
transport of methane evolved in the soil to the atmosphere (Malyan et al,, 2016).
In the present study significant variations in CHs fluxes were observed
respectively to growth stages of rice plants comparable to the results of Askaer,
Elberling, Friborg, Jgrgensen, & Hansen, (2011); Singh, Raghubanshi, Singh, &
Kashyap (1996). CHs emissions started to increase on the 5th days of
submergence of the rice field. The highest emission was observed during
reproductive stages. The prevailing low soil redox potential, neutral pH and
increased release of plant born C sources could be the reason for increased CHa
emission during reproductive stages (Denier Van Der Gon and Neue, 1996; Lu et
al,, 2000; Wassmann et al., 1998) in the Padayatti paddy wetlands. In the present
study, values for pH in the soil ranged from 6.0 to 7.5, which favour the growth of

methanogenic bacteria. In addition to pH, the soil oxidation-reduction potential
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(Eh) plays a significant role in the CH4 production, as the obligatory anaerobic
methanogenic bacteria requires Eh of about -200 mv or less to grow (Jain et al.
2004). In addition to the latter part of ripening stage, it was observed that CHs
started to decrease until harvest. This could be as a result of root aging and
senescence which decreased C sources, root porosity, and root transport capac-
ities of the rice plant (Ahmad et al., 2009; Wang et al.,, 2017). A hydrological
fluctuation is a significant factor controlling the anaerobiosis of paddy soils. In
the present study, soil water content is found positively correlated (p<0.05) with
CH4 emission while intermittent drainage is observed to appreciably reduce its

emissions.

In the present study, values for pH in the soil ranged from 6.0 to 7.5,
which favor the growth of methanogenic bacteria. In addition to pH, the soil
oxidation-reduction potential (Eh) plays a significant role in the CH4 production,
as the obligatory anaerobic methanogenic bacteria requires Eh of about -200 mv

or less for its growth (Jain et al. 2004).

The specific emission pattern of variation in CH4 emission rate observed
during a 24 hr period from Padayatti rice paddy wetlands varied in relation to
soil temperature and incoming total solar radiation. The emission followed a
diurnal pattern which was lower in the early morning that increases towards
early afternoon to late afternoon which was similar to the results of (Mikkela et
al, 1995). In the present study, a positive correlation was observed between
diurnal soil temperature pattern, incoming total solar radiation, and diurnal CH4
emission flux. An emission increase with increasing soil temperature and was
highest during the afternoon when both soil and air temperatures were at their
maximum and were lowest during the early morning. The results indicated that
soil temperature is a factor driving methane emission, while other factors
interact with soil temperature, limiting emissions. Previous reports from Bi et al.
(2007) and Weller et al. (2015) have indicated a significant relationship between

diurnal CH4 emissions and temperature in rice fields. Warming of soil by
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daytime insolation enhances the methanogens at optimal temperatures
increasing the emission flux during day hours (Zhang et al, 2011). Plant-
mediated diffusional transport of CHs was also found that increases with
increasing temperature (Kriiger et al, 2001; Yao et al, 2000). Molecular
diffusion and ebullition of CH4 from soil also increases with increase in soil

temperatures (Joabsson et al., 1999).

In paddy fields, 15-52% of the CH4 produced is oxidized to CO. by
methanotrophic bacteria in the aerobic microsites present in the soil (Komiya et
al. 2015). The CH4 leftover in the soil is usually released to the atmosphere
through rice plant by physical processes (molecular diffusion) and by gas bubble
ebullition. Among these pathways, diffusional plant transport was found to be
dominant in paddy soils (Nouchi et al. 1990). From our study, it was observed
that CHs released through the parenchyma conduit was much higher (92%) than
from unplanted soil control, possibly bypassing the microbial CHs oxidation
(methanotrophy) at the soil oxic layers. CH4 oxidation is the only biological sink
where 80% of the produced CHs was being consumed by methanotrophic
bacteria for biological needs, for energy or building up microbial biomass.
Nouchi et al. (1990) described the mechanism of CH4 transport in rice plants,
where the dissolved CH4 in the soil interstitial waters diffuses into the root
cortex driven by the concentration gradient between the roots and lysigenous
intercellular spaces. In the paddy root cortex, dissolved CH4 is gasified and
transported to the shoot via the lysigenous Intercellular spaces and aerenchyma.

Eventually, CHa is released through micropores in the leaf sheath.

The accumulative methane emission was around 70% lower with
intermittent irrigation than with continuous flooding treatment. Annual methane
emission from paddy field was calculated with the emission factors at each
location and cultivation area, and the results are illustrated in Table 5.1. Annual
methane emission decreased with the decreasing of cultivation area of rice. Total

methane emission was 37,073 ton in 1990, and it decreased to 25,678 ton in
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2000. Methane emission from paddy fields was only 20.45 to 21.90% of those
calculated with IPCC guideline. This might be due to the irrigation management

at the latter stage of rice growth.
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NITROUS OXIDE FLUXES AND
DYNAMICS FROM PADDY SOILS

6.1 GENERAL INTRODUCTION

Nitrous oxide (N:0) is the third most important GHG with the time-
integrated radiative forcing of 298 times larger than that from CO; emissions for
a 100-year time horizon (Ciais et al., 2013; Myhre et al, 2013). N;0 is a
radiatively active gas, it absorbs and reflects back some of the thermal
radiations, along with similar GHG mainly CO;, CH4 thereby increasing the earth’s
temperature (Tian et al., 2012). Also, N20 accounts for approximately 5% of the
total greenhouse effect and is involved in stratospheric ozone depletion with a
potential of 0.017 (Crutzen, 1970; Ravishankara et al,, 2009). Multiple lines of
evidence indicate that human activities play a significant role in the perturbation
of the global N cycle (Galloway et al., 2008; Gruber et al., 2008; Fowler et al,,
2015). Since preindustrial times the atmospheric concentrations of N0 had
increased by 21% from 271 to 329 ppb (MacFarling et al., 2006; Prather et al.,
2012, 2015; Thompson et al.,, 2014).

6.1.1 Nitrification and Denitrification

N;0 is mostly evolved through the microbial-mediated processes of
nitrification and denitrification in terrestrial and aquatic systems, including
rivers, estuaries, coastal seas and the open ocean (Smith and Arah, 1990; Wrage
et al,, 2001; Schmidt et al., 2004). Nitrification is an aerobic process, either as
oxidation by autotrophic bacteria or as enzymatic oxidation by heterotrophic
bacteria or fungi (Myrold et al., 1999). During this process, NO and N.O are
formed with nitrification rate as one factor controlling the number of gases
emitted (Firestone and Davidson, 1989). After nitrification, NO3 will either

undergo assimilatory nitrate reduction resulting in the reformation of NH4*, be
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leached from the system, or will be denitrified to NO,;, NO, N0 and Na.
Denitrification is an anaerobic process, and soil water content is crucial for gas
formation, and every step in the pathway involves a corresponding enzyme.
Denitrification occurs when nitrate is present in anaerobic microsites developed
wherever microbial demand for O, exceeds diffusion mediated supply (Meijide
et al,, 2017). Denitrification in soils also consumes N,0 through the reduction of

N0 to N2 Hence; this bacterial process may serve as a source or a sink of N>0.
6.1.2 Factors influencing N>O Emission

Both the processes of nitrification and denitrification are regulated by
microbial activities under various soil micro-environments. The micro-
environment includes soil temperature, moisture and aeration, clay content, pH,
and C and N availability. However N,0 emissions from terrestrial ecosystems can
be regulated by both natural disturbances and human management such as
synthetic N fertilizer, manure N application, irrigation, tillage, and the choice of
crop varieties (Cai et al, 1997; Ding et al, 2010). The biophysical processes
(such as canopy structure, albedo, and evapotranspiration), biogeochemical
processes (such as decomposition and denitrification), and N input for cropland

are significantly different from those for natural vegetation.
6.1.3 Spatial Distribution of N,O

Terrestrial N,O emissions showed substantial spatial variations across
the global land surface since 1860. The highest emission was from the tropical
area during all four periods (i.e, the 1860s, 1900s, 1950s, 2001 and 2015),
primarily due to higher soil N transformation rates and soil N contents in
tropical ecosystems. (Saikawa et al., 2014) The latitudinal distribution patterns
were slightly different from the 1860s to 2001- 2015, showing an increasing
peak of N;O emissions in the temperate climatic zone of the Northern
Hemisphere. Temperate regions were another hotspot for N,O emissions due to
the high N fertilizer use and N deposition rates in China, India, Europe, and the

contiguous United States. In the recent three decades, China, India, and Western
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Europe were the only three regions with higher N,O emissions from croplands

than that from natural ecosystems (Tian et al.,, 2018).
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Figure 6.1 Emission of N2O from wetland rice. Emissions represent the
emissions per year, accounting for country-specific cropping intensities
(source FAO United Nations 2005)

Among the sources of N;O, there are several known sources of N0
emissions, categorized them as the following: agricultural soil, industrial
(including all combustion sources), natural soil, ocean, and biomass burning. The
anthropogenic N;O emissions are estimated to have increased from 0.7 Tg N y-!
in 1860 to 6.9 Tg N y! in 2006, ~ 60% of which was ascribed to agricultural
activities (Ciais et al.,, 2013, Davidson and Kanter, 2014). Currently, the primary
sources of anthropogenic N;O emissions are agriculture, industry, biomass
burning and indirect emissions from reactive nitrogen leaching, runoff, and
atmospheric deposition. Of these, emissions from agricultural soils dominate
widespread use of nitrogenous fertilizers and increasing manure inputs that
combine to drive emission growth. With an increasing human population and the
consequent need for more food production, both agricultural land area and N,0

emissions are likely to continue to rise in coming decades.

Worldwide agriculture contributes nearly 10 -20% of the anthropogenic

GHG emissions (Smith et al., 2008). In 2005 agriculture alone contribute 60% of
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the total anthropogenic N,O emissions (Oo et al, 2018). Rice paddies are
considered one of the primary sources of N,O emissions, as agricultural activities
that add nitrogen to soils, such as increased organic and synthetic fertilizer
which increase the amount of nitrogen (N) available for nitrification and
denitrification, and ultimately the amount of N,O emitted. These processes have
received considerable attention due to their contribution to global warming
(Harris et al., 1985; Bouwman, 1990). In India, paddy rice cultivation occupies
about 44 million ha, the most abundant rice producing area in Asia, and accounts
for 20% of the total rice production worldwide capable of emitting a
considerable amount of N;O into the atmosphere. Regional estimate of N,O
emission from rice paddy fields will give a better understanding of the process
and factors influencing the flux variations of NO. Only a few studies have been
attempted to calculate detailed regional N,O emissions. In this context, the study
was conducted to reveal the process and factors affecting N,O emission form

Padayatti agro wetland ecosystem Palakkad.
6.2 LITERATURE REVIEW
6.2.1 International Scenario

N20 is an important greenhouse gas, and its emission pattern, its and
various factors influencing its evolution were studied by many authors
internationally, nationally and regionally. Duxbury et al. (1982) studied the
emissions of nitrous oxide from soils, and he reported that various soil, climate,
and management factors such as soil moisture regime, temperature, pH, N
content of the soil, soil organic carbon and presence of crops control the N,O
emission from soils. Yoshida & Rinaudo (1982) analysed heterotrophic N
fixation in paddy soils of Hokkaido, Japan. Lashof & Ahuja (1990) developed the
index of global warming potential and can be used in clarifying the relative
contributions to global warming of different countries. Davidson et al., (1991)
studied the seasonal variations in the nitric oxide from soils of a dry tropical

forest of México. Rodhe et al. (1991) analysed the greenhouse gases emission
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from the paddy soils of Sweden as a case study. Fluxes of CO;, CH4, and N20 from
a welsh peatland related to water table was studied by Freeman et al. (1992) and
reported potential feedback to climatic change. Stephen C et al. (1994) studied
the nitrogen mineralization, immobilization, and nitrification where nitrous
oxide emissions from peatlands in northern Quebec were studied by The et al.

(1994).

Nykanen et al. (1995) compared the emissions of CHs, N20, and CO; from
a virgin fen and a fen drained for grassland of Finland. Hua Guangxi et al. (1997)
compared nitrous oxide emissions from three rice paddy fields in China. Wilson
et al. (1997) from south-eastern Australia and Yu et al. (1997) from China have
studied the nitrous oxide transport through rice plants whereas Chen et al.
(1997) studied the transport of nitrous oxide through soil-plant systems.
Bremner (1997) analyzed the sources of nitrous oxide in soils. Denitrification
coupled to nitrification in the rhizosphere of rice paddy was studied by Arth et
al. (1998). Yan et al. (2000) studied and observed different pathways of N,O

emissions from rice paddy of Wuxi, Jiangsu, China.

Nitrogen oxide fluxes and nitrogen cycling during post-agricultural
succession and forest fertilization in the humid tropics was studied by Erickson
etal. (2001). Choudhary et al. (2002) studied the spatial and seasonal variability
of nitrous oxide emissions due to soil: tillage effects from New Zealand. Xiong et
al. (2002) were measured the nitrous oxide emissions from two rice-based
cropping systems in China and reported that both green manure N and synthetic
fertilizer N contribute to N,O emission during double rice season. Xing et al.
(2002) studied the seasonal denitrification in a saturated underground soil
where rice and wheat are cultivated and reported that the regions with high N
input, denitrification in the saturated underground soil where mitigated NO; and
contributed N;O to the atmosphere. N;O and NO productions through
nitrification was studied by Cheng et al. (2004) from agricultural soils of China.
Huang et al. (2004) monitored the nitrous oxide emissions as a result of

amendments of plant residues with different C:N ratios. Nitrous oxide emissions
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from a fertilized paddy field in a tropical region was studied by Mosier et al.
(2004) and also tested the sources and sinks mechanisms that take place in the

paddy soil.

Klemedtsson et al. (2005) analysed the role of soil C:N ratio to predict
nitrous oxide emissions and reported that low C:N ratios (below 15-20) and
other parameters such as climate, pH and groundwater tables regulating the N,O
emissions. Simultaneous minimization of nitrous oxide and methane emission
from rice paddy soils due to potential redox changes in a greenhouse experiment
without plants was studied by Johnson-Beebout et al. (2009). Emissions of
nitrous oxide from arable organic and conventional cropping systems with two
soil types were analyzed by Chirinda et al. (2010). Effect of biochar amendment
on yield and nitrous oxide emissions from a rice paddy from Tai Lake plain,
China was studied by (Zhang et al.,, 2010). Influence of water table level and soil
properties on emissions of greenhouse gases from cultivated peat soil was
studied by Berglund and Berglund (2011) and reported that lowering the water
table without exposing new layers with the easily decomposable material would

have a limited effect on greenhouse emission.

Nitrous oxide mitigation by farm nitrogen management intemperate
grassland-based agriculture was studied by Li et al. (2013). N2O-N emissions
from organic and conventional paddy fields of Central Java, Indonesia was
studied by Rahmawati et al. (2015). Sun et al. (2016) analysed the field
measurement of nitrous oxide fluxes from rice paddies under different climate
conditions and reported that N>O emission depended more on fertilization and
Surface standing water depth. Liu et al. (2016) analysed the wet irrigation and
nitrification inhibitor effect on nitrous oxide and methane emissions from a rice
cropping system. Deng et al. (2017) compared the nitrous oxide emission from
organic fertilizer and controlled release fertilizer in tea fields and reported that
controlled release fertilizer has significantly lower N,O compared to organic

fertilizer.
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6.2.2 Indian Scenario

In India, a study regarding N,O was limited. Major research activities,
especially in N20 emissions in India, started by late 1990’s. Majumdar et al.
(2000) observed reduced nitrous oxide emission from an irrigated rice field of
North India with nitrification inhibitors. Emission of nitrous oxide from rice-
wheat systems of Indo-Gangetic plains of India was analysed by Pathak et al.
(2002). Inventory of methane and nitrous oxide emissions from agricultural soils
of India and their global warming potential was studied by Bhatia et al. (2004).
Baruah et al. (2010) recorded the plant physiological and soil characteristics
associated with methane and nitrous oxide emission from a rice paddy. Garg et
al. (2012) compared the temporal, regional and sector trends in N,O emissions
of India. Effect of combined application of organic manure and inorganic
fertilizer on nitrous oxide emissions in a tropical flooded rice paddy was
analysed by Das and Adhya (2014).Pal et al. (2015) studied carbon sequestration
in Indian Soils: the Present Status and the Potential. The greenhouse gas
emission from direct seeded paddy fields under different soil water potentials in
Eastern India was studied by Kumar et al. (2016) However the latest report on
the methane and nitrous oxide emissions from conventional and modified rice

cultivation systems in South India was studied by (Oo et al,, 2018).
6.3 RESULTS
6.3.1 Seasonal Emission of N.O from rice paddies

The N,0 emissions from rice paddy soils of Padayatti ranged from 0.0039
* 0.0007 to 1.43 * 0.12 mg m2 h-!1 with a mean value of 0.519 * 0.34 mg m2 h-!
during the observation period from March 2013 to March 2014. During the
period seasonal fluxes of N,O differed statistically (p< 0.05) between crop
growing (CS) and summer fallow seasons (FS) (Fig. 6.2). In FS, fluxes of N,0
observed was low ranging from 0.003 + 0.00076 to 0.12 *+ 0.0058 mg m2 h-! with
a mean value of 0.046 * 0.35 mg m2 h-1. During this period from March to May,

the highest emission of N,O was observed in March 2014 with a mean value of
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0.12 + 0.005 mg m2 h'!, whereas lowest emission was observed in May 2014

with a mean value of 0.003 + 0.00076 mg m2 h-1.

In CS-], from June to September, the fluxes of N2O ranged from 0.26 *
0.03 to 0.96 * 0.09 mg m2 h! with a mean value of 0.562 * 0.32 mg m2 h'L
During this period fluxes of N,O started to increase gradually and exponentially
soon after water indentation and transplanting. The N0 emission was observed
lowest in July 2013 with a mean value of 0.264 + 0.011 mg m-2 h-1. However, the

highest mean value of 0.967 + 0.099 mg m-2 h-1 was observed during September

2013.

25

. 20

N,0 (mgm?h")

Date of Observation

Figure 6.2 Seasonal fluxes of N2O from rice paddies of Padayatti
Palakkad during 2013-2014

During the period of the intensive weekly sampling of CS-II, which
started on October 2013 and ended in February 2014 the fluxes of N,O ranged
from 0.11 # 0.009 mg m-2h-! to 1.43 * 0.13 mg m2 h-! with a mean value of 0.654

+ 0.15 mg m2 hl. In CS-II N2O emission was observed lowest in October 23rd
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with a mean value of 0.33 + 0.04 mg m-2 h-1. Whereas highest value was observed
in December 28t with a mean value of 1.43 + 0.12 mg m2 h-1. In CS-II also fluxes
of N,0 increased gradually soon after transplantation and flooding reaching its

peak value in December 28t and decreased towards harvesting.

Among seasons the highest fluxes of N0 from the rice paddies of
Padayatti Palakkad was observed in the crop growing seasons of CS-II, which
was followed by CS-I. However, among seasons, lowest emission of N,O was

observed in FS during the summer months of March to May.
6.3.2 Nitrous Oxide in relation to vegetative stages of Rice paddy

N20 emission from the rice paddies of Padayatti in relation to the
vegetative stages of rice paddy is shown in Fig. 6.3. During the period soil
emissions of N2O were monitored at regular interval from the 0t day of field
preparation to 125t day after paddy harvesting. The N,O emissions are co-
varied with plant growth and DPW with a significant increase in N,O emission
since 5 to 12 days after re-flooding. During the initiation of the study N»O
emissions were observed near to zero with a mean value of 0.0118 + 0.008 mg
m2 ht before flooding (DPW= 0 cm) where the soil moisture content was
observed minimum. However, on the 5% day after water indentation, the
emission started to increase reaching a mean value of 0.115 * 0.09 mg m2 h-1
with a DPW of 5.2 cm. After transplantation of paddy seedlings on the 28t day of
observation, emission rates remained high and increased gradually reaching its
highest peak on the 93rd day with a mean value of 1.43 * 0.02 mg m2 h-. N,O
emission was highest during the heading stage of the rice plant with a mean
emission rate of 1.43 * 0.128 mg m2 h-! with a DPW of 3 cm. Compared to the
flooded periods from 05 to 103 days, N20 emission was found higher in the
drained period from 103 to 125 days before harvesting even though there was
some fluctuation with time. During the draining period, N>O emissions ranged
from 0.51 + 0.05 to 1.18 + 0.09 mg m2 h'&. N0 emission gradually decreased

towards harvesting period with a mean value of 0.59 * 0.08 mg m-2. In addition
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to DPW, fertilizer inputs also had a crucial influence on soil N,O emissions.
During the present study, fertilizers were added during the 18t day (one week
after transplantation) 38th day, 57t and 85t day after transplantation.

Concomitant peaks of N,O was observed after regular interval of fertilizer inputs.
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Date after Transplantation (DAT)

Figure 6.3 N2O emissions from rice paddies of Padayatti wetland
Palakkad in different crop growing seasons during 2013-2014

6.3.3 Spatial variations of N»0

Spatially N0 emission ranged between 0.384 + 0.401 to 1.32 + 0.56 mg
m-2 h-1 (Fig. 6.4). Even though N0 emissions vary significantly between seasons,
spatial distribution pattern did not differ among stations. As most of the
observed stations are located in similar geographical locations with minor
changes in the soil management and agricultural operations could be the reason
for lack of variations. Highest emission was observed in St.1 with a mean value of
1.32 = 0.5 whereas lowest emission was observed in St.7 with a mean value of
0.38 £ 0.4. The overall magnitude of N>,O among stations was in the order St.1 >

St.4 > St.6 > St.2 > St.1 >St.5 >St.3.
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Figure 6.4. Variation in N0 among stations from Padayatti rice paddies

Palakkad during 2013-2014

6.3.4 Cumulative, Annual Emission and GWP of N,0

Annual cumulative emission of N,O from Padayatti rice paddy was 3.96
gm-2. Seasonal maximum cumulative emission was observed in CS-1I with a mean
value of 2.11 + 0.05 gm2 and minimum in FS with a mean value of 0.13 + 0.34
gm-2, CS-II alone contributes nearly 54.63% of the total cumulative emission
followed by CS-I and least contribute by the FS, 2.6%. Global warming potential
(GWP100) of N20 regarding CO; equivalents varied significantly (p<0.05) with
seasons with highest GWP in CS-II with a mean value of 192.42 * 3.6 Mg ha'!
followed by CS-I with a mean GWP of 167.49 + 4.7 Mg hal. Annually the paddy
wetlands of Padayatti emit GWP of 11.18 Mg CO; equivalent.
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6.3.5 Diurnal Variation of N.O
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Figure 6.5. Diurnal variation of N20 observed on 56t DAT from rice paddy
wetland of Padayatti Palakkad during 2013-2014

Flux variations of N2O over a period of 24 h. were observed from 56 days
old rice paddy from Padayatti Palakkad was shown in Fig. 6.5. During the
observation period, the diurnal emission of N,O from rice paddies varied with
time but didn’t follow any regular pattern. The pattern of diurnal variation in
N0 fluxes from rice paddies was different from those of CHs and CO: fluxes.
During the period the N0 emissions were sporadic, and pulse like the emission
was highest at 06 am, and 12 am with a mean value of 0.93 + 1.22 and 0.929 *
1.21 mg m2 h-! respectively. Whereas lowest emission was observed during 10
pm and 09 am with an average value of 0.28 + 0.094 and 0.39 * 0.098 mg m-2 h-L.
Diurnal emission pattern of N;0 followed an irregular bimodal emission pattern
with highest observed emission pattern during the early morning (04 to 06 am)
hours with a mean value ranging from 0.618 * 0.09 to 0.9 * 0.03, mid-noon (01
to 02 pm) ranged from 0.86 * 0.01 and during the late night hours (12 am to 02

pm) ranging from 0.929 £ 0.05. However, lowest values of N,O were observed
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during morning hours of 09 to 12 pm and during the 10 pm in the night with a
mean value of 0.39 + 0.03 and 0.28 * 0.024 mg m2 h-1 respectively. In the present
study, no significant relationship was observed between N0 and physical

parameters such as temperature and solar flux.
6.3.6 N:0 emission in relation to Soil Eh and Soil Moisture Content

The seasonal patterns N,O emission had a strong negative relationship
with soil Eh (Fig. 6.6). During the period N2O increases with a decrease in soil
redox conditions. Soil redox values were in the range + 76 to +131.67 before the
field was flooded following the summer fallow in late May. Soil redox gradually
decreased after flooding, reaching an Eh value less than -393 in the middle of
January. The low redox was maintained until the field was drained at maturity in
the middle of January, with a redox range of + 178 mV. The response of N0
emission to changes in redox was explained a nonlinear regression equation by
plotting soil Eh (mV) against N,O emission. It was observed that more than
71.79% of the measure N;O emission occurred in conditions where soil Eh was
below -200 to -450 mV whereas rest of the 28.2% occurred in Eh values above 0
to 175 mV. The arithmetic mean of the N,O fluxes was 0.871 and 0.399 mg m-2 h-
1in the reduced zone and the moderately oxidized zone respectively. During the
present study a positive correlation is observed between soil moisture content
(Fig. 6.7) and N;O emission with a correlation coefficient r = 0 .747 with a
p<0.01. The maximum N0 is observed in the regions where SMC is in the range

40 to 50%.
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Figure 6.6. N2O emissions under different soil redox conditions from rice
paddies of Padayatti wetland Palakkad
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Figure 6.7 Relationship between soil moisture content (SMC %) and N,0
emissions from rice paddy soils of Padayatti Palakkad during 2013-2014
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In the present study, N.O emission was negatively correlated with soil
C:N ratio (Fig. 6.8) yielding a correlation coefficient of r = -0.562 significant at
0.05% level (p<0.05). In the present study C:N ranged from the lowest value of
3.1 in December 2013 and 8.1 in April 2013. The exponential negative
relationship between C:N ratio and N;0 was interpreted by using the nonlinear
regression equation f = 1.1007 + (-0.1337) * X, with Rz = 0.562. When
considering the efflux of N20, 99 % of the emission occurs from soil having
surface soil (0- 15 cm) C:N ratio within the range of 03 To 6.5 with a mean value
of 0.668 mg m2 h1 N;O. N,O emission was found a correlation between soil
moisture content, and the air temperature was also observed during the study
period significant at 0.05% level with an r-value of 0.747 and -607 respectively
(Table 6.1).

6.3.7 N20 emission in relation to Soil C:N ratio
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Figure 6.8 Relationship between C:N ratio and N;0 emission from rice
paddy wetlands of Padayatti Palakkad during 2013-2014

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 147



Chapter - 6

Table 6.1 Correlations between N20 with other environment
variables from Padayatti Paddy wetlands during 2013-2014

N.0| McC | %! |airMax|AirMin | R¥™ | pH|ER | TC | TIC| TOC| TN | G:N
Temp fall
* *
* * D~ * o n * [e)) < O ~
* >~ © N =) o
> o o ) - || x| & N Q| L
N20 | 1 i Q S 9? =) S ; | o = 2 Lon

*. Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)

6.4 DISCUSSION

Rice paddies are one of the major contributors of N,O to the atmosphere
and were produced from the soil as an intermediate product of microbial
nitrification and denitrification process (Yang et al., 2009). During nitrification of
NH4* or NHs to NOs is oxidized. Where N,O was formed through chemical
decomposition of intermediates such as NH,OH. Denitrification is the facultative
bacterial mediated reduction of NOs- to N2O and N». During the present study, ph
was observed correlated with N,O which was consistent with the observations of
(Arth et al. 1998; Bremner 1997). The production of N;O or denitrification will
be higher if the soil pH is low because at low pH N0 reductase is inhibited (Jiang
et al, 2015). Generally, in rice paddy soils, N2O fluxes are regulated by water
management, nitrogen substrates, vegetative stages of the rice plants and the
soil organic carbon (Chen et al. 2013; Zhang et al. 2016). In the present study,
soil N2O emission was dependent on ambient and soil temperatures, pH, Eh, and
C:N ratio. During the study, a strong negative correlation was observed between
N20 and soil temperature. However, the effect of temperature on nitrous oxide
fluxes is not always clear; high N0 fluxes from temperate soils during the winter
and early spring have been attributed to specific freeze/thaw phenomena
(Campbell and Curtin, 2007).Whereas other studies have reported high N.O
fluxes during the warmer months (Wang and Cai, 2008). In a vegetated riparian

buffer zone in Belgium, no temperature related seasonal trends were found in
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the temporal variation of the N0 fluxes (Gaihre et al., 2014). During the present
study N0 emission varied from 0.11% 0.009 to 1.18 * 0.09 mg m2 h2, with a
mean value of 0.645 * 0.15 mg m2 h-l. The results are consistent with the
observations of Majumdar, Kumar, Pathak, Jain, & Kumar (2000); Das and Adhya
(2014); Pathak et al. (2002) from Indian rice paddies. However, N,O emissions
reported by Cai, Ding, & Luo (2012); Wang and Cai (2008); Chen et al. (2013)

from rice paddies of different countries were well comparable to our results.

As depicted in Fig. 6.3 there were three N0 emission peaks occurred
during September 2013 in CS-I and during December and January 2014 in CS-II
respectively. Several factors have culminated in the N0 pulse events during this
period. The emission peaks were primarily due to the aeration created by
seasonal drainage during September 2013, and December 2014 that creates
suitable soil conditions for N,O production by nitrification or denitrification, may
enhance the N,O diffusion rate (Yan et al. 2000). This has been reported by
various authors (Bengtsson et al. 2003; Aulakh et al. 2000). Secondly, the
nitrogenous fertilizer applied during June 2013, October 2013 and in the panicle
initiation stage of December 2013 provides additional substrate for N,O
production (Wang and Cai, 2008). Thirdly, the elevated soil temperature of
Padayatti may enhance the microbial activity and the rate of the N,O reaction
(Hua Guangxi, X., Cai, ZC., Tsuruta, H., 1997). Except for this period fertilizer
inputs on 19t, 38th, 57th and 85t days after transplantation and early draining

also induced short pulse events of N,O emissions (Li et al., 2003)

In the present study, N»O fluxes were comparatively lower in the flooded
crop growing seasons compared to non-flooded drained periods. The emission of
N;0 was sporadic, and pulse like events, observed during the draining period
during the end of CS-I (August and September 2013) and in CS-II (January to
March 2014). The flux peaks were usually observed at the beginning of the
disappearance of the flood water layer. Smith et al. (2003) also observed that
anaerobic and aerobic cycling that would considerably increase soil N0

emission relative to constant aerobic and anaerobic conditions. During the study,
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N20 emission was found dependent on the flooding/ irrigation and the drainage
pattern of the rice fields with a significant correlation with SMC (p<0.01, r =
0.747). During the present study when comparing the magnitude of emission
between flooded and drained periods N;O is often low during flooded periods
probably because N0 can be denitrified to N, under long-term anaerobic
conditions (Mosier et al., 2004). The phenomenon that the peaked N,O fluxes
observed at the beginning of the disappearance of the floodwater layer could be
the release of trapped N:O in the soil solution and optimum conditions for the

production of N;0 and its release at that time.

During the present study, N.O emission rates were dependent on SMC
(p< 0.01) with the lowest emission in FS where SMC is also minimum. However
N20 fluxes increase with an increase in SMC during the flooded crop seasons.
Regression analysis obtained a best-fit equation explaining covariation of SMC
and N;O (Fig 6.7). In which highest seasonal emission efflux of N.0 was
concentrated in areas with SMC in the range 40 to 50%. In the present study,
moderately moist soil conditions with SMC of 40 to 50 % could have made it
favorable for N,O production. More recent findings also suggested that
denitrification can occur under aerobic soil conditions (Kelliher et al., 2016).
Gleeson et al. (2010) also reported the production of N0 in aerobic conditions
by nitrate and nitrite reduction. As a result of autotrophic nitrification is reduced
and N0 production via denitrification is enhanced. Keating et al. (2016) also
observed higher denitrification rates in aerobic than in anaerobic conditions due

to organic residues.

During the study Eh fluxes had a significant influence on N,O emissions
with a correlation significant at p <0.01 and values of ‘v’ being -0.764 (Fig. 6.6).
Decreasing water level was accompanied by high soil Eh and increased N0
emissions. Under submergence, the soil Eh values were highly negative, and N,O
emissions were low. Flooded rice paddies have an aerobic surface layer and an
anaerobic subsurface layer where N;O is produced, via nitrification of

ammonium to nitrate and denitrification of accumulated nitrate respectively
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(Xing et al., 2002). It is well known that flooded soil has an aerobic surface layer
and a subsurface anaerobic layer. The presence of the two distinct soil layers
nearby favors the simultaneous occurrence of nitrification and denitrification
reactions. When soil is submerged continuously with a water layer, nitrification
proceeds slowly, while denitrification proceeds increasingly towards N and N0
diffusion is severely hindered by the water layer (Hua Guangxi, X. Cai, ZC,

Tsuruta, H., 1997)

The C:N ratio of the topsoil seems to be a good predictor of N,O emission
as shown by the strong negative relationship(Zhu et al, 2008). During the
present study, N.O emissions were negatively correlated with the soil C:N ratio
yielding a correlation coefficient of -0.562 significant at p <0.05%. The healthy
relationship observed between C:N ratio and N;0 supports the assumption that
nitrogen availability is the major factor limiting the N,O emission from the rice
paddy soils (Campbell and Curtin, 2007). The result observed during the present
study is supported by Khalil et al. (2002) reported that N,O production was
increased by decreasing the soil C:N ratio. Kiese and Butterbach-Bahl (2002) also
found a strongly negative correlation between mean annual N,O emission rate

and C:N ratio of tropical rain forest soils.

The optimum C:N ratio for soil microbial activities is thought to range
from 25 to 30. Stevenson (1990) concluded that the mineralization would occur
for organic compounds with C:N ratios lower than 20, neither mineralization nor
immobilization that will prevail for C:N ratios between 25 and 30, and microbes
will immobilize inorganic N when C:N ratio is higher than 30. The microbial
immobilization will decrease the concentration of NH*+and NO3 - which are N0
precursors and thus both N;0 production and emission will be reduced. It is
expected that soils with lower C:N ratios would release more N,O than those
with higher C:N ratios, and that the N,O emission would be markedly reduced
when the C:N ratio approaches 20. During the present study C: N ratio was

observed below 6.4 and 6.1, < 20 cause positive priming effect resulting in the
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mobilization of C and N from the system. (Kuzyakov et al. 2000; Thomsen et al.

2008; Li et al. 2010) leading to the higher emission of N>O from the paddy soils.

N0 transport is a physical process in which most of the N20 produced in the soil
was also emitted through the rice plant in the same pathway as CHs. Mosier et al.
(1990) pointed out that rice plants increase the flux of N,O from the soil to the
atmosphere through their conduit transport. However, no records of the N,0O
emission from the plant are reported. During the present study, diurnal N,O
emission from rice paddies did not follow a regular pattern. N0 is a more water-
soluble gas with a solubility in water about 20 times that of CH4 (0.675 and 0.033
g -1 H,0 at 20 °C, respectively). This water may act as a carrier of N20, and
emission through diffusion might be enhanced for N;0. Also, in combination with
the physiological movement of water, such as transpiration, N0 may be emitted
to the atmosphere through the rice plants. The opportunities for emission of N>0
through ebullition should be smaller than for CHs4 due to the high solubility of
this gas.

The N;0O emissions from paddy fields were often neglected in many early
reports, but a growing number of studies have indicated that paddy fields are a
significant source of atmospheric NoO (Huang et al, 2004). The cumulative
emission of N,O-N from rice paddies of Padayatti was 0.27 kg N ha-! during the
entire period from 2013-2014.This level was comparable may of the
continuously flooded fields of the tropical region having an average emission
rate of 0.3 £ 0.5 kg N The denitrification and nitrification process leading to the
evolution of N,0 are regulated by multifaceted factors. The fertilizer inputs along
with the water management are the primary factors influencing in Padayatti
paddy agroecosystems. During the study, Padayatti had delt with a cumulative
emission factor of 0.27 kg N ha-1.
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ORGANIC AND CONVENTIONAL MINERAL
FERTILIZER EFFECTS ON GHG EMISSIONS

7.1 INTRODUCTION

Agriculture contributes nearly 10-12% of the global anthropogenic
greenhouse gas (GHG) emissions, significantly altering earth’s atmospheric
composition of GHG and energy balance (IPCC 2013). Globally, occupying about
5.8% of the total agricultural area, rice paddies contribute nearly 12,000 MT of
COz-equivalents per year (FAOSTAT 2016; Tubiello et al. 2013).

Paddy cultivation by incorporation of organic manures or in
combinations with non-organic fertilizers has been practiced for long to improve
soil productivity, health, and sustainability. Last few decades with the global
concerns over increasing demand for food and reducing per capita arable lands
(FAOSAT 2016) have forced the need for intensification of agriculture
production using chemical fertilizers and pesticides. Recent studies on the use of
agrochemicals, environment protection and agricultural sustainability in India
have focused on reconsidering traditional fertilization practices using organic
manures. Locally prepared compost, farmyard manures are often followed by
Indian farmers to improve the fertility as well as for better yield (Nayak et al.,
2007; Das & Adhya, 2014). Indian agriculture has decadal history of organic
farming. Green revolution in 1956 intensified the agricultural production using

chemical fertilizers for meeting the ever increasing demand for food.

The emerging shift in soil management from conventional mineral
fertilizers to organic manures is expected to influence the SOC (soil organic
carbon) and GHG emissions (Kuzyakov, 2010). The evolution of major GHG-CO.,
CH4 and N>O emissions from paddy soils are as a result of mineralization of SOC

through complex heterogeneous processes of respiration, methanogenesis, and
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denitrification influenced by soil management activities and environmental

factors (Akhilesh Vijay and Bijoy Nandan 2017).

Organic fertilizers are known to improve soil quality, structure as well as
stimulate soil microbial biomass enzyme activities, and functional diversity
whereas mineral fertilizers are reported to improve the nutrient availability and
primary production of the system indirectly (Zhou et al. 2016). A higher
concentration of SOC is often predicted in organically treated soils enhancing
sequestration of carbon and mitigating climate change. However, several studies
have failed to establish this expected increase in SOC ending up in contradictions
(Gosling and Shepherd 2005). This may be attributed to initial soil C and N
status, the microbial community composition, fertilizer type, and the application
rate. Furthermore, organic manures and mineral fertilizers potentially alter the
intensity and direction of soil C and N mineralization (Cheng et al. 2016) through
positive or negative priming effect depending on the quality and quantity of
substrate applied (Qiu et al. 2016). Such substrate additives create a pool of
readily available C and N regulating the increase or decrease in SOC (Thomsen et
al. 2008) , CO;, CH4 and N30 fluxes from the soils (Bhattacharyya et al. 2013b).
Influence of organic and mineral fertilization on soil GHG flux are controversial
exhibiting positive (Kriiger and Frenzel 2003), negative, and neutral effects (Liu
etal. 2016).

A view on the organic and mineral fertilizers in regulating the retention
of C and N and factors influencing GHG emissions. from a nutrient exhaustive
tropical paddy wetland in southern India is discussed. Our observations in the
process and magnitude of the total GHG emissions from paddy fields under
different management practices will provide information for regional

greenhouse gas inventories and mitigation measures.
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7.2 LITERATURE REVIEW
7.2.1 International Scenario

The effect of organic matter application on methane emission from some
Japanese paddy fields was studied by Yagi and Minami (1990). Moiser et al.
(1991) compared methane and nitrous-oxide fluxes from native, fertilized and
cultivated grasslands. Lindau et al. (1991) studied the effect of urea fertilizer and
environmental factors on CH4 emissions from rice field of Louisiana, USA. Spatial
and seasonal variation in methane emission from Chinese rice fields with organic
amendments was analysed by Soils and Province (1996). Greenhouse gas
emissions from farmed organic soils was reported by Kasimir-Klemedtsson et al.
(1997). Global estimates of potential mitigation of greenhouse gas emissions
from agriculture was studied by Cole et al. (1997). Pansu (1998) tested the soil
nitrogen forms after organic amendments under controlled conditions. Gunapala
and Scow (1998) studied the dynamics of soil microbial biomass and its activity
in conventional and organic farming systems. Wong et al. (1999) tested the
utilization of manure compost for organic farming in Hong Kong. Condron et al.
(2000) compared the soil and environmental quality under organic and
conventional farming systems in New Zealand. Effect of organic manures varying
in N content and C:N ratio on mineralization and denitrification processes in
upland, nearly saturated and flooded subtropical soil was represented by Aulakh
et al. (2000). Rigby and Caceres (2001) studied the organic farming and the

sustainability of agricultural systems from United Kingdom.

The effect of organic soil amendment and chemical fertilizer on available
pool and mineralization rate of soil N in a dryland agro- ecosystem was analysed
by Ghoshal (2002). Bulluck et al. (2002) studied the influence of organic and
conventional farming on soil microbial, physical and chemical properties.
Kramer et al. (2002) studied the importance of combining fertilizer and organic
inputs to synchronize N supply in alternative cropping systems of California and

reported that alternative cropping systems is to minimize excessive loss of N
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while maximizing N use efficiency and meeting crop N requirements. The effects
of N-fertilisation on CH4 oxidation and production, and consequences for CHx
emissions from microcosms and rice fields was studied by Kriiger and Frenzel
(2003). Zou et al. (2005) measured the methane and nitrous oxide emissions
from rice paddies in China and reported that water management by flooding
with mid-season drainage and frequent water logging without the use of organic
amendments is an effective option for mitigating the combined climatic impacts

from CHs4 and N20 in rice paddy.

Long-term effect of fertilizer and manure application on soil-carbon
sequestration and soil fertility under the wheat-wheat-maize cropping system in
northwest China was analysed by Su et al. (2006). Petersen et al. (2006) studied
the nitrous oxide emissions from organic and conventional crop rotations in five
European countries and reported that nitrous oxide emissions were higher from
conventional than from organic crop rotations. Fluxes of nitrous oxide and
methane and nitrogen leaching from organically and conventionally cultivated
sandy soil in western Finland was reported by Syvasalo et al. (2006). Soil
organic matter and biological soil quality was measured by Flief3bach et al.
(2007) from organic and conventional farming field. Effects of long-term
chemical fertilization and organic amendments on dynamics of soil organic C and
total N in paddy soil from barren land in subtropical China was studied by Li et

al. (2010).

Emissions of nitrous oxide from arable organic and conventional
cropping systems was studied by Chirinda et al. (2010). Effects of organic and
mineral fertilizer nitrogen on greenhouse gas emissions and plant-captured
carbon under maize cropping in Zimbabwe was analysed by Mapanda et al.
(2011). Reduced greenhouse gases emission by using organic fertilizer was
studied by (Sampanpanish 2012). de Urzedo et al. (2013) studied the effects of
organic and inorganic fertilizers on greenhouse gas emissions in tropical

forestry. Brar et al. (2013) analysed the effect of long-term use of inorganic
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fertilizers and organic manure on C sequestration and soil carbon pools in a rice-
wheat cropping system. A global meta-analysis of greenhouse gas fluxes from
agricultural soils under organic and non-organic management was studied by
Skinner et al. (2014). Ryals et al. (2014) studied the impacts of organic matter
amendments on carbon and nitrogen dynamics in grassland soils and reported
that a single application of compost to grassland soils can increase soil C and N
storage in labile and physically protected pools over relatively short time
periods and contribute to climate change mitigation. Environmental effects of

organic farming was studied by Lee et al. (2015)

Greenhouse gas emissions from paddy fields with different organic
matter application rates and water management practices was studied by
Nishiwaki et al. (2015) and the observation concluded that organic farming in
paddy fields might have more promising potential to mitigate N,O-N emission
than conventional farming in paddy fields. Wu et al. (2015) studied the effect of
biochar on paddy field that cultivating a rice variety Oryza sativa L. and that the
results inferred that root exudates and transportation of biochar particles into
rice plants might decrease the stability of biochar in paddy soil. Nitrogen soil
surface balance of organic vs conventional cash crop farming in the Seine
watershed was studied by Anglade et al. (2015). Effects of long-term inorganic
and organic fertilizations on the soil micro and macro structures of rice paddies
was studied by Zhou et al. (2016) and overall study demonstrates that organic
fertilization can improve the physical qualities of paddy soils across different
scales but inorganic fertilization in isolation does not. Combined effects of
nitrogen addition and organic matter manipulation on soil respiration in a
Chinese pine forest was studied by Wang et al. (2016) and observed that N
addition inhibit the microbial heterotrophic respiration by suppressing soil
microbial biomass, but stimulated root respiration and release CO; from litter
decomposition by increasing either root biomass or microbial biomass. Poeplau
et al. (2017) studied qualitative and quantitative response of soil organic carbon

to 40 years of crop residue incorporation under contrasting nitrogen fertilisation
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regimes and the study concluded that residue incorporation is not a significant
management practice that affects soil C storage in warm temperate climatic
regions. Zhang et al. (2017) studied replacement of mineral fertilizers with
anaerobically digested pig slurry on paddy fields in plant growth and grain
quality and reported that anaerobically digested pig slurry can replace mineral
fertilizers in rice production when applied as a basal dressing together with

urea.

7.2.2 Indian Scenario

Ghoshal and Singh (1995) studied the effects of farmyard manure and
inorganic fertilizer on the dynamics of soil microbial biomass in a tropical
dryland agroecosystem and reported that changes in the soil microbial biomass
were observed with the applications of farmyard manure. Organic farming and
its relevance to the Indian context was studied by Rasmesh et al. (2005). Bhatia
et al. (2005) studied the global warming potential from manure amended soils
from a rice-wheat system of Indo-Gangetic plains. Organic farming in sustaining
soil health was studied by Pandian et al. (2005). Pattern and factors influencing
on greenhouse gas emissions from India was studied by Sharma et al. (2006).
Majumder et al. (2008) analysed the organic amendments and its influence on
soil organic carbon pools and rice-wheat productivity from moist sub-humid
bio-climatic zone of India and reported that balanced fertilization with FYM
(farm yard manure) as suitable management for sustaining crop productivity of
the rice-wheat system. Organic farming for sustainable agriculture in Northern
India was reported by Yadav et al. (2013). Gaseous emissions from agricultural
activities and wetlands in national capital territory of Delhi was studied by
Gurjar et al. (2015). Effects of various organic amendments on organic carbon
pools and water stable aggregates under a scented rice-potato-onion cropping

system was studied by Padbhushan et al. (2016).
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7.3 RESULTS
7.3.1 Influence of ORG and CMF Treatments on GHG Emissions

Incorporation of ORG and CMF had a significant positive effect exhibiting
an increase in the fluxes of CO2-C, CH4-C, and N20-N compared to unfertilized
control. Even though there were significant (p < 0.05) variations in the emission
patterns among CS-I, CS-II, and FS seasons the amounts of GHG emissions did not

vary significantly between ORG and CMF treatments.
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Figure 7.1 Dynamics of (a) CO:-C, (b) CH4-C and (c) N20-N emissions from
rice paddy treated with Organic and Conventional Mineral fertilizers,
under the influence of depth of paddy water (DPW) during 2013-2014

In the rice-rice, fallow system both the treatments behaved as a net
source of CO2-C throughout the year (Fig. 7.1a). CO.-C fluxes were mainly
dependent on the soil C: N ratio significant at 1% level, p=0.0041 (Fig. 7.2). The
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average CO»-C flux for the entire study period varied between -0.84 to 28.9 g m-
2d-1 and -1.11 to 22.27 g m2 d-! in ORG and CMF treatments significant at the
seasonal level. Seasonally CO,-C emissions were higher in the wet (CS-I, CS-II)
than in dry-fallow season (FS). CO,-C emission rate during CS-I was 13.42 and
13.15 g m-2 d-1with a seasonal cumulative emission of 16628 and 16283 Kg ha-1
for ORG and CMF paddy respectively. In CS-II the mean value of CO,-C emission
was 4.2 and 6.8 mg m-2d-! for ORG and CMF treatments with a cumulative
emission of 5250 Kg hat and 8250 Kg ha! (Fig 7.3a). During the fallow season
(FW) CO2-C emissions were low, ranging from -0.84 to 7 g m-2 d-1, with an
average rate of 3.1 gm-2d-! and 2.9 g m-2 d-! for ORG and CMF treatments with
seasonal cumulative fluxes of 3805.6 and 36216 Kg ha-l. In the present study
after the initiation of ORG treatments, a decrease in the annual cumulative
emission of CO2-C by 3.4% was observed compared to CMF. In comparison
among treatments, seasonal cumulative CO,-C emissions decreased by 24.3 % in
CS-II compared to CS-I. The three seasons CS-I, CS-1I, and FS contributed 64.7%,
20.44% and 14.8% in ORG and 57.8%, 29% and 12.8 % in CMF paddy
respectively (Fig. 7.4a). However, there was increased CO»-C pulse event of 28.90
*4.95 gm-2d! (ORG) and 22.27 + 9.53 g m2d-! (CMF.) in both treatments during
the ploughing and field preparation period followed by first crop season in
September 2013 indicating that the soil inputs have a significant positive effect

on CO2-C emissions.
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Figure 7.2 Dependence of CO»-C fluxes on soil C:N ratio in the tropical rice
paddy wetland during 2013-2014

Similar to CO2-C, ORG and CMF treatments had significant (p < 0.05)
positive influence on the CH4-C emissions compared to the control (Fig. 7.1b).
Seasonal variations of CH4-C emissions were mainly dependent on the depth of
paddy water (DPW) regime (Fig. 7.5) and soil redox conditions. During the
observation period, both the treatments followed a similar bimodal seasonal
pattern varying in the magnitude of CHs-C emission. The rate of CHs—C emissions
was low during the fallow season due to the predominant positive of soil redox
conditions and methane oxidation, ranging from -19.35 to 14.97 mg m2 d-!, with
an average rate of -1.64 and -8.06 for ORG and CMF paddies respectively.
Seasonal cumulative CHs-C fluxes during the fallow season were -7.25 and -9.80
Kg h! for ORG and CMF paddies respectively. CH4-C emissions increased steadily
soon after transplantation during CS-I, reaching peak emissions in the middle of
September following top dressing with an average rate of 1617.5 and 1485.5 mg
m-2 d-1 for ORG and CMF respectively. CH4-C emissions decreased to about 64.8
mg m-2 d-1 at the end of CS-I with a seasonal cumulative emission of 745 and
663.29 Kg h1 (Fig. 7.3b). The rate of CH4-C emissions during the CS-II ranged
from 2.7 to 2634 mg m2 d!, at an average rate of 1021.9 mg m-2 d-! and 867.2

mg m-2 d-! for ORG and CMF paddies respectively. The seasonal cumulative
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emission during CS-II was 1250 and 1061g Kgl. Among seasons cumulative
emission, CH4-C increased by 25% and 23% in the CS-II compared to the CS-I
whereas annual cumulative emissions were 7.4 6 % greater in the ORG
treatment. During this period all the three seasons contributed 37.48 %, 62.87 %
and -0.36 % in ORG and 38.67 %, 61.8 % and -0.57 % in CMF paddy respectively

(Fig. 4b).
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Figure 7.3 Cumulative emissions of CO: (a), CH4 (b), and N:0 (C) fluxes
measured from organic (ORG), conventional mineral fertilizers (CMF) and
control (CNTL) treatments during 2013-2014

162 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Organic and Conventional Mineral Fertilizer Effects on GHG Emissions

(a) (b) (c)
CO, % C0, % C0O, %
CS-II FS
20% N\t FS o
4 ]rﬁ% csa_-7 1»1?/
21% '
SEECSI
62%
CH,%
FS s
1% _,.-"".26%}
._\_\ '/;.-'I
CSII
73%
N,O %

W g T
41%

Figure 7.4 Seasonal cumulative percentage emissions of CO,-C, CHs-C and
N20-N among organic (a), conventional mineral fertilizer (b) and control
treatments(c) in rice paddies

In the present study, variations in N;O-N remained positive among
seasons and treatments depending on C and N inputs and depth of paddy water
(DPW) but was not significantly affected by ORG and CMF inputs (Fig. 7.1c).
During the FS N;O-N emission was near to zero, increased soon after
transplanting and water logging obtained its peak during panicle initiation and
decreased towards harvesting in both the seasons. For ORG treatments N,0-N
emissions ranged from 2.4 g m2d! to 7.33 g m2d-! and -0.61g N,0-N m-2d-! to
17.4 g N;0-N m=2d-! respectively in CS-I and CS-II. Whereas seasonal CMF
emissions ranged from 3.5 g N,O-N m-2d-1 to 15.5 g N20-N m-2d-! and -7.28 g N,0-
N m=2d?! to 894 g N,O-N m-2d?! respectively. Duel peaks of N,O emissions
occurred in both the treatments and of seasons (Table 7.1). The first peak

appeared following topdressing in ORG (7.3 g N2.O-N m-2d-1) and CMF (11.33 g
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N20-N m-2d-1) treatments at 34 DAT whereas the second peak occurred at 42
DAT in ORG (14.7 g N20-N m-2d-1) and CMF (15.2 g N20-N m-2d-1) treatments
respectively in CS-I. In the CS-II peaks appeared 37 DAT (9.3 and 9.8 g N,O-N m-
2d-1) and 48 DAT (17.4 and 20.8 g N2O-N m-2d-1) in the ORG and CMF treatments
respectively. Seasonal cumulative emissions were -384.63 g N,O-N ha'! in the FS,
9142.6 g N20-N ha! during the CS-I and 6110.67 g N20O-N ha'! during the CS-II in
the ORG and -200.46 g N2O-N ha't, 10604.82 g N2O-N ha! and 6739.04 g N;0-N
ha't respectively in CMF of FS, CS-1, and CS-II (Fig. 7.3c). Total N,O-N emission
from ORG (46%) and CMF (53%) showed only a marginal difference of 7%
during the whole observation days (Fig. 7.4c). Temporal variations in the N,O-N
flux had a significant relationship (p<0.05) with DPW and consequently
occurring redox conditions. N20-N fluxes were lower during high DPW and
increased with decreasing DPW persisting with moderate soil moisture,

significant correlation at 5% levels (p<0.05) was observed.

Dynamics of Soil total carbon (TC), total organic carbon (TOC) and soil
Inorganic carbon (TIC) fractions from rice paddies treated with organic and
conventional mineral fertilizers.
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Figure 7.5 Dependence of CH;-Cfluxes on depth of paddy water (DPW) in
the tropical rice paddy wetland of Padayatti during 2013-2014
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organic and conventional mineral fertilizers
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7.3.2 Dynamics of Soil Active Carbon and Nitrogen

A significant variation in the surface distribution of soil C and N fractions
was observed among cropping and non-cropping fallow seasons following the
application of the disparate composition of organic and mineral fertilizer
(Fig.7.6). Throughout the year on an average TOC content showed a similar
trend among both the treatments ranging from 2.56 to 6.03 g Kg! with an
average of 5.16 g Kg! in ORG and 1.59 to 6.29 with an average of 4.35 g kg1 in
CMF surface (0 -15 cm) soil layers (Fig. 7.6b). The total carbon (TC) (Fig. 7.6a)
and total organic carbon (TOC) (Fig. 7.6c) in the soil (0-15 cm) were higher in
the organic followed by conventional and minimum in the control (organic >
conventional > control). Even though TC and TOC were marginally higher in the
organic treatments significant difference (p<0.05) was not observed. Soil
inorganic carbon ranged from 7.21 to 13.51 g kg-! with a mean value of 9.8 g kg1
in ORG and 6.83 to 12.4 with a mean value of 9.2 g kg1 in CMF rice paddies
accounting for 54 % and 42.87 % of the total carbon (TC) in the soil under study.
The C/N ratio of organic and conventionally cultivated fields (0-15cm) ranged
between 6.4 to 3.4 and 6.1 to 2.9 respectively (Fig. 7.7). Even though there was
the significant seasonal difference (p <0.05) in C/N ratio between fallow and first
crop season, lack of significant difference was observed among the treatments.
The FS shows comparatively higher C/N ratio than first and second crop season.
During the study soil C/N ratio is found to have a significant positive (p<0.01)
correlation with CO2-C emission in both ORG and CMF, where no such relations

was observed between CH;-C and N20-N emissions.

The distinct effect of fertilizer treatments (ORG, CMF & CNTL) on GHG
emissions, soil C and N fractions is evident in the PCA. The Dim1 and Dim2
represented respectively 47.9% and 2.1% of the overall variance, indicating
positive correlations among GHG emissions, TC, TIC, TOC and TN. Most
measured soil variables were clustered in the left quadrants of PCA biplot with

greater loadings on dimension 1 (Fig.7.8), explaining most of the observed
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variation. The PC1 revealed the opposition between GHG emissions and the C: N

ratio indicating they are inversely correlated.
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7.3.3 Relationship of GHG emission to Environmental Factors

From the study, it is evident that drying and rewetting (DRW) of the soil
occurring during the summer fallow and preceding flooded crop seasons had
significant effects (p<0.05) on CO:-C, CH4-C, and N;0O-N emissions. Continuous
flooding leads to increased emissions of CH4-C and N»O-N in the cropping than
the summer fallow season (p<0.05) where DPW was positively correlated
(p<0.05) with CHs4-C fluxes among both the treatments. During the seasons, DPW
ranged from 0 cm to 11.5 cm from the soil surface with an average value of 6.8
cm. Mean annual precipitation was 131.58 mm of which 88% fall in the monsoon
from May to August 2013. During the observation period, the mean ambient
temperature was 25.77 + 3.1 oC, that reaches an oppressive high of 35.4 + 2.1 oC
in the summer months of April-May. Soil surface temperature (0-5cm) ranged
from 22 + 2.62 °C to 28 * 2.46 °C, with a mean value of 24.6+ 2.6 °C. The seasonal
variation of ambient temperature was comparable to that of soil temperature
with a positive correlation coefficient r = 0.825 (p<0.01). In contrast to the weak
correlation between GHG fluxes and air, soil temperatures, a significant negative
relationship (p<0.05) between CH4-C emission and Eh were found for both the
organic and conventional treatments. The Eh was found positive during the dry
summer fallow, and it decreased with increase in DPW (p < 0.05). The methane
emission in both the treatments was dependent on redox potential. Paddy fields
are mostly characterized by high reducing and anoxic conditions due to water
inundation favoring methanogenesis and denitrification. On the other hand, soil
pH and Eh in both organic and conventional treatments were similar without
any significant difference where the pH ranged from 4.58 to 6.8 and Eh from 121

to -607 mv respectively.

168 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



Organic and Conventional Mineral Fertilizer Effects on GHG Emissions

Table 7.1 Seasonal CO2-C, CH4-C and Nz0-N fluxes in rice paddy treated
with Organic, conventional Mineral Fertilizers and control

Organic 3805.6 -7.2506 -381.955

Fallow Season Fertilizer 3621.6 -9.80856 -198.445
Control 1037.7 -2.666 -962.244

Organic 16628.4 745.8266 9142.613

First Crop Season Fertilizer 16283.8 663.296 10604.81
Control 3896.0 83.63 2290.642

Organic 5250.9 1250.924 8289.947

Second Crop Season | Fertilizer 8250.3 1061.557 9212.07
Control 1348.3 237.4807 2295.637

Organic 25685.0 1989.5 17050.61

Annual Emissions Fertilizer 28155.8 1715.044 19618.44
Control 6282.0 318.4447 3624.035

Global Warming Potential (GWP)

Cumulative emissions, GWP in terms of gaseous emissions lack
significant variation among amendments. GHG's were not consistent with
seasons and significantly varied (p<0.05) in cumulative emissions, GWP between
FS, CS-I and CS-II. Irrespective of amendments, among GHGs CH4-C contributed
56.04% to 88.67% and 60% to 81.84% respectively in CS-I and CS-II. Soil CH4-C
uptake (negative flux) was noticed in FS. The FS emissions in both amendments
was dominated by CO:-C, 38% and 8% in CS-I and CS-II in organic and 40.1%
(CS-I) and 15.2% (CS-II) in non-organic plots respectively (Table 7.2). N20O-N
emissions were mostly positive in both amendments especially in the wet
seasons and contributed 2.3% to 3% to the GHG emissions. Annually GHG
emissions were dominated by CHs4-C and N20O-N in CS-I and CS-II where CO-C
was dominant in FS. The GWP in both amendments during the cropping season

was primarily contributed by CHs-C emissions of 72.1% and 67.4% respectively.
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Table 7.2 Seasonal and Cumulative Green House Gas Emissions, GWP and
CEE from a tropical rice-rice double cropping system

Seasons FS Ist CS IInd CS Annual
CO-C Org 3665.279 | 16628.43 | 3718.029 | 24011.7
-
Non-Org | 3568.304 | 16283.84 | 6021.31 | 25873.5
Cumulative

Org -7.44701 | 752.7062 | 4111.808 | 4857.07

Emissions CH4-C
Non-Org | -10.0041 | 668.8829 | 3226.168 | 3885.05

(g ha?)

Org -384.636 | 9142.642 | 6110.676 | 14868.7

N.O-N

Non-Org | -200.463 | 10604.83 | 6739.047 | 17143.4

Org 6507.3 42160.3 45402 94069.6
GWP (g ha'l) | COz-eqvl.

Non-Org | 6230.69 | 39266.1 | 41632.1 | 87128.9

Org 1774.71 | 11720.6 12160 25655.3

CEE (Kg h')

Non-Org | 1699.28 | 10934.8 | 11128.3 | 23762.4

7.4 DISCUSSION

In the rice paddy system, soil treatments by ORG and CMF lead to a
general increase in the soil CO2-C, CH4-C and N20-N emission compared to the
unfertilized control consistent with the result in Ding et al. (2007). Compared to
other tropical rice paddies the elevated GHG fluxes was observed during the
present study (Bhattacharyya et al. 2012; Bhattacharyya et al. 2013a;
Bhattacharyya et al. 2013b; Das and Adhya 2014; Gupta et al. 2016). Increase in
GHG may be attributed to greater C inputs, directly via organic fertilizers, and
indirectly via increased root biomass and rhizodeposition due to better crop
productivity as a result of mineral fertilization (Mancinelli et al. 2010) along with

the prevailing environmental conditions.

During the observation period, a significant increase in the soil CO,-C
fluxes could be the influenced by nutrients via ORG and CMF inputs (Fisk and
Fahey 2001; Xiao et al. 2005). Similarly, studies from tropical rice paddies

amended with fertilizers had already reported 50% increase in CO,-C emissions
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compared to unfertilized soils (Bhattacharyya et al. 2012). However, this was in
contrast to the findings of Ding et al. (2010), and Lee et al. (2007) reported
suppression and neutral effect on CO; emissions respectively following fertilizer
addition. Higher emission trends of CO,-C in comparison with the control could
be the result of the narrow range in soil C: N ratio among ORG and CMF
treatments which had lead to greater mobilization of C from the system. Usually,
CO2-C evolution by C mineralization or its bio-immobilization processes in arable
systems is regulated stoichiometrically by C: N ratio of the amended materials,
SOM, and the soil microbial biomass (Chen et al. 2013). During the present study,
average C: N ratio of the ORG and CMF treated soils was in the range 4.8 to 6.4
indicates a positive response to CO»-C efflux. The influence of C: N ratio on CO,-C
evolution (Fig. 7.2) obtained during the present study corresponds to the in-situ
observation of Thomsen et al. 2008, reported an increase in CO,-C efflux with
lower C: N ratio. Generally, net mineralization takes place when C: N ratio of the
soil is below the threshold value of 9.7 to 15, determined based on the in situ
mineralization study using soil samples with varying in C to N ratios (Mohanty et
al. 2013; Zimmerman et al. 2011). The principle component analysis, Dim1
(Fig. 7.8) clearly revealed the opposition between CO,-C and C: N ratio in the
present study. Soil C: N ratio within 0-5 cm between plot did not differ
significantly could be a reason for similar emissions between ORG and CMF
treatments whereas the microbial metabolism could not be N limited in both the
treatments leading to the enhanced mobilization of C as CO; from the soil.

Soil CO32-C emissions were observed higher during the paddy growth
period (Yang et al. 2017). Highest emission of CO,-C was observed during the
panicle initiation stage due to the availability of the C substrates and higher
microbial activity (Igbal et al. 2009; Ibrahim et al., 2013). Dynamics of CO,-C in
paddy fields varies with the phase change in soil wet and dry conditions. CO2-C
production during the submerged anoxic conditions during the crop season was
26% higher than under non-submerged aerobic conditions during the fallow

season. These results, therefore, suggest that the higher rate of soil respiration
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during the flooded period was not a direct consequence of the greater
availability of soil moisture. These temporal patterns, therefore, suggest that the
effect of flooding on soil respiration is probably indirect, and likely involves the

deposition of nutrients and organic materials added (Nishimura et al. 2015).

Paddy fields are one of the major anthropogenic contributors of
atmospheric methane (Liu et al. 2016) influenced by soil fertilization leading to
positive, negative and neutral effects (Kruger and Frenzel 2003; Zhou et al. 2016;
Fan et al.2016). In the present study fertilization using both ORG and CMF along
with environmental variables significantly enhanced CHs-C fluxes compared to
the unfertilized control. Usually, methanogenesis in rice paddies is as a result of
anaerobic decomposition of soil organic matter under submerged soil conditions
depend on the availability of quality and quantity carbon substrate (Kogel-
Knabner et al. 2010). However, in the present study, it was observed that ORG
and CMF treatments were not able to make any significant variations in the
quality and quantity regarding active carbon substrate fractions could be the
reason for similar substrate utilization and similar emission pattern. Soil C: N
ratio is recognized as an important indicator of SOM quality found to have a
critical role in the C mineralization leading to CH4 evolution (Kuzyakov, 2010;
MA et al. 2011). Balanced organic and non-organic treatments had maintained a
uniform soil C: N ratios in both the fields that could be a reason for similar
emission pattern. The DPW and reducing redox conditions prevailing favored the
usual pattern of CHs-C emission comparable to various previous reports (Tokida
et al. 2013). Continuous flooding in the field during the crop seasons maintain a
low redox potential favorable for CH4 formation leading to high CH4-C emissions.
(Alberto et al. 2015; Hu et al. 2016). Which was supported by the significant
negative relationship (p<0.05) between CH4-C emission and DPW (Komiya et al.
2015). Mean soil redox (Eh) conditions was higher in the wet rice growing
conditions likely to favoring methanogenesis thereby suppressing CH4 oxidation
by methanotrophy resulting in the increased CHs emission. The peaks of the

methane flux were observed 74t days after transplanting of the rice plant
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irrespective of the treatments corresponding to the panicle initiation stage of
crop development. The incorporation of fresh residual rice straw during CS-II
could be the reason for enhanced CH4-C emission compared to CS-I which was
consistent with the result of Wang et al. 2016. Whereas decomposition of rice
straw during the fallow season might have lead to a decrease in CH4-C during CS-

[ (Tang et al. 2016).

N;0-N emission from arable soils was the result of nitrification and
denitrification process (Davidson et al. 1991). The complex process of N,0-N
emission from paddy soils are regulated not only by N input and the water
regime but also by many other factors such as quality and quantity of fertilizer,
temperature, soil texture, soil pH, and C: N ratio (Akiyama and Tsuruta, 2003). In
the present study, N;O-N emission fluxes were often low during the flooded
period as it can be denitrified to N, under anaerobic conditions (Cui et al. 2016).
N20-N flux peaks were observed for second and third weeks after the fertilizer
input. This enhancement of N2O and NO fluxes just after fertilizer application is
widely observed (Bhattacharyya et al. 2013). Previous studies have indicated
that the level of N fertilizer application is one of the main factors influencing soil
N20 emission. Aerobic and anaerobic soil conditions due to the alternate wetting
and drying process also increase the soil N,O emissions which are commonly
stimulated by ORG and CMF treatments (Bell et al. 2016). During the study, N2O-
N emissions from the ORG and CMF plots were found minimal where N,O-N
emission is a microbial process that depends on available carbon and nitrogen
sources available to microorganisms. Although net N mineralization rate was not
determined in this experiment, the organic matter C: N ratio can be used as a
general indicator of N mineralization rate in the first part of the decomposition
process after organic and non-organic application. A negative relationship
between net N mineralization and organic matter C: N ratio has been reported
(Akiyama and Tsuruta, 2003). During the present study, the C: N ratios
determined for ORG and CMF treatment was similar in both fields could be the

reason for similar emission pattern. This can be explained by the higher
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bioavailability of the synthetic N fertilizer in CMF farming systems, whereas the
N inputs in the organic systems consist mainly of farmyard manures and plant

residues where N availability is much lower.
7.4.1 Soil Carbon and Nitrogen Relating to GHG Emissions

In the present study, the concentration of SOC, TN, and C:N markedly
increased in the fertilized treatment plots, suggesting that balanced rate of
fertilization, considered as an effective practice, could increase the soil C and N
in the studied rice paddy system. Surface application of ORG and CMF fertilizers
had increased the SOC in both treatment plots compared to the non-treated
control with a SOC change by 15%. It is a general trend for soil C and N content
markedly affected by fertilizer input (Kauer et al. 2015; Nyborg et al. 1999;
Campbell et al. 2005). Global estimates of SOC measured in organically amended
rice paddies averaged over 39 studies found slightly increase in SOC varying
from 3.4 to 8 mg/kg (Tong et al. 2009; Sacco et al. 2015). Indicating that the
treatment effect was minimum within the present study where the disparate
composition of ORG and CMF did not make any significant changes in the soil C:
N ratios. Their higher availability of C and N may have a positive effect on the
SOC mineralization resulting in the depletion of native SOC. When compared to
tropical paddy systems of Indo-Gangetic Plain (IGP) SOC stocks in cultivated
tropical mineral soils are often low compared with other ecosystems (Boellstorff
2009). Furthermore, the possibility of relative stability of the C and N fractions in
the soil that received inorganic mineral fertilizers for the last 50 years could also
be a reason for decreased concentration of SOC in the treated soil. Few years of
application of organic manures are hard to make any changes in the active
fractions of SOC indicating that the current fertilizer practices and cropping
conditions are primarily contributing to C and N source rather than
sequestration.

GHG emissions by mineralization of C and N irrespective of the ORG and
CMF treatments dependent on the soil C: N ratio (Tong et al. 2009). A shift in

input quality expressed as C: N ratio, an indicator of SOC quality may influence
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the organic decomposition. The dependence of C and N mineralization on soil
C:N ratio resulting in the release of CO2, CHs4 and N0 has been well described for
paddy soils (Simek et al. 2014). In the present study, 7% increase in C: N ratio
was observed in ORG compared to CMF treatments. The C: N ratio was observed
below 6.4 and 6.1 in both the treatment respectively comparable with the
previous studied reporting exogenous input of C: N ratio >10 causes negative
priming effect ( immobilization) and substrates with C to N ratio < 8 cause
positive priming effect resulting in the mobilization of C and N from the system.
(Kuzyakov et al. 2000; Thomsen et al. 2008; Li et al. 2010), this negative relation
was clearly established in the PCA analysis in the present study (Fig. 7.8). Thus
the relatively low and insignificant difference in the C:N ratio between
treatments interfering with the retention of soil C and N could be the reason for
similar GHG emission pattern from organic and CMF treatments.

To our knowledge, the present study represented the first detailed GHG
fluxes during different soil management practices using organic and
conventional mineral fertilizer in a tropical rice paddy system from southern
India. The incorporation of ORG and CMF had enhanced the GHG emissions
depending on the prevailing environmental variables, C and N availability.
However the balanced fertilization pattern resulted in the insignificant
differences in the GHG emission pattern among the ORG and CMF treatments.
Even though there were enhancement in the soil C fractions, the narrow range in
C:N ratio results in mobilization of C and N leading the depletion of native SOC.
Also, the continued use of mineral fertilizers and cultivations for decades may
have stabilized the SOC preventing its increase. Thus the enhanced
mineralization and reduced retention of SOC had made these areas often
vulnerable to degradation and environmental changes. In addition long term soil
management in terms of fertilization need to be considered for better
understanding of C balance in the tropical system and the impact of predicted

climate change.
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Chapter - 8
SUMMARY AND CONCLUSION

Wetlands are prominent ecosystems lying at the interphase between
terrestrial and aquatic ecosystems. Owing to its unique biogeochemical features
they are capable of storing nearly 20-30% of earth’s SOC with an average carbon
sequestration rate of 20 -30 g C m-2 y-! (Mitsch et al.,, 2013). Globally rice
paddies share a significant portion of the wetlands and have a high carbon
sequestration capacity, holding up nearly 466 to 2011 Gt C in soils and plant
biomass. The primary source of carbon in paddy wetlands is directly through
crop residue and indirectly by fertilizer inputs, vulnerable to decomposition and
lost back to the atmosphere as both carbon dioxide and methane. As paddy
wetlands are dynamic systems with flooding and drying events, carbon storage
has many implications, functioning both as a major sink as well as a source of

carbon micromanaging the emissions of major greenhouse gases (GHG).

Rice is one of the most important cultivated crops in India covering a
total paddy harvesting area (35%) of 4,24,10,000 ha and producing about 125
million tons of rice (43%). The area under paddy cultivation in Kerala accounts
for 1,96,870 Ha during 2015-2016 in which Paddy ecosystem in Palakkad,
known as the rice granary of Kerala, India contributes to 81,120 ha (42.5%) in
2015-2016 (ENVIS-2016). During the period the Indian agriculture has an
emission factor of 94,012.79 Gg (FAOSAT 2016), accounting nearly 13.5% of the
global anthropogenic GHG emissions, contributing about 25%, 30% and 70% of
CO2, CH4 and N:0 respectively (Stocker et al., 2013). Whereas the contributions
of the rice paddies into the global C and N budgets, as well as factors influencing
their fluxes from Kerala, southern India are still highly uncertain. So
investigating the dynamics of carbon and nitrogen, process and magnitude of the
total GHG emissions from paddy fields will provide information for regional

greenhouse gas inventories and its mitigation measures. In this context, the
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study gives insights into the process and factors affecting C storage in an agro
macro-watershed wetland ecosystem in Padayatti, Palakkad district, Kerala
where cultivation dominated by rice paddies. Efforts were also made to compare
the dynamics of C and N in soils under different soil management operations

namely- Organic and Mineral fertilizer treatments with the objectives

1. Analyse the soil carbon sequestration potential and its dynamics.

2. Assess the emission potential and fluxes of GHG- methane, carbon
dioxide and nitrous oxide in the paddy wetland.

3. Assess the effect of different soil management practices on GHG
emissions.

4. Suggest measures adaptive for the adaptive management of paddy lands

vis-a-vis global climate variability.

Chapter 1 General introduction gives a general introduction regarding
the various processes and factors regulating the carbon dynamics and GHG
emissions from paddy fields and other wetland ecosystems. The chapter ends
with the significance of the study and listing the objectives of the study.

Chapter 2 study area sampling design and analysis, provide the details of
the study area with a detailed description of each station, sampling strategies,

methods of analysis and statistical tools used for the study.

Chapter 3 environment variables and soil carbon dynamics in paddy
wetlands, describes the spatial and temporal variation in various environmental
variables such as ambient air and soil temperature, rainfall, soil pH, Eh, soil
moisture, paddy water level, available nitrogen, total nitrogen, available sodium,
calcium, potassium and carbon fractions- total carbon (TC), total organic carbon
(TOC) and total inorganic carbon (TIC) were discussed. During the observation
period, environmental variables are found highly significant in influencing the
dynamic process of carbon sequestration and GHG emissions. In the study, the

mean ambient temperature was 25.77 * 3.1 oC that reaches a maximum of 35.4 *
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2.1 °C in the summer months of April-May. Soil surface temperature (0-5cm)
ranged from 22 + 2.62 °C to 28 * 2.46 °C, with a mean value of 24.6% 2.6 °C. The
soil type of the area was typical laterite type found in the central tropical Kerala,
India and classified as ultisols with sandy clay loam texture. The main soil
properties of paddy wetland soils (0-20 cm) of Padayatti- Palakkad were, pH
6.6+3.5, redox potential (Eh) -145+105, total carbon 12.07+1.5, total nitrogen
0.18+0.02%, NH4-N 13.0£0.1mg Kg!, available phosphorus 0.75 * 56 mg Kg-,
available potassium 0.0069 * 0.47 mg Kg-1, available sodium 0.0044 +0.11 mg
Kg! and available Calcium 0.0027 * 1.06 mg Kg-1. The carbon and nitrogen stock
estimated from the Padayatti wetlands during the present study was 8.4 x10-4 Pg
for TOC, 0.075 Pg for TC, 0.042 Pg for TIC and 0.0152 Pg for TN (1Pg = 1015g). It
is evident from the study that the C and N stock from Padayatti wetland was low
compared to similar paddy ecosystems like Indo-Gangetic plains- India. The
increased rate of mineralization and reduced retention of SOC may be the reason
for low carbon stock and sequestration rate. However in addition to all an
average sequestration rate of 0.957 Mg C ha'! in first crop season and 1.1369 Mg

C ha!in second crop season was observed during 2013-2014.

Chapter 4 Carbon balance investigating the seasonal phasing and
magnitude of respiratory and assimilatory process, NEE, diurnal variations and
cumulative emissions of CO2-C are discussed in this chapter. During the study
soil management operations such as wetting and drying and quality and quantity
of fertilizer inputs are found highly influential in determining the CO2-C
emissions from the system. The soil C:N ratio has also found significant in
determining the magnitude of CO2-C emission and its sequestration rate in the
system. In the present study, NEE showed a net sink of CO2-C during the crop

growing seasons with an average rate of -1.59 and -2.1 t C ha-1.

During the study, a significant positive increase in total soil CO»-C
emissions was observed during summer fallow, panicle initiation, and field

preparation. Total soil CO; flux increased soon after transplantation in first crop
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season and had its highest emission during panicle initiation. While it decreased
towards harvesting period influenced by mid-season drainage, but no such
variations were observed in the second crop season. The dynamics of total CO,-C
in paddy field varies with the phase change in soil wet and dry conditions. CO»-C
emissions increase with the drained summer fallow seasons, due to the aerobic
decomposition of soil organic matter. However, there was increased CO2-C
pulse event of 28.90 + 4.95 g m-2d-1 was observed during the ploughing and field
preparation period followed by first crop season in September 2013 indicating
soil fertilizer inputs had a significant positive effect on CO,-C emissions.
Significant positive correlations were observed (p<0.0041) between C:N ratio
and CO;-C fluxes indicating the interdependence of C and N inputs in CO2-C
emissions.

Chapter 5 methane flux- diurnal and seasonal variations from rice paddy
soils, discusses the factors influencing the diurnal, seasonal and spatial
variations in CH4-C emissions about paddy plant physiology, soil, and
environmental variables. In the present study methane emission covaried with
crop growth, increasing with the early crop to panicle initiation while it
decreases towards the ripening stages. Fluxes of methane followed a similar
seasonal pattern during both the first and second crop seasons varying
significantly between flooded crop growing season (June to February) and
summer fallow (March to May) period. Generally, in the tropical flooded paddy
soils, CHs evolves as an end product of acetate cleavage by acetoclastic
methanogens in the anoxic soil zones. Several physical and chemical factors
(temperature, pH, redox potential), water regime, fertilizer application, and
agricultural practices (direct seeding, transplanting) determine emission of CHas
from rice fields. Among these factors, soil redox potential and pH are crucial in
controlling the anaerobic decomposition of soil organic matter leading to the
production of methane. Static chamber based methane emission studies on
paddy wetlands revealed that methane emission was high during the flooding to

the panicle initiation stages, at low Eh, while methane emission was low after the
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flowering and the ripening stages at high Eh in the paddy field with intermittent
irrigation. In the present study, average values for pH in the soil ranged from 6.0
to 7.5, which favors the optimum for the growth of methanogenic bacteria. In
addition to pH, the soil oxidation-reduction potential (Eh) plays a significant role
in the production of methane, as the obligatory anaerobic methanogenic bacteria
requires Eh of about -200 mV or less to grow. The average methane emission
was observed lowest during the summer fallow period (March to May), with an
average value of 1.529 mg! m2 h-1 having the highest Eh value ranging from -
50.1 to -30.14 mV. CH4 emission at the panicle initiation was mainly due to the
release of root exudates and organic materials from the rice plants. The decline
in CH4 emission from rice field at the ripening stage was due to a decline in
conductance of the rice body for CHs transport. The decline in conductance was
possibly due to the reduced permeability of the root epidermal layer as a

consequence of aging.

Chapter-6 nitrous oxide fluxes and dynamics from paddy soils, deals
with the spatial, seasonal variations and cumulative emissions of N,O about
environmental and soil management activities. During the study variation in N0
emission was observed between dry and wet crop seasons. The highest emission
was observed at the end of first crop season (0.76 mg m-2 h'1) whereas lowest
was observed during summer fallow months of April (-0.017 mg m2 h1). A
seasonal similarity in emission was observed between the first and second crop
season, which increases with the vegetative growth of the paddy and decreases
toward the harvest. N,O emissions from paddy fields had a positive response
towards N fertilizer application and are one of the leading factors influencing its
emission. Aerobic and anaerobic soil conditions due to the alternate wetting and
drying process also increase the soil N;O emissions which are commonly
stimulated by organic and non-organic soil amendments. Duel peaks of N»0O
emissions occurred in both the seasons immediately after the top dressing. The

cumulative N0 emissions estimated were 76.3 8.1 mg m2h-1.
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Chapter-7 organic and conventional mineral fertilizer effects on GHG
emissions, as soil management had a significant role in regulating the carbon and
nitrogen in paddy wetlands, this chapter discusses the dynamics of carbon and
nitrogen along with CO»-C, CHs-C and N,0-N emissions from paddy fields treated
with organic (ORG) and conventional mineral fertilizers (CMF). In the rice paddy
system, soil treatments by organic and conventional mineral fertilizers lead to a
general increase in the soil CO2-C, CH4-C and N20-N emission compared to the
unfertilized control. Compared to other tropical rice paddies the elevated GHG
flux was observed during the present study. Increase in GHG may be attributed
to higher C inputs, directly via organic fertilizers, and indirectly via increased
root biomass and rhizodeposition due to better crop productivity as a result of
mineral fertilization along with the prevailing environmental conditions. Even
though there was an increase in soil C and N fractions due to organic and mineral
fertilizer treatments lack significant variations were observed, where the
availability of C and N may have a positive effect on the SOC mineralization
resulting in the mobilization, thereby depleting the native SOC. The principal
component analysis (PCA) results also revealed the opposition between GHG
emissions and the C:N ratio indicating they are inversely correlated. Thus the
relatively low and insignificant difference in the C:N ratio between treatments
interfering with the retention of soil C and N could be the reason for similar GHG
emission pattern. Thus ORG manures and CMF with adequate nitrogen input will
limit the mineralization of native soil SOC favoring the increase of soil carbon
reserve pool and reducing GHG, could be a viable option to mitigate global
warming and to sustaining soil health.

In this regard, findings from this study suggest some recommendations
put forth for proper sustainable management of Padayatti rice paddy along with

similar agro wetland ecosystem of the country

®

« From the study, it has been concluded that, the agrobiodiversity zones of

Padayatti, the rice granary of the state is a reseavoir of soil carbon and
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associated nutrients nourishing the system along with the GHG emissions,
that have a strong bearing on the farming practices primarily in the organic
and fertilizer amended zones. Tradiational, including organic and amended
farming practices have had its preferential influence in structuring the
carbon , the biogeochemistry and its different fractions in the successful
farming operations. But our study has not evolved any discriminating
evidence in the mode of farming influencing the carbon utilization and

transfer in the ecosystem (sequestration) in the Padayatti wetland.

The carbon and its variants structuring the Padayatti soil and its spinoffs
measured mainly as GHG’s, have significantly contributed to the global GWP,
an essential indicator of the changing climate scenario of our wetlands
especially in the agricultural sector, that have a strong footprint on our
livelihood. Such changes have converted our agricultural lands essentially
paddy lands into a source rather than a sink of carbon which can be
regulated only by effective farming practices through judicious policy

decisions by government agencies.

The study has refocused our thinking on the need for a “Carbon Neutral
Farming Technology”suitable to our environment, whereby the scientific
management of this farm, based on the input and output of carbon based
sources can be achived for meeting our goals for sustainable food security
objectives. So soil carbon management as outlined in the study needs to be
adopted in the agricultural sectors so as to maintain a pristine environment

without any effects to the increasing climate change issues.

Necessary policy guidelines as outlined in wetland act, the agricultural
regulations and others are to be amended to include carbon assessment and
management as a criteria on the quality of the farming methods and its role

in managing the climate change scenario of the respective zones of the state.
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+«+ Carbon should be adopted as tool/ indicator for measuring the productivity
of the agricultural land as suggested in the study, and further, the
government and non-governmental agencies should also prepare for model
agro-climatic zones along the state that will perpetuate ideal carbon neutral

farming practices.

184 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



REFERENCES

Adhya, T. K, Bharati, K., Mohanty, S. R, Ramakrishnan, B., Rao, V. R,, Sethunathan,
N. and Wassmann, R. (2000): Methane emission from rice fields at
Cuttack, India In: Nutrient Cycling in Agroecosystems, 95-105.

Adviento Borbe, Maria Arlene, A. and Linquist, Bruce (2016): Assessing fertilizer
N placement on CHiand N»O emissions in irrigated rice systems In:
Geoderma, 40-45.

Ahmad, Shahrear, Li, Chengfang, Dai, Guangzhao, Zhan, Ming, Wang, Jinping, Pan,
Shenggang and Cao, Cougui (2009): Greenhouse gas emission from
direct seeding paddy field under different rice tillage systems in central
China In: Soil and Tillage Research, 54-61.

Alberto, Ma Carmelita R, Wassmann, Reiner, Gummert, Martin, Buresh, Roland ].,
Quilty, James R., Correa, Teodoro Q., Centeno, Caesar Arloo R and Oca,
Gilbert M., (2015): Straw incorporated after mechanized harvesting of
irrigated rice affects net emissions of CH4 and CO based on eddy
covariance measurements In: Field Crops Research, 162-175.

Albrecht, Alain, and Kandji, Serigne T., (2003): Carbon sequestration in tropical
agroforestry systems In: Agriculture, Ecosystems and Environment, 15-
27.

Anand, Shalini, Dahiya, R. P., Talyan, Vikash and Vrat, Prem (2005):
Investigations of methane emissions from rice cultivation in Indian
context In: Environment International, 469-482.

Anderson, . T., and Smith, L. M., (2012): Invertebrate response to moist soil
management of Playa wetlands. Ecological Applications, 10, 550-558.

Anglade, ], Billen, G., Garnier, J., Makridis, T., Puech, T., and Tittel, C., (2015):
Nitrogen soil surface balance of organic vs conventional cash crop
farming in the Seine watershed In: Agricultural Systems, 82-92.

Standard Methods for Examination of Water and Wastewater (2005), American
Public Health Association WWA, Washington, D.C.

Armentano, Thomas V., (1980): Drainage of Organic Soils as a Factor in the
World Carbon Cycle In: BioScience, 12, 825-830.

Arth, Inko, Frenzel, Peter and Conrad, Ralf (1998): Denitrification coupled to
nitrification in the rhizosphere of rice In: Soil Biology and Biochemistry,
4,509-515.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 185



References

Aselmann, [,, and Crutzen, P. J.,(1990): Global Distribution of Natural Freshwater
Wetlands and Rice Paddies; Their Net Primary Productivity, Seasonality
and Possible Methane Emissions In: ]. Atmospheric Chem. 8, 307-358.

Askaer, Louise, Elberling, Bo, Friborg, Thomas, Jgrgensen, Christian J. and
Hansen, Birger U., (2011): Plant-mediated CH,4 transport and C gas
dynamics quantified in-situ in a Phalaris arundinacea-dominant
wetland In: Plant and Soil, 1-2, 287-301.

Aulakh, Milkha S., Khera, Tejinder S. and Doran, John W., (2000): Mineralization
and denitrification in upland nearly saturated and flooded subtropical
soil and Effect of organic manures varying in N content and C:N ratio In:
Biology and Fertility of Soils, 2, 168-174.

Aulakh, Milkha S., Wassmann, Reiner and Rennenberg, Heinz (2002): Methane
transport capacity of twenty-two rice cultivars from five major Asian

rice-growing countries In: Agriculture, Ecosystems and Environment,
1-3,59-71.

Bachelet, Dominique, Kern, Jeffrey and T6lg, Michael (1995): Balancing the rice
carbon budget in China using spatially-distributed data In: Ecological
Modelling, 1-3, 167-177.

Baker-blocker, Anita, Donahue, Thomas m. Mancy, khalil H.,(1977): Methane flux
from wetlands areas In: Tellus, 3, 245-250.

Baldock, Jeffrey A., (2007): Composition and Cycling of Organic Carbon in Soil In:
Nutrient Cycling in Terrestrial Ecosystems, 10, 1-35.

Banker, B. C., Kludze, Hilla, Alford, D. P., DeLaune, R. D. and Lindau, C. W,, (1995):
Methane sources and sinks in paddy rice soils: relationship to emissions
In: Agriculture, Ecosystems and Environment, 3, 243-251.

Baruah, K. K., Gogoi, Boby and Gogoi, P., (2010): Plant physiological and soil
characteristics associated with methane and nitrous oxide emission
from rice paddy In: Physiology and Molecular Biology of Plants, 1, 79-
91.

Bell, ] M, Smith, ] L, Bailey, V L and Bolton, H., (2003): Priming effect and C
storage in semi-arid no-till spring crop rotations In: Biology and
Fertility of Soils, 6, 237-244.

Bell, M. ], Hinton, N. J,, Cloy, ]. M., Topp, C. F.E., Rees, R. M., Williams, ]. R,
Misselbrook, T. H. and Chadwick, D. R., (2016): How do emission rates
and emission factors for nitrous oxide and ammonia vary with manure

186 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

type and time of application in a Scottish farmland In: Geoderma, 264,
81-93.

Bellisario, L. M., Moore, T. R., Bubier, J. L., (1998): Net ecosystem CO; exchange in
a boreal peatland, northern Manitoba In J. of Soil tillage research, 1195-
6860.

Benbi, D. K., Brar, Kiranvir, Toor, A. S., Singh, Pritpal and Singh, Hargopal (2012):
Soil carbon pools under poplar-based agroforestry, rice-wheat, and
maize-wheat cropping systems in semi-arid India In: Nutrient Cycling in
Agroecosystems, 1, 107-118.

Bengtsson, G., Bengtson, P. and Mansson, Katarina F., (2003): Gross nitrogen
mineralization, immobilization, and nitrification rates as a function of
soil C/N ratio and microbial activity In: Soil Biology and Biochemistry,
35, 143-154.

Bergamaschi, P., Frankenberg, C., Meirink, J.F., Krol, M., Dentener, F., Wagner, T.,
Platt, U., Kaplan, ].0., Kérner, S., Heimann, M., Dlugokencky, E.]J., Goede,
A, (2007): Satellite cartography of atmospheric methane from
Sciamachy on board Envisat: 2. Evaluation based on inverse model
simulations. ] Geophys Res 112, 2304.

Berglund, O and Berglund, K., (2011): Influence of water table level and soil
properties on emissions of greenhouse gases from cultivated peat soil
In: Soil Biology and Biochemistry, 5, 923-931.

Bernal, Blanca and Mitsch, William ]., (2012): Comparing carbon sequestration in
temperate freshwater wetland communities In: Global Change Biology,
5,1636-1647.

Bernal, Blanca and Mitsch, William J. (2013): Carbon sequestration in freshwater
wetlands in Costa Rica and Botswana In: Biogeochemistry, 1-3, 77-93.

Bharali, Ashmita, Baruah, K. K. and Gogoi, Nirmali (2017): Methane emission
from irrigated rice ecosystem: relationship with carbon fixation,
partitioning and soil carbon storage In: Paddy and Water Environment,
2,221-236.

Bhatia, Arti, Pathak, H Aggarwal, P.k., (2004): Inventory of methane and nitrous
oxide emissions from agricultural soils of India and their global
warming potential In: Current Science, 87, 317-324.

Bhattacharyya, P, Roy, K S, Neogi, S, Adhya, T K, Rao, K S and Manna, M. C,,
(2012): Effects of rice straw and nitrogen fertilization on greenhouse

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 187



References

gas emissions and carbon storage in tropical flooded soil planted with
rice In: Soil and Tillage Research, 124, 119-130.

Bhattacharyya, P., Nayak, A. K., Mohanty, S., Tripathi, R., Shahid, Mohammad,
Kumar, Anjani, Raja, R, Panda, B. B, Roy, K. S, Neogi, S., Dash, P. K,,
Shukla, A. K. and Rao, K. S. (2013a): Greenhouse gas emission in relation
to labile soil C, N pools and functional microbial diversity as influenced
by 39 years long-term fertilizer management in tropical rice In: Soil and
Tillage Research, 129, 93-105.

Bhattacharyya, P., Neogi, S., Roy, K. S., Dash, P. K., Nayak, A. K. and Mohapatra, T.,
(2014): Tropical low land rice ecosystem is a net carbon sink In:
Agriculture, Ecosystems and Environment, 189, 127-135.

Bhattacharyya, P., Neogi, S., Roy, K. S, Dash, P. K,, Tripathi, R. and Rao, K. S,,
(2013b): Net ecosystem CO2 exchange and carbon cycling in tropical
lowland flooded rice ecosystem In: Nutrient Cycling in Agroecosystems,
95, 133-144.

Bhattacharyya, T., Chandran, P., Ray, S. K,, Pal, D. K,, Venugopalan, M. V., Mandal,
C. and Wani, S. P., (2007a): Changes in levels of carbon in soils over
years of two important food production zones of India In: Current
Science, 93, 1854-1863.

Bhattacharyya, T., Pal, D. K., Chandran, P., Ray, S. K., Mandal, C., and Telpande, B.,
(2008): Soil carbon storage capacity as a tool to prioritize areas for
carbon sequestration In: Current Science, 95, 4, 2008, S. 482-494,
ISBN: 0011-3891, DOI: 10.2307/24102604.

Bhattacharyya, T., Pal, D. K,, Easter, M., Batjes, N. H., Milne, E., Gajbhiye, K. S.,
Chandran, P., Ray, S. K., Mandal, C., Paustian, K., Williams, S., Killian, K.,
Coleman, K, Falloon, P., and Powlson, D. S., (2007): Modelled soil
organic carbon stocks and changes in the Indo-Gangetic Plains, India
from 1980 to 2030 In: Agriculture, Ecosystems and Environment,
122,84-94.

Bhattacharyya, T., Pal, D. K., Mandal, C. and Velayutham, M., (2000): Organic
carbon stock in Indian soils and their geographical distribution In:
Current Science, ,79, 655-660.

Bi, Xueyan, Gao, Zhiqiu, Deng, Xuejiao, Wu, Dui, Liang, Jianying, Zhang,
Hongsheng, Sparrow, Michael, Du, Jinlin, Li, Fei and Tan, Haobo (2007):
Seasonal and diurnal variations in moisture, heat, and CO2 fluxes over
grassland in the tropical monsoon region of southern China In: Journal
of Geophysical Research Atmospheres, 112, 1-14.

188 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Bloom, A., and Swisher, M., (2010): Emissions from rice production. In: Cutler JC
(ed) Encyclopedia of Earth. Accessedatjune 15, 2011. Online available:
http://www.eoearth.org/article/Emissions from

RiceProduction topic.

Boellstorff, D. L., (2009): Estimated soil organic carbon change due to
agricultural land management modifications in a semiarid cereal-
growing region in Central Spain In: Journal of Arid Environments, 73,
389-392.

Bosse, Ulrike and Frenzel, Peter (1998): Methane emissions from rice
microcosms: The balance of production, accumulation and oxidation In:
Biogeochemistry, 41, 199-214.

Bossio, Deborah A., Horwath, William R., Mutters, Randall G. and Van Kessel,
Chris (1999): Methane pool and flux dynamics in a rice field following
straw incorporation In: Soil Biology and Biochemistry, 9, 1313-1322.

Brar, B. S., Singh, Kamalbir, Dheri, G. S. and Balwinder-Kumar (2013): Carbon
sequestration and soil carbon pools in a rice-wheat cropping system:
Effect of long-term use of inorganic fertilizers and organic manure In:
Soil and Tillage Research, 128, 30-36.

Bremner, John, M., (1997): Sources of nitrous oxide in soils In: Nutrient Cycling
in Agroecosystems, 7, 7-16.

Bridgham, S.D., Megonigal, ].P., Keller, J.K,, Bliss, N.B., Trettin, C. (2006): The
carbon balance of North American wetlands. Wetlands 26, 889-916

Bubier, ]. L., Frolking, S., Crill, P. M. and Linder, E. (1999): Net ecosystem
productivity and its uncertainty in a diverse boreal peatland, 0747-
7309.

Buendia, Leandro V., Neue, Heinz-Ulrich, Wassmann, Reiner, Lantin, Rhoda S. and
Javellana, Anna Mae (1997): Understanding the nature of methane
emission from rice ecosystems as basis of mitigation strategies In:
Applied Energy, 56, 433-444.

Bulluck, L. R., Brosius, M., Evanylo, G. K. and Ristaino, ]. B. (2002): Organic and
synthetic fertility amendments influence soil microbial, physical and
chemical properties on organic and conventional farms In: Applied Soil
Ecology, 19, 147-160.

Cai, Yanjiang, Ding, Weixin and Luo, Jiafa (2012): Spatial variation of nitrous
oxide emission between interrow soil and interrow plus row soil in a
long-term maize cultivated sandy loam soil In: Geoderma, 182, 2-10.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 189



References

Cai, Zucong, Xing, Guangxi, Yan, Xiaoyuan, Xu, Hua, Tsuruta, Haruo, Yagi,
Kazuyuki and Minami, Katsuyuki (1997): Methane and nitrous oxide
emissions from rice paddy fields as affected by nitrogen fertilisers and
water management In: Plant and Soil, 196,7-14.

Callaway J. C, Borgnis E. L, Turner R. E, Milan C. S., (2012): Carbon sequestration
and sediment accretion in San Francisco Bay tidal wetlands. Estuar
Coast 35,1163-1181.

Campbell, C and Curtin, Denis (2007): Mineralizable NitrogenSoil Sampling and
Methods of Analysis, Second Edition.

Campbell, Colin S., Heilman, James L., McInnes, Kevin J., Wilson, Lloyd T., Medley,
James C., Wu, Guowei Cobos, Douglas R., (2001): Diel and seasonal
variation in CO; flux of irrigated rice In: Agricultural and Forest
Meteorology, 108, 15-27.

Cao, M and Woodward, Fi (1998): Dynamic responses of terrestrial ecosystem
carbon cycling to global climate change In: Nature, 391, 580-584.

Cao, Mingkui and Woodward, F., (1998): Net primary and ecosystem production
and carbon stocks of terrestrial ecosystems and their responses to
climate change In: Global Change Biology, 4, 185-198.

Cao, Z. H., and Zhang, H. C,, (2004): Phosphorus losses to water from lowland rice
fields ander rice-wheat double cropping system in the Tai Lake region
In: Environmental Geochemistry and Health, 26, 229-236.

Carrara, Arnaud, Kowalski, Andrew S., Neirynck, Johan, Janssens, Ivan A,, Yuste,
Jorge Curiel and Ceulemans, Reinhart (2003): Net ecosystem CO-
exchange of mixed forest in Belgium over 5 years In: Agricultural and
Forest Meteorology, 119, 209-227.

Carter, M.R,, 1993. Soil sampling and methods of analysis. Lewis Publishers Ltd.,
Boca Raton, Florida.

Centeno, Caesar Arloo R., Alberto, Ma Carmelita R., Wassmann, Reiner and
Sander, Bjoern Ole (2017): Assessing diel variation of CH4 flux from rice
paddies through temperature patterns In: Atmospheric Environment,
167, 23-39.

Cerri, C. E.P,, Easter, M., Paustian, K., Killian, K., Coleman, K., Bernoux, M., Falloon,
P., Powlson, D. S,, Batjes, N. H., Milne, E. and Cerri, C. C., (2007):
Predicted soil organic carbon stocks and changes in the Brazilian
Amazon between 2000 and 2030 In: Agriculture, Ecosystems and
Environment, 122, 58-72.

190 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Chabbi, A. and Rumpel, C., (2009): Organic matter dynamics in agro-ecosystems:
The knowledge gaps. European Journal of Soil Science, 60, 153-157.

Chanton, |. P., Whiting, G. ]., Blair, N. E., Lindau, C. W., and Bollich, P. K., (1997):
Stable isotopes, diurnal variations, and CO; exchange In: Global
Biogeochemical Cycles,11,15-27.

Chareonsilp, N., Buddhaboon, C., Promnart, P.,, Wassmann, R. and Lantin, R. S,,
(2000): Methane emission from deepwater rice fields in Thailand In:
Nutrient Cycling in Agroecosystems, 58, 121-130.

Chen H,, Li X, Hu, F., Shi, W., (2013) Soil nitrous oxide emissions following crop
residue addition: a meta-analysis. Global Change Biology 19, 2956-
2964.

Chen, Anlei, Xie, Xiaoli, Dorodnikov, Maxim, Wang, Wei, Ge, Tida, Shibistova, Olga,
Wei, Wenxue and Guggenberger, Georg (2016): Response of paddy soil
organic carbon accumulation to changes in long-term yield driven
carbon inputs in subtropical China In: Agriculture, Ecosystems and
Environment, 232, 302-311.

Chen, Chen, Li, Dan, Gao, Zhiqiu, Tang, Jianwu, Guo, Xiaofeng, Wang, Linlin and
Wan, Bingcheng (2015): Seasonal and Interannual Variations of Carbon
Exchange over a Rice - Wheat Rotation System on the North China Plain
In: Advances in atmospheric sciences, 32, 1365-1380.

Chen, G. X., Huang, G. H., Huang, B., Yu, K. W,, Wy, ]., and Xu, H., (1997): Nitrous
oxide and methane emissions from soil-plant systems In: Nutrient
Cycling in Agroecosystems, 49, 41-45.

Chen, Weiwei, Wang, Yiyong, Zhao, Zhichun, Cui, Feng, Gu, Jiangxin and Zheng,
Xunhua (2013): The effect of planting density on carbon dioxide,
methane and nitrous oxide emissions from a cold paddy field in the
Sanjiang Plain, northeast China In: Agriculture, Ecosystems and
Environment, 178, 64-70.

Chen, Weiwei, Wang, Yiyong, Zhao, Zhichun, Cui, Feng, Gu, Jiangxin and Zheng,
Xunhua (2013): The effect of planting density on carbon dioxide,
methane and nitrous oxide emissions from a cold paddy field in the
Sanjiang Plain, northeast China In: Agriculture, Ecosystems and
Environment, 178, 64-70.

Cheng, Weiguo, Padre, Agnes T., Sato, Chizuru, Shiono, Hiroyuki, Hattori, Satoshi,
Kajihara, Akihiko, Aoyama, Masakazu, Tawaraya, Keitaro and Kumagai,
Katsumi (2016): Changes in the soil C and N contents, C decomposition
and N mineralization potentials in a rice paddy after long-term

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 191



References

application of inorganic fertilizers and organic matter In: Soil Science
and Plant Nutrition, 0768, S. 1-8.

Cheng, Weiguo, Tsuruta, Haruo, Chen, Guanxiong and Yagi, Kazuyuki (2004): N,O
and NO production in various Chinese agricultural soils by nitrification
In: Soil Biology and Biochemistry,36, 953-963.

Chidthaisong, Amnat and Watanabe, Iwao (1997): Methane formation and
emission from flooded rice soil incorporated with 13 C-labeled rice
straw In: Soil Biology and Biochemistry, 29,1173-1181.

Chirinda, Ngonidzashe, Carter, Mette S., Albert, Kristian R., Ambus, Per, Olesen,
Jorgen E., Porter, John R. and Petersen, Sgren 0. (2010): Emissions of
nitrous oxide from arable organic and conventional cropping systems
on two soil types In: Agriculture, Ecosystems and Environment, 136,
3-4.

Chmura, G.L., Anisfeld, S.C., Cahoon, D.R,, Lynch, ]J.C., (2003): Global carbon
sequestration in tidal, saline wetland soils. Global Biogeochemical
Cycles, 17,22-12.

Choi, Yonghoon and Wang, Yang (2004): Dynamics of carbon sequestration in a
coastal wetland using radiocarbon measurements In: Global
Biogeochemical Cycles, 18, 1-12.

Choudhary, M. A., Akramkhanov, A. and Saggar, S., (2002): Nitrous oxide
emissions from a New Zealand cropped soil: Tillage effects, spatial and
seasonal variability In: Agriculture, Ecosystems and Environment, 93,
33-43.

Clarke, K. R. and Warwick, R. M., Change in marine communities: an approach to
statistical analysis and interpretations, PRIMER- E Ltd., Plymouth, p.
144,

Coast, West, Verma, Anuradha, Subramanian, V and Ramesh, R (2002): Methane

emissions from a coastal lagoon : Vembanad In: Chemosphere, 47, 883-
889.

Cole, CV, Duxbury, ], Freney, ], Heinemeyer, O, Minami, K, Mosier, A, Paustian, K,
Rosenberg, N, Sampson, N, Sauerbeck, D and Zhao, Q., (1997): Global
estimates of potential mitigation of greenhouse gas emissions by
agriculture In: Nutrient Cycling in Agroecosystems, 49, 221-228.

Condron, L. M., Cameron, K. C,, Dij, H. ], Clough, T.]., Forbes, E. A.,, McLaren, R. G.
and Silva, R. G. (2000): A comparison of soil and environmental quality

192 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

under organic and conventional farming systems in New Zealand In:
New Zealand Journal of Agricultural Research, 43, 443-466.

Cresswell, H.P., Hamilton, G.]., 2002. Bulk Density and Pore Space Relations. In:
McKenzie, N., Coughlan, K., Cresswell, H. (Eds.), Soil Physical
Measurement and Interpretation for Land Evaluation. CSIRO
Publishing, Melbourne, pp. 35-58.

Cui, Jun, Zhang, Rongjuan, Bu, Naishun, Zhang, Huabin, Tang, Boping, Li, Zhaolei,
Jiang, Lifeng, Chen, Jiakuan and Fang, Changming (2013): Changes in
soil carbon sequestration and soil respiration following afforestation on
paddy fields in north subtropical China In: Journal of Plant Ecology, 6,
240-252.

Cui, Peiyuan, Fan, Fenliang, Yin, Chang, Song, Alin, Huang, Pingrong, Tang,
Yongjun, Zhu, Ping, Peng, Chang, Li, Tinggiang, Wakelin, Steven A., and
Liang, Yongchao (2016): Long-term organic and inorganic fertilization
alters temperature sensitivity of potential N,O emissions and
associated microbes In: Soil Biology and Biochemistry, 93, 131-141.

Dalal, R. C,, Allen, D. E,, Livesley, S. ]. and Richards, G. (2008): Magnitude and
biophysical regulators of methane emission and consumption in the
Australian agricultural, forest, and submerged landscapes: A review,

D'Angelo, E.M. and K.R. Reddy (1999): Regulators of heterotrophic microbial
potentials in wetland soils. Soil Biol. Biochem. 31:815-830.North
American wetlands. Wetlands 26, 889-916.

Das, Suvendu and Adhya, Tapan K. (2014): Effect of combined application of
organic manure and inorganic fertilizer on methane and nitrous oxide
emissions from a tropical flooded soil planted to rice In: Geoderma,
213,185-192.

Das, Suvendu and Adhya, Tapan K., (2014): Effect of combine application of
organic manure and inorganic fertilizer on methane and nitrous oxide
emissions from a tropical flooded soil planted to rice In: Geoderma,
213, 185-192.

Davidson, Eric A. and Janssens, Ivan A., (2006): Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change In: Nature, 440,
165-173.

Davidson, Eric A., Trumbore, Susan E., and Amundson, Ronald (2000): Soil
warming and organic carbon content. In: Nature, 408, 789-790.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 193



References

Davidson, Eric A., Vitousek, Peter M., Matson, Pamela A,, Riley, Ralph, Garcia-
Méndez, Georgina and Maass, ]. Manuel (1991): Soil emissions of nitric
oxide in a seasonally dry tropical forest of México In: Journal of
Geophysical Research: Atmospheres, 96, 15439-15445.

Davidson, Eric A., Vitousek, Peter M., Matson, Pamela A,, Riley, Ralph, Garcia-
Méndez, Georgina and Maass, ]. Manuel (1991): Soil emissions of nitric
oxide in a seasonally dry tropical forest of México In: Journal of
Geophysical Research: Atmospheres, 96, 15439-15445.

Dawson, Julian J.C. and Smith, Pete (2007): Carbon losses from soil and its
consequences for land use management.

de Urzedo, Danilo Ignacio, Franco, Mariana Pires, Pitombo, Leonardo Machado
and do Carmo, Janaina Braga (2013): Effects of organic and inorganic
fertilizers on greenhouse gas (GHG) emissions in tropical forestry In:
Forest Ecology and Management, 310, 37-44.

De, Sanghamitra (2007): Behaviour of methane emission from a paddy field of
high carbon content In: Indian Journal of Radio & Space Physics, 36, 52-
58.

Deng, Meihua, Hou, Mudan, Ohkama-Ohtsu, Naoko, Yokoyama, Tadashi, Tanaka,
Haruo, Nakajima, Kenta, Omata, Ryosuke and Bellingrath-Kimura,
Sonoko Dorothea (2017): Nitrous Oxide Emission from Organic
Fertilizer and Controlled Release Fertilizer in Tea Fields In:
Agriculture,7, 3.

Denier Van Der Gon, H. A.C. and Neue, H. U. (1996): Oxidation of methane in the
rhizosphere of rice plants In: Biology and Fertility of Soils, 22, 359-366.

Dick, W. A, Blevins, R. L., Frye, W. W,, Peters, S. E., Christenson, D. R,, Pierce, F. .
and Vitosh, M. L., (1998): Impacts of agricultural management practices
on C sequestration in forest-derived soils of the eastern Corn Belt In:
Soil and Tillage Research, 47, 235-244.

Duefias, C., Fernandez, M. C., Carretero, ]., Pérez, M. and Liger, E., (1994):
Consumption of methane by soils In: Environmental Monitoring and
Assessment, 31,1125-130.

Dugan, P.]. and Jones, T., (1993): Ecological change in wetlands: a global
overview. Waterfowl and Wetland Conservation in the 1990s: A Global
Perspective 34-38.

Duxbury, J. M., Bouldin, D. R, Terry, R. E. and Tate, R. L., (1982): Emissions of
nitrous oxide from soils In: Nature, 298, 462-464.

194 { Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Erickson, H., Keller, M., and Davidson. E. A., (2011): Nitrogen oxide fluxes and
nitrogen cycling during post agricultural succession and forest
fertilization in the humid tropics. Ecosystems 4, 67-84.

Eve, Marlen D., Sperow, Mark, Paustian, Keith and Follett, Ronald F., (2002):
National scale estimation of changes in soil carbon stocks on
agricultural lands Environmental Pollution, 2002, 431-438.

Fang, C., Smith, P., Moncrieff, ].B., (2005): Similar response of labile and resistant
soil organic matter pools to changes in temperature. Nature 433:57-9.

FAOSTAT, (2015). FAOSTAT database, Food and Agriculture Organization of the
United Nations.), Metadata, Emissions - Land Use.
http://faostat3.fao.org/download/G2/*/E (accessed 01.02.2016).

Finlayson, C. M and Davidson, N. C., (1999): Global review of wetland resources
and priorities for wetland inventory. Ramsar Bureau Contract 56.
Ramsar Convention Bureau, Gland, p 26.

Flief3bach, Andreas, Oberholzer, Hans Rudolf, Gunst, Lucie and Méader, Paul
(2007): Soil organic matter and biological soil quality indicators after
21 years of organic and conventional farming In: Agriculture,
Ecosystems and Environment, 118, 273-284.

Ford, D. ], Cookson, W. R,, Adams, M. A,, and Grierson, P. F., (2007): Role of soil
drying in nitrogen mineralization and microbial community function in
semi-arid grasslands of north-west Australia In: Soil Biology and
Biochemistry, 39, 1557-1569.

Freeman, C., Lock, M. A,, and Reynolds, B., (1992): Fluxes of CO2, CHs and N0
from a Welsh peatland following simulation of water table draw-down:
Potential feedback to climatic change In: Biogeochemistry, 19, 51-60.

Freeman, C., Lock, M. A, and Reynolds, B., (1992): Fluxes of CO,, CHs and N0
from a Welsh peatland following simulation of water table draw-down:
Potential feedback to climatic change In: Biogeochemistry, 19, 51-60.

Frenzel, Peter and Bosse, Ulrike (1996): Methyl fluoride, an inhibitor of methane

oxidation and methane production In: FEMS Microbiology Ecology, 21,
25-36.

Frenzel, Peter, Bosse, Ulrike and Janssen, Peter H. (1999): Rice roots and
methanogenesis in a paddy soil: Ferric iron as an alternative electron
acceptor in the rooted soil In: Soil Biology and Biochemistry, 31, 421-
430.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 195



References

Funakawa, Shinya, Watanabe, Tetsuhiro and Kosaki, Takashi (2008): Regional
trends in the chemical and mineralogical properties of upland soils in
humid Asia: With special reference to the WRB classification scheme In:
Soil Science and Plant Nutrition, 54, 751-760.

Gaihre, Yam Kanta, Wassmann, Reiner, Tirol-Padre, Agnes, Villegas-Pangga, Gina,
Aquino, Eugenio and Kimball, Bruce A., (2014): Seasonal assessment of
greenhouse gas emissions from irrigated lowland rice fields under
infrared warming In: Agriculture, Ecosystems and Environment, 184,
88-100.

Galantini, Juan and Rosell, Ramdén (2006): Long-term fertilization effects on soil
organic matter quality and dynamics ander different production
systems in semiarid Pampean soils In: Soil and Tillage Research, 87,
72-79.

Galloway, ]. N., Dentener, F. ]., Capone, D. G., Boyer, E. W., Howarth, R. W,
Seitzinger, S. P., Asner, G. P, Cleveland, C. C., Green, P. A,, Holland, E. A,,
Karl, D. M., Michaels, A. F., Porter, ]. H,, Townsend, A. R. and Vérésmarty,
C.]. (2004): Nitrogen cycles: Past, present, and future In:
Biogeochemistry, 70, 153-226.

Garcia-Marco, S., Ravella, S.R., Chadwick, D., (2014): Ranking factors affecting
emissions of GHG from incubated agricultural soils. Eur ] Soil Sci
65,573-583.

Garg, Amit, Shukla, P. R,, and Upadhyay, Jigeesha (2012): N0 emissions of India:
An assessment of temporal, regional and sector trends In: Climatic
Change, 110, 755-782.

Gaston, Greg, G., Kolchugina, Tatyana and Vinson, Ted, S., (1993): Potential effect
of no-till management on carbon in the agricultural soils of the former
Soviet Union In: Agriculture, Ecosystems and Environment, 45, 295-
309.

Ge, Gaofei, Li, Zhaojun, Fan, Fenliang, Chu, Guixin, Hou, Zhenan and Liang,
Yongchao (2010): Soil biological activity and their seasonal variations
in response to long-term application of organic and inorganic fertilizers
In: Plant and Soil, 326, 31-44.

Ghimire, Rajan, Lamichhane, Sushil, Acharya, Bharat Sharma, Bista, Prakriti and
Sainju, Upendra Man (2017): Tillage, crop residue, and nutrient
management effects on soil organic carbon in rice-based cropping
systems: A review,

196 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Ghoshal, N. and Singh, K. P. (1995): Effects of farmyard manure and inorganic
fertilizer on the dynamics of soil microbial biomass in a tropical dryland
agroecosystem In: Biology and Fertility of Soils, 19, 231-238.

Ghoshal, Nandita (2002): Available pool and mineralization rate of soil N in a dry
land agro- ecosystem : Effect of organic soil amendment and chemical
fertilizer In:, 43, 2,2002, S. 363-366.

Gilbert, B., and Frenzel, P., (1995): Methanotrophic bacteria in the rhizosphere of
rice microcosms and their effect on pore water methane concentration
and methane emission In: Biology and Fertility of Soils, 20, 93-100.

Gleeson, Deirdre B., Miiller, Christoph, Banerjee, Samiran, Ma, Wai, Siciliano,
Steven D. and Murphy, Daniel V., (2010): Response of ammonia
oxidizing archaea and bacteria to changing water filled pore space In:
Soil Biology and Biochemistry, 42, 1888-1891.

Godoi, R. H.M,, Aerts, K., Harlay, ], Kaegi, R., Ro, Chul Un, Chou, L. and Van
Grieken, R., (2009): Organic surface coating on Coccolithophores -
Emiliania huxleyi: Its determination and implication in the marine
carbon cycle In: Microchemical Journal, 91, 266-271.

Gogoi, Nirmali, Baruah, K. K., Gogoi, Boby and Gupta, Prabhat K., (2008): Methane
emission from two different rice ecosystems (Ahu and Sali) at lower
Brahamaputra valley zone of north east India In: Applied Ecology and
Environmental Research, 6, 97-112.

Gopal, Brij (2003): Perspectives on wetland science, application and policy,
ISBN: 00188158.

Gorham, E. (1991): Northern peatlands: role in the carbon cycle and probable
responses to climatic warming In: Ecological Applications 1,182-195.

Gosling, P. and Shepherd, M. (2005): Long-term changes in soil fertility in
organic arable farming systems in England, with particular reference to
phosphorus and potassium In: Agriculture, Ecosystems and
Environment, 105, 425-432.

Goulden, Michael L., Miller, Scott D., Da Rocha, Humberto R., Menton, Mary C., De
Freitas, Helber C,, E Silva Figueira, Adelaine Michela and Dias De Sousa,
Cleilim Albert (2004): Diel and seasonal patterns of tropical forest CO;
exchange In: Ecological Applications, 14, 42-54.

Grace, Peter R, Antle, John, Aggarwal, P. K., Ogle, Stephen, Paustian, Keith and
Basso, Bruno (2012): Soil carbon sequestration and associated

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 197



References

economic costs for farming systems of the Indo-Gangetic Plain: A meta-
analysis In: Agriculture, Ecosystems and Environment, 146, 137-146.

Green, Sophie M., (2013): Ebullition of methane from rice paddies: The
importance of furthering anderstanding.

Grybos, Malgorzata, Davranche, Mélanie, Gruau, Gérard, Petitjean, Patrice and
Pédrot, Mathieu (2009): Increasing pH drives organic matter
solubilization from wetland soils under reducing conditions In:
Geoderma, 154, 13-19.

Guigue, ]., Lévéque, ]., Mathieu, O., Schmitt-Kopplin, P., Lucio, M., Arrouays, D.,
Jolivet, C., Dequiedyt, S., Chemidlin Prévost-Bouré, N. and Ranjard,
L.,(2015): Water-extractable organic matter linked to soil physico-
chemistry and microbiology at the regional scale In: Soil Biology and
Biochemistry, 84, 158-167.

Gunapala, N., and Scow, K. M., (1998): Dynamics of soil microbial biomass and
activity in conventional and organic farming systems In: Soil Biology
and Biochemistry, 30, 805-816.

Guo, M., Wang, X. F,, Li, ], Yi, K. P,, Zhong, G. S., Wang, H. M., Tani, H., Schneising,
0. and Reuter, M. (2013): Spatial distribution of greenhouse gas
concentrations in arid and semi-arid regions: A case study in East Asia
In: Journal of Arid Environments, 91, 119-128.

Gupta, Dipak Kumar, Bhatia, A., Kumar, A., Das, T.K. K., Jain, N., Tomer, R., Malyan,
Sandeep K, Fagodiya, R.K. K,, Dubey, R. and Pathak, H., (2016):
Mitigation of greenhouse gas emission from rice-wheat system of the
Indo-Gangetic plains: Through tillage, irrigation and fertilizer
management In: Agriculture, Ecosystems and Environment, 230, 1-9.

Gupta, Prabhat K., Gupta, Vandana, Sharma, C,, Das, S. N., Purkait, N., Adhya, T. K,,
Pathak, H., Ramesh, R, Baruah, K. K., Venkatratnam, L., Singh, Gulab and
Iyer, C. S. P., (2009): Development of methane emission factors for
Indian paddy fields and estimation of national methane budget In:
Chemosphere, 74, 590-598.

Gurjar, Bhola R., Nagpure, Ajay Singh and Kumar, Prashant (2015): Gaseous
emissions from agricultural activities and wetlands in national capital
territory of Delhi In: Ecological Engineering, 75, 123-127.

Hadi, A., Inubushi, K. and Yagi, K., (2010): Effect of water management on
greenhouse gas emissions and microbial properties of paddy soils in
japan and Indonesia In: Paddy and Water Environment, 8, 319-324.

198 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Hamerlynck, Erik P., Scott, Russell L. and Barron-Gafford, Greg A., (2013):
Consequences of Cool Season Drought Induced Plant Mortality to
Chihuahuan Desert Grassland Ecosystem and Soil Respiration Dynamics
In: Ecosystems, 16,1178-1191.

Hamilton, S. K., Sippel, S.]. and Melack, J. M., (1995): Oxygen depletion and
carbon dioxide and methane production in waters of the Pantanal
wetland of Brazil In: Biogeochemistry, 30, 115-141.

Hanke, A., Cerli, C., Mubhr, ]., Borken, W. and Kalbitz, K., (2013): Redox control on
carbon mineralization and dissolved organic matter along a
chronosequence of paddy soils In: European Journal of Soil Science, 64,
476-487.

Harinarayanan, Periya., (2007). State Of Environment Report For Kerala 2007
Vol 2 Natural Hazards. 10.13140/RG.2.2.30675.78884.

Harrison-Kirk, T., Beare, M. H., Meenken, E. D. and Condron, L. M., (2013): Soil
organic matter and texture affect responses to dry/wet cycles: Effects
on carbon dioxide and nitrous oxide emissions In: Soil Biology and
Biochemistry, 57, 43-55.

Hart, Stephen C, Stark, ].M., Davidson, E.A., Firestone, M.K,, (1994): Nitrogen
mineralization, immobilization, and nitrification In: Methods of Soil
Analysis, Part 2. Microbiological and Biochemical Properties, 5, 985-
1018.

Haynes, R. ]. and Naidu, R,, (1998): Influence of lime, fertilizer and manure
applications on soil organic matter content and soil physical conditions:
A review In: Nutrient Cycling in Agroecosystems, 51,123-137.

Higuchi, Toshihiko (1982): Gaseous CO; transport through the aerenchyma and
intercellular spaces in relation to the uptake of CO; by rice roots In: Soil
Science and Plant Nutrition, 28, 491-497.

Higuchi, Toshihiko, Yoda, Karin and Tensho, Kiyoshi (1984): Further evidence
for gaseous CO; transport in relation to root uptake of CO; in rice plant
In: Soil Science & Plant Nutition, 30, 125-136.

Holm, Guerry O., Perez, Brian C., McWhorter, David E., Krauss, Ken W., Johnson,
Darren J., Raynie, Richard C., and Killebrew, Charles J., (2016):
Ecosystem Level Methane Fluxes from Tidal Freshwater and Brackish
Marshes of the Mississippi River Delta: Implications for Coastal
Wetland Carbon Projects In: Wetlands, 36, 401-413.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 199



References

Hosono, Tatsuo and Nouchi, Isamu (1997a): Effect of gas pressure in the root
and stem base zone on methane transport through rice bodies In: Plant
and Soil, 195, 65-73.

Hosono, Tatsuo and Nouchi, Isamu (1997b): The dependence of methane
transport in rice plants on the root zone temperature In: Plant and Soil,
191, 233-240.

Hou, AX,, Chen, G.X.,, Wang, Z.P., Van Cleemput, O. and Patrick, W.H., (2000):
Methane and Nitrous Oxide Emissions from a Rice Field in Relation to
Soil Redox and Microbiological Processes In: Soil Science Society of
America Journal, 64, 6.

Hu, Zhigiang, Wu, Shuang, Ji, Cheng, Zou, Jianwen, Zhou, Quansuo and Liu,
Shuwei (2016): A comparison of methane emissions following rice
paddies conversion to crab-fish farming wetlands in southeast China In:
Environmental Science and Pollution Research, 23,1505-1515.

Hua Guangxi, X., Cai, ZC., Tsuruta, H., X, (1997): Nitrous oxide emissions from
three rice paddy fields in China In: Nutrient Cycling in Agroecosystems,
49,1-3.

Huang, Y, Sass, R. L., and Fisher, F. M., (1998): A semi-empirical model of
methane emission from flooded rice paddy soils In: Global Change
Biology, 4, 247-268.

Huang, Yao, Sass, Ronald L. and Fisher, Frank M., (1998): Model estimates of
methane emission from irrigated rice cultivation of China In: Global
Change Biology, 4, 809-821.

Huang, Yao, Zou, Jianwen, Zheng, Xunhua, Wang, Yuesi and Xu, Xingkai (2004):
Nitrous oxide emissions as influenced by amendment of plant residues
with different C:N ratios In: Soil Biology and Biochemistry, 36, 973-981.

Husson, Olivier (2013): Redox potential (Eh) and pH as drivers of
soil/plant/microorganism systems: A transdisciplinary overview
pointing to integrative opportunities for agronomy.

Hutchinson, J. ]., Campbell, C. A. and Desjardins, R. L., (2007): Some perspectives
on carbon sequestration in agriculture In: Agricultural and Forest
Meteorology, 142, 288-302.

Intergovernmental Panel on Climate Change (1996): IPCC Guidelines for
National Greenhouse Gas Inventories. Workbook V2. Pag. 1-20 In: IPCC
Guidelines for National Greenhouse Gas Inventories.

200 & Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Ipcc (1996): Methane Emissions from Rice Cultivation : Flooded Rice Fields In:
Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories:
Reference Manual, 3, June 53-75.

IPCC (2014): 2013 Supplement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories : Wetlands Task Force on National
Greenhouse Gas Inventories: Wetlands, 2014, ISBN: 9789291691395.

[PCC Climate change, (2013): The physical science basis. Contribution of
Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker TF, D, Qin GK,
Plattner M, Tignor SK, Allen ], Boschung A, Nauels Y, Xia, V. Bex PM,
Midgley ].Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, 1535 pp.

Islam, A. and Islam, W. (1973): Chemistry of submerged soils and growth and
yield of rice - I. Benefits from submergence In: Plant and Soil, 39, 555-
565.

Jackel, Udo, Schnell, Sylvia and Conrad, Ralf (2001): Effect of moisture , texture
and aggregate size of paddy soil on production and consumption of CHs4
In: Soil Science, 33, 965-971.

Jackson M. L., (1973). Soil chemical analysis, Printers- Hall India Ltd, New Delhi.

Jagadeesh Babu, Y., Li, C,, Frolking, S., Nayak, D. R,, Datta, A. and Adhya, T. K,
(2005): Modelling of methane emissions from rice-based production
systems in India with the denitrification and decomposition model:
Field validation and sensitivity analysis In: Current Science, 89, 1904-
1912.

Jain, N., Pathak, H., Mitra, S. and Bhatia, A. (2004): Emission of methane from rice
fields - A review In: Journal of Scientific and Industrial Research, 63,
101-115.

Jamir, Tongdi and De, Uday Shankar (2013): Trend in GHG Emissions from
Northeast and West Coast Regions of India In:, 1, 37-47.

Janseens, L.A., Freibauer, A., Ciais, P. (2003): Europe’s biosphere absorbs 7-12%
of anthropogenic carbon emissions. Science 300, 1538-1542.

Janzen, H. H., (2004): Carbon cycling in earth systems - A soil science perspective
In: Agriculture, Ecosystems and Environment, 104, 399-417.

Jayalath, N., Mosley, L. M,, Fitzpatrick, R. W., and Marschner, P., (2016): Addition
of organic matter influences pH changes in reduced and oxidised acid
sulfate soils In: Geoderma, 262, 125-132.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 201



References

Jayan, P R,, Nithya, Sathyanathan., (2010): Overview of farming practices in the
water-logged areas of Kerala, India. Int] Agric & Biol Eng 3(4), 18.

Jia, Z ], Cai, Z C, Xu, H and Tsuruta, H., (2002): Effects of rice cultivars on methane
fluxes in a paddy soil In: 87-94.

Jiang, Xianjun, Hou, Xueyan, Zhou, Xue, Xin, Xiaoping, Wright, Alan and Jia,
Zhongjun (2015): pH regulates key players of nitrification in paddy
soils In: Soil Biology and Biochemistry, 81, 9-16.

Jianwen, Z. 0. U., (2004): Carbon Dioxide , Methane , and Nitrous Oxide
Emissions from a Rice-Wheat Rotation as Affected by Crop Residue In:,
21, 691-698.

Joabsson, Anna, Rojle, Torben and Wallen, B.O., (1999): Vascular plant controls
on methane emissions from nothern peat forming wetlands In: Trends
in Ecology and Evolution, 14, 385-388.

Johnson D.W, Curtis P.S (2001): Effects of forest management on soil C and N
storage: Meta analysis. For Ecol Manage 140, 227-238.

Johnson, Dale W., and Curtis, Peter S., (2001): Effects of forest management on
soil C and N storage: Meta analysis In: Forest Ecology and Management,
140, 2-3.

Kamoni, P. T., Gicheru, P. T., Wokabi, S. M., Easter, M., Milne, E., Coleman, K,
Falloon, P. and Paustian, K., (2007): Predicted soil organic carbon
stocks and changes in Kenya between 1990 and 2030 In: Agriculture,
Ecosystems and Environment, 122, 1 105-113.

Kanno, T, Miura, Y, Tsuruta, H and Minami, K., (1997): Methane emission from
rice paddy fields in all of Japanese prefecture Relationship between
emission rates and soil characteristics , water treatment and organic In:
Nutrient Cycling in Agroecosystems, 49, 147-151.

Kasimir-Klemedtsson, A., Klemedtsson, L., Bergland, K., Martikainen, P., Silvola, ].,
and Oenema, 0., (1997): Greenhouse gas emissions from farmed
organic soils: a review In: Soil Use and Management, 13, 245-250.

Kathiresan, K. and Thakur, S., (2008): Mangroves for the future: National
Strategy and Action Plan, India. Ministry of Environment, Forest and
Climate Change, Govt. of India. Available via http://
www.moef.nic.in/sites/default/files/NSAP.pdf. Accessed 01 Feb 2016

Katterer, Thomas and Andrén, Olof (1999): Long-term agricultural field
experiments in Northern Europe: Analysis of the influence of

202 & Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

management on soil carbon stocks using the ICBM model In:
Agriculture, Ecosystems and Environment, 72, 165-179.

Kauer, Karin, Tein, Berit, Sanchez de Cima, Diego, Talgre, Liina, Eremeev,
Vyacheslav, Loit, Evelin and Luik, Anne (2015): Soil carbon dynamics
estimation and dependence on farming system in a temperate climate
In: Soil and Tillage Research, 154, 53-63.

Kaur, Tarinder, Brar, B. S. and Dhillon, N. S., (2008): Soil organic matter dynamics
as affected by long-term use of organic and inorganic fertilizers under
maize-wheat cropping system In: Nutrient Cycling in Agroecosystems,
81, 59-69.

Kawaguchi, Keizaburo and Kyuma, Kazutake (1974): Paddy Soils in Tropical Asia
In: Southeast Asian Studies, 12, 3-24.

Kayranli, Birol, Scholz, Miklas, Mustafa, Atif and Hedmark, Asia (2010): Carbon
storage and fluxes within freshwater wetlands: A critical review In:
Wetlands, 30,111-124.

Keating, Michael P., Ochs, Clifford A., Balachandran, Devika, Holland, Marjorie M.,
Lizotte, Richard E. and Yu, Kewei (2016): Spatial variation related to
hydrologic patterns and vegetation in greenhouse gas fluxes from the
Mississippi Delta agricultural region In: Applied Soil Ecology, 98, 278-
281.

Keddy, P and Fraser, L. H., (2000): Four general principles for the management
and conservation of wetlands in large lakes: The role of water levels,
competitive hierarchies and centrifugal organisation. Lakes Resevoirs
Res Manag 5,177-185.

Kelley, Cheryl A., Martens, Christopher S. and Ussler, William (1995): Methane
dynamics across a tidally flooded riverbank margin In: Limnology and
Oceanography, 40,1112-1129.

Kelliher, F. M., van Koten, C., Lindsey, S. B., Wise, B. and Rys,G., (2016): Nitrous
oxide emissions from drained peat soil beneath pasture In: New
Zealand Journal of Agricultural Research, 59, 363-376.

Kettunen, Anu, Kaitala, Veijo, Lehtinen, Armi, Lohila, Annalea, Alm, Jukka, Silvola,
Jouko and Martikainen, Pertti J., (1999): Methane production and
oxidation potentials in relation to water table fluctuations in two boreal
mires In: Soil Biology and Biochemistry, 31, 1741-1749.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 203



References

Khalil, M.AK,, Rasmussen, R .A,, Wang, M. X,, and Ren, L, X, (1991): Methane
Emissions From Rice Fields in China In: Environmental Science and
Technology, 25, 979-981.

Khalil, M. A. K., Rasmussen, R. A., and Shearer, M. ], (1998a): Effects of
production and oxidation processes on methane emissions from rice
fields In: Journal of Geophysical Research: Atmospheres, 103, 25233-
25239.

Khalil, M. A. K., Rasmussen, R. A., Shearer, M. |, Dalluge, R. W., Ren, Lixin and
Duan, Chang-Lin (1998b): Factors affecting methane emissions from
rice fields In: Journal of Geophysical Research: Atmospheres, 103,
25219-25231.

King, Gary M., (1990): Regulation by light of methane emissions from a wetland
In: Nature, 345, 513-515.

King, Gary M, Roslev, Peter and Skovgaard, Henrik (1990): Distribution and rate
of methane oxidation in sediments of the Florida Everglades In: Applied
and Environmental Microbiology, 56, 2902-2911.

Klemedtsson, Leif, Von Arnold, Karin, Weslien, Per and Gandersen, Per (2005):
Soil CN ratio as a scalar parameter to predict nitrous oxide emissions
In: Global Change Biology, 11, 7, 1142-1147.

Knorr, W, I. C,, Prentice, ]. I., House, and E. A. Holland (2005): Long-term
sensitivity of soil carbon turnover to warming, Nature, 433, 298-301.

Kogel-Knabner, Ingrid, Amelung, Wulf, Cao, Zhihong, Fiedler, Sabine, Frenzel,
Peter, Jahn, Reinhold, Kalbitz, Karsten, Kolbl, Angelika and Schloter,
Michael (2010): Biogeochemistry of paddy soils In: Geoderma, 157, 1-
14.

Kogel-Knabner, Ingrid, Amelung, Wulf, Cao, Zhihong, Fiedler, Sabine, Frenzel,
Peter, Jahn, Reinhold, Kalbitz, Karsten, Kolbl, Angelika and Schloter,
Michael (2010): Biogeochemistry of paddy soils In: Geoderma, 157, 1-
14.

Kou, T.]., Cheng, X. H., Zhu, |. G. and Xie, Z. B. (2015): The influence of ozone
pollution on CO, CH4, and N0 emissions from a Chinese subtropical
rice-wheat rotation system under free-air Oz exposure In: Agriculture,
Ecosystems and Environment, 204, 72-81.

Kramer, Andrew W., Doane, Timothy A., Horwath, William R. and Kessel, Chris
Van (2002): Combining fertilizer and organic inputs to synchronize N

204 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

supply in alternative cropping systems in California In: Agriculture,
Ecosystems and Environment, 91, 233-243.

Kriiger, Martin and Frenzel, Peter (2003): Effects of N-fertilisation on CHa
oxidation and production, and consequences for CH4 emissions from
microcosms and rice fields In: Global Change Biology, 9, 773-784.

Kriiger, Martin and Frenzel, Peter (2003): Effects of N-fertilisation on CH4
oxidation and production, and consequences for CHs4 emissions from
microcosms and rice fields In: Global Change Biology, 9, 773-784.

Kriiger, Martin, Eller, Gandula, Conrad, Ralf and Frenzel, Peter (2002): Seasonal
variation in pathways of CH4 production and in CH4 oxidation in rice
fields determined by stable carbon isotopes and specific inhibitors In:
Global Change Biology, 8, 265-280.

Kriiger, Martin, Frenzel, Peter and Conrad, Ralf (2001): Microbial processes
influencing methane emission from rice fields In: Global Change
Biology, 7, 149-63.

Kukal, S. S., Rehana-Rasool and Benbi, D. K., (2009): Soil organic carbon
sequestration in relation to organic and inorganic fertilization in rice-
wheat and maize-wheat systems In: Soil and Tillage Research, 102, 87-
92.

Kumar, Anjani, Nayak, AK, Mohanty, Sangita and Das, B.S., (2016): Greenhouse
gas emission from direct seeded paddy fields under different soil water
potentials in Eastern India In: Agriculture, Ecosystems & Environment,
228,111-123.

Kumar, Anjani, Nayak, A.K., Mohanty, Sangita and Das, B.S., (2016): Greenhouse
gas emission from direct seeded paddy fields under different soil water
potentials in Eastern India In: Agriculture, Ecosystems & Environment,
228111-123.

Kumar, R. S., Ganesh, P., Tharmaraj, K., and Saranraj, P., (2011). Growth and
development of blackgram (Vigna mungo) under foliar application of
Panchagavya as organic source of nutrient. Current Botany, 2, 09-11.

La Scala, N., Marques, ., Pereira, G. T., and Cor4, ]. E., (2000): Carbon dioxide
emission related to chemical properties of a tropical bare soil In: Soil
Biology and Biochemistry, 32, 1469-1473.

Lal. R, (2004): Soil carbon sequestration in India. In: Climatic Change. pp 277-
296.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 205



References

Lal, R. (2002): Soil carbon sequestration in China through agricultural
intensification, and restoration of degraded and desertified ecosystems
In: Land Degradation and Development, 13, 469-478.

Lal, R. (2008): Carbon sequestration. Phil Trans R Soc B 363, 815-830.

Lal, R, (2009): Sequestering atmospheric carbon dioxide In: Critical Reviews in
Plant Sciences, 28, 90-96.

Lamers, Leon P.M,, Van Diggelen, Josephs M.H., Op Den Camp, Huub ].M,, Visser,
Eric J.W.,, Lucassen, Esther C.H.E.T., Vile, Melanie A, Jetten, Mike S.M.,,
Smolders, Alfons ].P. and Roelofs, Jan G.M., (2012): Microbial
transformations of nitrogen, sulfur, and iron dictate vegetation
composition in wetlands: A review In: Frontiers in Microbiology, 3, 1-
12.

Le Mer, Jean and Roger, Pierre (2001): Production, oxidation, emission and
consumption of methane by soils: A review In: European Journal of Soil
Biology, 37, 25-50.

Lee, K. K, Holst, R. W,, Watanabe, I, and App, A. (1981): Gas transport through
rice In: Soil Science and Plant Nutrition, 27, 151-158.

Lee, K.I., Song, Choe, Young Chan and Park, Sung Hee (2015): Measuring the
environmental effects of organic farming: A meta-analysis of structural
variables in empirical research In: Journal of Environmental
Management, 162, 263-274.

Li, Changsheng, Frolking, Steve and Butterbach-Bahl, Klaus (2005): Carbon
sequestration in arable soils is likely to increase nitrous oxide
emissions, offsetting reductions in climate radiative forcing In: Climatic
Change, 72,321-338.

Li, D., Watson, C,J., Yan, M.]., (2013): A review of nitrous oxide mitigation by farm
nitrogen management intemperate grassland-based agriculture. |
Environ Manage 128, 893-903.

Li, Huilin, Han, Yong and Cai, Zucong (2003): Nitrogen mineralization in paddy
soils of the Taihu Region of China under anaerobic conditions:
Dynamics and model fitting In: Geoderma, 115, 161-175.

Li, Zhongpei, Liu, Ming, Wu, Xiaochen, Han, Fengxiang and Zhang, Taolin (2010):
Effects of long-term chemical fertilization and organic amendments on
dynamics of soil organic C and total N in paddy soil derived from barren
land in subtropical China In: Soil and Tillage Research, 106, 268-274.

206 & Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Li, Zhongpei, Liu, Ming, Wu, Xiaochen, Han, Fengxiang and Zhang, Taolin (2010):
Effects of long-term chemical fertilization and organic amendments on
dynamics of soil organic C and total N in paddy soil derived from barren
land in subtropical China In: Soil and Tillage Research, 106, 268-274.

Lieth, H., and Whittaker R. H., (1975): Primary Productivity of the Biosphere,
Springer-Verlag Berlin Heidelberg

Lindau, C.W,, Alford, D. P., Bollich, P. K., and Linscombe, S, D., (1994): Inhibition
of methane evolution by calcium sulfate addition to flooded rice In:
Plant and Soil, 158, 299-301.

Lindau, C. W,, Bollich, P. K, Delaune, R., D., Patrick, W. H., and Law, V.., (1991):
Effect of urea fertilizer and environmental factors on CH4 emissions
from a Louisiana, USA rice field In: Plant and Soil, 136, 195-203.

Liping, Guo and Erda, Lin (2001): Carbon sink in cropland soils and the emission
of greenhouse gases from paddy soils: A review of work in China In:
Chemosphere - Global Change Science, 3, 413-418.

Liu, Gang, Yu, Haiyang, Zhang, Guangbin, Xu, Hua and Ma, Jing (2016):
Combination of wet irrigation and nitrification inhibitor reduced
nitrous oxide and methane emissions from a rice cropping system In:
Environmental Science and Pollution Research, 23, 17426-17436.

Liu, Hui (2012): Diel variation of methane emission from a subtropical paddy
field of South China in the second crop season Proceedings -2012
International Conference on Biomedical Engineering and
Biotechnology, ICBEB 163-166.

Liu, Huifeng, Liu, Guohua, Li, Ya, Wu, Xing, Liu, Dan, Dai, Xiaoqin, Xu, Ming and
Yang, Fengting (2016): Effects of land use conversion and fertilization
on CHsand N0 fluxes from typical hilly red soil In: Environmental
Science and Pollution Research, 23, 20269-20280.

Liu, Yi, Wan, Kai yuan, Tao, Yong, Li, Zhi guo, Zhang, Guo shi, Li, Shuang lai and
Chen, Fang (2013): Carbon Dioxide Flux from Rice Paddy Soils in
Central China: Effects of Intermittent Flooding and Draining Cycles In:
PLOS ONE, 8.

Liu, Yunhui, Yu, Zhenrong, Chen, Jian, Zhang, Fengrong, Doluschitz, Reiner and
Axmacher, Jan C,, (2006): Changes of soil organic carbon in an
intensively cultivated agricultural region: A denitrification-
decomposition (DNDC) modelling approach In: Science of the Total
Environment, 372, 203-214.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 207



References

Lu, Yahai, Wassmann, Reiner, Neue, Heinz-Ulrich and Huang, Changyong (2000):
Dynamics of Dissolved Organic Carbon and Methane Emissions in a
Flooded Rice Soil In: Soil Science Society of America Journal, 64.

Luo, Zhongkui, Wang, Enli and Sun, Osbert Jianxin (2010): Soil carbon change
and its responses to agricultural practices in Australian agro-
ecosystems: A review and synthesis, In j.geoderma.12, 0016-7061.

Ma, Jing, Yagi, Kazuyuki, Xu, Hua, Han, Yong and Cai, Zucong (2008): Is burial of
wheat straw in ditches a way to reduce CH4 emissions from rice
cultivation In: Soil Science and Plant Nutrition, 54, 638-643.

Ma, Kun, Liu, Junguo, Balkovi¢, Juraj, Skalsky, Rastislav, Azevedo, Ligia B. and
Kraxner, Florian (2016): Changes in soil organic carbon stocks of
wetlands on China’s Zoige plateau from 1980 to 2010 In: Ecological
Modelling, 327, 18-28.

MA, Li, YANG, Lin-Zhang Zhang, XIA, Li-Zhong Zhong, SHEN, Ming-Xing Xing, Yin,
Shi-Xue Xue and L.I., Yun-Dong Dong (2011): Long-term effects of
inorganic and organic amendments on organic carbon in a paddy soil of
the Taihu Lake region, China In: Pedosphere, 21, 186-196.

Ma, W. K,, Farrell, R. E. and Siciliano, S. D., (2008): Soil formate regulates the
fungal nitrous oxide emission pathway In: Applied and Environmental
Microbiology, 74, 6690-6696.

Majumdar, Deepanjan, Kumar, Sushil and Jain, M. C., (1998): Methane
entrapment in different rice soils of india.pdf In: Current Science, 75,
951-955.

Majumdar, Deepanjan, Kumar, Sushil, Pathak, H., Jain, M. C., and Kumar, Upendra
(2000): Reducing nitrous oxide emission from an irrigated rice field of
North India with nitrification inhibitors In: Agriculture, Ecosystems and
Environment, 81, 163-169.

Majumder, Bidisha, Mandal, Biswapati, yopadhyay, P. K., Gangopadhyay, A., Mani,
P. K, Kandu, A. L. and Mazumdar, D. (2008): Organic Amendments
Influence Soil Organic Carbon Pools and Rice Wheat Productivity In:
Soil Science Society of America Journal, 72.

Malhi, Yadvinder, Baldocchi, D. D. and Jarvis, P. G., (1999): The carbon balance of
tropical, temperate and boreal forests In: Plant, Cell and Environment,
22, 715-740.

208 & Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Maljanen, M., Liikanen, A,, Silvola, J. and Martikainen, P.]., (2003): Methane fluxes
on agricultural and forested boreal organic soils In: Soil Use and
Management, 19, 73-79.

Mallick, Shekhar (2009): Estimation of Methane Emission from a North-Indian
Subtropical Wetland In: Jornal of Sustiable Development, 2, 125-132.

Maltby E. and Turner R. E., (1983): Wetlands of the world. Geol Mag 55, 12-17.

Malyan, Sandeep K., Bhatia, Arti, Kumar, Amit, Gupta, Dipak Kumar, Singh, Renu,
Kumar, Smita S., Tomer, Ritu, Kumar, Om and Jain, Niveta (2016):
Methane production, oxidation and mitigation: A mechanistic
understanding and comprehensive evaluation of influencing factors.

Mancinelli, R., Campiglia, E., Di Tizio, A. and Marinari, S. (2010): Soil carbon
dioxide emission and carbon content as affected by conventional and
organic cropping systems in Mediterranean environment In: Applied
Soil Ecology, 46, 64-72.

Mancinelli, R., Campiglia, E., Di Tizio, A. and Marinari, S., (2010): Soil carbon
dioxide emission and carbon content as affected by conventional and
organic cropping systems in Mediterranean environment In: Applied
Soil Ecology, 46, 64-72.

Mansfeldt, Tim (2003): In situ long-term redox potential measurements in a
dyked marsh soil In: Journal of Plant Nutrition and Soil Science, 166,
210-219.

Mapanda, Farai, Wuta, Menas, Nyamangara, Justice and Rees, Robert M., (2011):
Effects of organic and mineral fertilizer nitrogen on greenhouse gas
emissions and plant-captured carbon under maize cropping in
Zimbabwe In: Plant and Soil, 343, 67-81.

Martins, Catarina S C, Macdonald, Catriona A., Anderson, lan C. and Singh,
Brajesh K., (2016): Feedback responses of soil greenhouse gas
emissions to climate change are modulated by soil characteristics in
dryland ecosystems In: Soil Biology and Biochemistry, 100, 21-32.

Maruyama, Atsushi and Kuwagata, Tsuneo (2008): Diurnal and seasonal
variation in bulk stomatal conductance of the rice canopy and its
dependence on developmental stage In: Agricultural and Forest
Meteorology, 148, 1161-1173.

McMillan, Andrew M S, Goulden, Michael L. and Tyler, Stanley C., (2007):
Stoichiometry of CH4 and CO; flux in a California rice paddy In: Journal
of Geophysical Research: Biogeosciences, 112,1-13.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 209



References

Meijide, A., Gruening, C., Goded, 1., Seufert, G. and Cescatti, A., (2017): Water
management reduces greenhouse gas emissions in a Mediterranean
rice paddy field In: Agriculture, Ecosystems and Environment, 238,
168-178.

Meijide, A., Gruening, C., Goded, 1., Seufert, G. and Cescatti, A., (2017): Water
management reduces greenhouse gas emissions in a Mediterranean
rice paddy field In: Agriculture, Ecosystems and Environment, 238,
168-178.

Mikkela, C, Sandh, I, Svensson, B H and Nilsson, M., (1995): Diurnal-Variation in
Methane Emission in Relation to the Water-Table, Soil-Temperature,
Climate and Vegetation Cover in a Swedish Acid Mire In:
Biogeochemistry, 28, 93-114.

Milne, E., Adamat, R. Al, Batjes, N. H., Bernoux, M., Bhattacharyya, T., Cerri, C. C,,
Cerri, C. E P, Coleman, K., Easter, M., Falloon, P., Feller, C., Gicheru, P.,
Kamoni, P., Killian, K., Pal, D. K., Paustian, K., Powlson, D. S., Rawaijfih, Z.,
Sessay, M., Williams, S. and Wokabi, S., (2007): National and sub-
national assessments of soil organic carbon stocks and changes: The
GEFSOC modelling system In: Agriculture, Ecosystems and
Environment, 122, 3-12.

Milne, Eleanor, Powlson, David S. and Cerri, Carlos E., (2007): Soil carbon stocks
at regional scales In: Agriculture, Ecosystems and Environment, 122,
1-2.

Minami, K. (1994): Rice paddies as methane source In: Climatic Change, 27, 13-
26.

Minoda, Tomomi, Kimura, Mamoto and Wada, Eitaro (1996): Photosynthathates
as dominant sources of CH4 and CO; in soil water and CH4 emitted to the
atmosphere from paddy fields In: Journal of Geophysical Research:
Atmospheres, 101, 91-97.

Mishra, S., Rath, A. K, Adhya, T. K, Rao, V. R. and Sethunathan, N., (1997): Effect
of continuous and alternate water regimes on methane efflux from rice
under greenhouse conditions In: Biology and Fertility of Soils, 24, 399-
405.

Mitra, S., Jain, M., Kumar, S., yopadhya, S. K., Kalra, N. (1999): Effect of rice
cultivars on methane emission. Agric Ecosyst Environ 73, 177- 183.

Mitra, S., Wassmann, R. and Vlek P. L. G., (2005): An appraisal of global wetland
area and its organic carbon stock. Curr Sci 88, 25-35.

210 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Mitsch W.]., Bernal, B., Nahlik, A.M., Mander, U., Zhang, L., Anderson, C/].,
Jorgersen, S.E., Brix, H., (2013): Wetlands, carbon, and climate change.
Landsc Ecol 28,583-597.

Mitsch, W. J. and Gosselink, J. G., (2007): Wetlands. Wiley, New York, p 582.

Miyata, Akira, Leuning, Ray, Denmead, Owen Thomas, Kim, Joon and Harazono,
Yoshinobu (2000): Carbon dioxide and methane fluxes from an
intermittently flooded paddy field In: Agricultural and Forest
Meteorology, 102, 287-303.

MoEF, (2007): Conservation of wetlands in India: a profile (approach and
guidelines). Ministry of Environment and Forests, New Delhi, p 42

Mohanty, Sangita, Nayak, A. K., Kumar, Anjani, Tripathi, Rahul, Shahid,
Mohammad, Bhattacharyya, P., Raja, R. and Panda, B. B, (2013): Carbon
and nitrogen mineralization kinetics in soil of rice-rice system ander
long term application of chemical fertilizers and farmyard manure In:
European Journal of Soil Biology, 58, 113-121.

Mohanty, Sangita, Nayak, A. K., Kumar, Anjani, Tripathi, Rahul, Shahid,
Mohammad, Bhattacharyya, P., Raja, R. and Panda, B. B, (2013): Carbon
and nitrogen mineralization kinetics in soil of rice-rice system under
long term application of chemical fertilizers and farmyard manure In:
European Journal of Soil Biology, 58, 113-121.

Moinet, Gabriel Y.K,, Cieraad, Ellen, Rogers, Graeme N.D., Hunt, John E., Millard,
Peter, Turnbull, Matthew H. and Whitehead, David (2016): Addition of
nitrogen fertiliser increases net ecosystem carbon dioxide uptake and
the loss of soil organic carbon in grassland growing in mesocosms In:
Geoderma, 266, 75-83.

Moiser, A, Schimel, D., Valentine, D., Bronson, K. and Parton, W., (1991): Methane
and nitrous-oxide fluxes in native, fertilized and cultivated grasslands
In: Nature, 350, 330-332.

Moore, T. R. and Knowles, R, (1990): Methane emissions from fen, bog and
swamp peatlands in Quebec In: Biogeochemistry, 11, 45-61.

Moore, T. R. and Roulet, N. T., (1991): A comparison of dynamic and static
chambers for methane emission measurements from subarctic fens In:
Atmosphere - Ocean, 29, 102-109.

Morillas, L., Portillo-Estrada, M. and Gallardo, A., (2013): Wetting and drying
events determine soil N pools in two Mediterranean ecosystems In:
Applied Soil Ecology, 72, 160-170.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 211



References

Mosier, Arvin, Wassmann, Reiner, Verchot, Louis, King, Jennifer and Palm, Cheryl
(2004): Methane and nitrogen oxide fluxes in tropical agricultural soils:
Sources, sinks and mechanisms In: Environment, Development and
Sustainability, 6, 11-49.

Murphy, D. V., Macdonald, A. ]., Stockdale, E. A., Goulding, K. W. T., Fortune, S.,
Gaunt, |. L., Poulton, P. R., Wakefield, ]. A., Webster, C. P. and Wilmer, W.
S., (2000): Soluble organic nitrogen in agricultural soils In: Biology and
Fertility of Soils, 30, 374-387.

Nayak, D. R., Adhya, T. K., Babu, Y. ., Datta, A., Ramakrishnan, B. and Rao, V. R,,
(2006): Methane emission from a flooded field of Eastern India as
influenced by planting date and age of rice (Oryza sativa L.) seedlings
In: Agriculture, Ecosystems and Environment, 115, 79-87.

Neue, H. U,, (1993): Methane emission from rice fields: Wetland rice fields may
make a major contribution to global warming In: BioScience, 43,466-
473.

Neue, H. U.,, Wassmann, R, Kludze, H K, Bujun, Wang and Lantin, R. S., (1997):
Factors and processes controlling methane emissions from rice fields
In: Nutrient Cycling in Agroecosystems, 49, 111-117.

Neue, H. U,, Gaunt, |. L., Wang, Z. P., Becker-Heidmann, P. and Quijano, C., (1997):
Carbon in tropical wetlands. Geoderma, 163-185.

Ng Kee Kwong, K. F.,, Bholah, A, Volcy, L. and Pynee, K. (2002): Nitrogen and
phosphorus transport by surface runoff from a silty clay loam soil
under sugarcane in the humid tropical environment of Mauritius In:
Agriculture, Ecosystems and Environment, 91, 147-157.

Ni, Kang, Ding, Weixin, Cai, Zucong, Wang, Yufeng, Zhang, Xilin and Zhou, Baoku
(2012): Soil carbon dioxide emission from intensively cultivated black
soil in Northeast China: Nitrogen fertilization effect In: Journal of Soils
and Sediments, 12, 1007-1018.

Nicolardot, B., Recous, S. and Mary, B., (2001): Simulation of C and N
mineralisation during crop residue decomposition: A simple dynamic
model based on the C:N ratio of the residues In: Plant and Soil, 228, 83-
103.

Nishimura, Seiichi, Yonemura, Seiichiro, Sawamoto, Takuji, Shirato, Yasuhito,
Akiyama, Hiroko, Sudo, Shigeto and Yagi, Kazuyuki (2008): Effect of
land use change from paddy rice cultivation to upland crop cultivation
on soil carbon budget of a cropland in Japan In: Agriculture, Ecosystems
and Environment, 125, 9-20.

212 { Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Nishiwaki, Junko, Mizoguchi, Masaru and Noborio, Kosuke (2015): Greenhouse
gas emissions from paddy fields with different organic matter
application rates and water management practices In: Journal of
Developments in Sustainable Agriculture, 10, 1-6.

Nouchi, Isamu, Hosono, Tatsuo, Aoki, Kazuyuki and Minami, Katsuyuki (1994):
Seasonal variation in methane flux from rice paddies associated with
methane concentration in soil water, rice biomass and temperature,
and its modelling In: Plant and Soil, 161, 195-208.

Nouchi, Isamu, Mariko, Shigeru and Aoki, Kazuyuki (1990): Mechanism of
Methane Transport from the Rhizosphere to the Atmosphere through
Rice Plants. In: Plant physiology, 94, 59-66.

Nykanen, H, Alm, ], Lang, K, Silvola, ] and Martikainen, P ] (1995): Emissions of
CH4, N20 and CO; from a virgin fen and a fen drained for grassland in
finland In: Journal of Biogeogr, 22, 2,351-357.

Nykanen, H, Alm, Jukka, Lang, Kristiina, Silvola, Jouko and Martikainen, Pertti ]
(1995): Emissions of CHs, N2O and CO> from a virgin fen and a fen
drained for grassland in finland In: journal of biogeogr, 22, 351-357.

Ohtaki, Eiji and Oikawa, Takehisa (1991): Fluxes of carbon dioxide and water
vapour above paddy fields In: International Journal of Biometeorology,
35, 187-194.

Olsen, S.R,, Cole, C.V., Watanabe, F.S., Dean, L.A., (1954): Estimation of available
phosphorus in soils by extraction with sodium carbonate. US
Department of Agriculture, Circular no. 939, p. 19.

Omonode, Rex A., Vyn, Tony J., Smith, Doug R., Hegymegi, Péter and Gal, Anita
(2007): Soil carbon dioxide and methane fluxes from long-term tillage
systems in continuous corn and corn-soybean rotations In: Soil and
Tillage Research, 95, 182-195.

0o, Aung Zaw, Sudo, Shigeto, Inubushi, Kazuyuki, Mano, Masayoshi, Yamamoto,
Akinori, Ono, Keitsuke, Osawa, Takeshi, Hayashida, Sachiko, Patra,
Prabir K., Terao, Yukio, Elayakumar, P., Vanitha, K., Umamageswari, C.,
Jothimani, P., and Ravi, V., (2018): Methane and nitrous oxide emissions
from conventional and modified rice cultivation systems in South India
In: Agriculture, Ecosystems and Environment, 252, 148-158.

Osaki, M., (1993): Carbon-nitrogen interaction model in field crop production In:
Plant and Soil, 155-156, 203-206.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 213



References

Osaki, M., (1993): Carbon-nitrogen interaction model in field crop production In:
Plant and Soil, 155-156.

Ostle, N. ., Levy, P. E,, Evans, C. D., and Smith, P., (2009): UK land use and soil
carbon sequestration In: Land Use Policy, 26, 274-283.

Padbhushan, Rajeev, Rakshit, Rajiv, Das, Anupam and Sharma, Rajendra Prasad
(2016): Effects of various organic amendments on organic carbon pools
and water stable aggregates under a scented rice potato onion cropping
system In: Paddy and Water Environment, 14, 481-489.

Pal, D. K., Wani, S. P. and Sahrawat, K. L. (2015): Carbon Sequestration in Indian
Soils: Present Status and the Potential, Springer India, 2015.

Pal, D. K., Wani, S. P. and Sahrawat, K. L. (2015): Carbon Sequestration in Indian
Soils: Present Status and the Potential, Springer India, 2015.

Pal, Sudin, Manna, Sudip, Chattopadhyay, Buddhadeb and Mukhopadhyay,
Subhra Kumar (2016): Carbon sequestration and its relation with some
soil properties of East Kolkata Wetlands (a Ramsar Site): a spatio-
temporal study using radial basis functions In: Modeling Earth Systems
and Environment.

Pandian, P., Saravana, Subramanian, S., Paramasivam, P., and Kumaraswamy, K.,
(2005): Organic farming in sustaining soil health - a review In: Soil
Biochemistry, 26, 141-147.

Pansu, M., (1998): Modelling of soil nitrogen forms after organic amendments
under controlled conditions In: Soil Biology and Biochemistry, 30, 19-
29.

Pansu,M., and Gautheyrou,]., (2006) Hand book of soil analysis.Springer-Verlag
Berlin Hei-delberg.

Papen, H., Rennenberg, H., Butterbach-Bahl, K., Papen, H., (1997): Impact of gas
transport through rice cultivars on methane emission from rice paddy
fields In: Plant, Cell and Environment, 20,1175-1183.

Pathak, H., Bhatia, A., Prasad, S., Singh, S., Kumar, S., Jain, M. C,, and Kumar, U.,
(2002): Emission of nitrous oxide from rice-wheat systems of Indo-
Gangetic plains of India In: Environmental Monitoring and Assessment,
77,163-178.

Pathak, H., (2015): Greenhouse gas emission from Indian agriculture: Trends,
drivers and mitigation strategies In: Proceedings of the Indian National
Science Academy, 81, 1133-1149.

214 { Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Patil, V., Singh, A., Naik, N., Seema, U., and Sawant, B., (2012): Carbon
sequestration in mangroves ecosystems. ] Environ Res Dev 7(1A), 576-
583.

Patra, P. K, Canadell, ]. G., Houghton, R. A, Piao, S. L., Oh, N. H,, Ciais, P.,
Manjunath, K. R,, Chhabra, A., Wang, T., Bhattacharya, T., Bousquet, P.,
Hartman, J., Ito, A., Mayorga, E., Niwa, Y., Raymond, P. A, S. Sarma, V. V.S.
and Lasco, R,, (2013): The carbon budget of South Asia In:
Biogeosciences, 10, 513-527.

Patra, P.K,, Canadell, ].G., Houghton, R.A., (2013): The carbon budget of South
Asia. Biogeosciences 10, 513-527.

Paustian, Keith, Andrén, O., Janzen, Hh H., Lal, Rattan, Smith, P., Tian, G., Tiessen,
H., Van Noordwijk, M and Woomer, P. L., (1997): Agricultural soils as a
sink to mitigate CO; emissions In: Soil Use and Management, 13, 230-
244,

Peters, Verena and Conrad, Ralf (1996): Sequential reduction processes and
initiation of CH4 production upon flooding of oxic upland soils In: Soil
Biology and Biochemistry, 28, 371-382.

Petersen, Sgren 0., Regina, Kristiina, Pollinger, Alfred, Rigler, Elisabeth, Valli,
Laura, Yamulki, Sirwan, Esala, Martti, Fabbri, Claudio, Syvasalo, Eija and
Vinther, Finn P. (2006): Nitrous oxide emissions from organic and
conventional crop rotations in five European countries In: Agriculture,
Ecosystems and Environment, 112, 200-206.

Picek, T., Cizkova, H., Dusek, J. (2007): Greenhouse gas emissions from a
constructed wetland: plants as important sources of carbon. Ecological
Engineering 31, 98-106.

Poeplau, Christopher, Reiter, Lisa, Berti, Antonio and Kétterer, Thomas (2017):
Qualitative and quantitative response of soil organic carbon to 40 years
of crop residue incorporation under contrasting nitrogen fertilisation
regimes In: Soil Research, 55, 1-9.

Pohl, M.D,, O.P,, Kevin, ].G., Jones, ].S., Jacob, D.R., Piperno, S.D., deFrance, D.L.,
Lentz, J.A., Gifffbrd, M.E., Danforth, and K. Josserand (1996): Early
Agriculture in the Maya Lowlands. Larin American Anriquity 7, 55-372.

Pumpanen, Jukka, Kolari, Pasi, [lvesniemi, Hannu, Minkkinen, Kari, Vesala, Timo,
Niinist0, Sini, Lohila, Annalea, Larmola, Tuula, Morero, Micaela, Pihlatie,
Mari, Janssens, Ivan, Yuste, Jorge Curiel, Griinzweig, José M., Reth,
Sascha, Subke, Jens Arne, Savage, Kathleen, Kutsch, Werner, @streng,
Geir, Ziegler, Waldemar, Anthoni, Peter, Lindroth, Anders and Hari,

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 215



References

Pertti (2004): Comparison of different chamber techniques for
measuring soil COzefflux In: Agricultural and Forest Meteorology, 123,
159-176.

Qin, Yanmei, Liu, Shuwei, Guo, Yanqin, Liu, Qiaohui and Zou, Jianwen (2010):
Methane and nitrous oxide emissions from organic and conventional
rice cropping systems in Southeast China In: Biology and Fertility of
Soils, 46, 825-834.

Qiu, Qingyan, Wu, Lanfang, Ouyang, Zhu, Li, Binbin, Xu, Yanyan, Wu, Shanshan
and Gregorich, E. G., (2016): Priming effect of maize residue and urea N
on soil organic matter changes with time In: Applied Soil Ecology, 100,
65-74.

Rahmawati, Aulia, De Neve, Stefaan and Purwanto, Benito Heru (2015): N,O-N
Emissions from Organic and Conventional Paddy Fields from Central
Java, Indonesia In: Procedia Environmental Sciences, 28, 606-612.

Raich, James W. and Tufekcioglu, Aydin (2000): Vegetation and soil respiration:
Correlations and controls In: Biogeochemistry, 48, 71-90.

Raj, P. P.N,, and Azeez, P. A., (2010): Changing rainfall in the Palakkad plains of
South India In: Atmosfera, 23, 75-82.

Rasmesh, P., Mohan, Singh. and Subba Roa, A., (2005): Organic farming: its
relevance to the Indian context In: General Article, 88, 561-568.

Ratering, Stefan and Conrad, RalF., (1998): Effects of short-term drainage and
aeration on the production of methane in submerged rice soil In: Global
Change Biology, 4, 397-407.

Rath, C.K, Das, S.N. and Thakur, R.S., (2000): Methane emission from flooded rice
fields In: Journal of Scientific and Industrial Research, 59, 245-248.

Ravikumar, P., and Somashekar, R. K, (2013): Evaluation of nutrient index using
organic carbon, available P and available K concentrations as a
measure of soil fertility in Varahi River basin, India In: Ecology, 3, 330-
343.

Ray, S. K., Bhattacharyya, T., Reddy, K. R,, Pal, D. K,, Chandran, P., Tiwary, P.,
Mandal, D. K,, Mandal, C,, Prasad, J., Sarkar, D., Venugopalan, M. V.,
Velmourougane, K., Sidhu, G. S., Nair, K. M., Sahoo, A. K,, Das, T. H,, Singh,
R.S., Srivastava, R, Sen, T. K., Chatterji, S., Patil, N. G., Obireddy, G. P.,
Mahapatra, S. K, Anil Kumar, K. S, Das, K, Reza, S. K., Dutta, D., Srinivas,
S., Karthikeyan, K., Srivastava, A., Raychaudhuri, M., Kundu, D. K,
Dongare, V. T., Balbuddhe, D., Bansod, N. G., Wadhai, K., Lokhande, M.,

216 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Kolhe, A., Kuchankar, H., Durge, S. L., Kamble, G. K., Gaikwad, M. S,
Nimkar, A. M., Bobade, S. V., Anantwar, S. G., Patil, S., Sahu, V. T., Sheikh,
S., Dasgupta, D., Telpande, B. A., Nimje, A. M., Likhar, C., Thakre, S.,
Mandal, K. G., Kar, G., Gaikwad, K. M., Bhondwe, H., Dohtre, S. S.,
Gharami, S., Khapekar, S. G., Koyal, A., Suatha, Reddy, B. M.N,,
Sreekumar, P., Dutta, D. P., Gogoi, L., Parhad, V. N., Halder, A. S., Basu, R,
Singh, R, Jat, B. L., Oad, D. L., Ola, N. R,, Hukare, A., Khuspure, |, Sunitha,
B. P., Mohanty, B., Hazarika, D., Majumdar, S., Garhwal, R. S., Sahu, A.,
Mahapatra, S., Puspamitra, S., Kumar, A. and Gautam, N. (2014): Soil and
land quality indicators of the Indo-Gangetic Plains of India In: Current
Science, 107, 1470-1486.

Roy, H., Detlef Klumber, Ralf Conrad., (1997): Early initiation of methane
production in anoxic rice soil despite the presence of oxidants In: FEMS
microbiology ecology, 24,311-320.

Reichstein, Markus, Bahn, Michael, Ciais, Philippe, Frank, Dorothea, Mahecha,
Miguel D., Seneviratne, Sonia 1., Zscheischler, Jakob, Beer, Christian,
Buchmann, Nina, Frank, David C., Papale, Dario, Rammig, Anja, Smith,
Pete, Thonicke, Kirsten, Van Der Velde, Marijn, Vicca, Sara, Walz, Ariane
and Wattenbach, Martin (2013): Climate extremes and the carbon cycle,
In nature12350.

Rigby, D., and Caceres, D., (2001): Organic farming and the sustainability of
agricultural systems In: Agricultural Systems, 68, 21-40.

Riha, S.J., James, B.R,, Senesac, G.P. and Pallant, E., (1986): Spatial variability of
soil pH and organic matter in forest plantations. Soil Sci. Soc. Am. ]. 50,
1347-1352.

Rodhe, Henning, Eriksson, Hillevi, Robertson, Kerstin and Svensson, Bo H,,
(1991): Sources and Sinks of Greenhouse Gases in Sweden: A Case
Study In: Ambio, 20, 143-145.

Rodhe, Henning, Eriksson, Hillevi, Robertson, Kerstin and Svensson, Bo H,,
(1991): Sources and Sinks of Greenhouse Gases in Sweden: A Case
Study In: Ambio, 20, 143-145.

Rodriguez Martin, J. A., Alvaro-Fuentes, J., Gonzalo, ]., Gil, C., Ramos-Miras, J. |.,
Grau Corbi, ]J. M. and Boluda, R. (2016): Assessment of the soil organic
carbon stock in Spain In: Geoderma, 264, 117-125.

Rong, Yuping., Johnson, Douglas A., Wang, Zhongmei and Zhu, Lingling (2017):
Grazing effects on ecosystem CO2 fluxes regulated by interannual

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 217



References

climate fluctuation in a temperate grassland steppe in northern China
In: Agriculture, Ecosystems and Environment, 237, 194-202.

Roulet N. T., Ash R,, Quinton, W., and Moore, T., (1993): Methane flux from
drained northern peatlands: effect of a persistent water table lowering
on flux. Global Biogeochem Cycles 7,749-769.

Roulet, Nigel T., Ash, R., Quinton, W. and Moore, Tim (1993): Methane flux from
drained northern peatlands: Effect of a persistent water table lowering
on flux In: Global Biogeochemical Cycles,7, 749-769.

Roulet, Nigel, Moore, Tim, Bubier, Jill and Lafleur, Peter (1992): Northern fens:
methane flux and climatic change In: Tellus B, 44, 100-105.

Rowell, Michael, J., (1995): Method For CO; Measurement In Soils In:, 27, 373-
375.

Ryals, Rebecca, Kaiser, Michael, Torn, Margaret S., Berhe, Asmeret Asefaw and
Silver, Whendee L., (2014): Impacts of organic matter amendments on
carbon and nitrogen dynamics in grassland soils In: Soil Biology and
Biochemistry, 68, 52-61.

SAC, (2011): National wetland atlas. SAC/EPSA/ABHG/NWIA/ATLAS/34/2011.

Sacco, Dario, Moretti, Barbara, Monaco, Stefano and Grignani, Carlo (2015): Six-
year transition from conventional to organic farming: Effects on crop
production and soil quality In: European Journal of Agronomy, 69,
2015, S.10-20.

Saikawa, E., Prinn, R. G., Dlugokencky, E., Ishijima, K., Dutton, G. S., Hall, B. D.,
Langenfelds, R., Tohjima, Y., Machida, T., Manizza, M., Rigby, M.,
O’Doherty, S., Patra, P. K., Harth, C. M., Weiss, R. F., Krummel, P. B., Van
Der Schoot, M,, Fraser, P. ], Steele, L. P, Aoki, S., Nakazawa, T. and
Elkins, ]. W., (2014) Global and regional emissions estimates for N20 In:
Atmospheric Chemistry and Physics, 14, 4617-4641.

Saito, Makoto, Miyata, Akira, Nagai, Hideyuki and Yamada, Tomoyasu (2005):
Seasonal variation of carbon dioxide exchange in rice paddy field in
Japan In: Agricultural and Forest Meteorology, 135, 1-4.

Sampanpanish, Pantawat (2012): Use of organic fertilizer on paddy fields to
reduce greenhouse gases In: ScienceAsia, 38, 323-330.

Sarmiento, Jorge L. and Bender, Michael (1994): Carbon biogeochemistry and
climate change, ISBN: 0166-8595.

218 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Satpathy, S. N,, Rath, A. K,, Ramakrishnan, B., Rao, V. R,, Adhya, T. K. and
Sethunathan, N., (1997): Diurnal variation in methane efflux at different
growth stages of tropical rice In: Plant and Soil, 195, 267-271.

Saanders, D. L., and Kalff, ]., (2001): Nitrogen retention in wetlands, lakes and
rivers In: Hydrobiologia, 443, 205-212.

Saanders, M. ., Kansiime, F. and Jones, M. B., (2014): Reviewing the carbon cycle
dynamics and carbon sequestration potential of Cyperus papyrus L.
wetlands in tropical Africa. Wetl Ecol Manag 22,143-155.

Scharlemann, Jérn P.W., Tanner, Edmand, V.J,, Hiederer, Roland and Kapos,
Valerie (2014): Global soil carbon: anderstanding and managing the
largest terrestrial carbon pool In: Carbon Management, 5, 81-91.

Schimel, Joshua P., (1995): Plant transport and methane production as controls
on methane flux from arctic wet meadow tundra In: Biogeochemistry,
28, 183-200.

Schipper, Louis A and Reddy, KR (1996): Determination of methane oxidation in
rhizosphere of Sagittaria lancifolia using methyl fluoride. In: Soil
Science Society of America 60, 611-616.

Schlesinger, M. E., and X. Jiang (1991): Climatic responses to increasing
greenhouse gases, Eos Trans. AGU, 72, 593-593.

Schiitz, H., Seiler, W., And Conrad, Ralf,, (1990): Influence of soil temperature on
methane emission from rice paddy fields In: Biogeochemistry, 77-95.

Schiitz, H, Seiler, W and Conrad, Ralf (1990): Influence of soil temperature on
methane emission from rice paddy fields In: Biogeochemistry, 77-95.

Segers, Reinoud (1998): Methane production and methane consumption: A
review of processes anderlying wetland methane fluxes In:
Biogeochemistry, 41, 23-51.

Seiichi Nishimura, Seiichiro Yonemura Kazunori Minamikawa, and Kazuyuki Yagi
(2015): Seasonal and diurnal variations in net CO2 flux throughout the
year from soil in paddy field In: Journal of Geophysical Research:
Biogeosciences, 661-675.

Seiler, W., and Holzapfel-Pschorn, A., (1984): Methane emission from rice
paddies In: Journal of Atmospheric Chemistry, 1, 241-268.

Shalini-Singh, Kumar, S. and Jain, M. C., (1997): Methane emission from two
Indian soils planted with different rice cultivars In: Biology and Fertility
of Soils, 25, 285-289.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 219



References

Shannon, Robert D and White, Jeffrey R (1994): A Three-Year Study of Controls
on Methane Emissions from Two Michigan Peatlands A three-year
study of controls on methane emissions from two Michigan peatlands
Introduction Estimates of methane emissions from northern In:
Biogeochemistry, 27, 35-60.

Sharma, Subodh, Bhattacharya, Sumana and Garg, Amit (2006): Greenhouse gas
emissions from India: A perspective, 2006.

Shi, P L, Zhang, X Z, Zhong, Z M and Ouyang, H., (2006): Diurnal and seasonal
variability of soil CO2 efflux in a cropland ecosystem on the Tibetan
Plateau In: Agricultural and Forest Meteorology, 137, 220-233.

Shi, Wei Yu, Tateno, Ryunosuke, Zhang, Jian Guo, Wang, Yi Long, Yamanaka,
Norikazu and Du, Sheng (2011): Response of soil respiration to
precipitation during the dry season in two typical forest stands in the
forest-grassland transition zone of the Loess Plateau In: Agricultural
and Forest Meteorology, 151, 7, 854-863.

Simek, Miloslav, Hynst, Jaroslav and Simek, Pavel (2014): Emissions of CH4, CO,
and N0 from soil at a cattle overwintering area as affected by available
Cand N In: Applied Soil Ecology, 75, 52-62.

Singh, S., Kulshreshtha, K., and Agnihotri, S., (2000). Seasonal dynamics of
methane emission from wetlands. Glob Change Sci 2, 39-46.

Singh, J. S,, Singh, Saranath Smita Saranath Smita, Raghubanshi, A. S., Singh,
Saranath Smita Saranath Smita and Kashyap, A. K., (1996): Methane flux
from rice/wheat agroecosystem as affected by crop phenology,
fertilization and water level In: Plant and Soil, 183, 323-327.

Singh, J. S., Singh, Smita, Raghubanshi, A. S., Singh, Saranath, Kashyap, A. K. and
Reddy, V. S., (1997): Effect of soil nitrogen, carbon and moisture on
methane uptake by dry tropical forest soils In: Plant and Soil, 196, 115-
121.

Singh, R. P., And Mishra, S. K., (2012): Available macronutrients (N, P,Kand S)
in the soil of Chiraigaon block of district Varanasi (U. P.) in relation to
soil characteristics In: Indian Journal of Scientific Research, 3,97-100.

Sinha, S. K., (1995): Global Methane Emission from Rice Paddies - Excellent
Methodology but Poor Extrapolation In: Current Science, 68, 643-646.

Skinner, Colin, Gattinger, Andreas, Muller, Adrian, Mader, Paul, Fliebach,
Andreas, Stolze, Matthias, Ruser, Reiner and Niggli, (2014): Greenhouse
gas fluxes from agricultural soils under organic and non-organic

220 & Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

management - A global meta-analysis In: Science of the Total
Environment, 468-469.

Smith, P, (2008): Land use change and soil organic carbon dynamics. Nutr Cycl
Agroecosystems 81:169-178.

Smith, K.a.,, Ball, T., Conen, F., Dobbie, K.E., Massheder, |., Rey, A., Mith, KA S, All, T
B, Onen, F C, Obbie, KE D, Assheder, ] M and Ey, A.R., (2003): Exchange
of green house gases between soil and atmosphere: interactions of soil
physical factors and biological processes In: European Journal of Soil
Science, 54, 779-791.

Smith, P, Fang, C., Dawson, ].J.C., et al., (2008): Impact of global warming on soil
organic carbon. Adv. Agron. 97, 1-43.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S,,
Omara, F,, Rice, C., Scholes, B., Sirotenko, 0. (2007): Agriculture. In:
Metz, B., Davidson, O.R., Bosch, P.R,, Dave, R, Meyer, L.A. (Eds.), Climate
Change 2007: Mitigation contribution of Working Group III to the
Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, pp. 498-540

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S.,
O’Mara, F,, Rice, C., Scholes, B,, Sirotenko, 0., Howden, M., McAllister, T.,
Pan, G., Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M.
and Smith, ]., (2008): Greenhouse gas mitigation in agriculture In:
Philosophical Transactions of the Royal Society B: Biological Sciences,
363, 789-813.

Smith, Pete (2004): Carbon sequestration in croplands: The potential in Europe
and the global context In: European Journal of Agronomy, 20, 229-
236.

Smith, Pete (2008): Land use change and soil organic carbon dynamics In:
Nutrient Cycling in Agroecosystems, 81, 169-178.

Soils, Biol Fertil and Province, Hunan (1996): Spatial and seasonal distribution of
organic amendments affecting methane emission from Chinese rice
fields In:, 1996, 191-195.

Song, Chang-chun, Wang, Yi-yong, Wang, Yue-si, Yan, Bai-xing, Wang, De-xuan,
Zhao, Zhi-chun and Lou, Yan-jing (2003): Carbon dynamics of wetland
in the Sanjiang plain In: Chinese Geographical Science, 13, 228-231.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 221



References

Springob, Glinther and Kirchmann, Holger (2002): C-rich sandy Ap horizons of
specific historical land-use contain large fractions of refractory organic
matter In: Soil Biology and Biochemistry, 34, 1571-1581.

Springob, Glinther and Kirchmann, Holger (2003): Bulk soil C to N ratio as a
simple measure of net N mineralization from stabilized soil organic
matter in sandy arable soils In: Soil Biology and Biochemistry, 35,
629-632.

Springob, Glinther and Kirchmann, Holger (2003): Bulk soil C to N ratio as a
simple measure of net N mineralization from stabilized soil organic
matter in sandy arable soils In: Soil Biology and Biochemistry, 35, 629-
632.

Su, Yong Zhong, Wang, Fang, Suo, Dong Rang, Zhang, Zhi Hui and Du, Ming Wu
(2006): Long-term effect of fertilizer and manure application on soil-
carbon sequestration and soil fertility under the wheat-wheat-maize
cropping system in northwest China In: Nutrient Cycling in
Agroecosystems, 75, 285-295.

Sun, Huifeng, Zhou, Sheng, Fu, Zishi, Chen, Guifa, Zou, Guoyan and Song, Xiangfu
(2016): A two-year field measurement of methane and nitrous oxide
fluxes from rice paddies under contrasting climate conditions In:
Scientific Reports, 6, 1-11.

Suryavanshi, Priyanka, Singh, Y. V., Prasanna, R., Bhatia, Arti and Shivay, Y. S,
(2013): Pattern of methane emission and water productivity under
different methods of rice crop establishment In: Paddy and Water
Environment, 11, 321-329.

Syvasalo, E., Regina, K., Turtola, E., Lemola, R. and Esala, M., (2006): Fluxes of
nitrous oxide and methane, and nitrogen leaching from organically and
conventionally cultivated sandy soil in western Finland In: Agriculture,
Ecosystems and Environment, 113, 342-348.

Takata, Yusuke, Funakawa, Shinya, Akshalov, Kanat, Ishida, Norio and Kosaki,
Takashi (2008): Regional evaluation of the spatio-temporal variation in
soil organic carbon dynamics for rainfed cereal farming in northern
Kazakhstan In: Soil Science and Plant Nutrition, 54, 794-806.

Tang, Jie, Xu., Xiaoming, Li., Zhaoyang and Han., Weizheng (2012): Carbon
sequestration of paddy fields in Western Jilin of China during 1989-
2004 In: Mitigation and Adaptation Strategies for Global Change, 17,
103-1009.

222 { Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Tang, Shuirong, Cheng, Weiguo, Hu, Ronggui, Guigue, Julien, Kimani, Samuel
Munyaka, Tawaraya, Keitaro and Xu, Xingkai (2016): Simulating the
effects of soil temperature and moisture in the off-rice season on rice
straw decomposition and subsequent CH4 production during the
growth season in a paddy soil In: Biology and Fertility of Soils, 52,
739-748.

Tanji, K. K,, Gao, S., Scardaci, S. C. and Chow, A. T., (2003): Characterizing redox
status of paddy soils with incorporated rice straw In: Geoderma, 114,
333-353.

The, From, In, Peatlands and Quebec, Northern (1994): Measurement OF
Methane and Nitrous Oxide Emissions In: Proc. NIPR Symp. Polar Biol,,
1991, 237-242.

Thomas, Katie L., Benstead, Julie, Davies, Kevin L. and Lloyd, David (1996): Role
of wetland plants in the diurnal control of CH4 and CO; fluxes in peat. In:
Soil Biology and Biochemistry, 28, 17-23.

Thomas, Katie L., Benstead, Julie, Davies, Kevin L. and Lloyd, David (1996): Role
of wetland plants in the diurnal control of CH4 and CO; fluxes in
peat.pdf In: Soil Biology and Biochemistry, 28, 17-23.

Thomsen, Ingrid K., Petersen, Bjgrn M., Bruun, Sander, Jensen, Lars S. and
Christensen, Bent T., (2008): Estimating soil C loss potentials from the C
to N ratio In: Soil Biology and Biochemistry, 40, 849-852.

Thomsen, Ingrid K., Petersen, Bjgrn M., Bruun, Sander, Jensen, Lars S. and
Christensen, Bent T., (2008): Estimating soil C loss potentials from the C
to N ratio In: Soil Biology and Biochemistry, 40, 849-852.

Thomsen, Ingrid K., Petersen, Bjgrn M., Bruun, Sander, Jensen, Lars S. and
Christensen, Bent T., (2008): Estimating soil C loss potentials from the C
to N ratio In: Soil Biology and Biochemistry, 40, 849-852.

Tian, Hanqin, Chen, Guangsheng, Lu, Chaoqun, Xu, Xiaofeng, Ren, Wei, Zhang,
Bowen, Banger, Kamaljit, Pan, Shufen, Liu, Mingliang, Zhang, Chi,
Bruhwiler, Lori and Wofsy, Steven (2012): Global methane and nitrous
oxide emissions from terrestrial ecosystems due to multiple
environmental changes In: Ecosystem Health and Sustainability, 1, 1-
20.

Tian, Hanqin, Yang, Jia, Lu, Chaoqun, Xu, Rongting, Canadell, Josep G, Jackson,
Robert, Arneth, Almut, Chang, Jinfeng, Chen, Guangsheng, Ciais,
Philippe, Gerber, Stefan, Ito, Akihiko, Huang, Yuanyuan, Joos, Fortunat,
Lienert, Sebastian, Messina, Palmira, Olin, Stefan, Pan, Shufen, Peng,

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 223



References

Changhui, Saikawa, Eri, Thompson, Rona L., Vuichard, Nicolas,
Winiwarter, Wilfried, Zaehle, Sonke, Zhang, Bowen, Zhang, Kerou and
Zhu, Qiuan (2018): The global N20 Model Intercomparison Project
(NMIP): Objectives, Simulation Protocol and Expected Products In:
Bulletin of the American Meteorological Society.

Tokida, Takeshi, Cheng, Weiguo, Adachi, Minaco, Matsunami, Toshinori,
Nakamura, Hirofumi, Okada, Masumi and Hasegawa, Toshihiro (2013):
The contribution of entrapped gas bubbles to the soil methane pool and
their role in methane emission from rice paddy soil in free-air [CO2]
enrichment and soil warming experiments In: Plant and Soil, 364,
131-143.

Tong, Chengli, Xiao, Heai, Tang, Guoyong, Wang, Hongqing, Huang, Tieping, Xia,
Haiao, Keith, Syers J., Li, Yong, Liu, Shoulong and Wu, Jinshui (2009):
Long-term fertilizer effects on organic carbon and total nitrogen and
coupling relationships of C and N in paddy soils in subtropical China In:
Soil and Tillage Research, 106, 18-14.

Topp, Edward, and Pattey, Elizabeth (1997): Soils as sources and sinks for
atmospheric methane In: Canadian Journal of Soil Science, 77, 167-
177.

Tyagi, Larisha, Verma, Amitosh and Singh, S. N., (2004): Investigation on
temporal variation in methane emission from different rice cultivars
under the influence of weeds In: Environmental Monitoring and
Assessment, 93,91-101.

Valentini, R., Matteucci, G., Dolman, A. ]., Schulze, E. D., Rebmann, C., Moors, E. ],
Granier, A., Gross, P., Jensen, N. O., Pilegaard, K., Lindroth, A., Grelle, A,
Bernhofer, C., Griinwald, T., Aubinet, M., Ceulemans, R., Kowalski, A. S.,
Vesala, T., Rannik, U, Berbigier, P., Loustau, D., GuomUndsson, ].,
Thorgeirsson, H., Ibrom, A., Morgenstern, K., Clement, R., Moncrieff, ].,
Montagnani, L., Minerbi, S. and Jarvis, P. G., (2000): Respiration as the
main determinant of carbon balance in European forests In: Nature,
404, 861-865.

Van Hulzen, ]. B, Segers, R.,, Van Bodegom, P. M. and Leffelaar, P. A., (1999):
Temperature effects on soil methane production: An explanation for
observed variability In: Soil Biology and Biochemistry, 31, 1919-1929.

Venkanna, K., Mandal, Uttam Kumar, Solomon Raju, A. ], Sharma, K. L., Adake,
Ravikant V., Pushpanjali, Sanjeeva Reddy, B., Masane, Rahul N.,
Venkatravamma, K. and Peda Babu, B., (2014): Carbon stocks in major

224 « Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

soil types and land use systems in semiarid tropical region of southern
India In: Current Science, 106, 604-611.

Verma, Shashi B., Dobermann, Achim, Cassman, Kenneth G., Walters, Daniel T.,
Knops, Johannes M., Arkebauer, Timothy ]., Suyker, Andrew E., Burba,
George G., Amos, Brigid, Yang, Haishun, Ginting, Daniel, Hubbard,
Kenneth G., Gitelson, Anatoly A. and Walter-Shea, Elizabeth A., (2005):
Annual carbon dioxide exchange in irrigated and rainfed maize-based
agroecosystems In: Agricultural and Forest Meteorology, 13177-96.

Vijay, Akhilesh and Bijoy Nandan, S (2016): Soil Quality Indicators and Microbial
Development in Organic and Conventionally Farmed Paddy Wetlands
Ecosystem in Kerala - India In: International Journal of Scientific and
Research Publications, 6, 112-117

Vijay, Akhilesh and Nandan, Sivasankaran Bijoy (2017): Carbon dynamics,
processes and factors regulating greenhouse gas emissions from
wetlandsWetland Science: Perspectives From South Asia, 243-256.

Vleeshouwers, L.M., Verhagen, A., 2002. Carbon emission and sequestration by
agricultural land use: a model study for Europe. Glob. Chang. Biol. 8,
519-530.

Wang, B., Neue, H. U. and Samonte, H. P. (1997): Role of rice in mediating
methane emission In: Plant and Soil, 189,107-115.

Wang, B., Neue, H. U. and Samonte, H. P., (1999): Factors controlling diel patterns
of methane emission via rice In: Nutrient Cycling in Agroecosystems,
53, 229-235.

Wang, Chun, Lai, Derrick Y. F., Sardans, Jordi, Wang, Weiqi, Zeng, Congsheng and
Pefiuelas, Josep (2017): Factors Related with CHs and N20 Emissions
from a Paddy Field: Clues for Management implications In: Plos One, 12.

Wang, Jinsong, Wu, L., Zhang, Chunyu, Zhao, Xiuhai, Bu, Wensheng and Gadow,
Klaus V., (2016): Combined effects of nitrogen addition and organic
matter manipulation on soil respiration in a Chinese pine forest In:
Environmental Science and Pollution Research, 23, 22701-22710.

Wang, Lianfeng and Cai, Zucong (2008): Nitrous oxide production at different
soil moisture contents in an arable soil in China In: Soil Science and
Plant Nutrition, 54, 786-793.

Wang, Wei, Wu, Xiaohong, Chen, Anlei, Xie, Xiaoli, Wang, Yunqiu and Yin,
Chunmei (2016): Mitigating effects of ex situ application of rice straw

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 225



References

on CH4 and N>O emissions from paddy-upland coexisting system In:
Scientific Reports.

Wang, Wei, Wu, Xiaohong, Chen, Anlei, Xie, Xiaoli, Wang, Yunqiu and Yin,
Chunmei (2016): Mitigating effects of ex situ application of rice straw
on CH4 and N20 emissions from paddy-upland coexisting system In:
Scientific Reports.

Wang, Zhengping P, Zeng, D and Patrick, W H (1996): Methane emissions from
natural wetlands In: Environmental Monitoring and Assessment, 42,
143-161.

Wania, R., Melton, ]. R, Hodson, E. L., Poulter, B., Ringeval, B., Spahni, R,, Bohn, T,
Avis, C. A, Chen, G., Eliseev, A. V., Hopcroft, P. O., Riley, W. ]., Subin, Z. M.,
Tian, H., Van Bodegom, P. M., Kleinen, T., Yu, Z. C., Singarayer, J. S.,
Zircher, S., Lettenmaier, D. P., Beerling, D. ], Denisov, S. N., Prigent, C.,
Papa, F. and Kaplan, J. 0., (2013): Present state of global wetland extent
and wetland methane modelling: Methodology of a model inter-
comparison project (WETCHIMP) In: Geoscientific Model Development,
6, 617-641.

Wassmann, R., Neue, H. U,, Bueno, C,, Lantin, R. S., Alberto, M. C.R,, Buendia, L. V.,
Bronson, K., Papen, H. and Rennenberg, H., (1998): Methane production
capacities of different rice soils derived from inherit and exogenous
substrates In: Plant and Soil, 203, 227-237.

Watanabe, 1., Hashimoto, T. and Shimoyama, A., (1997): Methane-oxidizing
activities and methanotrophic populations associated with wetland rice
plants In: Biology and Fertility of Soils, 24, 261-265.

Weller, Sebastian, Kraus, David, Butterbach-Bahl, Klaus, Wassmann, Reiner,
Tirol-Padre, Agnes and Kiese, Ralf (2015): Diurnal patterns of methane
emissions from paddy rice fields in the Philippines In: Journal of Plant
Nutrition and Soil Science, 178, 755-767.

West, T. 0., and Marland, G., (2002): Net carbon flux from agricultural
ecosystems: methodology for full carbon cycle analyses In:
Environmental Pollution, 116, 439-444.

Whalen, S. C., (2005): Natural Wetlands and the Atmosphere. Environ Eng Sci
22:73-94.

Whiting, Gary J. and Chanton, Jeffrey P., (1996): Control of the diurnal pattern of
methane emission from emergent aquatic macrophytes by gas
transport mechanisms In: Aquatic Botany, 54, 237-253.

226 { Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Whiting, Gary J. and Chanton, Jeffrey P., (2001): Greenhouse carbon balance of
wetlands: Methane emission versus carbon sequestration In: Tellus,
Series B: Chemical and Physical Meteorology, 53, 5521-528.

Wilson, S. R, Dick, A. L., Fraser, P. ]. and Whittlestone, S., (1997): Nitrous oxide
flux estimates for south-eastern Australia In: Journal of Atmospheric
Chemistry, 26,169-188.

Wong, ]. W.C,, Ma, K. K, Fang, K. M. and Cheung, C., (1999): Utilization of a
manure compost for organic farming in Hong Kong In: Bioresource
Technology, 67, 43-46.

World Meteorological Organization (WMO) (2014): Scientific Assessment of
Ozone Depletion: 2014, 2014.

Wu, Mengxiong, Feng, Qibo, Sun, Xue, Wang, Hailong, Gielen, Gerty and Wu,
Weixiang (2015): Rice (Oryza sativa L) plantation affects the stability of
biochar in paddy soil In: Scientific Reports, 5, 1-10.

Xiao, Yu, Xie, Gaodi, Lu, Chunxia, Ding, Xianzhong and Lu, Yao (2005): The value
of gas exchange as a service by rice paddies in suburban Shanghai, PR
China In: Agriculture, Ecosystems and Environment, 109, 273-283.

Xie, Zubin, Zhu, Jianguo, Liu, Gang, Cadisch, Georg, Hasegawa, Toshihiro, Chen,
Chunmei, Sun, Huifeng, Tang, Haoyan and Zeng, Qing (2007): Soil
organic carbon stocks in China and changes from 1980s to 2000s In:
Global Change Biology, 13.

Xing, G. X, Cao, Y. C,, Shi, S. L., Sun, G. Q., Dy, L. ]. and Zhuy, J. G., (2002):
Denitrification in andergroand saturated soil in a rice paddy region In:
Soil Biology and Biochemistry, 34, 1593-1598.

Xiong Z.Q., Xing, G.X,, Tsuruta, H., (2002): Measurement of nitrous oxide
emissions from two rice-based cropping systems in China. Nutr Cycl
Agroecosystems 64, 125-133.

Xiong, Z. Q.,, Xing, G. X, Tsuruta, H., Shen, G. Y., Shi, S. L. and Du, L. ]., (2002):
Measurement of nitrous oxide emissions from two rice-based cropping
systems in China In: Nutrient Cycling in Agroecosystems, 64, 125-133.

Xu, Xia, Shi, Zheng, Li, Dejun, Rey, Ana, Ruan, Honghua, Craine, Joseph M., Liang,
Junyi, Zhou, Jizhong and Luo, Yiqi (2016): Soil properties control
decomposition of soil organic carbon: Results from data-assimilation
analysis In: Geoderma, 262, 235-242.

Yadav, S. K., Babu, Subhash, Yadav, M. K,, Singh, Kalyan, Yadav, G. S., and Pal,
Suresh (2013): A Review of Organic Farming for Sustainable

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 227



References

Agriculture in Northern India In: International Journal of Agronomy, 1-
8.

Yagi, Kazuyuki and Minami, Katsuyuki (1990): Effect of organic matter
application on methane emission from some japanese paddy fields In:
Soil Science and Plant Nutrition, 36, 599-610.

Yan, X,, Xing, G., Du, L., and Shi, S., (2000): Pathways of N2O Emissions from Rice
Paddy In: Soil Biology and Biochemistry, 32, 437-440.

Yan, X,, Shi, S., Dy, L., and Xing, G., (2000): Pathways of N,0 emission from rice
paddy soil In: Soil Biology and Biochemistry, 32, 437-440.

Yang, Meng, Li, Yongfu, Li, Yongchun, Chang, Scott X., Yue, Tian, Fu, Weijun, Jiang,
Peikun and Zhou, Guomo (2017): Effects of Inorganic and Organic
Fertilizers on Soil CO; Efflux and Labile Organic Carbon Pools in an
Intensively Managed Moso Bamboo ( Phyllostachys pubescens )
Plantation in Subtropical China In: Communications in Soil Science and
Plant Analysis, 48,332-344.

Yang, Shang-Shyng and Chang, Hsiu-Lan (1999): Diurnal variation of methane
emission from paddy fields at different growth stages of rice cultivation
in Taiwan In: Agriculture, Ecosystems & Environment,76, 75-84.

Yang, Shang-Shyng, Lai, Chao-Ming, Chang, Hsiu-Lan, Chang, Ed-Huan and Wei,
Chia-Bei (2009): Estimation of methane and nitrous oxide emissions
from paddy fields in Taiwan In: Renewable Energy, 34, 1916-1922.

Yang, Shihong, Liu, Xiaojing, Liu, Xiaoyin and Xu, Junzeng (2017): Effect of water
management on soil respiration and NEE of paddy fields in Southeast
China In: Paddy and Water Environment, 4, 787-796.

Yang, Shihong, Xu, Junzeng, Liu, Xiaoyin, Zhang, Jiangang and Wang, Yijiang
(2016): Variations of carbon dioxide exchange in paddy field ecosystem
under water-saving irrigation in Southeast China In: Agricultural Water
Management, 166, 42-52.

Yang, S.S., Chang, H.1,, (1998): Effect of environmental conditions on methane
production and emission from paddy soil In: Agriculture, ecosystems &
environment, 69, 169-80.

Yao, H, Yagi, K and Nouchi, I., (2000): Importance of physical plant properties on
methane transport through several rice cultivars In: Plant and soil, 222,
83-93.

228 { Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



References

Yao, H., Conrad, R. (2001): Thermodynamics of propionate degradation in anoxic
paddy soil from different rice-growing regions In: Soil Biology and
Biochemistry, 33, 359-364.

Yoshida, T and Rinaudo, G., (1982): Heterotrophic N2 flxation in paddy
soilsMicrobiology of Tropical Soils and Plant Productivity, 75-107.

Zeiger, Marcus and Fohrer, Nicola (2009): Impact of organic farming systems on
runoff formation processes-A long-term sequential rainfall experiment
In: Soil and Tillage Research, 102, 45-54.

Zhang, Afeng, Cui, Ligiang, Pan, Gengxing, Li, Lianqing, Hussain, Qaiser, Zhang,
Xuhui, Zheng, Jinwei and Crowley, David (2010): Effect of biochar
amendment on yield and methane and nitrous oxide emissions from a
rice paddy from Tai Lake plain, China In: Agriculture, Ecosystems and
Environment, 4, 469-475.

Zhang, Jin, Wang, Minyan, Cao, Yucheng, Liang, Peng, Wu, Shengchun, Leung,
Anna Oi Wah and Christie, Peter (2017): Replacement of mineral
fertilizers with anaerobically digested pig slurry in paddy fields:
Assessment of plant growth and grain quality In: Environmental
Science and Pollution Research, 10, 8916-8923.

Zhang, L. M,, Yy, D. S,, Shi, X. Z,, Xu, S. X,, Wang, S. H,, Xing, S. H., and Zhao, Y. C,,
(2012): Simulation soil organic carbon change in China’s Tai-Lake
paddy soils In: Soil and Tillage Research, 121,1-9.

Zhang, Mingkui and He, Zhenli (2004): Long-term changes in organic carbon and
nutrients of an Ultisol Under rice cropping in southeast China In:
Geoderma, 3-4,167-179.

Zhang, Nailj, Xia, Jianyang, Yu, Xingjun, Ma, Keping and Wan, Shigiang (2011):
Soil microbial community changes and their linkages with ecosystem
carbon exchange Under asymmetrically diurnal warming In: Soil
Biology and Biochemistry, 10, 2053-2059.

Zhang, Taiping, Huang, Xinyu, Yang, Yue, Li, Yuelin and Dahlgren, Randy A.,
(2016): Spatial and temporal variability in nitrous oxide and methane
emissions in urban riparian zones of the Pearl River Delta In:
Environmental Science and Pollution Research, 23, 1552-1564.

Zhang, Xinyu, Chen, Liding, Fu, Bojie, Li, Qi, Qi, Xin and Ma, Yan (2006): Soil
organic carbon changes as influenced by agricultural land use and
management: a case study in Yanhuai Basin, Beijing, China In: Acta
Ecologica Sinica, 10, 3198-3203.

Dynamics of Carbon Fixation and Sequestration in a Tropical Paddy Wetland, Kerala 229



References

Zhao, Xiaohong, He, Jia and Cao, Junxin (2011): Study on mitigation strategies of
methane emission from rice paddies in the implementation of
ecological agricultureEnergy Procedia, 2474-2480.

Zhou, Hu, Fang, Huan, Mooney, Sacha Jon and Peng, Xinhua (2016): Effects of
long-term inorganic and organic fertilization on the soil micro and
macro structures of rice paddies In: Geoderma, 266, 66-74.

Zhu, Renbin, Liu, Yashu, Ma, Jing, Xu, Hua and Sun, Liguang (2008): Nitrous oxide
flux to the atmosphere from two coastal tandra wetlands in eastern
Antarctica In: Atmospheric Environment, 10, 2437-2447.

Zimmerman, Andrew R., Gao, Bin and Ahn, Mi Youn (2011): Positive and
negative carbon mineralization priming effects among a variety of
biochar-amended soils In: Soil Biology and Biochemistry, 43, 1169-
1179.

Ziska, Lewis H., Moya, T. B,, Wassmann, R., Namuco, O. S., Lantin, R. S., Aduna, .
B., Abao, E., Bronson, K. F,, Neue, H. U. and Olszyk, D., (1998): Long-term
growth at elevated carbon dioxide stimulates methane emission in
tropical paddy rice In: Global Change Biology, 6, 657-665.

Zornoza, Radl, Rosales, R. M., Acosta, José A., de la Rosa, José Maria, Arcenegui,
Victoria, Faz, Angel and Pérez-Pastor, Alejandro (2016): Efficient
irrigation management can contribute to reduce soil CO2 emissions in
agriculture In: Geoderma, 263, 70-77.

Zou, Jianwen, Huang, Yao, Jiang, Jingyan, Zheng, Xunhua and Sass, Ronald L.,
(2005): A 3-year field measurement of methane and nitrous oxide
emissions from rice paddies in China: Effects of water regime, crop
residue, and fertilizer application In: Global Biogeochemical Cycles, 2,
1-9.

230 & Department of Marine Biology, Microbiology and Biochemistry, School of Marine Sciences, CUSAT



