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ABSTRACT

Paddy fields have been found to emit a high amount of methane (CH,4), while
fertilizer application has positive correlation with nitrous oxide (N.O) emission. Nitrification
inhibitors (NIs) can be applied to increase the capability of roots for nitrogen uptake from the
soil. When the nitrification rate is reduced, N2O emission as by product is also decreased. The
aim of this study is to reduce N.O and CH4 emission from experimental paddy plots by adding
Nls, including (E)-ethyl3-(3-hydroxy-4-methoxyphenyl)acrylate (16F1), a synthesized
compound based on the structure of biological NIs found in the root exudates of Sorghum
bicolor and 3,4-dimethylpyrazole phosphate (DMPP), commercial NIs. The Nls treatments
were compared to treatment without fertilizer and treatment containing only fertilizer. Rice
cultivation was performed for wet-season 2013 according to good agricultural practices (GAP)
and the rice cultivar was Khao Dawk Mali 105.

Treatments containing fertilizer with 16F1 and fertilizer with DMPP had mean
and standard error of the mean CH, flux (341.26+25.74 and 349.98+24.48 mg m day) and
N2O flux (3.10+£0.17 and 3.15+0.18 mg m? day™) which were significantly different from
treatment with only fertilizer (505.78+43.50 and 3.92+0.27 mg m*? day?) (p<0.05). The Nls
reduced CH., as well as N2O emission, significantly up to 37.78 and 33.39 % as well as 16.45
and 10.65 %, respectively, when compared with treatment with only fertilizer. Regarding
global warming potential (GWP), treatments containing fertilizer with 16F1 and DMPP had
less capacity to cause global warming than treatment with only fertilizer at 36.34 and 31.85 %,
respectively. The result of Nls effectiveness in paddy field in terms of yield found that grain
dry weight in treatment containing fertilizer with 16F1 had the highest yield (5.78+0.47 ton ha
1), followed by treatment containing fertilizer with DMPP (4.84+0.24 ton ha), treatment
containing only fertilizer (4.25+0.35 ton ha'), and control treatment (3.68+0.24 ton ha'). The
application of NlIs is an alternative approach to gain co-benefits for reducing greenhouse gas
emissions, and simultaneously increasing nitrogen-use efficiency.

KEY WORDS: NITRIFICATION INHIBITORS / METHANE / NITROUS OXIDE /
GREENHOUSE GAS EMISSION/ PADDY FIELD
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CHAPTER |
INTRODUCTION

1.1 Background

In 2000, Thailand released greenhouse gas at 229.08 million ton of carbon
dioxide equivalent. Agriculture was the second emitter at 51.88 million ton of carbon
dioxide equivalent or 22.6 %, which was only lower than energy sector. The crucial
greenhouse gas emitted from agriculture is methane (CHa). Rice cultivation releases
CHa4 29.94 million ton of carbon dioxide equivalent or 57.7 % of total greenhouse gas
emission from agriculture sectors. From 2000 to 2004, the average of greenhouse gas
emission from agriculture sectors was 53.80 million ton of carbon dioxide equivalent
which increased 1.2 % per year, due to the constant growth of rice production. The
increasing of greenhouse gas emission from agriculture is related to the amount of
fertilizers (Office of Natural Resources and Environmental Policy and Planning,
2010).

CHs is occurred from the reduction of organic carbon in soil by
microorganisms called "methanogens™ in anaerobic conditions. In addition, N2O is by-

product of soil nitrification and denitrification. Soil nitrification can be occurred under
aerobic conditions. Ammonium (NH4") is oxidized and converted into nitrite (NO2)
by Nitrosomonas sp. Nitrite will be transformed to nitrate (NO3") by Nitrobactor sp. In
contrast, a lack of oxygen or without oxygen in soil, denitrifying bacteria will reduce
NOz™ into N2O and nitrogen (N2) (Robertson and Groffman, 2007; Metivier et al.,
2009).

Inorganic nitrogen in soil can be easily loss by different mechanisms, such
as NHz volatilization, nitrification and denitrification. In agricultural soil, organic
matter and clay has anions (negatively-charged ions) which is easily attached with
cations (positively-charged ions) of NH.* than those of NOs. As a result, the
remaining NOs" is leaching by runoff and deep percolation. This is the causes of losing
soil nutrient and water pollution (Schipper et al., 2010; Leip et al., 2011).
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Nitrogen is essential nutrients for growth and production of plant,
especially for rice. Rice (Oryza sativa) has high nitrogen demand, therefore; chemical
nitrogen fertilizer is essential for increasing rice yield. However, losing of nitrogen in
soil is the crucial problem for rice production. It can increase fertilizer usage. Rice
may receive nitrogen from fertilizer at only 30-40 % of total nitrogen. It also found
that greenhouse gas emission in terms of carbon dioxide equivalent from paddy field is
the highest when compared with other agriculture sectors (Prasad and Prasad, 1980).

Regarding the co-benefits of both environmental issues and economic
aspect, mitigating greenhouse gas emission and enhancing nutrients preservation in
paddy field are the goal of rice production. This can be done by planning suitable
agriculture practices, such as determine the quantity and time of irrigation and
fertilizer to control oxidation-reduction potential (ORP). This will reduce nitrogen
conversion and loss from the paddy system (Dinnes et al., 2002).

Using nitrification inhibitors (NIs) is one of alternative methods to obtain
such co-benefits. Nitrogen losing by nitrification can occur when nitrogen fertilizer is
oxidized into NOz™ by Nitrosomonas sp. As a result, using NIs can inhibit conversion
of NH4" to NOs™ by restrict microorganism’s activities. Nitrogen will be remained in
NH4* form longer in soil. In the meantime, plant root also have longer period for
uptake NHa4". It will increase plant's nutrient consumption rate during vegetative phase
that plants require highest nutrient consumption rate (Dinnes et al., 2002).

Synthetic chemical nitrification inhibitors have been used in fertilizer as
coating form to increase nitrogen use efficiency. It can conserve nitrogen in soil and
ammonia nitrogen in fertilizer. It also reduces nitrogen loss from soil by denitrification
(Chaichuay, 1993; Limpongpan et al., 2010; Zhang et al., 2012). The study of
Majumdar et al. (2000) reported that N2O emission from control treatment, paddy field
with urea fertilizer and paddy field with urea fertilizer and dicyandiamide (DCD) were
about 59.9 g NoO-N ha™! and 48.9 g N2O-N ha™!, respectively. It was summarized
that using DCD with urea fertilizer can reduceN2O emission from paddy field about
6.59 %.

NIs also can reduce CHs emission. Boeckx (2005) reported that a
combination of urea fertilizer and DCD can reduce N2O and CHa4 emission from paddy

field around 22.3 and 47 %, respectively. However, cost of chemical nitrification
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inhibitor is relatively high. There are many restrictions from environment conditions
that can reduce its efficiency and effective period in soil, such as temperature, pH or
soil humidity (Menéndez et al., 2012). Several studies showed that some synthetic
nitrification inhibitors are toxic on targeted soil microorganisms as well (Slangen and
Kerkhoff 1984; Tindaon et al., 2012).

Several grass species have capability to produce substances from root that
can inhibit nitrification (Lata et al., 2004). These substances inhibit nitrifying bacteria
activities and nitrification in soil. This can be called biological nitrification inhibition
(BNI). Study on the effect of signal grass Brachiaria humidicola to Nitrosomonas
europaea found that this grass can inhibit nitrification around 15-25 AT unit g* root
dry wt day! and 20 AT unit g*. Thus biological nitrification inhibitor (BNIs) can
restrict all of NOs™ conversion. It is found that BNI substance that extract from B.
humidicola inhibit only Nitosomonas’s activities, but it did not affect other soil
microorganisms. Another grass species (Sorghum bicolor) also produces BNIs; methyl
3-(4-hydroxyphenyl)propionate (MHPP) in their roots. It also specifically inhibits
N.europaea activities (Subbarao et al., 2012).

Kachenchart et al. (2012) synthesized organic substance (E)-ethyl3-(3-
hydroxy-4-methoxyphenyl)acrylate (16F1) by mimicking the structure of (E)-methyl
3-(4-hydroxyphenyl)acrylate(methyl p-coumarate, 18F1), which was found in the root
exudates of Sorghum bicolor with ICsp 142 pM and 61.4 pM, respectively. This
substance is capable of inhibiting the conversion of NH4" into NOs™ about 32.7 % in
soil incubation with 16F1 in water holding capacity 100%. That result is possible that
when nitrification is reduced, production of N2O will be reduced at the same time.

The purpose of this study is to apply nitrification inhibitors; (E)-ethyl3-(3-
hydroxy-4-methoxyphenyl)acrylate (16F1) and 3,4-dimethylpyrazole phosphate
(DMPP) for mitigation of N.O and CH4 emissions from paddy fields during different
water management conditions (i.e. continuous flooding, mid-season drainage, and
drainage water before harvesting).The knowledge gained from this study will enhance

Thai agriculture culture to become more sustainable and friendlier to the environment.
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1.2 Objectives of the research

To study the mitigation of greenhouse gas emissions and evaluation of the

nitrogen use efficiency in rice production after using nitrification inhibitors.

1.3 Scopes of the research

The experimental site was at Agricultural Technology Research Institute,
Rajamangala University of Technology Lanna; Lampang province. Nitrous oxide and
methane emission were observed during wet-season rice production in 2013, in order
to compare between greenhouse gas emission rate and other factors that may affect on

paddy soil properties such as ammonia, nitrate and redox potential.
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1.4 Conceptual framework

To reduce nitrous oxide and methane emission from rice field

A 4 A 4
Using nitrification inhibitors Preserve nitrogen nutrient

l

Field experiments

\4

Evaluate result of using Evaluate result of using
nitrification inhibitors on soil nitrification inhibitors on reduction
property in paddy ecosystem of greenhouse gases emission

Comparing GHG emission
reduction and NUE enhancement

l

Best measure on using nitrification inhibitors in paddy field that is
environmental friendly, reducing greenhouse gas emission and
increasing production yield

Figure 1.1 Conceptual framework on mitigation of nitrous oxide

and methane emissions from paddy field by using nitrification inhibitors.
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1.5 Hypothesis
The fertilized soil with nitrification inhibitors can decrease nitrous oxide
and methane emission and increase nitrogen use efficiency in rice production when

compare to soil with fertilizer only.

1.6 Expected output

The expected outputs to be generated in the thesis research were;

16.1 Efficiency of nitrification inhibitors on mitigation of nitrous oxide
and methane emission from paddy field.

1.6.2 Emission rate of nitrous oxide and methane from paddy field during
rice production.

1.6.3 Advantages and restrictions of using nitrification inhibitors in paddy

field ecosystem.

1.7 Definition

1.7.1 Hydrolysis is the reaction between substance and water that causes
large molecule to dissolve into small molecule.

1.7.2 Agro-Ecosystem is a plant production system that human conduct in
environmental conditions to produce essential products for living. It may include
living and non-living organisms and other factors that have relationship with this
system.

1.7.3 Redox potential is the electrical potential difference in soil or Eh
which can be used to determine the oxidation and reduction potential in the system.
Redox potential will be positive and high in soil oxidation system that has enough
oxygen.

1.7.4 Nitrogen cycle is the soil biological cycle that describes the

conversion of nitrogen and nitrogen components in the environment.
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CHAPTER Il
LITERATURE REVIEW

To study alternative ways for mitigating nitrous oxide and methane from
rice cultivation by using nitrification inhibitors (NIs) and their affects to soil
properties, researchers had studied from theories and related literatures as following,
1) greenhouse gas emission situation, 2) relationship between nitrogen, carbon and
paddy field, 3) greenhouse gas mitigation from rice cultivation, 4) nitrification

inhibitor, and 5) rice production system of Thailand.

2.1 Greenhouse gas emission situation

Greenhouse gas is gas in atmosphere that can easily absorb infrared or heat
wave. It reduces heat loss from atmosphere. This phenomenon is called “Greenhouse
effect”. When greenhouse gas in atmosphere is more than optimum level, heat from
the sun will be trapped in the atmosphere. Heat will be accumulated in the atmosphere
and this will cause global warming. However, greenhouse gas is important for control
earth’s temperature balance. If there is none greenhouse gas, the temperature will be
too cold for habitation. In contrast, too much greenhouse gas can increase the
temperature. In term of sciences of climate change, the balance between incoming and
outgoing energy in the earth-atmosphere system can be express as radiative forcing
(RF; W m™) that comparison with preindustrial era defined at 1750.

Greenhouse gases can be classified into many substances, such as vapor or
ozone which also can be classified as greenhouse gas but greenhouse gases that
considers as major threats in Kyoto protocol are consists of carbon dioxide (CO,),
methane (CHa4), nitrous oxide(N20), hydrofluorocarbon (HFCs), perfluorocarbon
(PFCs) and sulferhexafluoride (SF6). Due to different chemicals have different global
warming potential (GWP), IPCC has identify that to determine global warming
potential each greenhouse gas need to convert into carbon dioxide global warming
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potential or carbon dioxide equivalent (CO2eq). For example, one unit of CH4 has

capability to cause global warming equal to 21 times of carbon dioxide (IPCC, 1997).

Table 2.1 Global warming potentials of different greenhouse gasses.

Greenhouse gases GWP Residual time in atmosphere (Year)
Carbon dioxide (CO>) 1 200-450

Methane (CHa) 21 11

Nitrous oxide (N20) 310 120

Hydrofluorocarbon (HFCs)  140-11,700 2-19

Perfluorocarbon (PFCs) 6,500-9,200 >1,000

Sulfurhexafluoride (SFe) 23,900 3,200

Source: IPCC (1997)

In year 2000, total greenhouse gas emission in Thailand was 229.08
million ton of carbon dioxide equivalent. The energy sector was the highest
contributor which equal to 69.6 %. Following by, agriculture sector emitted at about
22.6 % of total. The main greenhouse gas from agriculture was CH4 and the highest
greenhouse gas emission agriculture activity was from paddy field which at about
29.94 million ton of carbon dioxide equivalent or 57.7 % of total emission from
agriculture. The increasing of greenhouse gas emission from agriculture during 2000
to 2004 was constant. This may be due to the agriculture activity; especially rice was
constant over this period. The increasing of greenhouse gas from agriculture was
mainly coming from increased fertilizers usage (Office of Natural Resources and

Environmental Policy and Planning, 2010).
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2.2 Relationship between nitrogen, carbon and paddy field

Nitrogen is important nutrient for plant growth and yield, especially rice
(Oryza sativa) which is important economic crops of Thailand. Paddy field on
Thailand during 2015 was about 8.93 million hectare (Office of Agricultural
Economics, 2015).Soil in lowland area that using for rice cultivation is always losing
an essential nitrogen source but rice needs high amount of nitrogen for growth.

Nitrogen in paddy field is transformed by different processes. Blue green
algae, azolla and some microorganisms in flood paddy soil have capability to fix
nitrogen from atmosphere. When those microorganisms die and decay, nitrogen will
be released. This natural nitrogen source is useful for rice. Ammonification or
mineralization change organic nitrogen into inorganic nitrogen, such as ammonia
(NH4") and nitrate (NO3") which are useful for plant uptake. In tropical climate,
organic compounds in soil are rapidly decayed over times because of high temperature
and rice consumption. Therefore, nitrogen in these areas is low and nitrogen fertilizer
is essential for increase rice production yield. Nitrogen in chemical fertilizer, such as
urea (NHs) will be converted into NH4™ by hydrolysis. This NH4* will be losing to
atmosphere by volatilization and the remaining NHs*will be converted into NO3™ by
nitrification. NOs~ will be used by rice, leached into surface water and groundwater
and converted into N2O and N2 by denitrification (Prasad and Prasad, 1980).

Losing of nitrogen during agriculture practices reduce the efficiency of
fertilizer. Rice can consume nutrient from fertilizer only about 30-40 % of total
nitrogen in fertilizer. In paddy field, urea hydrolysis will convert urea into NH4" within
7 days after using fertilizer. Losing of NH4" from volatilization is about 25-33 % of
fertilizer amount. About 75 % of these processes are occurred within 7 days after
using fertilizer. Nitrate leaching is around 20-30 % of total fertilizer and can occur
within 2 months after starting rice transplanting. In addition, nutrients consumption
will be reduced over times (Chowdary et al., 2004).

Controlling factors of nitrification and denitrification rate both before and
after rice cultivation in flooding area or in soil are NH4*, NOs’, organic carbon, and
oxygen level in soil (Firestone, 1982). In unlimited nitrogen and organic carbon
condition, water filled pore space (WFPS) represented for oxygen level in soil play

important role as controlling factor of N2O production. Nitrification and denitrification
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rate in soil will be highest when WFPS are about 50-60 % and 70-80%, respectively
(Mosier, 1998; Bateman and Baggs, 2005).

However, in flooding area, such as wetland and paddy field, nitrification
can occur at water level over soil surface and oxidized zone is around root zone about
0-10 mm. Increasing of oxygen in soil is done by oxygen fixation through intercellular
air space (Aerenchyma) and diffuses to the root. Oxygen will be diffuse to soil. Due to
available oxygen in the soil, nitrification is easier to occur. Nitrification rate can be
increased significantly after using urea fertilizer because plant can increase nutrients
consumption and increase oxygen in root and soil (Arth and Frenzel, 2000).
Nitrification in water and root zone will be highest on day 40 after input urea (Adhya
etal., 1996).

NOgz'inoxidized zone around root can be lost from leaching or seeping to
groundwater about 35-40 % of total amount of fertilizer (Chhabra et al., 2010). In
flooding soil which is reduced zone, conversion of NO3™ by denitrification is about 5
% of total fertilizer or higher when considering amount of N.O that can accumulate in
water before release to atmosphere (Chen et al., 1998).

From nitrogen cycle in paddy field, it can be seen that nitrogen in soil can
be easily released from various processes, such as NHz volatilization or oxidization of
NHs" to NOs from nitrification because organic substance in soil and clay have
negative charge that can easily attract positive charge of NH4*. NOs" is water soluble
and is hardly absorbed by soil particle. Therefore, it can be depleted by leaching and
run off. This causes losing nutrients from the agriculture activity and water pollution
(Schipper et al., 2010; Leip et al., 2011).

When comparing greenhouse gas emission from agriculture sector, it is
found that highest greenhouse gas emission in terms of carbon dioxide equivalent is
from the paddy field. Therefore, reducing greenhouse gas emission and preserved soil

fertility is essential by using fertilizer efficiently and reducing nitrogen loses.

2.2.1 Nitrous oxide
N20O is greenhouse gas that has higher global warming potential than CO>
up to 310 times. 60 % of this gas emission is come from agriculture soils that use

fertilizer as main part.
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Nitrification (NN) and denitrification (FD) in soil are the majority
contributions of N2>O production. Soil nitrification is occurred in aerobic conditions.
NH4* will be oxidized into NO2™ by soil microorganism Nitrosomonas and converted
into NO3z™ by Nitrobacter. In contrast, denitrifying bacteria activity in anaerobic
conditions can cause denitrification which NOs" is reduced into N2O and N.Following
figure 2.1, N2O production is also by product of nitrifier-denitrification (ND) and
nitrification-coupled denitrification (NCD) (Kool et al., 2010).

NH,’

O’\l
NH.OH —— N,O (N

H,0 \]

NO, — NO — N,O (D)

H,0 \j

NO, — NO, =NO-N,O (NcD)
NO, — NO, =NO-N,O (Fp)

Figure 2.1 N2O production from nitrification (NN), nitrifier-denitrification (ND),
nitrification-coupled denitrification (NCD) and applied NOs™ denitrification (FD)
(Kool et al., 2010).

Normally, N2O formation in continuous flooding environment such as
wetland is trapped by water, but in paddy filed during rice cultivation, CHs and N2O
will be released to atmosphere from rice aerenchyma rather than soil flux (Yu et al.,
1997).

N20 can be produced by nitrification about 2-4 %. In addition, 60-80 % of
NOs™ will be changed into N2O, NO, and N2 by denitrification. The release of N2O will
be lowest when flooded soil. In addition, it will be increased after water drainage from
the paddy field and after harvesting season. Ghosh and Kashyap (2003) had studied
rice production activity in flooded soil. It was found that rice “Sarju-52” in no
fertilizer and using urea fertilizer had nitrification at average rate 0.32+0.10 and
0.53+0.10 pg g per month, respectively. In addition, rice “Malviya-36” that not using

fertilizer and using urea fertilizer had nitrification rate 0.38+0.15 pg g™' per month and



Sita Maitkoon Literature Review / 12

0.65+0.09 pg g' per month, respectively. Using nitrogen fertilizer can increase
nitrification rate in paddy field soil. From the study of Towprayoon et al. (2005) in
Thailand, it was found that N2O emission from paddy field that use local method,
continuous flooding, mid-season drainage and multiple drainage can released N>O
0.33,0.37,0.51, and 0.38 kg ha* crop™, respectively.

2.2.2 Methane

CHa has global warming potential higher than carbon dioxide 21 times. It
naturally comes from degradation of organic substances in soil by methanogenic
bacteria or methanogens activities under anaerobic condition. As a result, CHa will be
released to atmosphere from aerenchyma (Dubey, 2005). The peak of CH4 emission
from paddy field is when rice flowering which is around 60 to 90 days after
transplanting. CH4 emission will be reduced after water drainage from the fields
during harvesting season. These bacteria will degrade organic substances on rice stem
and root and release into soil. After water drainage from the fields, soil will have
anaerobic condition.

The production of CH4 or methanogenesis in paddy field is related to pH
and redox potential (Eh) in soil. pH and Eh in flooding soil have reverse relationship
when pH increase, then Eh will be reduce. The most suitable pH for methanogenic
bacteria activities is around 6.9-7.1 and Eh is around -150 to -250 mV. If pH in soil
reduces and Eh increases, the production rate of CH4 in paddy field will be reduced
because methanogenic bacteria activities is prohibit (Kerdchoechuen and Laohakunjit,
2003).

Soil that has good irrigation and under aerobic condition will act as sink
for CH4 because CHys is oxidized by methanotrophic bacteria and nitrifying bacteria
genus Nitrosomonas. However, using nitrogen fertilizer can reduce CHs absorption
potential in soil when compare with soil that did not used fertilizer (Jassal et al.,
2011). This is due to oxidization of CH4 by enzyme methane monoxygenase (MMO)
is prohibited by nitrogen (Bodelier and Laanbroek, 2004).

Dissolved CH4 will be produced around 10 day after available oxygen is
used by microorganisms to degrade organic substances in water (Boontanon et al.,

2008). The capacity storage of CH4 in soil from absorption by methanotrophic bacteria
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in root zone and near soil surface in flooded soil is around 30 %. CHjoxidation will

reach the peak when water drainage and air is presence in the soil pore space (Banker

etal., 1995).
From figure 2-2, it can be seen that the transportation of CH4 from paddy
field to atmosphere are as following.
1) Ebullition, occurred when CHas pressure in soil is higher than water
pressure and CH4 will be transported in bubble form.
2) Molecular diffusion, dissolved CH4 can be diffused to soil that expose
to water and air expose to water
3) Vascular transport, rice is the plants that contains with aerenchyma
which can transport oxygen to its root. This causes transportation of CH4 and CO-

from soil to atmosphere. Most CHg is transported via this route.

02 e i
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Figure 2.2 Generation of CHa in paddy field (Dubey, 2005).

Intergovernmental Panel on Climate Change (IPCC) predict that in the
next decade global temperature will increase 1.8-4 °C and sea level will be increased
18-59 cm. from ice in the pole is melting since the first report in 2007. Due to this

report, global population becoming more aware on this issue and find various
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measures to solve this problem. CH4 and N2O are one of the high potential greenhouse
gases. Continuous flooding method is used to prevent weeds but it is not only has high
water loss from leaching, but also it is the main reason for CH4 emission. Tsurata et al.
(1998) found that CH4 emission from Thai paddy field that used local method,
continuous flooding, mid-season drainage and multiple drainage released CH4 239.55,
243.60, 173.62, and 156.79 kg ha crop™, respectively. In Japan, the most significant
greenhouse gases emission from paddy field, including CH4, CO2 and N2O in the last
century had initiated global warming 78.2, 16, and 5.8 of total CO2 equivalent,
respectively. Consequently, paddy field is always being the target as the biggest source

of greenhouse gas emission (Towprayoon et al., 2005).

2.3 Greenhouse gas mitigation from rice cultivation

Traditional way of growing rice in Thailand and other countries in Asia,
farmer use water more than amount of water that rice consumptions in order to control
weed and maintain water level. As a result, loss of water through infiltration and
discharging is significant. This also causes greenhouse gas emission, especially CHa.

Traditional method of rice farming in Asia is growing in paddy field.
Around 700-1500 millimeter is required for rice cultivation. This is consists of 150-
250 mm for field preparation, 50 mm for seedling and 500-1200 mm for evaporation
and infiltration loss during rice growing (5-12 mm per day for 100 days). As a result,
actual water irrigation is higher than rice water consumption. This growing pattern has
high water loss which is estimated around 50-80 percent from water consumption
(Chumwong and Kwanyue, 2009). From this issue, there are many studies on different
water management. Barker et al. (2004) reported in year 1999. China has developed
water-saving irrigation techniques (WSI) in paddy field to increase water efficiency
and also increase price. Tuong and Bouman (2003) studied capacity of increasing
yield in water scarcity situation or increasing yield per unit of water consumption by
reducing water consumption and water loss through infiltration and evaporation. In
Thailand, Chumwong and Kwanyue (2009) researched water management in shallow-
paddy field (5 to 10 cm.), wet-dry field (5 to -5 cm.) and traditional method (30 to 20
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cm.) by regularly monitored from wet-season and dry-season rice production activity
at Mae Klong basin in 2006. Analysis showed paddy field that contains more water
and longer period had higher CHs4 than other methods. It can be said that traditional
method can cause higher effect than other types, followed by shallow-field,
combination of shallow field and wet-dry field. The results of research found that all
four study methods can reduce CH4 from 20-81 % and water consumption 40-63 %
when compare with traditional method and the rice yield had no significant different.

Drainage water to the lowest level before rice production and flooding
immediately after fertilize soil can be done to reduce nitrification. CH4 emission is
highest during flowering stage. As a result, changing pattern by drainage water during
this period will cause soil return to aerobic condition. Microorganisms cannot degrade
organic matters. After 3 days, water can be pumped back to paddy field again. This
method can reduce CH4 emission around 30-40 % from local method (Towprayoon et
al., 2005).

However, reducing greenhouse gas emission by using water management
is difficult application by farmers due to lack of support from the government. In
addition, lack of awareness of greenhouse gas emission is also another issue. Farmers
see this method has higher cost than traditional way because there is electricity cost for
pumping water in and out from paddy field.

Moreover, during mid-season drainage, the important parameter that
promotes N2O emission is water filled pore space (WFPS) at 60-80% and farmer
prefer input fertilizer. There is more N2O emission before water flooding and after
draining periods than that occurs during the draining period. The drainage during
cultivation can reduce CHas emission by the decreasing of % CHa4 volume. However,
the calculation of GWPnet, may show otherwise. Towprayoon et al. (2005) reported a
decreasing of GWPnet, while Kudo et al. (2014) reported an increasing of GWPret.

Another method to reduce greenhouse gas emission from paddy field is
using fertilizer suitably and efficiently, such as timing of nitrogen application. In
general, rice has high nitrogen consumption in two periods which are tillering stage for
stem growing and reproductive growth for growing of panicle primordium. By deep
placing fertilizer nitrogen, conversion of NH4" to NOs'will be mitigated because NH4"

have less mobility in deep soil from binding with clay and organic particles. This
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reduces loss of Nathrough denitrification and NHz volatilization can remain in deep
soil and it can be utilized by plants (Department of Agriculture, 1987).

Using fertilizer that contains with sulphur also can reduce CH4 emission.
Sulphur component can be dissolved in water to have sulphuric acid (H.SO4) which
can reduce pH in soil. As a result, activity of methanogenic bacteria which produce
(CHa4) will be prohibited. In addition, when acidity in soil is increased, Eh in soil will
be reduced due to inverse relation between pH and Eh. Sulfate Reducing Bacteria
which uses same organic matters with methanogenic bacteria will be more active.
Sulphate and Sulphide that occurs in soil are toxic to methanogenic bacteria as well.
From these reasons, methanogenic bacteria activities are prohibited. Using sulphur
components, such as powdered sulphur (S), gypsum (CaSOs) and Sodium sulphate
(Na2SOg4) has higher efficiency to reduce CH4 emission than using nitrogen fertilizer
that contains with sulphur, such as ammonia sulphate because This fertilizer has
nitrogen substance which is an energy source for methanogenic bacteria.
Methanogenesis can occur.

Jankaewrae (2001) had studied the effects of three sulphur components,
which are powdered sulphur (S), gypsum (CaSO4) and sodium sulphate(Na2SO4) at
rate 0, 100, 200 and 300 kg sulphur per rai on the growth of rice cultivar Suphan Buri
1 and their CH4 emission; it was found that different sulphur components did not have
any effects on CHs emission. However, the amounts of sulphur components affect CH4
emission. 300 kg of sulphur component per soil 1 rai had CH4 emission and soil pH
lowest. Soil Eh, sulphate concentration in soil and water, total sulphate in soil and
water are highest. Relation between CH4, pH and Eh in soil cannot be found in this
case. It also found that Suphan Buri 1 which grew in no sulphur component soil had
highest CH4 emission during the cultivation period both vegetative and reproductive
phase, whereas rice that grew in soil contains higher sulphur component had low CHs
emission. Sulphur component can reduce CH4 emission by 29 to 65 % when compare
with soil that does not have sulphur component. The result from sodium sulphate 300
kg per rai has lowest CH4 emission. The relation of CH4 emission in Suphan Buri 1
was not related to pH, Eh, soil temperature, ambient temperature, water temperature,

and rice growth rate.
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Even though, agriculture sector is seen as one of importance greenhouse
gas emission sources, agriculture sector has capacities to be carbon sink as well.
Photosynthesis in plant uses CO2 in atmosphere as a substance and converts into
organic matters or biomass. Moreover, constructive land management for rice
production activity can reserved carbon in soil up to 1 Gt of Carbon per year. This can
be done by reduce plowing and conserve organic matters in soil by planting rotated
crops and covered crops. Avoiding burning wastes from rice production activity can
reduce reservoir capacity loss in soil. This is not only reduce CO> in the atmosphere
but also conserve nutrients and other properties in soil, including structure, type, and
capacity to absorb water and quality of soil. It also not interfere microorganisms in
soil. These benefits can reduce probability of anaerobic condition from compressing in
soil which will reduce N2O from denitrification (Zaman et al., 2012).

2.4 Nitrification inhibitors

Nitrification inhibitors (NIs) are one method to reduce greenhouse gas
emission and increase nitrogen use efficiency. It also reduce losing of soil nutrients by
minimize nitrification to as low as possible. Nutrients losing may be occurred by
nitrification because nitrogen fertilizer is oxidized into NO3s™ by Nitrosomonas. Using
nitrification inhibitors can prohibit the conversion of NH4" into NOs™ by restrict
bacteria activities. As a result, NH4" is remained in the soil longer and reduces the loss
rate. It also increase root consumption rate of NH4* as well. Nitrification inhibitors
products can be classified into 3 groups;

1) Chemical nitrification inhibitors (Li et al., 2008)

2) Biological nitrification inhibitors from plant (Mohanty et al., 2008)

3) Biological nitrification inhibitor compounds extracted from plant or
synthesized from that specified inhibit only nitrifying bacteria (Gopalakrishnan et al.,
2009)
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2.4.1 Chemical nitrification inhibitors

Chemical nitrification inhibitors or synthetic nitrification inhibitors are
commonly used in fertilizer by coated with nitrification inhibitors to increase fertilizer
consumption efficiency. It increases the duration of nitrogen in soil and fertilizer as
ammonia nitrogen can remain longer and reduce nitrogen loss from denitrification.
Chemical nitrification inhibitors are consists of 64 types (Subbarao et al., 2006). The
most acceptable type from the research and study and has been used commercially in
agriculture are dicyandiamide (DCD) and 3, 4- dimethylpyrazole phosphate (DMPP).
It was found that it can give higher results than using regular fertilizer. It also responds
commercial purpose and reducing greenhouse gas emission (Chaichuay, 1993;
Limpongpan et al., 2010; Zhang et al., 2012).

I Dicyandiamide (DCD)

It can dissolved in water but not volatile and can be used as
fertilizer coating, such as urea or ammonium sulphate to reduce hydrolysis. It will be
targeted only Nitrosomonas (Guo et al., 2013). DCD 200 mg kg™ can remain in soil 4
to 8 weeks and have direct variation to soil temperature, humidity, pH and organic
substance in soil. Due to this chemical is not volatile, it is suitable for tropical climate.
Combination of urea fertilizer and DCD can reduce N>O and CH4 emission from
paddy field at about 47.0 and 53.1%, respectively (Boeckx et al., 2005). In addition,
volatilization of NH4* will not increase when using DCD in paddy field (Banerjee et
al., 2002).

11 3,4-dimethylpyrazole phosphate (DMPP)

The commercial name is Entec®. It has longer effect up to 4-
10 weeks. Common using rate is at about 0.5-1 kg ha™. It is suitable for soil that has
low temperature around 5 °C. When soil temperature is increased higher than 20 °C, it
can be effective for 40 days. This chemical can be attached with NH4*. As a result, it
can inhibit nitrification rate efficiently.

DMPP is newly nitrification inhibitors than DCD. Comparison

efficiency between these two nitrification inhibitors has been studied in many
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researches. It was found that DMPP has higher efficiency to preserve NH4" in soil and
can reduce greenhouse gas emission more efficiently.

Wissemeier (2001) and Suter et al. (2010) studied the
comparison of using DCD and DMPP nitrification inhibitors on stabilization of NH4".
It was found that soil using DMPP had NHs" in soil more than soil using DCD,
statistically. In addition, emission of N2O is lower than soil using DCD as well.

These results correspond with the study of comparison on N.O
reduction efficiency and CHs oxidation in 3 years experiment field by Weiske (2001).
The result showed that DMPP can reduce N2O more than DCD. DMPP can reduce
N20 emission when compare with control treatment up to 41, 47 and 53 % in year 1 to
3, respectively or average 49 %. In contrast, DCD can reduce N.O emission only 30,
22 and 29 % from year 1 to 3, respectively or average 26 %. Another drawback of
DCD when compared with DMPP is that DCD can be degraded quicker. Analysis on
NOs" concentration in soil found that both two chemicals have NOs™ concentration
lower than control treatment 23 %. It can be mean that nitrogen fertilizer remains
longer in NH4* form.

Suter et al. (2011) studied the reduction of N2O by using
DMPP in pasture field on the Southwest of Victoria, Australia and comparing the
results between using urea fertilizer and urea fertilizer mixing with DMPP. The results
showed that using DMPP can hindrance the changing of nitrogen to NOs’, especially
during heavy storm season. It reduces N2O emission up to 73 % within 6 month. From
this result, it can be summarized that DMPP have capability to reduce N2O emission
from agriculture sector in Australia.

Yu & Chen (2011) researched on the DMPP efficiency in
paddy field with 2 different types of soil, including powder soil and blue clayey paddy
soil. It was found that control treatment with urea fertilizer mixing DMPP can increase
NH4" concentration at about 94.6-97.9 % and 55.4-65.1 %, respectively and decrease
NOz" concentration around 46.9-90.9 % and 53.7-90.2 %, respectively. It also increase
rice nitrogen consumption which show in increasing yield up to 24.9 and 14.2 % and
biomass increase 20.6 and 14.4 %, respectively. As a result, it can be concluded that
using DMPP nitrification inhibitor can longevity NH4* concentration in soil and

reduce NOs™ concentration in paddy field. This is benefit for rice in terms of nitrogen
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consumption (there is no currently study on DMPP efficiency in reduction of N.O or
CHs from paddy field).
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Figure 2.3 Chemical structure of 3,4-dimethylpyrazole phosphate (DMPP)
(Zerulla et al., 2001).

However, using chemical nitrification inhibitors are costly and
affected by many environmental factors, such as temperature, pH or humidity in soil
(Subbarao et al., 2006; Menéndez et al., 2012). There are also studies on toxicity of
synthetic nitrification inhibitors on other target soil microorganisms (Slangen and
Kerkhoff, 1984; Tindaon et al., 2012). Due to these reasons, using these chemicals

substances are not widely used in agriculture sector.

2.4.2 BNIs extraction from plant

Mohanty et al. (2008) and Thind et al. (2010) reported on using
Azadirachta indica extraction and coating in urea fertilizer to increase fertilizer
efficiency in paddy field. It was found that it can increase fertilizer efficiency 8.6 %
and inhibit nitrification in soil 4-28 % and have effective time up to 7-21 day.

Majumda (2002) studied on reducing N2O from agriculture soil by using
Pongamia glabra Vent. extraction. It can reduce N>O emission at about 92 % when
compare with using DCD which can achieve at about 60 %. Furthermore, it can inhibit
nitrification 62-75 % while using DCD is only at about 9-42 %.

Kiran (2003) studied on using seed extraction from Mentha arvensis L.

var. piperascens and coating in urea fertilizer. It was showed that fertilizer efficiency
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can increase 6-81 % depends on soil characteristics. There still no report on effect

from using this biological extraction on nitrification and soil microorganisms.

2.4.3 BNI compounds that specified inhibition on soil microorganism;
nitrifying bacteria

Many tropical grass species have capability to produce substance from root
system that can inhibit nitrification (Lata et al., 2004). This due to high temperature
that cause degradation of organic substance more quickly and high raining that cause
nutrient loss from leaching higher than temperate climate. Therefore, soil in tropical
climate has low nutrient. Plants in tropical climate have been developed to produce
this substance that can maximize the usage of nutrients in soil. This substance will
affect nitrifying bacteria activities and nitrification in soil. This capability can be
called biological nitrification inhibition or BNI (Subbarao et al., 2007).

Study on surface area and root zone of creeping signal grass (Brachiaria
humidicola) found the BNI components, including unsaturated free fatty acids, linoleic
acid and a-linolenic acid which are relatively weak inhibitors at 1Csp 3x10° M
(Subbarao et al., 2008). In addition, methyl-p-comarate and methyl ferulate at 1Csg
2x10° M and 4x10® M also found producing from root (Gopalakrishnan et al., 2007).
It has been test on efficiency of organic nitrification inhibitor on Nitrosomonas
europaea. It found that organic substance from root can reduce nitrification rate when
using this substance 15-25 AT unitg™root dry weight day* and at 20 AT unit g* can
totally inhibit conversion into NOs™ with effective time 55 days (Subbarao et al.,
2006). Furthermore, BNIs from B. humidicola extraction only inhibit Nitrosomonas
activities. It will not cause any effect on other soil microorganisms, including gram
negative bacteria, total cultivable bacteria and fluorescent pseudomonads
(Gopalakrishnan et al., 2009).

Another grass species that was found production of NI is Sorghum bicolor.
It can produce Phenylpropanoid,methyl 3-(4-hydroxyphenyl)propionate (MHPP) from
root zone (Zakir et al., 2008; Subbarao et al., 2012). It also has capability to inhibit
Nitrosomonas europaea, and none effect on non-target microbial (Nardi et al., 2013)

It is notified that biological substance is more effective than synthetic

chemical nitrification inhibitor. BNI organic components from B. humidicola,
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including unsaturated free fatty acids, linoleic acid and a-linolenic acid has relatively
weak inhibitors at ICso 3x10° M (Subbarao et al., 2008). BNI components from root
of B. humidicola, including methyl-p-comarate andmethyl ferulate has half maximal
inhibitory concentration at ICso 2x107° and 4x10° M, respectively (Gopalakrishnan et
al., 2007). Hydroponics solution from S. bicolor is consists of phenylpropanoid,
methyl 3-(4-hydroxyphenyl)propionate [MHPP] by laboratory separation. This
substance has ICsp 9x10° M (Zakir et al., 2008). On the other hand, synthetic
chemical nitrification inhibitor 1-allyl-2-thiourea (AT) has ICso only 1x107 M
(Subbarao et al., 2008).

X _CO,CHj

HO

Figure 2.4 Chemical structure of nitrification inhibitor;
(E)-methyl 3-(4-hydroxyphenyl)acrylate (methyl p-coumarate, 18F1)
(Kachenchart et. al., 2012).

Synthesis of (E)-ethyl3-(3-hydroxy-4-methoxyphenyl)acrylate (16F1) that
modify the chemical structure of nitrification inhibitors; (E)-methyl 3-(4-
hydroxyphenyl)acrylate (methyl p-coumarate, 18F1)found in the root exudate of
Sorghum bicolor has ICsp 142 uM and 61.4 pM, respectively. This substance is
capable of inhibiting the conversion of NH4* into NO* about 32.7 % in soil incubation
with 16F1 in water holding capacity 100% (Kachenchart et. al., 2012).

. C0,CH;

H,CO
CH

Figure 2.5 Chemical structure of nitrification inhibitor;
(E)-ethyl3-(3-hydroxy-4-methoxyphenyl)acrylate (16F1)
(Kachenchart et. al., 2012).
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2.5 Rice production system of Thailand

Thai Rice Foundation under Royal Patronage (2006) describe Thailand
rice pattern as following.

Rice production activity can be mean to rice farming and caring from the
beginning of cultivation to harvesting. Rice production activity in different areas has
different pattern depends on weather and local culture. In some areas that depends on
only rain for irrigation need to estimate cultivation period that correspond with raining
period and harvest at the end of raining season. Due to different characteristics in each
area and different weather, rice production system of Thailand has 2 fundamental
aspects that determine rice planting method and rice species for rice production
activity, including

1) Area characteristic (high land area or low land area) and weather

2.) Water characteristic for rice irrigation

Season of rice production activity in Thailand commonly start from May
to July of every year depends on quantity of rainwater. For dry-season rice production
activity can be performed throughout the year because rice that is used for cultivation

is non-photosensitive rice. It can be harvested when it fully growth.

2.5.1 Main principles of rice production activity

I Soil preparation: Before starting rice production activity, soil need to be
prepared by following;

1) The first plowing

This is first preparation for soil. Soil need to be roughly ploughed in
horizontal throughout paddy field sector. This will help soil in lower layer expose to
oxygen and it also dry soil to destroy weed and some plant diseases. This process will
be performed after the first rain of new harvest season. After finish, soil will be leave
and dry around 1-2 weeks.

2) The second plowing

After drying soil, soil will be plough for second time to flip soil and
destroy weed that arise after the first process. It also helps in soil separation into small
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size. This may be performed more than once depends on type and quantity of weed,
and soil structure and water level but commonly it will be performed only once

3) Harrowing

The purpose is to eliminate weed from each field section and separate soil
into smaller size, soil need to be harrow throughout the area. This will make the area

more suitable for rice growth and also leverage the area for easy irrigation control.

Il Cultivation: Rice production activity can be classified into 2 methods;
first method is direct cultivation, including direct-seeded and sowing; second method
is seed planting in other area before growth sprout in the field which is transplanting
rice cultivation.

1) Direct seedling rice (drilling) cultivation

This method is common use in rice cultivation on foothills or high land
area. After soil preparation, soil will be plow to make small hole or trench for
dropping rice seed and then bury. When rice growth, it is necessary to destroy weed
and other pests.

2) Broadcasting rice cultivation

This method is common for rice cultivation in flooding area. Rice will be
planted in another place first. When root start to growth, it will be sowed throughout
the area. If using only seed to sow in flooding area, it can decay before it can be
growth. Rice cultivation before sowing can be performed by putting rice seed in water
and sorting out bad seed that floating, then put good seed into basket of dried grass,
watering until seed start to germinate and it can sowing into the field.

3) Transplanting rice cultivation

Rice seed is cultivated in another area until it sprouts and then it will be
planted in another area that can control water level and weed. Transplanting rice
cultivation can be consists of two process;

(i) Seedling

Rice seed will be cultivated until it have root around 3-5 mm.
It will be sow into seedling field. In first 7 days, water levels need to be control to not
flooding the area. These sprout will be pull out for planting in another area after 20-30

days.
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(ii) Planting

Farmers will plant rice sprout on the field. The gap between
each sprout is depends on soil characteristics. In the lowland area, the gap will be large
because rice will be growth into big hill. In contrast, in highland area the gap will be

small because rice is not growth into a hill.

11 Harvesting: After rice starting to bud or head up around 20 days,
farmer will drain water from the field to enhance rice to budding or head up at the
same time. It also reduces humidity in rice and makes it easy for harvest. After drain
water 10 days, this time is the most suitable for harvesting. Rice will have gold yellow
color and product that harvest in this period will have good quality both in terms of
weight and product.

2.5.2 Good agricultural practice or GAP

National Bureau of Agricultural Commodity and Food Standards Ministry
of Agriculture and Cooperatives (2008) stated that GAP is the practice that can
provide guide for farmers to produce good quality agriculture product and meet the
consumer standard. This guide is described from the beginning of cultivation to
harvesting, after harvest management, packaging and logistic. By following this
practice can prevent remained pesticides and other plant diseases. As a result, it can
provide safe working environment and safe product for consumer. It is also easy for
monitoring as well.

Rice that growth according to GAP practice will reduce consumption of
chemical fertilizer and enhance rice production system that reducing cost by
cultivation that correspond with time and growth rate. Therefore, rice product will be
safe for customer. Rice department of Thailand (n.d.) has been distinguished GAP
practice according to rice cultivation season into 2 seasons, including dry-season

(January-June) and wet-season (July-December). Each season has 8 practices.
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I Dry-season paddy field

(i) January

1% Practice Water source: Water source for irrigation need to be free from

pollution.

2" Practice Cultivation area: Cultivation area and nearby are must not

contain with hazardous materials.

January is the period for production planning and preparation of seed and

soil.

Instruction for farmer on seed preparation

- Use qualified rice seed from an official agency or other seed source
certified by the Rice Department or competent authorities.

- Qualified seed should contain at least 98% purity, not less than 80%
germination, admixture of other rice variety shall not exceed 0.5%

- Soil preparation need to be suitable to prevent rice disease and weed
by plough roughly for 7-15 days then plough thoroughly to eliminate
arise weed at least 2 times. In extreme case that has too much weed,
rice should be cultivated by using transparent cultivation or sowing in
trench and drainage water into field at least 2 weeks before furrowing.

(i) February

3" Practice Using hazardous material in agriculture: If there is any use of

pesticide, it is essential to follow the instruction or reference instruction from rice
department, Ministry of Agriculture and Cooperatives or instruction register with
department of agriculture, Ministry of Agriculture and Cooperatives; Using only
chemicals that are not in the prohibit list from Ministry of Agriculture and
Cooperatives.

This month is for planting and using fertilizer.

- Planting rice by sowing or transparent cultivation by using seed rate 20
kg/rai (sowing) and 7 kg/rai (transparent cultivation).

- To reduce cost, using fertilizer should be done according to instruction
and use fertilizer that suitable with soil structure and rice type.

- Using first fertilizer. After rice start to sprout 20-30 days for sowing

and transparent cultivation, putting before planting and buried or
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putting after planting 7-10 days. Recommended fertilizer formulas
should be putted for first time (based fertilizer). In case of clay soil,
recommended formulas are 16-20-0 or 18-22-0 or 20-20-0 at rate 20 kg
per rai to 25 kg per rai. In case of loam, sand and sandy loam soil,
recommended formulas are 16-16-8 or 18-12-6 at rate 20 kg per rai.

(iii) March

4™ Practice Good quality rice production: Using rice seed that not mixed

with other type or can be mixed not exceed 5 %. Not be mixing exceed 40 plant per
rai.

This month is period for put second fertilizer and monitor and destroy

mixing rice.

Instruction for putting fertilizer

- To reduce cost, using fertilizer should be done according to instruction
and use fertilizer that suitable with soil structure and rice type.

- Putting second fertilizer (surface fertilizer) when rice fully become
hill. In case of clay soil, using urea fertilizer at rate 5 kg per rai to 10
kg per rai or ammonium sulphate or ammonium chloride fertilizer at
rate 10 kg per rai to 20 kg per rai. In case of loam, sand and sandy
loam soil, using urea fertilizer at rate 5 -10 kg per rai or ammonium
sulphate or ammonium chloride fertilizer at rate 10 -20 to 20 kg per
rai.

Instruction for destroy mixed rice.

- Monitor paddy field2-3 times when clumping budding and before
harvesting. If found mixed rice in the field, remove the whole rice hill
from the field.

(iv) April

5% Practice Good management to get good quality rice and quantity exceed

40 %: Every times using chemical fertilizer, the weed need to be eliminate beforehand
and close farm dike. If using fertilizer according to instruction and there is no pesticide
or not many, do not use chemicals. During rice start to bud or heading up, water must
be flood in the field at least 10-15 cm. If there is no water, rice will be undeveloped.

This month is for putting fertilizer third time.
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- Putting fertilizer for third time according to instruction when rice start
to heading up or when the last branch of rice is hardening.
(v) May
6" Practice Harvesting and after harvesting: Harvest rice when rice starts
becoming gold yellow color at least 3 of 4 by rice length. Harvest by using machine,
machine need to be cleaned before harvest. Harvest equipments must not harm the
product. Unmilled rice has humidity around 14 %. If humidity is too high, rice need to
dry and need support every time to prevent product touch the ground directly.
Gathering place need to be clean, air circulate and can prevent contamination from
other foreign material, hazardous materials and parasite.
This period is near the harvesting period for wet-season rice cultivation.
Instruction for harvesting is as followed,
- Harvest rice when it start budding, drain water before harvest around
10 days to dried paddy field and let rice become mature throughout the
field.
- Wash gathering machine before harvest to get rid of other rice type
that remain on the machine.
- Clean thresh rice machine every time to prevent mixing of other rice
type
(vi) June
7" Practice Production free from pesticide: Monitor pesticide usage and
prevention according to instruction when rice both in the field and in the collecting
place. Production must not have diseases and flaw from insect exceed 10 %.
Instruction for pesticide preventive
- Suitable rice production activity should be done only 2 times per year
because if plant more than this recommendation, production will have
low quality.
- Regularly monitor paddy field. If any Predatory Insects are found in
large number, chemicals should not be used.

- Study on integrated pesticide prevention or IPM
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8" Practice Data recording: Recorded any use of hazardous material every
times. Record source of rice seed, soil preparation, destroy of mixed rice and reduction
of humidity in unmilled rice.

This month need to be prepare soil and plan for rice production activity in
wet-season

- Prepare rice that not light sensitive or light sensitive from good quality

source.

- Prepare soil by plough roughly, plough thoroughly and furrowing.

I1 Wet-season paddy field
(vii) July
1% Practice Water source: Water source for irrigation need to be free from
pollution.
2" Practice Cultivation area: Cultivation area and nearby are must not
contain with hazardous materials.
This month is the period for wet-season rice production activity.
Instruction for farmer on seed preparation
- Using good quality seed from respected source, such as rice
department or rice local center or private. Seed must not be exceed 0.5
% mixing and productivity must be exceed 80 %.
- Rice should be cultivated by sowing in trench (seed 20kg per rai) or
transparent cultivation (7-10 kg/rai).
(viii) August
3" Practice Using hazardous material in agriculture: If there is any use of
pesticide, it is essential to follow the instruction or reference instruction from rice
department, Ministry of Agriculture and Cooperatives. Using only chemicals that are
not in the prohibit list from Ministry of Agriculture and Cooperatives.
This month is for planting and using fertilizer.
- To reduce cost, using fertilizer should be strictly done according to
instruction
- For wet-season rice production activity (light sensitive), put fertilizer 2

times. August put fertilizer for first time. Using first fertilizer. After
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rice start to sprout 20-30 days for sowing and transparent cultivation,
putting before planting and buried or putting after planting 7-10 days.
Recommended fertilizer formula should be putted for first time (based
fertilizer). In case of clay soil, recommended formulas are 16-20-0 or
18-22-0 or 20-20-0 at rate 20 kg per rai to 25 kg per rai. In case of
loam, sand and sandy loam soil, recommended formula are 16-16-8 or
18-12-6 at rate 20 kg per rai.

(ix) September

4™ Practice Good quality rice production: Using rice seed that not mixed

with other type or can be mixed not exceed 5 %. Not be mixing exceed 40 plant per rai

This month is period for put fertilizer and monitor and destroy mixing rice

Instruction for putting fertilizer

Putting second fertilizer (surface fertilizer) when rice fully become
hill. In case of clay soil, using urea fertilizer at rate 5 kg per rai to 10
kg per rai or ammonium sulphate or ammonium chloride fertilizer at
rate 10 kg per rai to 20 kg per rai. In case of loam, sand and sandy
loam soil, using urea fertilizer at rate 5-10 kg per rai or ammonium
sulphate or ammonium chloride fertilizer at rate 10 -20 to 20 kg per

rai.

Instruction for destroy mixed rice

Monitor paddy field2-3 times when clumping budding and before
harvesting. If found mixed rice in the field, remove the whole rice hill
from the field.

(x) October
51 Practice Good management to get good quality rice and quantity exceed

40 %: Every times using chemical fertilizer, the weed need to be eliminate beforehand

and close farm dike. If using fertilizer according to instruction and there is no pesticide

or not many, do not use chemicals. During rice start to bud or heading up, water must

be flood in the field at least 10-15 cm. If there is no water, rice will be undeveloped.

This month is for monitor paddy fieldf or prevent spread of disease and

pesticide



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Techn. of Env. Mgt.) / 31

Regular monitor paddy field, if there is any spread of disease or
pesticide, that area needs to be check closely and regularly. If there is
any further spread, using chemical pesticide according to instruction
immediately.

Check rice after water level is reducing 2-3 days, if rice still has yellow

color and having poor condition, put urea fertilizer at rate 5-10 kg/rai.

(xi) November

6" Practice Harvesting and after harvesting: Harvest rice when rice starts

becoming gold yellow color at least 3 of 4 by rice length. Harvest by using machine,

machine need to be cleaned before harvest. Harvest equipments must not harm the

product. Unmilled rice has humidity around 14-15 %. If humidity is too high, rice

need to dry and need support every time to prevent product touch the ground directly.

Gathering place need to be clean, air circulate and can prevent contamination from

other foreign material, hazardous materials and parasite.

This period is near the harvesting period for wet-season rice production

activity. Instruction for harvesting is as followed,

Harvest rice when it start budding, drain water before harvest around
10 days to dried paddy field and let rice become mature throughout the
field.

Wash gathering machine before harvest to get rid of other rice type
that remain on the machine.

Clean thresh rice machine every time to prevent mixing of other rice

type

(xii) December

7" Practice Production free from pesticide: Monitor pesticide usage and

prevention according to instruction when rice both in the field and in the collecting

place. Production must not have diseases and flaw from insect exceed 10 %.
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Instruction for pesticide preventive

- Suitable rice production activity should be done only 2 times per year
because if plant more than this recommendation, production will have
low quality.

- Regularly monitor paddy field. If any predatory insects are found in
large number, chemicals should not be used.

- Study on integrated pesticide prevention or IPM

8" Practice Data recording: Recorded any use of hazardous material every

times. Record source of rice seed, soil preparation, destroy of mixed rice and reduction

of humidity in unmilled rice.
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CHAPTER Il
STUDY METHODS

3.1 Study area and soil property

This research is performed in Agricultural Technology Research Institute,
Rajamangala University of Technology Lanna Lampang; Lampang province,
Thailand. Located at latitude 18° 21' 8.4816" E and longitude 99° 35' 54.8232" N.
Elevation of study area 245 meter above mean sea level. Soil property is Lampang soil
group. This soil texture is loam which is consists of 29.4 % sand, 44.6 % silt and 26.0
% clay, soil pH 5.3, gravel (>2 mm) <5 %, available soil moisture 12.9 % to 15 bars,
soil organic matter 1.8 %, totalcarbon0.435 + 0.078 % (n=2), total nitrogen 0.4170 +
0.058%(n=3), available phosphorus 6.6 ppm, available potassium 43 ppm, and
percolation rate 6 hour flow 0.35 cm hr! (Soil Analysis by Irrigation Development
Institute, Royal Irrigation Department, 2014 except total C and N analyzed by dry
combustion method).The experimental site was using for rice seed production, there
was circulating rice cultivation with intensive used of fertilizers in wet-season and
soybean cultivation in dry-season, manure application rate 5,000 kg ha during land

preparation in wet season 2013.

3.2 Experimental design

3.2.1 Treatments

Rice production activity is performed according to good agricultural
practice (GAP) for wet-season 2013, on experimental site 7x8 meter and rice cultivar
is Khao Dawk Mali 105 (KDML 105). There were 4 treatments with following; 1)
control treatment apply neither fertilizer nor nitrification inhibitors (C), 2) apply only
fertilizer at 83.13 kg N ha™ (F), 3) apply both fertilizer at 83.13 kg N ha? and 3,4-
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dimethylpyrazole phosphate (DMPP) 1.04 kg ha' (F+DMPP), and 4) apply both
fertilizer at 83.13 kg N ha' and (E)-ethyl3-(3-hydroxy-4-methoxyphenyl)acrylate
(16F1) 2.75 kg ha?l (F+16F1). Treatments set up in a randomized complete block
design. Each treatment is conducted in triplicate. Analytical grade of DMPP was
ordered from Santa Cruz Biotechnology (USA). 16F1 was synthesis from the Wittig

reaction by Department of Chemistry, Faculty of Science, Mahidol University.

3.2.2 Rice cultivation

Period of data collections were from July 19" to November 28", 2013
(Table 3.1). Cultivation is started with sowing seed for 45 days before transplanting

by the hill. Each hill has 3 seedlings and has a spacing around 25 cm in row and 20 cm
in each hill. Maintain water level above soil ground surface at 5-10 cm after
transplanting, after fertilization and mid-season drainage at 10-20 cm. Mid-season
drainage is done before flowering period. The 1 and 2™ fertilization formula are 16-
12-8, 3™ fertilization formula is 46-0-0; by rate156.25, 93.75, and 93.75 kg ha®,

respectively.
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Table 3.1 The activities of rice cultivation during wet season 2013.

Day after Day after

Date Activity
sowing  transplanting

4-Jun-13 0 Sowing

19-Jul-13 27 0 Transplanting, flooding 5-10 cm depth

22-Jul-13 30 3 Spray pesticide

1-Aug-13 40 13 Fertilizer application#1: formula 16-18-2 with NIls
(DMPP: 0.42 kg ha?, 16F1: 1.10 kg ha?)

19-Aug-13 58 31 Flooding 10-20 cm depth above soil surface

10-Sep-13 80 53 Fertilizer application#2: formula 16-18-2 with NIls
(DMPP: 0.42 kg hal, 16F1: 1.10 kg ha?)

23-Sep-13 93 66 Fertilizer application#3: formula 46-0-0 with NIls
(DMPP: 0.20 kg ha?, 16F1: 0.55 kg ha?)

25-Sep-13 95 68 Mid-season drainage for 10 days

5-Oct-13 105 78 Flooding 10-20 cm depth above soil surface

15-Oct-13 115 88 Flowering period

8-Nov-13 139 112 Drainage water before harvesting

21-Nov-13 152 125 Harvesting

28-Nov-13 159 132 The last data collecting
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3.3 Greenhouse gases emission measurement

3.3.1 Air sample collection

Closed chamber method is used for collecting the air samples. It consists
of 2 components, including chamber base and chamber cover. The base size is 50 cm
width x 50 cm length x 20 cm height. It made of rust-proofed painted steel and has
holes to balance water level in the base and experimental plot. This base is buried 10
cm in the soil throughout the harvesting season. Cover is cleared acrylic box with 50
cm width x 50 cm height and 15, 45, 60, 75, 90, and 110 cm height depends on height
of rice. It has hole for collecting air sample by installing injection plug and fan for
circulate air throughout the chamber. Air sample is collected from 10.00 am to 10.30
am by using 30 cc polypropylene syringes with needle no.26. Every ten minutes, 25 cc
air samples at 0, 10, and 20 and 30 minute will be sucked and collected in 20 ml pre-
evacuated vials. During sampling, temperature data will be labeled on collecting box
(Rochette et. al, 2008).

Air sample collection is performed in both during harvesting season and
resting season to find differences on greenhouse gas emission. In normal
circumstance, air sample collection will be performed once a week. If there is any use
of fertilizer or water drainage from the field, air sample will be collected every other

day for one week then every 3 day for 1 week and collecting once a week as normal.

3.3.2 Determined methane and nitrous oxide concentration

CHs4 and N20O in air sample is analyzed quantitatively by using gas
chromatography or GC (Agilent model 6890, Agilent Technologies, USA) and
evaluated by software ChemStation (Version Rev.B.03.02 [341], Agilent
Technologies, USA). Luer lock gas-tight syringe (SGE Analytical, Australia) 2.5 cc is
used for suck air sample from collecting gas vial and inject into sampling loop 1 cc.
GC is pushed by 10 ports gas sampling valves and two gas sampling valves 6 ports
that can separate oxygen and water vapor from the air sample. The back flush will be
released residual air sample in GC column after selective retention time of CHs and
N2O to prevent disturbance on detector and also using for swapping sample into
detector from flame ionization detector (FID) and micro electron capture detector
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(LECD). Stationary phase is consists of pre column type packed column stainless steel
(SS) Porapak Q 80/100 mesh length 6° x 1/8” OD (GRACE, USA), and analytical
column type capillary plot column bonded polystyrene-divinylbenzene (DVB) film
thickness 40 micron length 30 m. x 0.53 mm.OD (HP-PLOT Q, Agilent J&W, USA).
GC conditions is as followed, valve temperature 60 °C; oven temperature 60 °C. Post
run is performed to eliminate vapor from the column at oven temperature 105 °C. N2z is
used as carrier gas with pre column flow rate at 15 mL/min constant pressure and
analytical column flow rate 10 mL/min constant pressure. Concentration of CH4 and
CO; that is passed Ni catalyst will be analyzed by FID at temperature 250 °C, H> flow
50 mL/min, air flow 500 mL/min and N>make-up gas flow 2 mL/min. NoO will be
analyzed by HECD at temperature 300 °C and N2 make-up gas flow 60 mL/min.
Concentration of sample air is calibrated by mixed gas standards (Linde, Thailand),
including CHa, CO2, and N20O at concentration 11.4 ppm v, 995 ppm v andl1.1 ppm v,

respectively.

3.3.3 Quality control of methane and nitrous oxide flux determination

Before determine CH4 and N2O concentration by GC, signal: noise ratio
(S: N) were tested. They were reported that CHs4 and N2O at concentration 1.14 and
0.2 ppm were 8.5:1 and 8.9:1, respectively. To check the consistency of calibration
curve, daily factor was tested every 8 hours by sampling of gas standards (error = <
5%). The flux calculation following equation (1) would be as r?>> 0.9 that was
indicated confidentially linearity between times versus GHG concentration.

3.3.4 Calculation of methane and nitrous oxide flux

This can be calculated by using equation (1) (Peng et al., 2011).

-5
__10%uP g dC (1)
R (T+273.2) dt

When;  Fis CH4 and N2O flux (mg m2 h?)
P is air pressure in chamber (Pa)

T is temperature inside chamber (C)
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R is universal gas constant (J mol* K1)

W is gas molecular weight (g mol™)

H is chamber height (cm)

dC/dt is increasing rate of gas concentration inside the chamber

over time (ppm h)

The seasonal cumulative greenhouse gas emission is computed according
to the equation (2) (Xiang et al., 2015).

" FAF A
E= § 5 x Gt )
i=1

When; E is gas emissions kg CHa (or kg N20) ha day?. Fi and Fi+1 are
the gas efflux at the ith and (i +1)th measurement time respectively, ti+1 — ti is the
interval between the ith and (i+1)th measurement time, and n is the total measurement

time.

3.4 Soil property measurement
Parameters that used for evaluate changing in soil property from using
BNI components are as followed.

3.4.1 Soil reaction: pH

Soil with 10 cm depth below soil surface is collected in opaque collecting
bag. Sample soil preparation by weight fresh soil 10 g in beaker, add 10 ml water (rate
fresh soil per water; 1:1). Stir soil and water together at 0, 10, 20, and 30 minute.
Using pH meter (Thermo Scientific model Orion Star A211, USA) measure the pH of

soil solution at 30 minutes, wait until the signal stabilizes. Take a reading.
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3.4.2 Redox potential: Eh

Using oxidation-reduction potential meter or ORP (Lutron model ORP-
231, Taiwan) by dip the probe into the soil surface at 5 cm depth, wait until the signal
stabilizes. Take a reading.

3.4.3 Soil moisture, bulk density, and water-filled pore space
Collect soil with undisturbed soil core, weight soil (before oven) and dry
soil in oven (ConthermThermotec model260M, Australia) at 105 °C for 48 hours or

until constant weight then weight soil after oven (Borbeet al., 2015).

(soil weight before oven - soil weight after oven) x100 3)

Soil moisture = soil weight before oven

soil weight after oven
3 - 4)
soil volume

Bulk Density (g/cm?®)

gravimetric soil water content x bulk density (5)

0 =
INVFRS 1 — (bulk density / 2.65)

3.4.4 Ammonium and nitrate analysis

Soil with 10 cm depth below soil surface is collected in opaque collecting
bag. Sample soil preparation by weight fresh soil 5 g in 50 ml test tube, add 2 M KCI
solution 25 ml into the sample, shaking in horizontal shaker (Dragonlab SK-330-Pro,
China) at 250 rpm for 1 hour, filter with Whatman paper No.1 diameter 110 mm. Then
soil solution samples are either preserved in 4°C about 3 days or freeze at -20 °C until
analysis.

Ammonium and nitrate concentration are analyzed by colorimetric
method, using microplate reader (Bio-Rad model Benchmark Plus, USA). Ammonium
is analyzed at green wavelength 670 nm from the salicylate-nitroprusside-hypochlorite
procedure (Mulvaney, 1996). Nitrate is analyzed at red wavelength 540 nm from the
reduction of nitrate to nitrite by using VCls (Miranda et al. 2001).
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Ammonium and nitrate concentration of surface water are analyzed by the
same method, collect surface water with water sample bottle 30 cc at a depth 5 cm,

preserved in 4°C about 3 days or freeze at -20 °C until analysis.

3.5 Biomass and total nitrogen analysis

Biomass is collected at 6 times period: seedling (7 DAT), tillering stage
(15 DAT, 23 DAT and 39 DAT) (after fertilizer application); flowering (88 DAT), and
maturity stage (119 DAT). Sample area was size 50x50 cm. In the last collection for
yield study was size 1x1 m (that had 24 rice hills m?). Collected samples will be dried
in oven 70 °C for 72 hour and then measure dried weight (kg ha' crop™). Total
nitrogen in plant is analyzed by dry combustion method, using CHN analyzer
(PerkinElmer 2400 Series I, USA).

3.6 Nitrogen use efficiency (NUE)

Dried biomass, total nitrogen and fertilizer usage can be used to find
nitrogen use efficiency (NUE) both in terms of plant uptake and dried biomass per
fertilizer usage, (Hemwong et al., 2009) by using equation

Total nitrogen in plant ( 6)
Fertilizer usage

NUE plant uptake =

Total dried biomass )
Fertilizer usage

NUE agronomic yield =
For analysis and calculation of NUE, fertilizer usage can be reduced when
biological nitrification inhibitor is highly effective. Plant will have same production

yield or higher.
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3.7 Global warming potential

Emission of CHs4 and N20O from each treatment will be evaluated on
reduction of greenhouse gases emission as well as global warming potential or GWP.
CO2 has GWP of 1, CHs and N2O has 21 and 310 respectively by using equation (8),
(9) and (10), respectively (IPCC, 1997).

GWPchs = CH4 emission x 21 (8)
GWPn20 = N2O emission x 310 9)
GWPhet = (CH4 emission x 21) + (N20 emission x 310) (10)

3.8 Statistic analysis

This is performed to compare average value of nitrification inhibitors
efficiency and CHs and N2>O emission between each treatment by using one way
analysis of variances (F-test; ANOVA), interaction between treatment and water
management by using two way analysis of variances (F-test; ANOVA).

Correlation coefficient (r) is used for indicating relation between
dependent variances; CH4 and N2O emission and independent variances, such as
ammonium and nitrate in disturbed soil and surface water.

The statistical significance was tested at a = 0.05by statistical software

SPSS Statistical Package for Social Science v.18, Mahidol University license.
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CHAPTER IV
RESULTS AND DISCUSSIONS

The results from field experiment during different fertilizer Nls treatments
i.e. control (C), fertilizer only (F), fertilizer and DMPP (F+DMPP), fertilizer and 16F1
(F+16F1) and water management conditions i.e. continuous flooding, mid-season
drainage, and drainage before harvesting can be elaborated in following topics 1) CH4
and N2O emission from paddy field under applied NIs during different water
managements, 2) inorganic nitrogen, 3) Correlation between GHG emission and
inorganic nitrogen, 4) rice growth, 5) biomass and nitrogen use efficiency, 6) soil
properties, and 7) global warming potential (GWP).

4.1 CH4 and N2O emission from paddy field under applied NlIs during

different water managements

The effectiveness of Nis treatments coupled with water management to
mitigate CH4 and N2O emission in paddy field was concluded into averaged flux per
day and total accumulated emission in both whole cycle of rice production throughout

season and each applied fertilizer period.

4.1.1 CHa4 emission

4.1.1.1 Flux and emission accumulation of CHa4 under
applied Nls treatments for whole cycle of rice production

During different water managements for whole cycle of rice
production, treatment F+16F1 had the lowest averaged (with standard error of mean;
SEM) CHs flux accounts for 341.26+25.74 mg CHs m? day™, followed by treatment
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F+DMPP and F which had averaged CHs flux 349.98+24.48 and 505.78+43.50 mg CH4

m? day™ respectively. Results of treatment F+16F1 and treatment F+DMPP shown

significant differences (p<0.05) from treatment F, while treatment C had averaged CHa
flux 292.53+23.07 mg CHsm day*.(Figure 4.1 and Table 4.1).

3,000 l
15t Fertilized+NI
—e—C -k F F+DMPP — m—- F+16F1
2,500 - }
2,000 -
Pt d H
1500 1+ gt 2" Fertilized+NI 314 portilized+NI & mid-season drainage

Average CH, flux (mg CH, m2 day1)

1,000 <%

500 - -

Flowering state

Drainage

Day after transplanting

Figure 4.1Variations of average (+SEM) CHj4 flux (n=3) of paddy field experiments

during applied Nls treatments during different water managements.
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Table 4.1 Average (xSEM) flux and accumulation of CH4 characterized by applied

NIs treatments during different water managements for whole cycle of rice production.

Applied NIs
Parameter

C F F+DMPP F+16F1 F+NI*
Average CHy flux 292.53%A 505.788 349.98° 341.26* 345314
(mg CH, m?2 day™) +23.07 +43.50 +24.48 +25.74  +17.94
Accumulation
of CH4 emission 335.91 630.39 419.93 392.20 406.06
(kg CHa4 ha't
% difference of accumulation
CHaflux compared with - 0 -33.39 -37.78 -35.59

applied fertilizer only

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1.The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.1.1.2 Flux and emission accumulation of CHa4 under
applied NlIs during 1%t fertilization

During period of first fertilization from 13 — 19 day after
transplanting, water management in paddy field was continuous flooding. It was found
that the lowest averaged CHa flux was from treatment F+16F1, around 358.54+58.23 mg
CHs4 m?day?. Treatment F+DMPP and treatment F had CH4 flux 3 69.03+41.93 and
753.24 #117.93 mg CHs m2day?, respectively. Treatment F+16F1 and F+DMPP had
significant differences (p<0.05) from treatment F. For treatment C, averaged CHa flux was
269.92+38.43 mg CHsm?day™. When considering the total CH4 emission accumulation,
treatment F+DMPP had the lowest result during first fertilization, 95.97 kg CH4 ha’,
following by treatment F+16F1 (106.92 kg CH4 ha™) and treatment F (162.77 kg CHa ha
. Treatment C had CH4 emission 79.73 kg CH4 ha! (Table 4.2).
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Table 4.2 Average (xSEM) flux and accumulation of CH4 characterized by applied

NIs treatments during 1% fertilization.

Applied Nls
Parameter
C F F+DMPP F+16F1 F+NI*
Average CH, flux 269.92%A 753.24b8 369.032 358.542 363.41A
(mg CH4 m? day™?) +38.428 +117.927 +41.934 +58.225 +36.46
Accumulation
of CH., emission 79.73 162.77 95.97 106.92 101.45

(kg CH4 ha't)
% difference of accumulation
CHg flux compared with - 0 -41.04 -34.31 -37.67

applied fertilizer only

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the

significant differences among C, F, and F+NI treatment (p<0.05).

4.1.1.3 Flux and emission accumulation of CHa under
applied NIs during 2" and 3" fertilization

During the second and third fertilization with drainage water in
mid drainage from 53 — 85 day after transplanting, treatment F+DMPP had the lowest
averaged CHa flux 463.46+221.72 mg CHs m? day . CH4 flux from treatment F+16F1
and F were 499.75+141.27 mg CHs m? day™? and 549.93+199.17 mg CHs4 m? day?,
respectively. There was no significant difference from each treatment, while treatment C
had CHa flux 446.65+175.06 mg CHs m day™. Total accumulated CH4 emission from
treatment F+16F1 was the lowest during second fertilization, 158.00 kg CHa ha.
Treatment F+DMPP and treatment F had accumulated CH4 emission 164.37 and 207.67
kg CH4 ha't, respectively. Result from treatment C was 143.88 kg CH4 ha® (Table 4.3).
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Table 4.3 Average (xSEM) flux and accumulation of CH4 characterized by applied

NIs treatments during 2" and 3" fertilization.

Applied Nls
Parameter
C F F+DMPP F+16F1 F+NI*
Average CH, flux 446.65%4 549,938 463.46% 499,752 481.397B
(mg CHs m day™?) +175.056  +199.167 +221.721 +141.271 +20.43
Accumulation
of CH4 emission 143.88 207.67 164.37 158.00 161.18

(kg CHa4 ha't)

% difference of accumulation

CHg flux compared with - 0 -20.85 -23.92 -22.39
applied fertilizer only

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.1.1.4 CH4 emission accumulation

Treatment F+16F1 had the lowest total accumulated CHa
emission for the whole cycle of rice production 392.20 kg CH4 hat. Treatment F+DMPP
and F had total accumulate CHs emission at 419.93 and 630.39 kg CH. hal,
respectively (Table 4.4 and Figure 4.2). Control treatment had total accumulated CH4
emission at 335.91 kg CH4 ha.
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Figure 4.2 CH4 flux accumulationfrom paddy field thoughout applied Nis

and watermanagement experiment.

When compared with previous researches at the same
experimental conditions, this result was in relevant range of CH4 emission observed in
Thailand; Bang Khen at 160 — 550 kg CH4 ha, Pharer 510 - 690 kg CHa4 ha?, Suphan
Buri 510 - 750 kg CH4 ha*, (Minami, 1994; Yagi et al., 1994) and Surin 410 — 660 kg
CH4 ha! (Jermsawatdipong et al., 1994). Moreover, CH4 flux from paddy field in wet
season was higher than dry season.

Soil texture affects the rate of CH4 flux from paddy soil. It is
clear that finer textured soils tend to have greater ability to trap and retain CH4 more
than coursed texture. CHs emission from sandy loam paddy field with mid-season
drainage in China was 165.72 kg CH4 ha™(Yaoa et al., 2012). Other studies in India,
Datta et al.(2014) shown CHs emission from sandy clay loam paddy field with DCD
(continuous flooding, cultivar rice: Naveen) was 372.36 kg CH4 ha™while Ghosh et al.
(2003) shown CH4 emission from clay loam paddy field with DCD (continuous flooding,
cultivar rice: Pusa-169) was 29 kg CH4 ha*(appendix D).

The richer soil organic matter, the more CHs emission. The

experimental site of our research was using for rice seed production for long time,



Sita Manitkoon Results and Discussions / 48

there was circulating rice cultivation in wet-season and soybean cultivation in dry-
season with manure application rate of 5,000 kg ha™.Soil properties were total-
nitrogen 0.45 %, total-carbon 0.44 % and organic matter 1.8 %, which indicated that
organic carbon and nitrogen is not limited factors as substrate for CH4 production by
methanogenic bacteria.

Kim et al. (2015) found that the correlation between CHa
production and the abundance of methanogenic bacteria exists under a specific
biogeochemical condition such as high soil organic matter. Nitrogen addition in soil
can increase CHs emission and reduce CH4 uptake (Liu et al.; 2009). Moreover,
Yathaputanon et al. (2002) studied the field experiment on long term rice-soybean
cropping system to estimate nitrogen fixation of soybean and evaluate residual benefit
of soybean stover to a following rice crop, the result shown that 10.5 % of total
nitrogen in rice was from soybean stover (leaves, stems, and nitrogen in root nodules).
In the following rice crop without fertilization, grain dry weight was 12-19 % greater
in the plots where the stover was incorporated as compared with the plots where the
stover was removed.

Furthermore, The study by Cai et al. (1999) were measured
CHa emission in rice plots with loamy and clayey soil, under a water regime consisting
of a flooding and draining cycle, loamy soil had more CH4 emission than clayey soil
77.96 %. The results shown that in the paddy field, CH4 can be released easily in

loamy soil more than clayey soil.

4.1.1.5 Effect of different water managements on CHaflux

When considered the average and +SEM of CHs4 flux from
water management in experimental paddy site, the continuous flooding had highest
CHa average flux 441.93+15.58 mg CHs m?day™, follow by mid-season drainage and
drainage water before harvesting which were 417.83+£37.07 and 44.91+32.06 mg CH4
m2 day?, respectively (p<0.05).Reduced CH.4 by mid-season drainage and drain water
before harvesting had efficiency of 5.45 % and 89.84 % when compared with continuous
flooding treatment (Table 4.4).
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Table 4.4 Average (xSEM) flux and emission accumulation of CH4 characterized by

water management conditions for whole cycle of rice production.

Water management conditions

Parameter Continuous Mid-season Drainage
flooding drainage Before harvesting
Average CHs flux 441,93 417.83° 44,912
(mg CH4 m?2 day?) +15.58 +37.09 +32.06

% difference of average CH4
. . 0 -5.45 -89.84
flux compared with flooding

The subscript small letters indicated the significant differences among water

management (p<0.05).

Almost CH4 flux in paddy field comes from degradation of organic
substances in soil by methanogenic bacteria activities under anaerobic condition. CH4
emission will be reduced after water drainage from the fields during harvest season.
These bacteria will degrade organic substances on rice stem and root and release into
soil. After water drainage from the fields, soil will have anaerobic condition. As a
result, CH4 will be released to atmosphere from aerenchyma (Dubey, 2005). Soil
under aerobic condition will act as sink for CHs because CHs is oxidized by
methanotrophic bacteria and nitrifying bacteria genus Nitrosomonas. However, using
nitrogen fertilizer can reduce CHa absorption potential in soil when compare with soil
that did not used fertilizer (Jassal et al., 2011). This is due to oxidization of CH4 by
enzyme methane monoxygenase (MMO) is prohibited by nitrogen (Bodelier and
Laanbroek, 2004).
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4.1.1.6 Interaction between applied NIs and water
managements on CHas flux

There was an interaction between applied NIs and water
management on CHs emission (p<0.05; Table 4.5). It was indicated that using NIs
during different water management methods could mitigate CH4 emission from paddy
field.

All of applied Nls treatments had the lowest averaged CH4 flux
in drainage condition before harvesting. In other hand, the highest averaged CH4 flux
was in continuous flooding condition, where treatment F+16F1 had the lowest average
CH4 flux at 389.35+30.24 mg CHs m? day?, followed by F+DMPP and F with the
average CHa fluxes of 408.99+31.09 and 625.99+31.54 mg CHs mday™, respectively.
Thus, nitrification inhibitors 16F1 and DMPP could decrease CH4 flux in continuous
flooding condition when compared with treatment F.

When considered mid-season drainage, F+DMPP had the lowest
average CHj4 flux at 383.24+72.14 mg CHs m™ day™, followed by F and F+16F1 with
the average CH: flux of 442.38+72.14 and 486.67+30.24 mg CHs m? day?,
respectively. Thus, nitrification inhibitor DMPP decreased CHa production more than
treatment F. In contrast, 16F1 had inconsistency ability to decrease CH4 production
during mid-season drainage.

Regarding to CHs flux during drainage water before harvesting, it
was likely that 16F1 could accelerate CH4 oxidation when soil was in oxidation stage.
However, DMPP could not reduce CHs production during drainage water before

harvesting.
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Table 4.5 Interaction between applied NIs Treatments and water management

conditions on average (SEM) CHj4 flux for whole cycle of rice production.

Water management CHa flux
Applied Nls
conditions (mg CH4 m? day™?)

Continuous flooding 343.39+31.78
C Mid-season drainage 359.04+82.25
Drainage before harvesting 37.95+65.03
Continuous flooding 625.99+31.54
F Mid-season drainage 442.38+72.14
Drainage before harvesting 46.43+65.03
Continuous flooding 408.99+31.09
F+DMPP Mid-season drainage 383.24+72.14
Drainage before harvesting 64.80+65.03
Continuous flooding 389.35+30.24
F+16F1 Mid-season drainage 486.67+30.24
Drainage before harvesting 30.45+61.31

4.1.1.7 Mechanisms of NlIs to mitigateCHaflux in paddy
field

The study of effectiveness of nitrification inhibitors DMPP and
16F1 in paddy field found that during the cycle of rice production activity, treatment
F+16F1 and treatment F+DMPP inhibited nitrification and significantly reduced CHa
emission (p<0.05) by 37.78 and 33.39 %, respectively when compared with treatment F
(Table 4.1). CH4 emission was increased after three times of fertilization and during
the flowering period. It can be explained that CH4 emission after continuous flooding
field coming from CHgreduction by methanogenic bacteria (Towprayoon et al., 2005).
CHjs flux rate was constantly reduced after drainage water.

From previous study, nitrification inhibitor (DMPP) and
biological inhibitor from root exudates of Brachiaria humidicola can inhibit activities
of ammonia-oxidizing bacteria (AOB). The results from this study shown that both

DMPP and 16F1 reduced CH4 emission from paddy field. In addition, there was
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another review on using DCD which can reduce CH4 emission by 53.1 % (Boeckx et
al., 2005).

As a result, the mechanism of nitrification inhibitors on CHs4
reduction in paddy-field is undefined and considered an interesting topic. Previous
studies indicated that target group of microorganisms for nitrification inhibitors was
AOB; furthermore, nitrification inhibitors had the ability to inhibit CH4 production in
paddy soils.

CHas production in paddy field comes from degradation of
organic substances in soil by methanogenic bacteria (methanogens), while its
conversion to CO2by methanotrophic bacteria (methanotrophs) and nitrifying bacteria
genus Nitrosomonas. However, using nitrogen fertilizer could reduce CH4 absorption
potential in soil when compare with soil that did not used fertilizer (Jassal et al.,
2011)because enzyme methane monoxygenase (MMO) was prohibited by nitrogen
(Bodelier and Laanbroek, 2004).

The study of changes in CHs production and associated
microflora in a flooded alluvial soil with DCD application by Mohanty et al. (2009)
found that AOB and the methanotrophic bacteria share many physiological similarities
including that of the enzymes catalyzing the oxidation of NHz or CH4. Methanogenic
bacterial population was only marginally affected while MMO were severely
inhibited. Therefore, CH4 production after fertilization might have resulted from
enhanced CH4 production by higher NH4* concentration available due to inhibition of
nitrification as well as degradation of DCD, and continued inhibition of
methanotrophic bacteria.

The mechanism involved in CHgsproduction by nitrification
inhibitor were not fully understood, Another study shown that some nitrification
inhibitor act as oxidant and their application to flooded soil system maintain soil redox
potential (Eh) at relatively higher levels (Sarahwat, 2004). The CHs production of
methanogenic bacteria in paddy field is related to Eh. The most suitable Eh is around -
150 to -250 mV. If Eh increased, the production rate of CH4 in paddy field will be
reduced because methanogenic bacteria activities is prohibit (Kerdchoechuen and
Laohakunjit, 2003).
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4.1.2 N20 emission

4.1.2.1 Flux and emission accumulation of N20 under
applied Nls treatments for whole cycle of rice production

During different water managements for whole cycle of rice
production, treatment F+16F1 had the lowest average daily N2O flux. N2O flux of the
treatment F+16F1 was 3,102.33+177.05 ug N.O m? day?, while the treatments
F+DMPP and F were 3,153.51+182.88 and 3,919.69+275.47 ng N.O m2day? (Figure
4.3 and Table 4.6). Both treatment F+16F1 and F+DMPP were significantly different
(p<0.05) from treatment F. Treatment C had average N.O flux 2,778.72+131.44 ng
N.O m“day?*(p<0.05).
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Figure 4.3 Variations of average (+SEM) N.O flux (n=3) of paddy field experiments

during applied NIs treatments during different water managements.
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Table 4.6 Average (xSEM) flux and accumulation of N2O characterized by applied

NIs treatments during different water managements for whole cycle of rice production.

Applied Nlis
Parameter
C F F+DMPP F+16F1 F+NI~*
Average N,O flux 2,778.728A  3,919.69°B 3,153.51% 3,102.33? 3,128.554
(g CH, m2 day™) +131.44  +275.47 +182.88  +177.75 +127.88
Accumulation
of N2O emission 2.08 3.10 2.77 2.59 2.68

(kg N2O ha't)

% difference of accumulation

N2O flux compared with 0 -10.65 -16.45 -13.54
applied fertilizer only

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.1.2.2 Flux and emission accumulation of N20 under
applied Nls during 1 fertilization

During period of first fertilization from 13 — 39 day after
transplanting, it was found that the lowest averaged N2O flux was from treatment F+16F1,
around 1,442.02+99.67 ng N2O m2day™. Treatment F+DMPP and treatment F had N2O
flux of 1,512.45+77.86 and 1,589.62+168.18 png No.O m2day™, respectively. The results
were not significantly different (p>0.05). For treatment C, averaged N2O flux per day was
1,644.18+134.02 pg N2O m? dayl. When considering the total N>O emission
accumulation, treatment F+16F1 shown the lowest result during first fertilization, 0.32 kg
N20 ha?, followed by treatment F+DMPP (0.38 kg N2O ha) and treatment F (0.41 kg
N0 ha). Treatment C had accumulated CHa4 emission of 0.38 kg N2O ha™* (Table 4.7).
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Table 4.7 Average (xSEM) flux and accumulation of N2O characterized by applied

Nls treatments during 1% fertilization.

Applied Nlis
Parameter
C F F+DMPP F+16F1 F+NI*
Average N,O flux 1,644.18 1,589.62% 1,512.45% 1,442.028 1,477.23A
(g CHs m2 day™) +134.021  +168.181 +77.864  +99.671 +62.79
Accumulation
of N2O emission 0.38 0.41 0.38 0.32 0.35

(kg N20 ha)

% difference of accumulation

N20 flux compared with 0 -7.32 -21.95 -14.63
applied fertilizer only

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.1.2.3 Flux and emission accumulation of N20 under
applied NIs during 2" and 3" fertilization

During second and third fertilization in mid drainage from 53 —
85 day after transplanting, treatment F+16F1 had the lowest averaged CHa4 flux per day,
3,245.18+180.68 pg N2O m2day’. N.O flux from treatment F+DMPP and F were
3,318.15+199.02 and 3,689.46+275.95 pg N,O m?2day?, respectively. There was no
significant differences (p>0.05) from each treatment, while treatment C had N2O flux per
day 3,321.32+165.20 ug N.O m? day™. Total accumulated CH4 emission from treatment
F+16F1 was the lowest during second fertilization, 1.33 kg N2O ha?, followed by
treatment F+DMPP and treatment F with the accumulated N>O emission of 1.39 and 1.69

kg N2O ha’l, respectively. Result from treatment C was 1.28 kg N2O ha! (Table 4.8).
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Table 4.8 Average (xSEM) flux and accumulation of N2O characterized by applied

NIs treatments NoO during 2" and 3" fertilization.

Applied Nlis
Parameter
C F F+DMPP F+16F1 F+NI*
Average N2O flux 3,321.32°A  3,689.46% 3,318.15*  3,245.18? 3,281.174
(Mg CHs m2 day™) +165.201 +275.947 +199.020  +180.677 +133.37
Accumulation
of N2O emission 1.28 1.69 1.39 1.33 1.36

(kg N2O ha'l)

% difference of accumulation
N20O flux compared with 0 -17.75 -21.3 -19.53
applied fertilizer only

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.1.2.4 N20 emission accumulation

Results shown treatment F+16F1 had the lowest N2O
accumulated emission (2.59 kg N2O ha), followed by treatment F+DMPP (2.77 kg N2O
ha™) and treatment F (3.10 kg N2O ha) (Figure 4.4). For treatment C, accumulated N,O
emission was 2.08 kg N2O ha™.

N20O emission from sandy loam paddy field with mid-season
drainage in China was 2.86 kg N.O ha* (Yaoa et al., 2012). Hua et al. (1997) shown
N2O emission from loam sand paddy field (alternation of irrigation, cultivar rice:
Taifuxuan) in China was 4.72 kg N.O ha™.Sun et al. (2015) shown N,O emission in
paddy field containing nitrification inhibitor, 2-chloro-6-(trichloromethyl)-pyridine
(TCMP) with multiple drainage in China was 2.66 kg N2O ha.

Other studies in India, Datta et al. (2014) shown N>O emission
from sandy clay loam paddy field with DCD (continuously flooded, cultivar rice: Naveen)

was 1.2 kg N20 ha?, while Ghosh et al. (2003) shown N2O emission from clay loam
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paddy field with DCD (continuously flooded, cultivar rice: Pusa-169) was 0.13 kg N2O
hat.

Cai et al. (1999) measured N2O flux in rice plots with loamy
and clayey soil, under a water regime consisting of a flooding and draining cycle. The
result shown that loamy soil had more average N.O flux than clayey soil 15.21 %.
Moreover, Jarecki et al. (2008) shown that the major different between the two soils
controlling N2O emissions was cation exchange capacity (CEC). The higher CEC in
the clay soil reduced N availability through increased adsorption of NH4" compared to
the loamy soil.

N2O emission was very low during the continuous flooding
period, and a peak flux of N2O occurred during the drainage water. This indicated that
the emitted N.O was either trapped in the soil solution and/or produced from
nitrification (Cai et al., 1999).

The experimental site of our research was used for plant seed
production for long time, there was circulating rice cultivation in wet-season and
soybean cultivation in dry-season with manure application rate of 5,000 kg ha, total-
nitrogen 0.45 %, total-carbon 0.44 %, and organic matter 1.8 %. Nitrogen addition in
soil can increase N>O emission (Liu et al.; 2009). Moreover, Yathaputanon et al.
(2002) studied the field experiment on long term rice-soybean cropping system to
estimate nitrogen fixation of soybean and evaluate residual benefit of soybean stover
to a following rice crop, the result shown 10.5 % of total nitrogen in rice was from
soybean stover (leaves, stems, and nitrogen in root nodules). In the following rice crop
without fertilization, grain dry weight was 12-19 % greater in the plots where the

stover was incorporated as compared with the plots where the stover was removed.
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Figure 4.4 N2O flux accumulation from paddy field thoughout applied Nls

and water management experiment.

4.1.2.5 Effect of different water managements on N2Oflux

N.Oaverage flux was compared between different water
management conditions in the experimental site. There were 3 conditions:1)
continuous flooding (0-67, and 79-111 day after transplanting)2) mid-season drainage
for10 days after 3" fertilization (68-78 day after transplanting) and 3) drainage water
before harvesting until the last data collecting (125-132 day after transplanting). The
condition of drainage water before harvesting had the highest average N>O flux
5,323.97+187.44 ng N.O m2day?, follow by conditions of mid-season drainage and
condition continuous flooding which were 3,333.92+194.77 and 2,608.69+99.70 ng
N20 m2day?, respectively(p<0.05).

The release of N2O was lowest when continuous flooding. In
addition, it was increased after water drainage from the paddy field and after
harvesting. Soil nitrification is occurred in aerobic conditions (drainage period). NH4*
from fertilization will be oxidized into NO2™ by Nitrosomonas and converted into NO3’

by Nitrobacter. In contrast, denitrifying bacteria activity in anaerobic conditions
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(continuous flooding period) can cause denitrification which NO3™ is reduced into N2O
and No.

Table 4.9 Average (xSEM) flux and emission accumulation of N2O characterized by

water management conditions for whole cycle of rice production.

Water management conditions

Parameter Continuous Mid-season Drainage
flooding drainage Before harvesting
Average N,O flux 2,608.69 3,333.92° 5,323.97°
(MgN20 m2 day?) +99.70 +194.77 +187.44

% difference of average N,O
] ) 0 +27.80 +104.09
flux compared with flooding

The subscript small letters indicated the significant differences among water

management (p<0.05).

4.1.2.6 Interaction between applied NIs and water
managements onN20 flux

Although, the applied NIs and water managements affected on
N20 flux, there were no interaction between applied NlIs and water management on
N20 emission (p>0.05; Table 4.10). Thus, the applied NIs was not effective during
different mid-season and drainage water before harvesting, but it could reduce N2O
that was induced by nitrogen fertilizer.

From statistical analysis of the interaction between treatment
and water management, all of treatments had highest averaged N2O flux in condition of
drainage before harvesting. In other hand, lowest averaged N2O flux was in continuous
flooding condition, treatment F+16F1 had the lowest average N.O flux of
2,301.67+198.07 ug N.O m? day?, followed by F+DMPP and F with the average N2O
flux of 2,637.45+199.83 and 3,043.09+199.83 ug N.O m2day?, respectively. It can be
seen that nitrification inhibitors 16F1 and DMPP decreased N>O flux in continuous

flooding condition when compared with treatment F.
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For mid-season drainage after 3 fertilization, F+DMPP had the
lowest average N2O flux of 3,018.26+386.11 pug N.O m? day?, followed by F and
F+16F1 with the average N2O flux of 3,383.33+386.11 and 3,810.81+399.66 pug N.O
m? day™, respectively. It can be seen that nitrification inhibitor DMPP decreased N,O
flux more than treatment F. In contrast, 16F1 had not enough efficiency to decrease N2O
flux in aerobic condition.

It was indicated that using NIs during different water management
methods could mitigate CH4 emission from paddy field.

Table 4.10 Interaction between applied NIs treatments and water management
conditions on average (SEM) N2O flux for whole cycle of rice production.

Applied Nlis Water management conditions (ug Nl\zlzé) r::l'l;)t(jay'l)
Continuous flooding 2,452.54+199.83
C Mid-season drainage 3,123.3+£386.11
Drainage before harvesting 3,651.87+386.11
Continuous flooding 3,043.09+199.83
F Mid-season drainage 3,383.33+386.11
Drainage before harvesting 7,093.84+352.47
Continuous flooding 2,637.45+199.83
F+DMPP Mid-season drainage 3,018.26+386.11
Drainage before harvesting 5,215.40+£386.11
Continuous flooding 2,301.67+£198.07
F+16F1 Mid-season drainage 3,810.81+399.66

Drainage before harvesting 5,334.76+378.85
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4.1.2.7 Mechanisms of NIs to mitigate N2O flux in paddy
field

Boeckx et al. (2005) studied the usage of urea fertilizer and
DCD and found that this combination reduced N>O emission from paddy field by 47.0
%. The effectiveness of nitrification inhibitors DMPP and 16F1 in paddy field was
found in the whole cycle of rice production. The treatment F+16F1 and treatment
F+DMPP inhibited nitrification and significantly reduced N>O emission (p<0.05) when
compared with treatment F. Treatment F+16F1 and F+DMPP reduced N2O emission
by 16.45 % and 10.65 % when compared with treatment F.

During the 1% fertilization, there was no significant differences
in each treatment (p>0.05). The peak of N2O flux in this period was lowest, because rice
was in seedling stage. N.O emission was lesser than other stages and conformed to rice
growth.

During 2" and 3" fertilization with water drainage in mid-
season drainage, treatments containing fertilizer and nitrification inhibitors had N>O
emission lesser than treatment with only fertilizer (p>0.05).

After water drainage before harvesting, paddy fields had more
oxidation state which influenced N>O emission. The N2O emission was obviously

increased in every treatment.

4.2 Inorganic nitrogen

Results of organic nitrification inhibitor effectiveness in releasing of
inorganic nitrogen from paddy fields can be elaborated as following; ammonium in
surface water, nitrate in surface water, ammonium in soil and nitrate in soil. The study

considered whole cycle of rice production activity and each period of fertilization.

4.2.1 NH4" in surface water
Quantities of NH4"in surface water during the rice production activity from
treatment F, treatment F+DMPP and treatment F+16F1 were 2.64+0.40, 2.50+0.43 and

2.62+0.44 mg NHs* -N L, respectively. These values were increased after each
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fertilization (Figure 4.5). The results were not significant differences (p>0.05). The

control treatment had NH4" at approximately 0.68+0.06 mg NH4"-N L.
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Figure 4.5 Variations of average (+tSEM) NH4" in surface water (n=3) of paddy field

experiments during applied Nls treatments during different water managements.
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Table 4.11 Average (+xSEM) of NH4" surface water characterized by applied Nlis
treatments during different water managements for whole cycle of rice production, 1%

fertilization, and 2" and 3" fertilization.

Applied Nls
Parameter
C F F+DMPP F+16F1 F+NI*
NH.* surface water 0.68%A 2.64%8 2.50° 2.62° 2.848
(mg NH*-N L) +0.06 +0.40 +0.43 +0.44 +0.33
NH,* surface water during 0.35% 2.31% 1.87° 2.19° 2.038
1%t fertilization +0.53 +0.35 +0.34 +0.40 +0.26
NH,* surface water during 1.04%4 3.95b8 3.58° 4.25b 3.918
2" and 3" fertilization +0.98 +0.70 +0.75 +0.82 +0.60

*F+NI are averaged results from treatment with fertilizer, DMPP and 16F1.

The subscript small letters indicated the significant differences among treatments
(p<0.05). The subscript capital letters indicated the significant differences among C, F,
and F+NI treatment (p<0.05).

4.2.2 NHs*in surface water during 1% fertilization

When considered the 1% fertilization period from 13 — 32 day after
transplanting, NH4™ quantity in soil during entire rice production activity, treatment F,
F+DMPP and F+16F1 had NH4" at 2.31+0.35, 1.87+£0.34 and 2.19+0.40 mg NH4" -N
Lt in surface water (p>0.05). There was no significant difference in each treatment. In
addition, control treatment had NH4"0.35+0.53 mg NH4*-N L.

4.2.3 NH4* in surface water during 2" and 3 fertilization

During both 2" and 3" fertilization with mid-season drainage from 53 — 92
day after transplanting, treatment F, F+DMPP and F+16F1 had NHs*at 3.93+£0 .70 ,
3.58+0 .75 and 4.25+0 .82 mg NH4" -N L, respectively. There was no significant
different (p>0.05), while treatment C had NH*at1.04+0.98 mg NH4"-N L.
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4.2.4 NOgs™ in surface water

Quantity of NOgz'in surface water during the rice production activity of
treatment F, treatment F+DMPP and treatment F+16F1 were0.23+0.06, 0.12+0.03and
0.29+0.10 mg-N L. Quantity of NOs'was increased every fertilization period (Figure
4.6). The results shown no significant differences (p>0.05). Treatment C had NOs at
0.12+0.02 mg-N L.
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Figure 4.6 Variations of average (xSEM) NOs" in surface water (n=3) of paddy field

experiments during applied Nls treatments during different water managements.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Techn. of Env. Mgt.) / 65

Table 4.12 Average (xSEM) of NOssurface water characterized by applied NIs
treatments during different water managements for whole cycle of rice production, 1%

fertilization, and 2" and 3" fertilization.

Applied NlIs
Parameter
C F F+DMPP F+16F1 F+NI*
NOg'surface water 0.123A  0.23%A 0.12% 0.29° 0.347
(mg NOz-N L) +0.02 +0.06 +0.03 +0.10 +0.08
NOj3 surface water during 0.10%4 0.1728 0.14° 0.122 0.1348
1t fertilization +0.02 +0.03 +0.02 +0.02 +0.01
NOjsurface water during 0.23A 0.12%4 0.30% 0.78° 0.54A
2" and 3 fertilization +0.06 +0.03 +0.11 +0.27 +0.15

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.2.5 NOs" in surface water during 1%t fertilization

After 1% fertilization period during 13 — 32 day after transplanting, the
averaged NOgz'in surface water from treatment F, treatment F+DMPP and treatment
F+16F1 were 0.17+0 .03, 0.14+0 .02 and 0.19+0 .12 mg-N L. Results from each
treatment shown no significant differences (p>0.05). NOgzin treatment C was
0.10+0.02 mg NOs-N L2,

4.2.6 NOs™ in surface water during 2" and 3 fertilization

After 2" and 3" fertilization with water mid-season drainage from 53 — 112
day after transplanting, NOz™ quantities in treatment F, treatment F+DMPP and treatment
F+16F1 were 0.12+0.03, 0.30+0.11 and 0.78+0.27 mg-N L. NOsquantityin treatment
F+16F1 had significantly higher amount of NOs™ than treatment F (p<0.05). However,
there was not significantly different between treatment F and treatment F+NI (p>0.05).
For control treatment, treatment C had NOs™ at 1.04+0.98 mg NOz-N L.
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4.2.7 NH4" in disturbed soil

Quantities of NH4" in soil during the rice production
activity were 11.95+1.30 mg NH4* -N kg* dry soil (treatment F), 12.73+1.03 mg NH.*
-N kg? dry soil (treatment F+DMPP) and 10.19+1.57 mg NHs" -N kg dry soil
(treatment F+16F1). In each fertilization period, all treatments had higher quantity of
NH4*. This was increased after each fertilization (Figure 4.7). Treatment F+DMPP had
higher NH4" than treatment F+16F1 significantly (»<0.05). However, there was not
significantly different between treatment F and treatment F+NI (p>0.05). Treatment C
had NH4" at 6.13+0.58 mg NH4* -N kg dry soil.

60 -

—o—C -k-F F+DMPP — = F+16F1 Drai
rainage

50 1

40 | 3rd Fertilized+mid-season drainage l-.

15t Fertilized l I /.i

L
30 T -
l Nl o / T

<& 2nd Fertilized 3, FIN il

Ammomium (mg NH,* -N kg-dry soil)

-10 - Day after transplanting

Figure 4.7 Variations of average (SEM) NH."in disturbed soil (n=3) of paddy field

experiments during applied Nls treatments during different water managements.
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Table 4.13 Average (+SEM) of NH4* disturbed soil characterized by applied Nis
treatments during different water managements for whole cycle of rice production, 1%

fertilization, and 2" and 3" fertilization.

Applied Nls
Parameter

C F F+DMPP  F+16F1 F+NI*
NH4* disturbed soil 6.13%A  11.95°B 12.73° 10.19%  10.568
(mg NH4*-N kg* dry soil) +0.58 +1.30 +1.03 +1.57  +0.81
NH.* disturbed soil 8.21%A 12378 14.93° 6.79° 10.86"8
during 1% fertilization +0.78 +1.12 +1.28 +0.84 +0.93
(mg NH4*-N kgt dry soil)
NH4* disturbed soil 2.26% 6.33%6 6.67" 3.782 5.248
during 2™ and 3" fertilization ~ +0.47 +0.98 +1.25 +0.60 +0.71

(mg NH4*-N kgt dry soil)

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.2.8 NH4" in disturbed soil during 1%t fertilization

For 1% fertilization during 13 — 20 day after transplanting, treatment F,
treatment F+DMPP and treatment F+16F1 had NHs" at 12.37+1.12, 14.93+1.28 and
6.79+0.84 mg NH4* -N kg dry soil, respectively. Treatment F and treatment F+DMPP
had NHa'significantly higher than treatment F+16F1 (p<0.05). Results from treatment
F and treatment F+NI were not significantly different (p>0.05). Treatment C had NH4*
around 0.35 * 0.53 mg NH4* -N kg dry soil.

4.2.9 NH4* in disturbed soil during 2" and 3" fertilization

After 2" and 3" fertilization with mid-season drainage from 53 — 92 day after
transplanting, NHs"quantity in treatment F, treatment F+DMPP and treatment F+16F1
were 6.33+0.98, 6.67+1.25 and 3.78+0.60 mg-N kg dry soil. Quantity of NH4*in
treatment F and treatment F+DMPP was significantly higher than treatment F+16F1
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(p<0.05). However, there is no significant differences between treatment F and
treatment F+NI (p>0.05). For control treatment, treatment C had NH4* at 2.26+0 .4 7
mg NH4* -N kg dry soil.

4.2.10 NOs'in disturbed soil

Amount of NOgz'in soil during the whole rice production activity were as
followed; treatment F at 7.10+0.66 mg NOs-N kg* dry soil, treatment F+DMPP at
5.99+0.49 mg NOs-N kg dry soil and treatment F+16F1 at 6.00+0.56 mg NOs™-N kg
dry soil. After each fertilization period, the amount of NOs™ was increased (Figure
4.8). There was not significantly different between each treatment (p>0.05). Treatment
C had 6.52+0.56 mg NO3-N kg™ dry soil.
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Figure 4.8 Variations of average (+SEM) NOs™ in disturbed soil (n=3) of paddy field

experiments during applied Nls treatments during different water managements.
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Table 4.14 Variations of average (+SEM) NOs'in disturbed soil (n=3) of paddy field

experiments during applied Nls treatments during different water managements.

Applied Nls
Parameter

C F F+DMPP  F+16F1 F+NI*
NOj3 disturbed soil 6.522A 7.104 5.992 6.002 6.444
(mg NOs-N kg™ dry soil) +0.55 +0.66 +0.49 +0.56  +0.39
NO;- disturbed soil 1.74%A 1.89%A 1.562 1.61*2 1594

during 1%t fertilization
+0.34 +0.34 +0.24 +0.26  +0.18

(mg NOs™-N kg dry soil)

NOjsdisturbed soil 5.213A 5.680A 5.40%® 4,932 5.167
during 2" and 3" fertilization

(mg NO3-N kg dry soil)

+0.24 +0.32 +0.22 +0.17 +0.14

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the
significant differences among C, F, and F+NI treatment (p<0.05).

4.2.11 NOs'in disturbed soil during 1stfertilization

During 1* fertilization from 13 — 32 day after transplanting, quantity of NO3"
in soil from treatment F, F+DMPP and F+16F1 were 1.89+0 .3 4 , 1.56+0 .24 and
1.61+0.2 6 mg NOs-N kg dry soil, respectively. Results for each treatment were not
significantly different (p>0.05). Treatment C had NOsat 1.74+0.34 mg-N kg dry soil.

4.2.12 NOgz'in disturbed soil during 2"¥and 3 fertilization

During 2" and 3" fertilization with water mid-season drainage from 53 — 92
day after transplanting, quantity of NOgz™ in soil were as followed; treatment F at5.68+0.32
mg NO3-N kg* dry soil; treatment F+DMPP at 5.40+0.22 mg NO3-N kg* dry soil; and
treatment F+16F1 at 4.93+0 .1 7 mg NOs-N kg™ dry soil. Treatment F+16F1 had
significantly lower NOs™ than treatment F (»<0.05). In contrast, there is no significant
differences in treatment F and treatment F+NI (p>0.05). Treatment C had NOsat
5.21+0.24 mg-N kg dry soil.
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4.2.13 Effectiveness of nitrification inhibitors on inorganic nitrogen in
paddy field

Gong et al (2012) found that using of nitrification inhibitors, DCD and
DMPP, resulted in the remaining ammonium in soil longer than control treatment at
least 14 days by quantified amount of functional group gene, ammonia-oxidizing
archaea (AOA) bacteria and ammonia-oxidizing bacteria (AOB). These bacteria have
an important role to oxidize ammonium into nitrite in nitrogen cycle. Increasing of
AOA and AOB after using ammonium fertilizer shown that nitrification process was
responded to the increased ammonium. Therefore, when using nitrification inhibitors,
DCD and DMPP reduced AOA and AOB in soil significantly.

Study of DMPP efficiency in paddy field in China on two different soils,
powder soil and blue clayed paddy soil found that treatment with urea fertilizer and
DMPP had increased NHas'concentration up to 94.6-97.9 % and 55.4-65.1 %,
respectively and reduced NOs3™ concentrationsby46.9-90.9 % and 53.7-90.2 9%,
respectively (Yu and Chen, 2011). Using of DMPP 0.5 to 1.5 kg ha! depends on soil
condition was enough to inhibit nitrification process (Zerulla et al., 2001).

This study found that quantity of NHs"and NOs'in surface water did not
shown any significant differences in each treatment (p>0.05). Amount of NH4* in soil
in treatment F+DMPP was significantly higher than treatment F+16F1 (p<0.05).
During the 2" and 3" fertilization with water drainage in mid drainage, amount of
NOs" in treatment F+16F1 was lower than treatment F significantly (p<0.05).

However, the effectiveness of nitrification inhibitors was reduced when
temperature in soil was increased. Due to soil properties in Thailand and tropical
climate, microorganisms has higher activity rate which reduce the stability of
nitrification inhibitors in environment (Suter et al., 2010). During 2" and 3"
fertilization with water drainage, paddy field was in anaerobic condition before
becoming aerobic condition when water returning which may be called wet-dry cycle
(Denefa et al., 2001). Activity of soil microorganisms Nitrosomonas sp. was occurred in
higher rate, especially nitrification process. This reduced the effectiveness of nitrification
inhibitor. NH4™ was oxidized into NOz™. In addition, when considered the amount of
rainwater (Appendix B1), it can be seen that there was heavy raining during the 2" and 3™

fertilization which also reduced the effectiveness of nitrification inhibitors.
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4.3 Correlation between GHG emission and inorganic nitrogen

4.3.1 Correlation between CH4 emission and inorganic nitrogen
The correlation between CH4 and inorganic nitrogen in soil and surface
water can be explained from statistic correlation table which also explain the

effectiveness of nitrification inhibitors.

Table 4.15 Correlation between CH4 emission and inorganic nitrogen for whole cycle

of rice production.

& F F+DMPP  F+16F1
Parameter CH, CH, CH, CHa4
(n=69) (n=69) (n=69) (n=69)
Disturbed soil NH4* (n=69) -0.550™ -0.007 -0.221 -0.171
Disturbed soil NOz™ (n=69) -0.036 -0.353™ -0.018 -0.217
Surface water NH4* (n=69) 0.394™ -0.044 -0.380™ -0.292"
Surface water NOs™ (n=69) 0.269" -0.033 -0.222 -0.185

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

When considered the entire rice production activity, it was found that CH4
in treatment F+DMPP had correlation with NHs" in surface water significantly
(p<0.05). F+16F1 was also correlated with NHs" in surface water significantly

(p<0.01). In contrast, treatment F was correlated with soil NO3™ significantly (p<0.05).
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Table 4.16 Correlation between CH4 emission and inorganic nitrogen during 1%

fertilization.
C F F+DMPP F+16F1
Parameter CHa CHa CHa CH,

(n=27) (n=27) (n=27) (n=27)
Disturbed soil NH4* (n=27) 0.181 -0.014 -0.189 0.199
Disturbed soil NOs™ (n=27) -0.115 -0.205 -0.027 -0.192
Surface water NH4™ (n=27) -0.245 -0.174 -0.244 0.208
Surface water NO3™ (n=27) -0.364 -0.380 -0.399 -0.354

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

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

During 1% fertilization, the paddy was in anaerobic condition. There was no

significant correlation between CHs4 emission and inorganic nitrogen from each

treatment.

Table 4.17 Correlation between CHs emission and inorganic nitrogen during 2"

fertilization.
C F F+DMPP  F+16F1

Parameter CH, CH, CH, CH,
(n=27) (n=27) (n=27) (n=27)
Disturbed soil NH4*™ (n=27) -0.374 -0.450" -0.286 -0.753™
Disturbed soil NOs™ (n=27) -0.508" -0.218 -0.444" -0.423"
Surface water NH4* (n=27) -0.418 -0.291 0.282 0.305
Surface water NO3™ (n=27) 0.220 -0.072 0.321 0.442"

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

During the 2" and 3" fertilization with water drainage in mid drainage,

paddy field was changed from anaerobic condition to aerobic condition and then

anaerobic condition when water was flooded and drained. It was found that CH in

treatment F+DMPP was correlated with soil NO3™ significantly (p<0.01). F+16F1 had
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significant correlation with soil NO3(p<0.01), NO3" in surface water (p<0.01), and
NHs" in surface water (p<0.05). Treatment F was correlated with soil NOs

significantly (p<0.05).

4.3.2 Correlation between N20 emission and inorganic nitrogen

N20 is a by-product from nitrification process in aerobic condition soil by
nitrifying bacteria (Chirinda et al., 2010; HENault et al., 2012). In paddy field, N2O
emission is high during water drainage. In contrast, anaerobic condition during
continuous flooding, produce N2O from denitrification process by denitrifying bacteria
(Metivier et al., 2009; Robertson and Groffman, 2007). The correlation between N2O
and inorganic nitrogen (NHs" and NOz) in soil and surface water could be explained
from statistic correlation table which also explain the effectiveness of nitrification

inhibitors.

Table 4.18 Correlation between N>O emission and inorganic nitrogen for whole cycle

of rice production.

C F F+DMPP  F+16F1
Parameter N.O N2O N20 N20
(n=75) (n=75) (n=75) (n=75)
Disturbed soil NH4* (n=75) -0.355 -0.011 -0.106 0.118
Disturbed soil NOs™ (n=75) 0.407™ 0.601™ 0.737™ 0.611™
Surface water NH4* (n=75) 0.557™ 0.197 -0.013 0.227"
Surface water NO3™ (n=75) 0.201 0.048 -0.059 0.071

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

When considered the entire rice production activity, it was found that N.O
in treatment F, F+DMPP and F+16F1 had significant correlation with NOs™ in soil
(p<0.01). Moreover, treatment F+16F1 had significant correlation with NH4" in

surface water (p<0.05).
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Table 4.19 Correlation between N,O emission and inorganic nitrogen during 1%

fertilization.
C F F+DMPP F+16F1
Parameter N.O N2O \}) N2O

(n=30) (n=30) (n=30) (n=30)
Disturbed soil NH4* (n=30) 0.189 -0.278 0.392" 0.399"
Disturbed soil NO3™ (n=30) 0.118 0.723" 0.17 0.041
Surface water NH4*™ (n=30) -0.337 0.468™ 0.014 0.307
Surface water NO3™ (n=30) 0.516™ 0.281 0.029 -0.019

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

During 1°'fertilization, the paddy was in anaerobic condition. It was found
that N2O emission from treatments F+16F1 and F+DMPP were correlated with NH4"
significantly (p<0.05). In contrast, treatment F was correlated with soil NOs
significantly (p<0.01). It could be seen that nitrification inhibitors led to the remaining
NH4* form longer in soil than in treatment F. Rice also had longer period of
NH4 uptake.

Table 4.20 Correlation between N,O emission and inorganic nitrogen during 2"

fertilization.
C F F+DMPP  F+16F1
Parameter N20 N.0 N.0 N20

(n=36) (n=36) (n=36) (n=36)
Disturbed soil NH4* (n=36) -0.026 0.272 -0.065 0.188
Disturbed soil NOs™ (n=36) -0.428 -0.299 0.019 0.340"
Surface water NH4* (n=36) 0.412" 0.227 -0.189 0.061
Surface water NO3™ (n=36) 0.012 -0.01 -0.155 -0.134

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

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

During the 2" and 3™ fertilization with water drainage in mid drainage,

paddy field was changed from anaerobic condition to aerobic condition and then



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Techn. of Env. Mgt.) / 75

anaerobic condition when water was flooded and drained. It was found that N.O from
treatments F+16F1 and F+DMPP were correlated with NO3™ rather than NH.*. Water
drainage and continuous flooding which cause wet-dry cycle in soil heavily influence
the activity of soil microorganism, Nitrosomonas sp., and especially nitrification
process (Denefa et al., 2001). Nitrification inhibitor had not enough capacity to
oxidized NH4" to NOs". When considering the amount of rainwater (Appendix B1), it
can be seen that this period had heavy raining which might affect the efficiency of

nitrification inhibitors.

4.4 Rice growth
Effectiveness of nitrification inhibitors on rice growth can be elaborated as

following;

4.4.1 Stem height

The height of stem rice was increased continuously depends on the age.
This value was constant during the last phase of growth or before harvesting period. It
was found that height from treatment C, F, F+DMPP and F+16F1 at 15 day after
transplanting had averaged height of 60.17+2.59, 48.63+0.94, 57.23+2.61 and
52.27+2.82 cm, respectively. The stem height from treatment C, F, F+DMPP, and
F+16F1 at 88 day after transplanting were 136.33+0.33, 145.89+0.73, 142.78+1.57
and 148.33+2.08 cm, respectively. The stem height from treatment C, F, F+DMPP and
F+16F1 atl19 day after transplanting (before harvesting) were 136.83+2.83,
154.92+2.30, 153.46+£1.68 and 159.67+3.75 cm, respectively (Figure 4.9).The
statistical analysis found that averaged height for each treatment before harvesting
were not significantly different (p>0.05). It can be seen that nitrification inhibitors did
not affect the rice growth in terms of height.

The previous study in Thailand shown KDML-105 average height
(fertilizer applied at the rate of 100 kg-N ha*) was 128.78 cm (Arunin et al., n.d.).
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Figure 4.9 Stem height.

4.4.2 Leaf and stem biomass

Averaged leaf and stem biomass during the treatment were as followed,;
treatment C at 10.40 g/hill, treatment F at 10.97 g/hill, treatment F+DMPP at 12.73
g/hill and treatment F+16F1 at 12.59 g/hill. During the growth period, grain weight per

rice weight was reduced because growth in this period was to enhance the strength of

grain. As a result, leaf and stem biomass was reduced (Figure 4.10).
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Figure 4.10 Leaf and stem biomass.
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4.4.3Root dry weight
Averaged root dry weight from treatment C, F, F+DMPP, and F+16F1
were 10.59, 9.46, 13.62, and 12.53 g/hill, respectively (Figure4.11).
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Figure 4.11 Root dry weight.

4.5 Biomass and nitrogen efficiency

Results of nitrification inhibitors efficiency on biomass and nitrogen

uptake efficiency of rice were as following;

Table 4.21 Biomass and nitrogen efficiency.

Treatment
Parameter Unit
C F F+DMPP F+16F1 F+NI*
Leaf and stem Ka hat 4,160.55% 5,104.13%8 4,919.40° 5,542.01° 5,099.458
. a
biomass g +227.67 +37.98 +90.63 +243.24 +160.79
. 3,681.18%  4,250.32%A8 4,836.43" 5,781.14° 5,569.018
Grain kg hat
+23.95 +347.92 +240.77 +469.78 +330.49
Total Nitrogen in 26.818A 41.16% 35.71° 45574 40.648
kg hat

leaf and stem +0.81 +1.31 +0.71 +0.93 +2.27
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Total Nitrogen in g hat 34,85 4759248 60.90% 88.37" 74.648
grain +8.04 4.9 +7.13 +28.71 +14.45
Total Nitrogen in kg hat 61.66%A 88.74A8 96.43%  133.29 114.868
rce 8.5 +6.91 15.94 +27.53 +15.67

1.078A 1.162 1.602 1.384
NUE plant uptake

+0.07 +0.07 +0.33 +0.19
NUE agronomic 120.92¢ 118.41°  133.06° 128.27
yield +6.891 +3.43 +2.33 +3.41

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the

significant differences among C, F, and F+NI treatment (p<0.05).

4.5.1 Leaf and stem biomass

Dry weight of leaf and stem after harvesting from treatment F was the
highest at 5,104.13+37.98 kg ha. Treatment F+16F1 and F+DMPP had the leaf and
stem dry weight of 5,542.01+243.24 and 4,919.40+90.63 kg ha™, respectively. The
results shown no significant differences (p>0.05). Treatment C had dry weight
4,160.55+227.67 kg ha (Figure 4 .12). The previous studies in Thailand shown
KDML-105 leaf and stem biomass (fertilizer applied at the rate of 100 kg-N ha) was
6,652 kg ha* (Arunin et al., n.d.), (fertilizer applied at the rate of 150 kg-N ha!) was
10,870 kg ha! (Ohnishi et al., 1999).
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Figure 4.12 Leaf and stem biomass.

4.5.2 Grain

Yield of rice after harvesting from treatment F+16F1 was the highest
(5,781.14+469.78 kg hal), while treatment F+DMPP, F and C were 4,836.43+240.77,
4.250.32+347.92 and 3,681.18+23.95 kg hal, respectively. Rice yield from treatment
F+16F1 had higher weight than treatment F significantly (p<0.05). The previous
studies in Thailand shown KDML-105 yield were 2,523 kg ha™* (fertilizer applied was
16-8-0 at the rate of 100 kg-N ha*) by Arunin et al. (n.d.), (fertilizer applied at the rate
of 150 kg-N ha) was 3,040 kg ha* (Ohnishi et al., 1999.), 2,610 kg ha* (fertilizer
applied was 16-16-8 at the rate of 188 kg ha') by Hayashi et al. (2007), and 3,700 kg
hat (fertilizer applied was 16-16-8 at the rate of 188 kg ha) by Haefele et al. (2008).
In India, the study by Kumar et al. (2006) shown KDML-105 yield was 4,360 kg ha™
(fertilizer applied was 80kg-N ha).
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Figure 4.13 Grain.

4.5.3 Total nitrogen in rice
Total nitrogen in leaf and stem in treatment F, F+DMPP and F+16F1 were
0.76+0.02, 0.73+0.02 and 0.87+0.03%, respectively. Result from treatment F+16F1
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had highest total nitrogen significantly than F+DMPP (p<0.05). Treatment C had total
nitrogen 0.65+0.02% (Figure 4.14).

Total nitrogen in grain in treatment F, F+DMPP and F+16F1 were 1.05,
1.26 and 1.41 %, respectively. Treatment C had total nitrogen 0.95% (Figure 4.15).
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Figure 4.14 Total nitrogen in leaf and stem (n=3).
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Figure 4.15 Total nitrogen in grain (n=3).

Analysis of total nitrogen in leaf and stem from treatment F+16F1 was the
highest at 45.57+0.93 kg-N ha®. Total nitrogen from treatment F+DMPP and
treatment F were 35.71+0.71 and 41.16+1.31kg-N ha?, respectively. Treatment
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F+16F1 had highest total nitrogen significantly than F and F+DMPP (p<0.05).
Treatment C had total nitrogen 26.81+0.81 kg—N ha* (Figure 4.16).

Total nitrogen in grain from treatment F+16F1 was highest with
88.37+28.71 kg-N ha’l, following by treatment F+DMPP 60.90+7.13 kg—N ha* and
treatment F 47.59+4.9 kg—N ha™. There was not significantly different among the
treatments (p>0.05). Treatment C had total nitrogen 34.85+8.04 kg—N ha* (Figure
4.17).

Total amount of nitrogen in rice (leaf, stem and grain) from treatment
F+16F1 was highest 133.29+27.53 kg-N ha?, following by treatment F+DMPP
96.43+5.94 kg-N ha?, and F 88.74+6.1 kg-N hal. There was not significantly
different among the treatments (p>0.05). Treatment C had total nitrogen 61.66+8.5
kg-N ha (Figure 4.18).
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Figure 4.16 Total nitrogen in leaf and stem (n=3).
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Figure 4.18 Total nitrogen in rice (n=3.)

4.5.4 Nitrogen use efficiency (NUE)

The analysis of nitrogen use efficiency (NUE) in terms of plant uptake
(NUE Plant uptake) and dry biomass per fertilizer used (NUE Agronomic yield) can
be explained as followed;
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4.5.4.1 NUE plant uptake

Treatment with the highest nitrogen plant uptake was treatment
F+16F1 at 1.60+0.33, followed by treatment F+DMPP at 1.16+0.07, and treatment F
at 1.07£0.07. There was not significantly different among the treatments (p>0.05)
(Figure 4.19).

The previous studies in Thailand shown KDML-105 NUE
plant uptake (fertilizer applied at the rate of 150 kg-N ha™) was 1.05 (Ohnishi et al.,
1999.).
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Figure 4.19 NUE plant uptake (n=3).

4.5.4.2 NUE agronomic yield

It was found that treatment F+16F1 had the highest dry
biomass per nitrogen fertilizer usage (133.06+2.33), followed by treatment F
(120.92+6.891 ) and treatment F+DMPP (118.41+3.43). There was not significantly
different among the treatments (p>0.05) (Figure 4 . 20).The previous studies in
Thailand shown KDML-105 NUE agronomic yield (fertilizer applied at the rate of 150
kg-N hal) was 92.73 (Ohnishi et al., 1999).
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Figure 4.20 NUE agronomic yield (n=3).

4.6 Soil properties

4.6.1 Soil pH

The averaged soil pH from treatment C, F, F+DMPP and F+16F1 were
6.47£0.05, 6.50£0.05, 6.56%0.06 and 6.40%0.06, respectively (Figure 4.21). Soil pH
was increased around 6.8-7 after 1% fertilization (14 days after transplanting) that
matched to CHas reduction period. Soil pH was decreased lower than 6 when water
drainage for harvesting. The results shown no differences among the treatments
(p>0.05).

4.6.2 Soil redox potential

During the continuous flooding period, soil redox potential was negative
and becoming positive when mid-season drainage. Paddy field had increased oxidation
potential which correlated with N2O emission. This was continued until day 10 of
continuous flooding water. After this, soil redox potential was negative again. After
water drainage for harvesting, redox potential was positive again (Figure4.22). There
was not significantly different among treatments (p>0.05).

CHjs flux rate was mitigated during water drainage. This corresponded with
soil pH and Eh in reverse variation. Soil pH was increased, while Eh was decreased.

Activity from methanogenic bacteria was depends on pH condition (6.9-7.1). When
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soil pH was reduced and Eh was increased, CHsemission from paddy field will be

reduced because activity from methanogenic bacteria was inhibited (Kerdchoechuen,
2003).
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Figure 4.21 Soil pH (n=3).
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Figure 4.22 Soil redox potential.
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4.6.3 Water-filled pore space

WEFPS in soil was similar and had a same trend. During 21 - 25, 52 — 53,
and 90 — 93 day after transplanting were heavy raining (Appendix B1). Water in pore
space was increased (Figure 4.23). The results shown no significant differences in
each treatment (p>0.05). WFPS can be used as an oxygen parameter is soil to define
aerobic or anaerobic conditions. Nitrification and denitrification processes were
highest when WFPS were 50-60 % and 60-75 %, respectively (Mosier, 1998; Bateman
and Baggs, 2005).When WFPS was decrease, flux rate of CHs was also decreased,;
contrast with N2O flux rate will be increased. In other hand, when WFPS was increase,
flux rate of N2O was decreased. The correspondence of CH4 and N.O among WFPS

condition was in reverse variation.
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Figure 4.23 Water-filled pore space (n=3).
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Table 4.22 Soil pH, soil redox potential and WFPS.

Treatment
Parameter Unit
C F F+DMPP  F+16F1 F+NI*
N 6.47%A 6.50A 6.562 6.40° 6.49A
P +0.05 +0.05 +0.06 +0.06 +0.04
-144.23*A -145.50A -181.96%  -98.19° -133.40°
Eh mV
+24.01
93.79%A 93.08%A 97.14®  92.352 94.75A
WFPS %
+2.40 +2.10 +1.54 +2.33 +1.42

*F+NI are averaged results from treatment fertilizer with DMPP and fertilizer with
16F1. The subscript small letters indicated the significant differences among C, F,
F+DMPP, and F+16F1 treatment (p<0.05).The subscript capital letters indicated the

significant differences among C, F, and F+NI treatment (p<0.05).

4.7 Global warming potential (GWP)

From this study, it was found that nitrification inhibitors can reduce
greenhouse gas emission in paddy field when compare with treatment F. Treatment
F+16F1 had the lowest CH4 emission, 392.20 kg ha®. Moreover, treatment F+16F1
had also lowest N2O emission, 2.59 kg ha. When compared with other treatments,
treatment with fertilizer and nitrification inhibitors had effect on climate change less
than treatment with only fertilizer. Treatment F+16F1 had GWPnet (9,040.04 kg CO>
equivalentha), followed by treatment F+DMPP (9,677.63 kg CO: equivalent ha™)
and treatment F (14,200.68 kg CO; equivalent ha) (Table 4.23).
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Table 4.23 Greenhouse gas emission and net global warming potential (GWPet).

Accumulation of

Average GHG Flux o GWP
GHG emission
Applied
NIs CHg4 N20 CHg4 N20 CHgs N20 Net
(mg CH4 (ug N20 (kg CH4 (kg N20 (kg CO2 (kg CO2 (kg CO2
m-2day1) m-2dayt) ha) hat eq ha?) eq ha?) eq ha't)
C 292.53 2,778.72 335.91 2.08 7,054.11 643.45 7,697.56
F 505.78 3,919.69 630.39 3.10 13,238.19  962.49  14,200.68
F+DMPP 349.98 3,153.51 419.93 2.77 8,818.53 859.10 9,677.63
F+16F1 341.26 3,102.33 392.20 2.59 8,236.20 803.84 9,040.04

When comparing with capability to cause global warming, both treatments

(F+16F1 and F+DMPP) had less capacity to cause global warming that treatment F,

36.34 and 31.85 %, respectively (Table 4.24).

Table 4.24 Change of global warming potential compared with F.

Applied Nls
Parameter
C F F+DMPP F+16F1

% difference of GWPcha

o ] -46.71 0 -33.39 -37.78
emission compared with F
% difference of GWPn20

o ) -33.15 0 -10.74 -16.48
emission compared with F
% difference of GWPyet

-45.79 0 -31.85 -36.34

emission compared with F
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

5.1 Methane and nitrous oxide mitigation from paddy fields

The treatments containing fertilizer with 16F1 and DMPP had capacity to
mitigate CH4 emission up to 37.78 and 33.39 % when compared to the treatment with
only fertilizer.

Both nitrification inhibitors 16F1 and DMPP could mitigate N2O emission,
16.45 and 10.65 %, respectively when compare to the treatment with only fertilizer.

When comparing the capability to cause global warming, both treatments
(fertilizer+16F1 and fertilizer+DMPP) had less capacity to cause global warming than
the treatment with only fertilizer at 36.34 and 31.85 %, respectively.

There was interaction between applied NIs and water management on
CHa. 1t is indicated that NIs enhanced CH4 mitigation during drainage water. On the
other hand, NIs and water management was not interacting on N2O. It was shown that
the applied NlIs were effectively reduced N2O emission that was induced by input

fertilizer.

5.2 Inorganic nitrogen concentration

NHs" and NOs™ concentrations in surface water of treatments (F, F+DMPP,
and F+16F1) were increased after fertilizations. The results in each treatment were not
significantly differences (p>0.05).

NH4* concentrations in soil of all treatments (F, F+DMPP, and F+16F1)
were increased after fertilizations. Treatment F+DMPP had higher amount of NH."
than treatment F+16F1 (p<0.05).

NOs" concentrations in soil of treatment F, F+DMPP and F+16F1 were

increased after fertilizations and there was no significant differences between each
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treatments (p>0.05). When considered between 2" fertilization and 3" fertilization
with water drainage in mid cultivation, treatment F+16F1 had significantly lower NO3’
than treatment F (p<0.05).

Due to tropical climate in Thailand, soil microorganisms can have high
activities and reduce stability of nitrification inhibitors in the environment (Sabbarao
et al., 2012). There were heavy rains during 2" and 3™ fertilization with water
drainage in mid cultivation. As a result, nitrification inhibitors did not have enough
capacity to inhibit nitrification process. It could be seen that DMPP had higher
capacity than 16F1 on increasing the stability of NH4" in soil, thus it took longer time

to convert to NOs".

5.3 Nitrogen use efficiency

Result of Nls effectiveness in paddy field in terms of yield found that grain
dry weight in treatment containing fertilizer with 16F1 had the highest vyield
(5,781.14+469.78 kg hal), followed by treatment containing fertilizer with DMPP
(4,836.43+240.77 kg hal), treatment containing only fertilizer (4,250.32+347.92 kg
ha) and control treatment (3,681.18+23.95 kg ha). The analysis found that 16F1
gave the highest yield per area.

For plant nitrogen uptake capacity (NUE plant uptake), treatment 16F1
had the highest value, 1.39+0.28. High amount NUEs from treatment F+DMPP and
treatment F were 1.16+0.07 and 1.07+0.07, respectively. The highest dry biomass per
usage of nitrogen fertilizer (NUE Agronomic yield) was from treatment F+16F1
(133.06+2.33), followed by treatment F+DMPP (118.41+3.43) and treatment F
(120.92+6.891). There was no significant differences among the treatments (p>0.05).

5.4 Recommendations

5.4.1 Study of nitrification inhibitors in other rice cultivar or other
industrial plants are necessary. Different study conditions, such as irrigation and soil
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texture should be conducted to apply the most appropriate choice for rice production
system in Thailand that causes the least greenhouse gas emission.

5.4.2 This study was conducted in wet-season period. Effect from
rainwater may reduce the effectiveness of nitrification inhibitors and results during
water drainage period may lack of accuracy. There is a need to study the application of
DMPP and 16F1 in dry-season period to find the real efficiency of nitrification
inhibitors.

5.4.3 Study on side effects from using nitrification inhibitors also
important such as residues in crops, soil quality, and toxicity to microorganisms,
ecosystem, and the environment.

5.4.4 Nitrification inhibitors have capability to reduce greenhouse gas
emission from paddy field. However, there is a need to study the application of
nitrification inhibitors in terms of economic and sustainability to create environmental

friendly agriculture.
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APPENDIX A
LABORATORY EQUIPMENTS AND DATA COLLECTION

Data from weather station, Agricultural Technology Research Institute,
Rajamangala University of Technology Lanna; Lampang province, Thailand. Located
at latitude 18° 21' 8.4816" E and longitude 99° 35' 54.8232" N. Elevation of study area

245 meter above mean sea level.

Table Al Laboratory equipments

No. Picture Equipment Model series
L Gas Agilent 6890,
chromatography USA
Thermo
Scientific
2 pH meter ]
Orion Star
A211, USA
Lutron ORP-
3 ORP meter ]
" 231, Taiwan

Table Al Laboratory equipments (cont.)
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Contherm
Oven Thermotec 260M,
Australia

Dragonlab
SK-330-Pro, China

Horizontal shaker

Bio-Rad
Microplate reader Benchmark Plus,
USA

PerkinElmer 2400

CHN/O analyzer )
Series Il, USA

A2 Data collection
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Figure Al Air sample collection

Figure A2 Gas collection chamber
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APPENDIX B
METEOROLOGICAL DATA

Data from weather station, Agricultural Technology Research Institute,
Rajamangala University of Technology Lanna; Lampang province, Thailand. Located
at latitude 18° 21' 8.4816" E and longitude 99° 35' 54.8232" N. Elevation of study area

245 meter above mean sea level.

B1 Rainfall
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Day after transplanting

Figure B1 Rainfall during July 19"" — November 28" 2013
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B2 Relative humidity
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Figure B2 Relative humidity during July 19" — November 28" 2013
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B3 Air temperature
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Figure B3 Air temperature during July 19" — November 28" 2013
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APPENDIX C
C1 Methane flux (mg CHs m?)
C F F+DMPP F+16F1
DAT
Mean SEM Mean SEM Mean SEM Mean SEM
7 225.01 82.76 390.74 100.93 276.82 57.79 631.99 1.12

13 493.93 76.78 2563.89 143.14 952.02 61.64 1138.15  298.81
14 215.85 15.95 810.27 56.63 372.76 24.41 146.32 28.46
15 87.12 6.95 521.50 48.74 320.32 6.48 173.87 20.18
16 43.70 4.03 715.85 13.20 180.86 12.34 138.87 14.64
17 100.33 14.05 613.81 18.32 115.71 17.53 152.77 23.27
18 171.53 3.03 1337.90 110.93 482.76 76.61 292.81 23.03
19 133.57 16.90 184.69 9.61 95.48 8.28 227.51 16.98
22 168.75 8.66 428.96 15.01 293.22 2.21 347.89 12.30
25 226.35 9.93 424.81 13.18 369.74 4.48 461.46 14.64
32 604.28 5.42 708.14 6.84 366.02 7.76 516.29 17.35
39 566.07 30.71 447.15 9.81 489.31 12.33 254.27 12.30
46 431.83 1.96 901.64 77.57 637.33 59.61 385.78 12.84
53 355.59 21.72 993.55 21.19 461.24 11.20 443.75 21.72
54 716.55 83.43 752.25 111.51 485.70 32.14 664.97 11.34
55 438.87 8.70 607.67 4.94 453.95 9.14 562.75 6.05

56 588.42 9.41 500.12 2.17 357.10 10.53 548.27 12.68
57 398.41 20.75 485.83 11.86 473.93 35.57 471.34 10.84
60 461.94 9.35 758.20 1.14 595.03 441 540.64 13.88
63 315.73 9.33 414.50 27.44 301.43 31.36 525.36 25.55
66 775.71 5.64 554.72 9.17 943.67 17.75 600.73 11.09
67 491.95 1.25 602.46 31.90 991.00 11.89 617.64 20.31
68 392.32 20.36 329.16 341 519.65 15.01 536.72 4.44

70 288.88 8.17 497.01 11.16 378.46 28.04 492.28 36.24
71 419.48 2.01 585.93 5.74 291.69 7.70 562.04 12.45
72 349.23 2.38 427.77 14.61 360.45 9.37 454.26 13.45
75 345.30 15.69 408.60 11.45 333.84 5.74 338.72 5.16

85 76.90 14.35 155.23 18.20 95.04 7.95 77.36 3.82
92 34.31 4.28 165.47 74.21 73.70 5.75 36.45 9.13
99 317.26 13.94 669.51 11.82 412.79 6.36 127.62 11.66
106 37.87 12.88 91.64 8.58 116.41 3.23 132.41 2.82
112 46.51 10.23 105.49 6.44 112.47 12.54 9.28 3.99
114 160.58 38.73 154.39 24.80 207.64 3.29 104.31 17.02
119 13.00 0.99 15.16 1.16 53.55 5.30 13.61 5.44
122 18.94 1.58 16.88 0.34 24.18 0.42 30.45 0.26
125 13.71 2.93 7.27 0.31 22.88 0.06 21.77 4.46
132 4.80 0.11 2.35 0.09 1.70 0.03 3.29 0.12

Total 292.53 23.07 505.78 43.50 349.98 24.43 341.26 25.74
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C2 Nitrous oxide flux (ug N20 m?)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean
7 391.36 87.90 1,002.88 73.55 1,244.71 15.69 1,689.68 183.59

13 1,105.14 27792 1,331.13 540.88 1,31561 3535 1,595.05 100.90
14 1,927.59 44285  1,011.96 61.29 1,210.97 537.23 2,099.94 3597
15 2,047.14 175.02  3,189.94 490.66 1,934.10 17598 1,662.81  77.82
16 3,073.15 276.36 1,724.43 14092 1,868.66 217.01 1,085.69 5.24

17 2,26351 14931 1,750.20 20451 1,768.06 27292 1,955.44  82.93
18 1,409.38  166.97 817.68 2331 157642 259.87 2,137.08 468.00
19 978.28 115.99 242.92 84.38  1,606.84 124.95 882.85 51.57
22 1,637.22  64.81 2,392.63 31.66 195457 5576 165143 2211
25 1,736.38  22.02 1,632.92 4.80 1,219.34 2297 1,057.19 36.74
32 850.88 43.91 1,24452 13435 1,223.79  32.58 742.57 15.96
39 1,014.74  42.22 1,746.05 30.40  1,093.52 2.90 969.46 8.71

46 2,803.87  41.46 2,121.49 57.27  2,426.46 111.12 3,447.82  52.59
53 520256 421.00 1,53521 231.70 297596 97.74 1,769.44 96.41
54 2,749.88  45.09 3,271.79 41127 3,846.29 78.03 257539 60.81
55 5,126.37  30.71 7,735.85 123.71 5,619.02 77.82 3,985.95 37.44
56 4,473.01 17.93 2,681.64 70.76  5,697.82 170.01 4,446.21 10.61
57 3,133.13  42.03 4,13450 195.09 2,598.95 4291 2,141.19 39.48
60 2,87854 10846  2,304.84 15190 3,366.91 26.19 2,277.69  90.72
63 2,135.64 60.84 2,690.29 96.06 1,827.39 57.34 2,192.20 9.07

66 2,526.34  22.95 2,092.53 66.82  2,04450 4291 2,738.82 4258
67 3,834.72  20.06 4,776.04 19.04 297537 3890 2,810.19  32.56
68 3,794.45  49.59 2,765.65 6291 2,007.03 77.36 2,69440 63.17
69 247276  52.77 6,038.83 18259 3,217.98 51.23  4,562.58 0.13

70 3,570.24  39.47 2,546.30 3041  2,417.27 153.15 4,406.95  16.68
71 3,990.65  30.26 2,833.23 64.13  3,350.47 19.73  4,93248 151.23
72 442274 5142 3,975.19 3159 455751 6042 536885 3188
75 1,705.50  39.90 2,037.16 19.28 1,829.52 1487 1,797.97  23.62
78 2,615.66  60.56 3,905.47 30.64 297839 5202 291246 6841
85 3,546.53  12.13 5,668.14  133.12 4,649.99 1382 3,349.96 64.53
92 N/A N/A N/A N/A N/A N/A N/A N/A

99 3,194.10 14577  6,969.12 3796 564933 7327 3,60851 219.60
106 2,675.55 4229 6,778.37 3.93 449474 9346  3,661.97  10.08
112 2,922.36  67.49 6,877.36 60.31  4,73948 49.78 3,863.39  45.69
114 3,387.77  17.03 9,169.31 36.39 6,683.16 66.38 7,552.47  66.15
116 4566.49 4138 11,633.16 79.83 7,16599 24643 6,086.56  10.30
119 4,074.28 3.04 6,658.00 3843 464481 4276 474269 133.87
122 4,340.98  47.32 6,583.84  337.12 4,689.05 27.13 5939.34 6854
125 3,979.31  26.46 7,599.32 17.10  6,305.65 4.70 6,470.77  52.17
132 2,74522  84.94 3,509.33 4164  3,258.25 16.38  3,368.80 187.22

Total 2,778.72 13144  3,919.69 27547 3,15351 182.88 3,102.33 177.75
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C3 NH4*in surface water (mg NH4*-N L)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean  Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean

7 0.0813  0.0247 0.2905 0.0455 0.1516 0.0304  0.0803 0.0085
13 0.2788  0.0400 3.0803 0.0879 3.0348 0.1712  4.6387 0.3504
14 0.2013  0.0439 5.1759 0.3460 45276 0.3177 6.2700 0.6877
15 0.3770  0.0122 6.1484 0.1214 5.3146 0.0807  4.3852 0.4523
16 0.3618  0.0100 3.0322 0.0801 2.6878 0.2663 1.8603 0.1223
17 0.2307 0.0071 1.2184 0.0835 0.5694 0.0095  0.4352 0.0615
18 0.1750  0.0209 0.7157 0.1881 0.2168 0.0433  0.2022 0.0296
19 0.2513  0.0351 0.8771 0.0693 0.1883 0.0269  0.3383 0.0122
22 0.3732  0.0259 1.2766 0.0236 1.0601 0.0286 1.4646 0.0274
25 0.0414 0.0171 0.5517 0.0377 0.3681 0.0194  0.7739 0.1177
32 0.9094  0.0788 1.1310 0.1432 0.6808 0.0663  0.5571 0.1149
39 0.4697  0.0750 0.0727 0.0212 0.1805 0.0261  0.1625 0.1448
46 1.1519 0.0189 1.0360 0.1363 0.6796 0.2850  0.9670 0.1478
53 1.4593  0.0584 1.1614 0.1251 0.9388 0.0387 1.2861 0.0589
54 1.2158 0.0632 9.2228 0.6743 1.1535 0.0617  5.1183 0.7799
55 1.1468 0.0201 5.9553 0.6079 3.3045 0.3619 5.5925 0.3631
56 0.8961 0.0268 2.4206 0.0873 1.3076 0.0497 1.7711 0.2459
57 0.6752  0.0533 1.2874 0.0874 0.7663 0.0397 1.0291 0.1495
60 N/A N/A N/A N/A N/A N/A N/A N/A
63 N/A N/A N/A N/A N/A N/A N/A N/A
66 0.4555  0.0305 0.3021 0.1078 0.4358 0.0399  0.6973 0.0491
67 0.7220  0.0292 0.3757 0.0463 0.3934 0.0862  0.7562 0.0641
68 15976 0.1627  16.7510 0.4606 16.0431 2.7303  15.0672 0.7550
69 1.1968 0.0387  14.3752 2.2148 153777 25152  15.7822 2.9373
70 1.4938 0.1604 4.2237 1.4967 11,9433  0.5392  13.9572 2.6974
71 0.8904  0.0323 1.6065 0.3039 1.2715 0.0605 1.0715 0.1993
72 1.9142  0.7095 2.2237 0.2437 2.1066 0.4356 1.7850 0.4330
75 0.4286  0.1403 2.1478 0.4520 1.8790 0.2184  0.3336 0.1739
78 0.2826  0.0933 0.3187 0.0114 0.2880 0.1159  0.1965 0.0667
85 0.3108  0.0979 0.1256 0.0469 0.1573 0.0040  0.2218 0.0209
92 0.4369  0.2246 0.4343 0.0924 0.3928 0.1312  0.1862 0.0432
99 0.2567  0.0358 0.0971 0.0390 0.0219 0.0128  0.1674 0.0399
106 0.0908 0.0156 0.7720 0.0919 0.1712 0.0422  0.9259 0.1036
112 0.0838  0.0838 0.2636 0.0866 0.3295 0.1419  0.3529 0.0736

Total 0.68 0.06 2.64 0.40 2.45 0.43 2.62 0.44
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C4 NOs  in surface water (mg NOs™ -N L)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean  Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean

7 0.0203 0.0103 0.0231 0.0024  0.0385 0.0061 0.0255 0.0068
13 0.0464 0.0292 0.0198 0.0101  0.0417 0.0317 0.0644 0.0232
14 0.0950 0.0341 0.2494 0.0114 0.2491 0.0755 0.2332 0.0882
15 0.3292 0.0823 0.4097 0.0761  0.2085 0.0885 0.2583 0.0144
16 0.2495 0.0622 0.2137 0.0561  0.3412 0.0575 0.1657 0.0081
17 0.1043 0.0522 0.1038 0.0358  0.0598 0.0345 0.0305 0.0044
18 0.0477 0.0137 0.0464 0.0169  0.0604 0.0076 0.0303 0.0089
19 0.0293 0.0198 0.2792 0.0895 0.2634 0.0734 0.0590 0.0007
22 0.0373 0.0162 0.0419 0.0067  0.0464 0.0064 0.0241 0.0040
25 0.0477 0.0064 0.0709 0.0061 0.0422 0.0145 0.0381 0.0050
32 0.0308 0.0183 0.0530 0.0012  0.0264 0.0027 0.0410 0.0058
39 0.0479 0.0186 0.0351 0.0049  0.0437 0.0061 0.0463 0.0135
46 0.0624 0.0032 0.0741 0.0058  0.1208 0.0417 0.0888 0.0289
53 0.2351 0.0552 0.0991 0.0114 0.1091 0.0189 0.1335 0.0225
54 0.1070 0.0129 0.1200 0.0128  0.1533 0.0361 0.1646 0.0433
55 0.0983 0.0082 0.1536 0.0156  0.1469 0.0337 0.0904 0.0197
56 0.2230 0.0288 0.2871 0.0300 0.1777 0.0402 0.1869 0.0096
57 0.0377 0.0015 0.0555 0.0222  0.0417 0.0075 0.0782 0.0157
60 N/A N/A N/A N/A N/A N/A N/A N/A
63 0.2845 0.1791 0.4836 0.1490  1.0433 0.9349 1.3007 1.1798
66 0.0320 0.0047 1.7383 0.1896  0.0007 0.0007 1.4313 1.3698
67 0.0353 0.0072 3.7360 0.9776  0.0378 0.0191 3.7114 2.3311
68 0.1054 0.0112 0.0745 0.0116 0.1036 0.0127 0.0844 0.0178
69 0.0741 0.0277 0.0646 0.0163  0.0253 0.0068 0.0381 0.0065
70 1.6426 0.0169 0.0572 0.0169  0.1852 0.1512 0.9395 0.5334
71 0.0557 0.0108 0.0614 0.0039  0.0645 0.0107 0.0407 0.0107
72 0.1727 0.1425 0.4674 0.0140  0.0223 0.0072 0.3598 0.2173
75 0.0751 0.0063 0.1395 0.0278  0.1810 0.0363 0.1485 0.0633
78 0.0738 0.0293 0.0308 0.0035  0.0437 0.0372 0.0997 0.0210
85 0.0799 0.0274 0.1294 0.0070  0.0588 0.0016 0.0483 0.0025
92 0.0972 0.0120 0.0672 0.0102  0.0689 0.0013 0.1145 0.0262
99 0.0000 0.0000 0.0000 0.0000  0.0000 0.0000 0.0000 0.0000
106 0.0077 0.0077 0.0104 0.0104  0.0000 0.0000 0.0182 0.0123
112 0.0000 0.0000 0.0000 0.0000  0.0000 0.0000 0.1594 0.1594

Total 0.12 0.02 0.23 0.06 0.12 0.03 0.29 0.10
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C5 NH4* in disturbed soil (mg NH4*-N kg™ dry soil)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean
7 5.8478 0.8304 7.0387 1.6119 8.0088 1.7966 5.8266 1.4780

13 10.7212 1.4458 14.8269 1.7920 16.6275  0.5553 10.1928 1.6863
14 9.2482 0.4089 11.8953 2.5208 13.5644  3.8441 12.1584  3.4862
15 4.7791 3.2138 12.7370 0.4927 16.7782  0.6185 10.0015 1.0952
16 8.7963 0.3611 13.7270 2.2119 21.6754  2.1362 4.4060 1.5648
17 7.6378 1.3020 10.2406 0.6547 17.1273  3.0154 7.5577 0.3935
18 10.4558 1.3047 18.3755 1.7533 20.1450 2.5391 7.6485 3.2408
19 9.3559 2.0521 22.6079 1.7528 21.0584 1.8618 9.3391 1.4960
22 6.7255 0.9228 11.5342 0.4021 12.6653 2.4436 3.7317 0.8410
25 5.9197 1.6962 6.6777 1.9082 7.9450 3.8781 3.0187 1.6011
32 0.5133 0.5133 1.1273 0.8492 1.6953 0.8577 0.0000 0.0000

39 N/A N/A N/A N/A N/A N/A N/A N/A
46 N/A N/A N/A N/A N/A N/A N/A N/A
53 6.8197 0.1767 5.6574 1.4488 6.8222 1.2095 5.2444 1.2909
54 N/A N/A N/A N/A N/A N/A N/A N/A
55 0.2725 0.2725 1.0248 0.8455 1.8533 1.4870 0.0000 0.0000
56 N/A N/A N/A N/A N/A N/A N/A N/A
57 N/A N/A N/A N/A N/A N/A N/A N/A

58 2.1575 1.7884 0.0000 0.0000 0.5723 0.3693 0.0000 0.0000
61 0.0000 0.0000 0.0000 0.0000 3.8377 2.0369 0.0000 0.0000
63 N/A N/A N/A N/A N/A N/A N/A N/A

66 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
67 0.0000 0.0000 5.6401 3.8147 1.7685 0.8879 1.4700 1.4700
68 0.0000 0.0000 7.8172 0.6131  23.9840  5.7029 5.1990 1.6532
69 0.0000 0.0000 18.9780  6.5397  20.2702  4.0941 4.2729 3.0563
70 0.0000 0.0000 4.0933 4.0933 0.0000 0.0000 1.2294 1.2294
71 1.6237 0.1425 8.8495 0.1087 5.6337 0.7289 8.9542 2.6039
72 5.5638 1.7699 7.4317 0.3704 215935 119990 10.8415  1.0053
75 8.4597 0.4757 9.6736 2.2718 9.0053 1.0504 8.3866 1.1608
78 1.7950 0.2803 5.2801 0.9772 4.4238 0.5622 5.2566 0.6618
85 9.4895 6.7313 7.1257 0.2445 6.1990 0.8023  26.5976  20.0356
92 4.7359 1.6007 2.8129 0.2169 5.4805 2.1932 1.9888 0.2999
99 10.4842  0.7575  16.6713  7.1195 13.1623  3.2554 15.0786  5.0227
106 10.0886  2.0275  28.6395 19.3804 33.2719  9.1375  65.9402  46.1377
112 13.6293  5.1260 9.2853 3.4402 209744 12.2730 18.6335  7.7447
114 13.3985  0.2206  15.7557  9.0848  25.3646  6.2310  20.5070 10.3810
116 115835  0.0000 16.7334  3.8036 12.3958  0.6615  40.0461  3.1904
119 25.9496  0.0000  37.0010 10.5941  20.0576 11789  34.6729 12.3633
122 144674  1.1897 415253 23.3454  27.7194  2.2974 14.0067  0.9050
125 15.6345  1.2604  19.3129  4.3180 16.6377  4.3945 9.8011 0.9980
132 144541  0.9008  25.5780 1.7484  25.4408 1.1265  35.8901 16.0017

Total 6.13 0.58 11.95 1.30 12.73 1.03 10.19 1.57
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C6 NOg3 in disturbed soil (mg NOs -N kg dry soil)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean

7 0.7781 0.1323 1.2456 0.4411 0.9712 0.2722 0.8712 0.2869
13 1.4118 0.0539 1.1124 0.3492 1.0126 0.2931 1.0645 0.2423
14 0.6155 0.1963 0.9248 0.1911 0.9607 0.3222 1.3140 0.2332
15 6.3333 0.3238 6.7643 0.4860 4.8604 0.9252 4.7706 1.8592
16 0.8490 0.0359 1.4118 0.0359 1.1044 0.2664 1.2342 0.5553
17 0.8400 0.3443 0.6724 0.1407 0.7173 0.0385 1.4836 0.1797
18 0.6714 0.0923 0.5945 0.2245 1.3519 0.4444 0.5097 0.3594
19 0.4508 0.0629 1.0765 0.5551 1.0166 0.3233 1.2801 0.3236
22 1.4896 0.4251 1.3838 0.2197 1.2322 0.0904 1.1763 0.1542
25 1.4926 0.0090 1.9327 0.4068 1.7570 0.0346 1.7351 0.2109
32 1.4929 0.1415 1.6210 0.1353 2.0030 0.2328 1.5029 0.1205

39 N/A N/A N/A N/A N/A N/A N/A N/A
46 N/A N/A N/A N/A N/A N/A N/A N/A
53 3.8152 0.2832 3.6645 0.2105 3.8565 0.5387 3.5366 0.1476
54 N/A N/A N/A N/A N/A N/A N/A N/A
55 3.2001 0.1919 2.8100 0.2291 3.7099 0.3481 3.9163 0.1898
56 N/A N/A N/A N/A N/A N/A N/A N/A
57 N/A N/A N/A N/A N/A N/A N/A N/A

58 3.2600 0.3922 3.9834 0.4675 4.1847 0.2559 4.1393 0.3426
60 5.1096 0.3728 4.4208 0.4908 4.0062 0.2699 4.2567 0.6449
63 N/A N/A N/A N/A N/A N/A N/A N/A

66 3.5334 0.0177 4.2999 0.1699 4.6842 0.5004 4.2481 0.5610
67 3.2419 0.1145 4.0343 0.4553 3.7644 0.4235 3.5787 0.4539
68 4.5396 0.5837 4.2740 0.1815 4.4942 0.2011 3.8313 0.2899
69 6.0424 0.5743 6.0532 0.1412 4.9693 0.2262 4.9390 0.2209
70 6.3123 0.5089 6.6362 0.1400 6.3253 0.4241 5.8481 0.3722
71 6.6168 1.0348 6.1093 0.4326 6.5110 0.5109 5.4529 0.2533
72 6.4030 0.1723 6.2907 0.5162 7.3120 0.6317 5.8135 0.3198
75 7.6593 0.2353 11.7968 0.7355 6.2997 1.0436 5.6417 0.0881
78 5.8683 0.5436 6.4653 0.3321 7.0536 0.8656 6.1341 0.3705
85 6.8836 0.3552 7.3194 0.4713 6.5089 0.6899 6.6135 0.2494
92 6.4401 0.2078 5.6987 0.1677 6.3201 0.8269 5.9644 0.0148
99 11.1972 0.5318 11.3738 0.3323 11.6547 0.0792 12.4040 0.3135
106  11.5502 0.6064 12.3891 0.5627 11.7358 1.6493 12.4284 0.4097
112 13.8303 1.4420 12.2368 0.6699 12.4911 0.3790 12.5928 0.1102
114 10.1317 1.2772 10.2919 0.8395 11.1750 0.2101 12.3480 1.2475
116  11.8511 0.6710 12.7002 0.1937 11.4073 0.8632 11.2151 0.9765
119  17.4167 1.4332 17.4865 0.9248 15.9351 0.2843 16.7682 0.3321
122 16.9813 0.8824 16.9493 0.9328 155713 0.2911 17.8786 0.5494
125  13.5321 0.8400 16.9194 2.8545 17.0482 1.0642 16.1203 0.0930
132 20.5236 2.1089 29.2907 7.7176 18.5145 1.2835 28.2048 2.3269

Total 6.52 0.55 7.01 0.66 5.99 0.49 6.00 0.56
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C7 Soil pH
C F F+DMPP F+16F1

DAT Standard Standard Standard Standard

Mean Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean
7 6.93 0.22 6.91 0.08 6.93 0.04 6.75 0.11
13 N/A N/A N/A N/A N/A N/A N/A N/A
14 7.03 0.02 6.85 0.07 7.06 0.01 7.06 0.06
15 N/A N/A N/A N/A N/A N/A N/A N/A
16 N/A N/A N/A N/A N/A N/A N/A N/A
17 6.87 0.04 6.81 0.07 6.85 0.03 6.83 0.03
18 N/A N/A N/A N/A N/A N/A N/A N/A
19 6.88 0.04 6.84 0.02 6.79 0.02 6.92 0.06
22 6.90 0.05 6.87 0.10 6.79 0.05 6.88 0.04
25 6.86 0.07 6.87 0.06 6.86 0.02 6.90 0.04
32 6.65 0.05 6.61 0.03 6.60 0.07 6.67 0.02
39 6.61 0.07 6.66 0.03 6.57 0.02 6.63 0.06
46 6.65 0.08 6.54 0.01 6.76 0.03 6.59 0.04
53 6.40 0.02 6.55 0.07 6.74 0.03 6.54 0.05
54 N/A N/A N/A N/A N/A N/A N/A N/A
55 6.54 0.05 6.66 0.01 6.73 0.03 6.57 0.01
56 N/A N/A N/A N/A N/A N/A N/A N/A
57 6.36 0.01 6.46 0.04 6.61 0.01 6.42 0.02
60 6.27 0.06 6.25 0.03 6.76 0.06 6.24 0.05
63 N/A N/A N/A N/A N/A N/A N/A N/A
66 6.54 0.02 6.46 0.04 6.62 0.01 6.42 0.03
67 N/A N/A N/A N/A N/A N/A N/A N/A
68 6.46 0.03 6.49 0.07 6.75 0.04 6.49 0.05
69 N/A N/A N/A N/A N/A N/A N/A N/A
70 6.69 0.04 6.72 0.07 6.71 0.02 6.61 0.02
71 N/A N/A N/A N/A N/A N/A N/A N/A
72 6.41 0.02 6.42 0.05 6.59 0.11 6.29 0.02
75 6.42 0.06 6.42 0.03 6.46 0.04 6.28 0.02
78 6.09 0.04 6.30 0.04 6.35 0.07 6.22 0.05
85 6.35 0.08 6.20 0.02 6.22 0.05 5.58 0.06
92 6.54 0.02 6.43 0.02 6.53 0.05 5.90 0.10
99 6.83 0.02 6.76 0.04 6.71 0.05 6.79 0.11
106 6.60 0.04 6.68 0.04 6.60 0.02 6.59 0.02
112 6.81 0.04 6.82 0.04 6.88 0.05 6.83 0.09
114 6.57 0.07 6.53 0.06 6.71 0.04 6.64 0.07
116 6.40 0.11 6.40 0.07 6.39 0.02 6.24 0.16
119 5.79 0.25 6.59 0.14 6.93 0.02 5.76 0.32
122 5.27 0.33 5.35 0.19 4.94 0.18 4,94 0.20
125 5.00 0.20 4,94 0.26 4,71 0.17 491 0.11
132 N/A N/A N/A N/A N/A N/A N/A N/A

Total  6.47 0.05 6.50 0.05 6.56 0.06 6.40 0.06
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C8 Soil redox potential (mV)

DAT C F F+DMPP F+16F1
7 -219 -308 -265 -212
13 N/A N/A N/A N/A
14 N/A N/A N/A N/A
15 -241 -258 -300 -220
16 N/A N/A N/A N/A
17 N/A N/A N/A N/A
18 N/A N/A N/A N/A
19 N/A N/A N/A N/A
22 -253 -270 -284 -239
25 N/A N/A N/A N/A
32 -240 -276 -275 -263
39 -231 -213 -222 -252
46 -207 -233 -213 -197
53 -233 -228 -250 -205
54 N/A N/A N/A N/A
55 -214 -245 -246 -199
56 N/A N/A N/A N/A
57 -254 -216 -183 -179
60 -177 -206 -203 -164
63 -275 -236 -249 -246
66 N/A N/A N/A N/A
67 -255 -254 -319 -210
68 N/A N/A N/A N/A
69 -165 -151 -255 -164
70 N/A N/A N/A N/A
71 -199 -254 -253 -189
72 N/A N/A N/A N/A
75 -221 126 -218 57
78 50 -41 -24 83
85 -237 -90 -267 -59
92 -179 -253 -445 -147
99 -262 -231 -265 -249
106 -212 -248 -240 117
112 -247 -239 -251 -174
114 -116 -161 -148 -83
116 152 74 137 185
119 195 187 181 245
122 250 238 170 237
125 240 203 156 174
132 N/A N/A N/A N/A

Total -144.23 -145.50 -181.96 -98.19
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C9 Water-filled pore space (%)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean Error of Mean Error of Mean Error of Mean Error of

Mean Mean Mean Mean

7 91.89 1.65 90.92 2.57 85.24 4.33 99.62 1.07
13 N/A N/A N/A N/A N/A N/A N/A N/A
14 N/A N/A N/A N/A N/A N/A N/A N/A
15 N/A N/A N/A N/A N/A N/A N/A N/A
16 N/A N/A N/A N/A N/A N/A N/A N/A
17 N/A N/A N/A N/A N/A N/A N/A N/A
18 N/A N/A N/A N/A N/A N/A N/A N/A
19 N/A N/A N/A N/A N/A N/A N/A N/A
22 100.95 0.33 92.35 4.48 101.43 3.33 95.65 2.72
25 N/A N/A N/A N/A N/A N/A N/A N/A
32 92.16 10.91 94.36 5.11 99.93 5.08 90.17 2.53
39 N/A N/A N/A N/A N/A N/A N/A N/A
46 86.56 1.82 93.81 4,72 98.77 0.55 90.29 11.87
53 N/A N/A N/A N/A N/A N/A N/A N/A
54 N/A N/A N/A N/A N/A N/A N/A N/A
55 N/A N/A N/A N/A N/A N/A N/A N/A
56 N/A N/A N/A N/A N/A N/A N/A N/A
57 N/A N/A N/A N/A N/A N/A N/A N/A
60 96.33 5.00 104.83 3.77 96.50 241 83.62 5.66
63 N/A N/A N/A N/A N/A N/A N/A N/A
66 N/A N/A N/A N/A N/A N/A N/A N/A
67 N/A N/A N/A N/A N/A N/A N/A N/A
68 N/A N/A N/A N/A N/A N/A N/A N/A
69 N/A N/A N/A N/A N/A N/A N/A N/A
70 N/A N/A N/A N/A N/A N/A N/A N/A
71 N/A N/A N/A N/A N/A N/A N/A N/A
72 N/A N/A N/A N/A N/A N/A N/A N/A
75 100.38 3.79 98.49 0.92 103.07 251 93.63 2.22
78 N/A N/A N/A N/A N/A N/A N/A N/A
85 N/A N/A N/A N/A N/A N/A N/A N/A
92 97.31 2.20 90.35 4.06 94.76 2.56 101.35 7.73
99 N/A N/A N/A N/A N/A N/A N/A N/A
106  107.81 4,58 100.95 5.92 103.22 4,53 102.86 5.23
112 N/A N/A N/A N/A N/A N/A N/A N/A
114 N/A N/A N/A N/A N/A N/A N/A N/A
116 70.75 5.95 71.62 4.60 91.38 6.35 73.98 3.70
119 N/A N/A N/A N/A N/A N/A N/A N/A
122 N/A N/A N/A N/A N/A N/A N/A N/A
125 N/A N/A N/A N/A N/A N/A N/A N/A
132 N/A N/A N/A N/A N/A N/A N/A N/A

Total  93.79 2.40 93.08 2.10 97.14 1.54 92.35 2.33
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C10 Stem height (cm)

C F F+DMPP F+16F1
DAT Standard Standard Standard Standard
Mean  Error of Mean Error of Mean Error of Mean Error of
Mean Mean Mean Mean
7 39.00 1.53 34.00 0.58 39.67 3.44 30.67 2.60
15 60.17 2.59 48.63 0.94 57.23 2.61 52.27 2.82
23 63.00 1.73 58.67 2.85 63.33 0.33 54.00 1.53
39 70.67 0.67 71.83 1.09 66.33 2.96 70.33 1.76

88 136.33 0.33 145.89 0.73 142.78 1.57 148.33 2.08
119 136.83 2.83 154.92 2.30 153.46 1.68 159.67 3.75
Total 84.33 17.07 86.02 21.33 87.65 19.55 86.71 21.96
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