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Chapter 1

General introduction

1.1 Background

Climate change is an environmental concern worléwaiad evidence is getting stronger
that the global warming has been induced by thegmtehuman activities (IPCC, 2001). The
major concerns that drive global climate changedude increasing concentrations of
atmospheric carbon dioxide (GCand other greenhouse gases (GHGs) (Abao etGflQ;2
IPCC, 2001; Li et al., 2005). Climate change ttseajricultural production through higher and
more variable temperatures, changes in precipitgb@tterns and increased occurrences of
extreme events as droughts and flood (Nelson g2@09). However, soil organic carbon
(SOC) has been recognized as an important componedhie global carbon (C) cycling,
particularly in the context of the climatic chany&an Camp et al., 2004), because it can be a
source of C@Qand other GHGs or a sink by sequestering SOC., Bailsnanagement methods
which favor the maintenance of SOC, can be expedctaufluence the C storage pool (Lal et
al., 1998), improving water capture and water dfeiency (Unger, 1990), nutrient cycling
and retention, and GHG emissions (Doran and Patkie4; Lal, 2003; Dou et al., 2008).

Rice cultivation usually depends on climate cowdis, with both climate variability as
well as climate change, which may affect rice yi@adsterling et al., 2007; Reidsma et al.,
2010). Temperature, GQconcentration, rainfall and soil water availaliltan affect the
processes related with the accumulation of dryenatich as leaf area expansion, respiration
and photosynthesis, which can affect plant growith erop yield (Olesen and Bindi, 2002).
However, climate change impact may vary in diffénearts of the world, which depends on
the climatic and soil conditions of each regior. &mample, Rosenzweig et al. (1993) predicted

that crop production will decrease in the low-ladiés and increase in the mid-latitude and



high-latitude regions. Bachelet and Gray (1993pragul that the rice yield will decrease by
increasing the mean daily temperature in Asian t@sand may enable to expand the rice
growing areas in northern China and Japan. Mattletves. (1997) indicated that declines in
rice yield were predicted under the Goddard Intginf Space Studies (GISS) and the United
Kingdom Meteorological Office (UKMO) General Ciration Models for Thailand,
Bangladesh, southern China and western India, vicleeases were predicted for Indonesia,
Malaysia, and Taiwan and some parts of India andaWaghefi et al. (2013) point out that
rising temperature could reduce the rice producgpavously in the rice growing areas of
Peninsular Malaysia. Moreover, land managementipescare also extremely important that
can improve crop Yyield and resistance to climatnge impacts (Smith et al., 2008). The long-
term use of land for rice cultivation without impeo soil quality, leading to the pertinent
nutrient losses (e.g. nitrogen (N), phosphorus gRj potassium (K)) through runoff and
leaching with rainfall or irrigation exceeds andesse to atmosphere as £(avlin et at.,
1999). Therefore, management practices that maistal C could be the most important way
for restoring, maintaining, and improving soil gtalln doing so, the manure application or
crop residues should be practiced where climate \@ater resources will support the
implement (Karlen, 1993; Kaihura et al., 1999; @mge et al., 2007). The area of 35 million
ha in Thailand have had a problem of soil and antrdepletion (Ministry of Agriculture and
Cooperatives (MAC) Thailand, 2015). As about 1#liom ha of soil in Thailand contained
organic matter (OM) lower than 1.5%, especiatyl ;m Northeastern Thailand. As the
majority of agricultural land in Thailand is usedr frice cultivation (Land Development
Department (LDD) Thailand, 2011), most of paddydf®soil in Thailand is assumed to have
this problem. Apparently, rice straw burning is thest practice to eliminate for the next crop
cultivation because of the ease and convenientagfe to prepare for the next crop as well

as releasing nutrients contained in the residuthfonext crop (Gadde et al., 2009). Singh and



Singh (2001) also noted that burning causes adbseatrients and OM. There is not only the
macro-nutrients contained in the rice straw, nanhly? and K, but the micro-nutrients also
contained such as sulfur and silicon (DobermannFamdhurst, 2002). The continuous burning
rice straw leads to reduce organic C (OC) and acgn and soil aggregation (Malhi and
Kutcher, 2007), water runoff, soil erosion (Biedssk et al, 1980), and decreased the grain
yields (Singh and Sidhu, 2014). The study by Domeaal. (1979) found that at long-term
wheat growing areas, where straw is burnt showddcaease in soil polysaccharides and in
the percentage of water-stable aggregates, while-Ntdnd available P were increased.
Farmers have tried to compensate the nutrient tiepli& soil by overusing chemical fertilizers
in order to improve the yield of rice productioméFefore, mismanagement practices and
climate change impacts are the issues being uggentlestigated for sustaining land
management practices.

However, various strategies of land managementcareently being developed to
improve rice productivity as well as SOC sequesmator example, water management (Tian
et al., 2013), cultivation methods (Xu et al., 2pXértilization management (Srinivasarao et
al., 2012), rice straw (Liu et al., 2014), manuthdo et al., 2013). In addition, climate change
and rising atmospheric G@night also effect on rice yield (Parry et al., 2p@nd SOC (Lal,
2004a). Even the soils have the potential to migigacreasing C&®concentrations through C
sequestration, land misuse and soil mismanagenay@ taused depletion of SOC (Li and
Zhang, 2007; Pan et al., 2009; Bhattacharyya g2@10; Li et al., 2010). In order to estimate
these effects in rice fields, the concept of nebgl warming potential (GWP) was proposed
based on the radiative properties of L@ethane (Ck) and nitrous oxides (KD) emissions
and SOC variations, expressed as kg:&20hat yr! (Robertson and Grace, 2004). The
agricultural practices can be related to GWP byreding net GWP per ton of crop yield,

which is referred to as greenhouse gas intensityGp (Mosier et al., 2006). Moreover,



computer simulation models of the soil, crop yieldd atmosphere system can make a valuable
contribution to determine crop responses and ptiedicrop performance, and environmental
impacts for different management practices. Emvirental Policy Integrated Climate (EPIC)
model is a comprehensive agro-ecosystem model pélsimulating the growth of crops
grown in complex rotations and management opera@ma can be used to simulate crop yield
and SOC under diverse regional environment conditiolimate conditions, and management
practices (Easterling et al., 1996, Adejuwon, 206, Williams, 1995; Williams et al.,
2006, Priya and Shibasaki, 2001, Tan and ShibagaRki3, Thomson et al., 2006, Wang and
Li, 2010, Balkové et al., 2011), which cover the basic output stdde this thesis research.
There are no studies which have evaluated thetyalili EPIC0509 to simulate field-scale
variability of SOC, and no calibration and valigetistudies of EPIC0509 has been performed
in Northeast Thailand. However, the previous stidiong et al.,, 2008; Niu et al., 2009;
Xiong et al., 2014) have conducted at large saddasin, country or regional), which did not
incorporate local heterogeneity such as local dinaoil properties, farmer management
practices. Climate change impacts at differentescalay influence at different severity. Local
scale simulation is usually difficult because tinegse data is rarely accessible and available.
Therefore, there is a pressing need to improveatwairacy of the EPIC model simulation
through the use of local specific data for modéibcation and validation procedures. Our
knowledge can contribute to understanding the apresces of long-term climate change,

which is important for the agricultural policiesdatine choice of mitigation strategies.

1.2 Resear ch Objective
The goal of this study is to examine the influenoeand management practices, and
climate change attributes on rice yield and SO@Glantheast Thailand. To achieve this goal,

we performed three specific objectives as followdlegails:



1) To investigate the distribution of rice yielddaBOC content under different land
management practices, and analyzes the relatiohshigen rice yield and SOC with pertinent
management practices (manure and fertilizer appics).

2) To estimate the effect of land management mrestbon net GWP and GHGI.

3) To evaluate the reliability of EPIC model cadéibon and validation processes based
on local scale data, and evaluate the possibleatgdalimate change on rice yield and SOC

sequestration.

1.3 Structure of dissertation

The present dissertation entitled “Management mest and climate change
influencing on rice yield and SOC in Northeast Tdrail” concerns with the investigation of
farmers’ actual management practices and assessingithate change impacts on rice yield
and SOC. There are seven chapters in this digsert&eneral introduction and objectives are
mentioned in chapter one. The second chapter digsubke literature reviews and relevance of
the study. The practices sustaining soil organi¢tenaand rice yield under different land
management practices are detailed in the thirdtenaphe fourth chapter provides the result
of the effects of land management practices on GMPGHGI from rice production. Using
EPIC model to predict local scale impact of climatange on rice yield and soil organic carbon
sequestration in tropical monsoon area is presdntée fifth chapter. Chapter sixth is for
general discussion. Finally, the dissertation assioh and recommendations are provided in

the last chapter.



Chapter 2

Literature review

Greenhouse gases (GHGSs) such as carbon dioxidg,(@@thane (Ck) and nitrous
oxides (NO) and chlorofluorocarbons (CFCs) were absorbedttiremal radiation by the
earth's surface which, could lead to the changihglimate. Among these GHGs, GG a
major cause and responsible for more than halfddetive forces rerated with the global
climate change (Watson et al., 2000). AccordinglR&€C (2001), the average surface
temperature is forecasted to increase by 1.4 F&GC in the year 2100.

2.1 Climate change and global warming

2.1.1 Climate variability

Climate variability is temporal variations in theeam condition of the climate
parameters. Such variability can be attributedntarisic properties of the system itself or
external factors. However, changes in climate Wéliig and severe climate events have
recently caught more and more attention (IPCC, R0Climate variability and occurrences
of severe climate events have become a major congarticularly in Asia where agricultural
sector has suffered consequences of severe clievatg@s such as droughts and floods, as
well as annual rises of temperature that resultsuipstantial economic loss (Shukla et al.,
2003). According to the IPCC report (AR4) on thienelte trend across seven sub-regions in
Asia, surface temperature conditionings are mooaqunced during winter than summer. In
North Asia, the range of temperature increaseds than +1°C and up to +3C per 100
years. Apart from the growing number of rainy daysl the greater amount of annual
precipitation, the longer heat waves have widelguoed in Asia as well, causing disasters

such as floods, landslides, and mud flows (IPC©,720



2.1.2 Climate change scenarios

Climate change scenarios are based on differenelm@ahd assumptions, which leads
to different estimations of temperature and préatmn changes. In estimating the impact of
climate change in the future, we need to understiedconcept of atmospheric GHG
concentrations to which climates are sensitive. odding to IPCC Special Report on
Emission Scenarios (SRES), there are four storylidd, A2, B1 and B2, each of which is
characterized by its own set of values representifterent developments in social,
economic, environmental, technological and demdgcagimensions. A key source of input
to the climate model developed to predict futuienate change is concentration scenarios
simulated based on emission scenarios (IPCC, 20@ble 2-1 outlines the four storylines
by their economic-environmental priorities and glbkegional development. The global
projections in temperature change, atmospheri¢ @fcentration and sea level rise were
given in Table 2-2.
Table 2-1 The characteristics of the SRES storylines (adafea IPCC, 2007; Akarsh,

2013)

ECONOMIC

Al storyline A2 storyline
World : market oriented World : differentiated
Economy:. fast per capita growth Economy. regional oriented; lowest
Population: 2050 peak, then decline| per capital growth
Governance strong regional Population: continuously increasing
interaction; income convergence Governance self-reliance with

py)

<_E' Technology: three scenario groups: | preservation of local identities E.”)
8 4+ ALF1. fossil intensive Technology slowest and most e
(_DI 4+ ALT: non-fossil energy sources | fragmented development )Z>

+ A1B: balance across all sources. r

B1 storyline B2 storyline

World : convergent World : local solutions

Economy. service and information | Economy. intermediate growth

base; lower growth than Al Population: continuously increasing at

Population: 2050 peak, then decline| lower rate than A2




Governance: global solutions to Governance local and regional
economic, social and environmental| solutions to environmental protection

sustainability and social equity
Technology clean and resource Technology. more rapid than A2; less
efficient rapid, more diverse than A1/B1

ENVIRONMENTAL

Table 2-2 Global projections in temperature change, atmospi@®, concentration and sea

level rise (Akarsh, 2013)

Temperature |  Atmospheric COz concentration®)
Scenario| changé? (ppmv) Sea Level
Rise® (cm)
(°C) 1990s 2020s 2050s

AlF1 24-6.4 358 432 590 26-59

AlT 1.4-3.8 - - - 20-45

AlB 1.7-4.4 - - - 21-48
A2 2.0-54 358 432 549 23-51
Bl 1.1-2.9 358 421 492 18-38
B2 1.4-3.8 358 422 488 20-43

(a) and (c) (IPCC, 2007), (b) (Arnell et al., 2004)

2.2 Soil organic carbon

Soil organic carbon (SOC) is a rich source of Ghmbiosphere. As a measure of soil
organic matter (SOM), SOC is produced by a var@ftysources ranging the leaf litter,
branches or roots of plants, and manure, to thd gmogoortion of living microbial organisms
(Kogel-Knabner, 2002). These organisms’ activitiggarticularly the decomposition of plant
residues —result in C being brought deeper dowmthm soil profile. Normally, C is returned
to the atmosphere as @@When the majority of organic matter (OM) goes tlglo rapid
decomposition in upper soil layers (Nowak et a01%2). This process in which microbial
organisms, roots, and soil fauna contribute tarétease of C back to the atmosphere is called

soil respiration, which is a vital part of the sGilcycle (Classen et al., 2015).



The OM that remains from early decomposition slogdes through a process called
humification which finally turns it into a set ofimic substances with chemical stability and
resistance to any subsequent breakdown (LehmanKlabér, 2015). However, it should be
noted that only a small part of the C input wileewally turn into humus, and as this process
usually takes thousands of years to complete (Raataal., 1993). As processed SOM and
organic material are different in mean residenoestithey become parts of different pools.
Organic materials, including plant residues anddigpdecomposing debris, with a mean
residence time of years to decades belong to thike I& pool while, in contrast, processed
SOM with a much longer mean residence time of heaslto thousands of years belongs to
the long-term storage called recalcitrant C poati¢Ker and Hatcher, 1997; Jastrow et al.,
2007). It is estimated that, as for the long-tewolpthe rate of humification ranges from 0.2
to 12 g C it per year (in ecosystem types: Tundra, Boreal fpfiesmperate forest, Tropical
forest, Temperate grassland, and Temperate desett)he rate of C accumulation stands at
~0.4 x 16° g C yr! (Schlesinger, 1990).

SOC usually makes a substantial part of the tatdl mass, with an exception of
agricultural soils that usually has less than 5%SIBs proportion decreases as the soil depth
increases. According to Capon et al. (2010), theuarhof SOC, as a total measure over soil
depths, is reportedly estimated from about 10 &€th about 160 t C hain the top 30 cm of
soil in undisturbed lands (Valzano et al., 2005xiRogh et al., 2006; Wynn et al., 2006) and
sometimes up to 250 t Chan the case of rich soil in undisturbed lands (We2002). As it
has been estimated, globally there are about 1406f SOC, about double the quantity of
CO. in the atmosphere (Falloon et al., 2006; Lal, 20@8& a major determinant of soil
biological activity, SOM can help shape both sdiemical and physical properties to a
significant extent (Robert, 2001). As the SOM imses, soil structure aggregation and

stability, infiltration rate, resistance to erosias well as water retention, will improve (Bot



and Benites, 2005). The amount of SOM is partlyethelent on geographical variations. Such
processes may also include inputs from plant residautrient flows, as well as fauna, and
factors that play a part in determining the amaf$OM include its accumulation and the
decomposition rate.
2.3 Sustainable management practice

Agriculture is part of the solution and opportuntty reduce emissions through C
sequestration, soil and land use management, ammabks production. Climate change
becomes threats to agricultural production as teatpees get higher and more varied,
precipitation patterns alter and severe disastech ss droughts and floods become more
frequent (Baharuddin, 2007; Nelson and Thompsof9R0Soil fertility management is an
agricultural practice adapted to maximize efficierod nutrient and water use and to reach
enhanced agricultural productivity (Bationo, et, 4l998; Vanlauwe et al., 2015). Several
management strategies suggest the combined usaefainfertilizers, locally available soil
amendments and OM to replenish lost soil nutriefiiese practices, as a result, can improve
the soil health through integrated management offedility, which can be implemented
through the combined use of fertilizer and orgamputs, together with appropriate
techniques (Bogota, 1985; Olk et al., 1999; Le@32%anlauwe, 2009).

2.3.1 Effects of chemical fertilizer and manure aplication on soil properties,
crop yields and SOC

Several studies pointed out that when nitrogen pRpsphorus (P) and potassium (K)
fertilizer was used together with inorganic fer&i, the crop yield and soil fertility
significantly increased (Subbiah and Kumaraswan®)02 Dixit and Gupta, 200(Babu et
al., 2001). Verma and Sharma (2008) reported tmatldng term use of chemical fertilizer
alone deteriorated whereas the application of ldné K at recommended rates and organic

amendment improved soil physical properties oveitrod of no fertilizer application. Singh
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et al. (2001), Silva et al. (2005) and Khan et (@007) observed that the combined
application of N, P and K and organic manures $icantly increased the straw yields of rice
crop. The results also noted that organic manusegatally green manure and farm yard
manure led to an increase in both rice and wheddlyi The addition of organic amendments
into the soil can increase OM content, CEC, totakkthangeable K, available P and S and
improved soil structure and increased rice yieldni@n et al., 2000; Shukla et al., 1998;
Swarup and Singh, 1994). In addition, Dou et @9@) concluded that the application of pig
manure, rice straw and chemical N fertilizer incexh soil porosity, microstructural
coefficient, reactivities of organic C and N cortewf the paddy soil. Maeda and Hirai
(2002) conducted a field experiment with rice fra®91 to 2000 in Japan and found that
continuous application of farmyard manure increatbed pH, available P content, and the
uptake of P and K by the plants.

2.3.2 Effects of rice straw on soil properties, cqoyields and SOC

Removing crop residue from the field or on-fieldrting may leave some negative
impact on the crop, soil and air. Rice straw is aghthe organic materials that have the
potential to be recycled to restore SOM and imprasiéproperties. Several studies reported
that conventional agriculture has preferred leaviregentire crop residue in the soil without
tillage (Smith et al., 1998; West and Post, 2002k lack of rice residues in soils can cause
extremely low SOM and brings negative effects tib Isealth as it immobilizes soil N and
inhibits the plant growth (Williams et al., 1968piveyama and Yoshida (1976a; b); Rao and
Mikkelsen, 1976; Nagarajah et al., 1989; Trinsougtaal., 2000).

SOC is the most indicative factor of soil C sinkfie amount of SOC could be
enlarged through the application of organic fem#its from composting along with GHGs
mitigation (Rice and Reed, 2007; Kane, 2015; Yang.e2015). Reportedly, the use of such

fertilizers leads to enhanced soil quality as S@Mriproved and agricultural sustainability is
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promoted (Liu et al. 2006). On the other hand,as been reported that a decrease in either
SOM or SOC concentrations will result in lower puotivity as the soil health declines and
nutrient cycling mechanisms are interrupted (Faagsin et al., 2003; Loveland and Webb,
2003). It has also been found that constant usdherical fertilizers and/or monoculture of
crops may result in a small amount of additionalCS(@regorich et al. 2001; Sarno et al.
2004), while SOM can be enhanced over time thrawggitinuous use of organic additions as
it brings C fractions to the soil (Blair and Crock2000; Witt et al. 2000). In the long run,
the combined application of organic manures togetiith NPK fertilizers will lead to a
remarkable increase of SOC as well as soil N (Rextdgl. 2003). Hence, one of the most
efficient ways to revive agricultural soils is tatpcrop residues back as composting, which
primarily brings nutrients back to the soils alamigh other benefits.
2.4 Influences of climate variability on rice growh and yield

2.4.1 The role of climate for rice growth and yield

In general, as plant characteristics are often tadafp the climatic conditions of
plants’ growing areas, climatic and weather coodgi are the deciding factors for yield
formation and plant growth. Climate, as a resalthe primary indicator of what plants could
be grown in a specific area as it determines teatpeass during days and nights, as well as
the amount of precipitation and how it is distriditseasonally. Thus, the period of growing
season is based on the evapotranspiration and ambtainfall, which are included ground
water availability, and the shortage and distritmutof soil water (Jin et al., 1999; Wild,
2003). Climate imposes direct influences on thesmhggical processes of plant growth and
development. Furthermore, climate also defines pesis, diseases, and grain yields, thereby
becoming one of the most important issues to beaoed when it comes to food security
(Ziska et al., 2011; Lobell and Gourdji, 2012). Gioderstand climate variability needs to

understand the main factors of climate such asfaigirsolar radiation, temperature and
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relative humidity. A major concern of the worldu#) mainly involves climate variability and
occurrences of severe disasters. Following isa@ngtneed to quantify the growth and yield
responses of important crops and to identify sietddnd use options to sustain agricultural
productivity under such a vast range of climataateims (Shukla et al., 2003; FAO, 2008).
Rice yields can be directly affected by climatergj@mas temperatures and the amount of CO
change. In addition, indirect effects can be impdsg other factors such as irrigation water
accessibility, pests and diseases, soil fertilitg @rosion (Sinha and Swaminathan, 1991;
Khan et al. 2009).

2.4.2 Climate change scenarios and their impact arce growth and yield

Climate change has become a key concern due tchhléenges it poses on rice
production such as water shortage and other fatitatdimit growing capacity (Kang et al.,
2009; Karn, 2014; Mancosu et al., 2015). Variowpanodels and climate change scenarios
are taken into account in Asia to evaluate the chpé climate change on rice production
(Ainsworth and Long, 2005; Lee et al., 2012; Kimaét 2013). The SRESs cover a wide
range of CQ, other greenhouse gases, and sulfur emissions.pitedicted that, based on
various GCMs, the rise of global mean temperatoxes the period from 1900 to 2100 will
range from 1.4 to 5.8C while larger uncertainties have been observethbymodels that
examined climate changes at regional levels. Assalt, future research related to global
climate change must be able to handle the uncédsifrom various sources such as GCMs,
emission scenarios, and impact models (Torvangair,2001; Pittock et al., 2001; Challinor
et al., 2005; IPCC-TGICA, 2007; Giorgi, 2010).

Based on four scenarios prediction, temperaturgbar2® century are projected to
increase due to a continuous rise of@&issions. The projections highlight the fact that
natural physical and biological systems, such astphnd hydrology, are responsive to the

increasing C®@ emissions (IPCC, 2007). For example, warmer teaipegs are associated
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with the elevated C@increases in sea surface temperatures, resulingare frequent
rainfall and more water available for plants. Mean®; plants alter their responsive
functions due to elevated GQ@oncentrations. Plants could gain either an acwegntor
disadvantage from such changes in climate conditidir temperature and precipitation are
considered two major climatic variables that argpontiant factors controlling for all crop
production. Adejuwon (2006), Kang et al. (2009) &a) et al. (2015) dedicated their works
on the interaction of individual climatic variablea crop productivity. The findings suggest
that higher temperature and fluctuated rainfall ggmerally decrease and increase crop
yields. In addition to the effect of changes in pemature and precipitation on plant, the
rising atmospheric COconcentration is also a factor that directly afecrop development
and productivity. According to Erda et al. (200%)daAttavanich and McCarl (2011), the
rising CQ fertilization effect associated with higher tengtare is known to stimulate
photosynthetic systems. Therefore, under optimumaté conditions crops including rice,
wheat, and sorghum gain benefit from the-Gétilization effect (Richards, 2000; Parry et
al. 2004; Erda et al., 2005; Motha and Baier, 20@8Grath and Lobell, 2013; Degener,

2015; Grossi et al. 2015).

2.5 Influences of climate change on SOC

There is a direct relationship between global wagrand the functioning of the
global C cycle because increases in concentratibasnospheric C&and CH are related to
global warming through the anthropogenic enhancémiethe greenhouse effect (Hermle et
al., 2008). To put it simply, the decompositionS®DM is more responsive to temperature
change than to NPP (Wamelink et al., 2009). Theeefising temperatures tend to result in a
net release of C from soil to the atmosphere sf®8@M decomposition has been more

affected than NPP. This is likely to result in aspiwe feedback mechanism in which the
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transfer of soil C elevates atmospheric ;Gfoncentrations that, in turn, can result in
increased surface temperatures and thus in more ddssoil C through increased
decomposition rates (Cox et al., 2000). This pesifeedback, however, may also have a
potential inhibitor. Greater soil N availability mabe stimulated by the accelerated
decomposition, resulting in higher NPP. This maadiéo a potential rise in C inputs into the
soil as a result of litter fall and rhizodepositiavhich can, in turn, rather counterbalance the
elevated loss of soil C (Bhattacharya et al., 2@;idson and Janssens, 2006).

The soil C can significantly be affected by climateange due to the fact that
variations in temperature, rainfall and g&€ncentration can impose some influence on the
transformations of soil C stocks, the soil C decosion, and the C inputs to soil (Melillo
et al., 2002; Jones et al.,, 2005; Faragealet 2007). Many researchers share the same
vision that global warming can result in a risesofl respiration, leading to increasing £0
release that can aggravate the global warming (Kesnal., 2008). Nevertheless, at the
moment, researchers cannot reach an agreemerguas isuch as how climate change affects
soil C dynamics and what feedbacks are given bathke climate. For example, it is reported
that the soil C sequestration rate and the sodii@ent are likely to expand as the temperature
and precipitation increase (Knorr et al., 2005; ffkon et al., 2006). Research findings have
also shown that at higher temperature and pretipmitahe organic material decomposition
and the losses from soil have risen (Curtin et2011). Alvarez and Alvarez (2001) and
Grace et al. (2006) found that the SOC diministeseaperature and precipitation rise. In
contrast, Andersson and Nilsson (2001) concludedt tht higher temperature and
precipitation, the cumulative dissolved organidd®(C) in the humus layer is likely to rise as
well. Meanwhile, temperature is considered as many factor on DOC leaching (Solomon
et al., 2009), whereas Cox et al. (2011) repottedl in their study temperature did not affect

the DOC production. In a meta-study conducted bgt&li et al. (2001), a wide range of
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studies on experimental ecosystem warming and gmadvere examined, revealing that the
net N mineralization rate and the nitrification erabf the upper organic soil horizon
contributed significantly to the increased warming.

As it has been hypothesized, global warming mageaudrop of soil C in the short
run, but in the long run, such soil C losses catemtally be compensated by the rise in C
input to the soil and through the chemical and maysreactions that can lead to the
stabilization of soil C (Vleeshouwers and Verhag@002). Reportedly, future climate
warming and drying as a result of a decrease infathiand heat stress on crops will lead to a
reduction in the productivity and organic C inpwsiile higher temperatures will accelerate
the SOC decomposition (Johnston et al., 2009).

It has been suggested that in the next 50 yeahehtgmperatures and ¢@an cause
the saturation response in the terrestrial sinkschvaccording to researchers means a faster
accumulation of atmospheric G@han it is now (Canadell et al., 2007). A warraed drier
climate will also make the SOC environmental efulim decline (Uvarov et al., 2006).
Particularly in areas with lower rainfall levelsjs anticipated that a drier climate will affect
heavier soil types more than other types, followgdears of poorer production and a fall in
the plant residue C inputs (Vleeshouwers and Veshag002).

In temperate regions, the SOC pool is high, in @sttto dry regions. The
concentration reaches its maximum level in orgamipeat soils where is it extremely high.
The SOC concentration can vary greatly from oneregion to another and has been
observed to be lower in warm and dry than in coal moist regions. Thus, the total soil C
concentration is four times the biotic concentmatiand approximately three times the
atmospheric pool (IPCC, 2001; 2007). Precipitaatso plays a vital part in determining the

amount of OM in soil. Every change in rainfall negis can potentially influence the SOC
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storage, and such changes are, for example, shifésnfall timing and variability, as well as
intensity (Zhang, 2005; IPCC, 2007).

Soils in ecosystems with higher levels of precimta are capable of storing higher
levels of C (Jones et al., 2005). An increase @amannual rainfall can influence the soill
properties and soil degradation (Davidson and &msss2006; Johnston et al., 2009). For
example, in desert ecosystems, processes thatot@@DC are highly dependent on the
seasonal availability of soil moisture and cleaslgnsitive to rainfall. Cold deserts, in
particular, receive low levels of rainfall and sntalling predominantly during the winter and
early spring when soils are cold. This seasonahatle regime results in low rates of C-
cycling in winter and high rates of cycling in spyi before soils become too dry in the
summer (Jones et al., 2005; Aanderud et al., 2010).

Factors such as latitude, altitude, aspect and eth@ronmental factors can affect the
guantity of OM in soils due to the relationship beén temperature and these factors
(Jansson et al., 2008; Solomon et al., 2009). Atutee decreases, which means as one
moves away from the equator, soils usually storeen® due to the fact that dead plants
decay at a lower rate in colder areas. Due to ¢émmhange, when high-latitude soils become
warmer and wet soils become drier, these soilslikély release more C{o the atmosphere
that, in turn, leads to a large positive feedbacthe initial warming. Such a process must be
in progress at the moment in the peatlands of thehNPole. It has been estimated that as
temperatures increase, 11 to 34 Gt of C per degfeearming globally will be lost from
soils. The response is expected to be only 5 tGtl§ince an increase in temperatures usually
accelerates the decomposition process, which,rm teleases nutrients necessary for plant
growth. A rise in plant growth will consequentlysa C storage in the soil (Lugato and Berti,

2008).
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2.6 EPIC model description

Developed in the early 1980s, the EPIC model wasdasure the impact of erosion
on agricultural productivity (Williams et al., 19840riginally, EPIC stood for the Erosion
Productivity Impact Calculator, as it was initiallesigned to estimate erosion impacts on
crop productivity (Williams, 1990). Evolution oféhmodel, with incorporation of functions
to simulate environmental processes related torvptality and SOC sequestration, merited
its name change to the Environmental Policy IntesgtaClimate model. Prior to the
modification to add the ability to make integratedvironmental impact assessments, the
model was originally developed to measure effe¢tgrosion on crop biomass and soils
(Putnam et al., 1988). The modified model is nowatde of assessing environmental factors
in agriculture (Williams, 1995) and simulating arieséy of crops and tillage operations, as
well N, P, and C cycling (Izaurralde et al., 20@D06), hydrological balances, wind and
water erosion or leaching, and soil density changbe modification also enabled the model
to measure what effects that are caused by thegekaim CQ are imposed on the plant
growth (Stockle et al., 1992) and to simulate th@phbysical impacts on agro-ecosystem
functions (Brown and Rosenberg 1999). The EPIC ingaecesses include weather,
hydrology, erosion, nutrient cycling, C cycling,spieide fate, soil temperatures, crop growth
and tillage/management operations (Rinaldi, 20@13lown in Figure 2-1. EPIC model has
been used in experimental applications and wabresdid and validated for several field
crops and has been used to investigate long-temaecmiences of climate change coupled
model and future climate scenarios (Tubiello etz000).

The EPIC model version EPIC0509 and interface (ICERas been used in this study
analysis. An interface called i_EPIC is used to aganthe multiple EPIC runs which are
necessary for calibration. i_EPIC was developediamdaintained by lowa State University.

In order to increase the transparency of inputPiCEuses Microsoft Access databases as its
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input files rather than the more cryptic text-bagguolt files used directly by EPIC. When
input modifications are required, these databases easily be opened and edited, then
reloaded into i_EPIC. i_EPIC generates the texetasput files required by EPIC, and then
translates EPIC’s output into preformatted outpallés in the same Microsoft Access
database (Johansson et al.,, 2007). More informaton EPIC can be finding at
http://epicapex.brc.tamus.edu. The current EPICroanity code can be downloaded from

http://www.public.iastate. edu/~tdc/i_epic_main.htm
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Processes in the EPIC Model

Weather

Daily rain, snow, maximum and minimum temperatures, solar
radiation, wind speed, relative humidity, and peak rainfall intensity can be
based on measured data and/or generated stochastically.
Hydrology

Runoff, infiltration, percolation, lateral subsurface flow,
evaporation, and snowmelt are simulated. Any one of four methods can be
used to estimate potential evapotranspiration.
Erosion

EPIC simulates soil erosion caused by wind and water, Sheet and
rill erosion/sedimentation result from runoff from rainfall, snowmelt, and
irrigation. Any one of five methods may be used to estimate erosion
/sedimentation.
Nutrient cycling

The model simulates nitrogen and phosphorus fertilization,
transformations, crop uptake, and nutrient movement. Nutrients can be
applied as mineral fertilizers, in irrigation water, or in organic form
(manure). EPIC is distributed with a fertilizer database. The user may add
a new fertilizer or modify the chemical parameters of an existing fertilizer.
Carbon cycling

EPIC incorporates carbon cycle routines conceptually similar to
those in the Century model. The C routines are coupled to the hydrology,
erosion, soil temperature, and tillage components.
Pesticide fate

The model simulates pesticide movement with water and
sediment, as well as attachment to the soil land degradation while on
foliage and in the soil. EPIC is distributed with a pesticide database. The
user may add a new pesticide or modify the chemical parameters for an
existing pesticide.
Soil temperatures

The effects of weather, soil-water content, and bulk density on
soil temperature are corrupted daily for each soil layer.
Crop growth

A crop growth model capable of simulating major agronomic
crops, pastures, and trees is used. Crop-specific parameters are available
for many crops. The user may modify or create data sets of parameters for
additional crops as needed. The model can also simulate crops grown in
complex rotations in mixtures.
Tillage/management operations

Tillage equipment affects soil hydrology, nutrient cycling,
pesticide fate, and root growth. EPIC simulates a variety of cropping
variables, management practices, and naturally occurring processes
including different crop characteristics; plant populations; dates of planting
and harvest; rates, methods, and timing of fertilization irrigation; pesticide
application; artificial drainage systems; tillage; conservation practices; and
timing. The model can also gauge the effects of such varied management
practices as whether the crop is harvested for grain or fodder, or it is
grazed. EPIC is distributed with a tillage/management operation database.
The user may add additional tillage/management operations or customize
the characteristics of existing operations, if needed.
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Figure 2-1 General schematic of the key processing stepsreghaf the i-EPIC model

Source: modified from USDA (2006)
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2.6.1 Crop growth model

EPIC model can simulate growth of both annual asr@mnial crops based on a single
crop growth model. As for annual crop growth, thservation starts from the planting date
until harvest date or until the accumulated hedt ni@aches the predetermined potential heat
unit. The model takes into account both crop groadhstrains and stress factors, which
undermine the plant growth, with the stress fastalue ranging from O to 1 and records
being made on temperature, amount of water, nut@en aeration stresses for further
adjustment of biomass accumulation (Sharpley andws, 1990).

The phonological development of the crop is basedlaly heat unit accumulation
and a Heat Unit Index value (HUI) is computed frOrat planting to 1 at maturity (Sharpley

and Wiliams, 1990).

T + T,
HU, = w —Tp; ; HU,=0 (D
Yi=1 HU
HUI; = 2
‘=T PHU (2)

where HU, T,,,,, andT,,, are the values of heat unit, maximum temperatmck rainimum
temperature in °C on day K, and PHU are base temperature and Potential hagatraquire
for crop |.

Crop yield is calculated as the amount of crop nezdafrom the field and simulated
as a function of above ground biomass accumuldtéiseaend of crop growth and harvest
index (Sharpley and Wiliams, 1990).

YLD; = (HIA;) X (Bag); (3)
whereHI4; is the harvest index arg); is the above ground biomass in t'tar crop j.

The potential daily increase in biomass is estuhads follows (Sharpley and

Wiliams, 1990),
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whereAB,, ; is the daily potential increase in biomass in 1 far crop j,(BE);j is the crop
parameter for converting energy to biomass in kg Ma! m2 and(PAR); is the intercepted
photosynthetic active radiation in MJnderived using Beer’s law equation. In order to

incorporate the effect changing atmosphericc@@d vapor pressure deficBE value is

adjusted as follows (Sharpley and Wiliams, 1990).

(100 x €0,)
BE* = (5)
(CO4 + exp(bcy — bcy,(€COy))
BE = BE* — bcy X (VPD — 1) VPD > 0.5 (6)

where CQ is the atmospheric GQevel in ppm, VPD is the vapor pressure deficikifa and
bcy, bc, andbc; are the crop specific parameters.

PAR; = 0.5 X (RA); X [1 — exp(—0.65 x LAI)] (7)
where(RA); is the solar radiation in MJ ‘fnandLAl; is the leaf area index iff' iday of the

year. The constant 0.65 is the extinction coeffitie

LAI; = LAI,_, +ALAI (8)
ALAI = (AHUF) X LAIL,, X[1 — exp((5x (LAI;_; - LAl,,,))] (9)
HUF, = uLLLl: (10)

HUI;+explah;—(ah;;)X(HUI;)

whereHUF is the heat unit factoah,1 andah > are parameters of cr¢pSubscriptmxis the

maximum value, and is the daily change.

For stressed conditions, harvest index is a funatifoheat unit index and water stress

(Williams, 1995; Yin et al., 2014):

wS;
WS;+exp(6.13-0.0883VS;)

HIA = (HIA; — HIAp) (

M

Epi

+ HIA, (11)
)
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whereHIA4; is the harvest index adjusted by heat unit faoctodayi, HIA, is the minimum

harvest indexi’s; is the water stress factor on day,; , is the water use in layérandEp;

is the potential plant water evaporation rate onida

HUI;
HIA; = HI; (HUIi+exp(1ll—10HUIi)) )

whereH]; is the potential harvest index for crip@ndHU]; is the heat unit index on day

There are five environmental stresses (water, teatyrer, nutrients (N and P) and
aeration) in EPIC model. The estimates (stres®fgcrange from 0.0 (the most severe) to
1.0, and the stresses affect plants in several W&itkams, 1995; Easterling et al., 1998; Liu
et al., 2014).

Water Stress: The water stress factor is computed by considesupply and demand in the

equation:
M
— Zl=1ui' L
WS, = (14)
Epj
Ep = E°§A’, 0 <LAI <3.0 (15)
Ep = E,, LAI >3.0 (16)

whereWs; is the water stress facta, , is the water use in layéy andEy; is the potential

plant water evaporation rate on dayEy is computed fromEo and LAl Ej is the potential

evaporation, antAl is the leaf area index.

Temperature Stress:The plant temperature stress factor is estimattdtive equation:

TS; = sin <E (MD a7
2 To]'— Tbj
whereTSis the plant temperature stress faclerjs the soil surface temperatuf€},

Th is the base temperature for cijppndT, is the optimal temperature for crpp
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Nutrient Stress: The N and P stress factors are based on theohocumulated plant N
and P to the optimal values. The stress factorg nanlinearly from 1.0 at optimal N and P

levels to 0. For N, the scaling equation is

— 21— Zi=aUNe
NSs; =2 (1 (cnB)i (B)i> -

whereNSs is a scaling factor for the N stress factdN is the crop N uptake rate on dagkg
hald?), cyp is the optimal N concentration of the crop on dagndB is the accumulated

biomass (t hd).
The N stress factor is computed with the equation:

NS, =1- Mosi (19)

NSg;+exp(3.39-10.93XNSg ;)

whereNS is the N stress factor for day The P stress factoRS is computed with above

equations written in P terms.

Aeration Stress: When soil water content approaches saturatiomtglenay suffer from

aeration stress. The water content of the top I soibis considered in estimating the degree

of stress:

SAT = 22— CAF, (20)
PO1

AS; =1 SAT SAT > 0 (21)

SAT+exp(—1.291-56.1xSAT)’

whereSATIs the saturation facto§W is the water content of the top 1 m of soil (mPQ
is the porosity of the top 1 m of soil (MmNQAF is the critical aeration factor for cr¢§~0.85

for many crops), andSis the aeration stress factor.

2.6.2 Carbon flows in EPIC model
SOC is further grouped into various pools with weiqcharacteristics and
decomposition rates following first-order kinetiésllowed by the transfer of C from animal

manures and crop residues into different pools wathed levels of stability. The advantage
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of the models whose structures are multi-compartahdies with the fact that they provide
flexibility and the ability to accommodate contreériables. Below is the fundamental

equation of C flux between pools (Polyakov and pan4):

AC i 22
. —kmpCioi + h (2)

1‘})|
=y

where Csoil IS the concentration of organic C in sdilis the time;k is the first-order
decomposition coefficientm and p are the correction factors for soil temperaturel an
moisture, respectivel\y is the additional rate (independent of decompmsitate), such as
erosion, deposition or net primary production.

The Century model (Parton et al., 1987; 1994) mb&e of simulating SOM across a
wide range of climatic conditions and land usadésly et al., 1997). In the model, SOC is
classified into three pools based on the mineratinaand turnover rates. Accounting for
around 5-15% of the total SOC, the first is lalpit®| which represents microbial and fungal
biomass, and compounds that can easily break dotenminerals, with a turnover rate of
months to years. Accounting for 20-40% of the t&@IC, the second is a slower pool with a
turnover rate of several decades, representinghtigcadded residues. Accounting for the
remaining 60-70% of the total SOC, the third paohi stable or long-term storage with a
turnover rate of hundreds to thousands of years.

EPIC simulates dynamic C processes using C routioeseptually similar to those in
the Century model (Izaurralde et al., 2001; 20@&rbon processes are coupled to the
hydrology, erosion, soil temperature, plant growthtrient cycling, and tillage components.
In Figure 2-2, we can see that plants gather arctkgoe energy from the sun through
photosynthesis, the process in which light enesglyapped and turned into chemical energy
by plants. Through photosynthesis, plants take @ ffom the atmosphere and water from

the soil, split off the oxygen atom from water,e@de oxygen gas back to the atmosphere,
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and combine the C atom with other C atoms and miseimcluding N and phosphorus, to
produce plant tissue and crop yield. After the cioparvested, part of the plant is usually
taken away from the field. Other plant materialtba surface remains in the field as crop
residue, which includes plant stems, leaves, armtsroOver time the plant material
decomposes. Some molecules, those most readilympesable, are quickly incorporated
into microorganisms and other soil biota that usent as an energy source. Other plant
materials, made of less easily decomposed matesialb as lignin, become structural or
metabolic litter. The organic material is brokenmointo any of three major pools: active
pool (microbial biomass), slow pool (slowly decorspble humus), and passive pool (hardly
decomposable humus) depending on its inherent deesition rate as estimated by the
lignin composition (Parton et al., 1993). Inputsnir fertilizer application, precipitation and
irrigation water are included in the N budget. Rail fixation from plant is estimated as a
fraction of daily plant uptake. Nitrogen is absatbd®y plants, removed in harvested crops,
and is dissolved in water or attached to partitkeg leave the field. EPIC simulates the
transformation of N& to NO;~ through nitrification. Nitrate undergoes denitrifioa to
produce N and NO, and organic N undergoes mineralization (Coatat.e2012). However,

C and N can also be lost in the form of leachaesjed sediments or G@mission.
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Figure 2-2Biogeochemical components of the C and N budgeisPi (Cooter et al., 2012)

EPIC represents these factors using transforma#ite controls exerted by the soil
temperature and soil water equations. Tillage ahdrananagement operations are simulated
to represent effects on decomposition rates. SQfinialated by functions that convert crop
residues, roots and organic amendments added wpihén Figure 2-3, the total C pool for
C estimations in the soil consists of five companis: structural litter, metabolic litter,
microbial biomass, slow humus, and passive humardoR et al. (1987; 1993 and 1924
Izaurralde et al. (2006) described the original tGsnmodel and the new C and N modules
developed in EPIC as built on concepts from thet@gmodel to connect the simulation of
soil C dynamics to crop management, tillage methadsl erosion processes. The surface
microbial pool turnover rate is independent of sex’ture, while soil texture influences the
turnover of active SOM (higher rates for sandysgofhs shown in Figure 2-3). The model
assumes a 60% loss of C due to microbial respirdtio surface microbes and 55% for all

other layers. Allocation of C from lignin of strucal litter to CQ is set at 0.3 while the rest
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is partitioned into slowly decomposable humus. doheof the processes, there are moisture

and temperature controls on soil biological proesss

Standing Dead (Above and Below Ground):
Lignin (L) Carbon (C) Nitrogen (N)

@ Tillage

*i-I.MI-' # LMF=0.85-0.018 x L/N

Structural Litter Metabolic Litter

Lignin fr ( L): (C)| Non-Lignin: C & N & C&N
® «— Xox X, x f{L) _b B Xx Xy,
T W i: |.’
0.6 (Surface) 0.6 (Surface)
0.55 (Others) 0.55 (Others)
0.3 3

» CO, Co,
v
—% Slow: C & N » Biomass: C& N
X1 x Xy
L . Xy x Xy, (Surface) @
I- (CO,*Leach+Passive), XX Xy X f{Si + Cly) (Others)
v 0.0 (Surface) 0.6 (Surface)
0.0 (Surface) o o "
£(C1,) (Others) ‘ﬂCI,-)(Othersj fiFlow, K, D, 6% f{Si; + Cl) (Others )
> Passive: C & N Leached: C & N Cco,
r Y
B X x Xy 055]  1-(coy),
0.55 1 - (CO, + Passive);

Figure 2-3 Carbon flows in EPICXw and X refer to moisture and temperature control on
soil biological processes, LMF = fraction of thedi that is metabolic (kg Kg Lf = fraction

of structural litter that is lignin (kg kg); lower case f = “function of’, and subscript f =
“fraction”; Sif = fraction of soil mineral componethat is silt; CIf = fraction of soil mineral
component that is clay; < distribution coefficient of organic compoundsveeen soil solid
and liquid phases; DB = soil bulk densibys soil volumetric water content (Izaurralde et al.

2006)

Plant residues (shoots and roots) are partitiona istructural (resistant to
decomposition) and metabolic (readily decompogaplent material as a function of the

initial residue lignin (L)-to-N (N) ratio (L:N) usg the following equations:
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LMF =0.85-0.018 x L/N (23)
whereLMF is the fraction of the litter that is metabolig(kg?)
LSF=1- LMF (24)
whereLSFis the fraction of the litter that is structurk(kg?)

The model assumes that all C decomposition floves amsociated with microbial
activity and that microbial respiration occurs fach of these flows. Carbon leaving the
active C is divided into four different flows whighclude microbial respiration, leaching of
soluble organic C, stabilization of C in the slomdgassive pool (equations (25) - (28)).

ABco2=0.85-0.68x T (25)
whereABcoz is the fraction of C lost due to microbial respoa (the subsurface partitioning

of biomass to Cg), andT is the silt plus clay content (fraction)

CaL = (H20(30/18) x (0.01 + 0.04 x ) (26)
Cap=0.003 +0.32 X T 27)
Cas = (1 — G — GaL — ABcop) (28)

whereCa. is the fraction of C lost due to organic leachi@gr is the fraction allocated to
passive poolCasis the fraction sent to the slow po#l,Oo)is the monthly water leached
below the 30 cm soil depth (cm mojh Ts is the sand content (fractiorlc is the clay
content (fraction)
The C flows out of slow C are allocated to pas§ivend active C (equations (29) and
(30)).
Csp=0.003 — 0.009 x ¢l (29)
Csa=(1-Gp—0.55) (30)
Cspis the fraction of slow C allocated to passivelpaadCsais the fraction of slow

C allocated to the active pool (55% of the C ig thee to microbial respiration).
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Chapter 3

Practices sustaining soil organic matter and riceigld in a

tropical monsoon region

3.1 Introduction

In general, carbon dioxide (GDmay be removed from the atmosphere by captuting i
in various systems, such as through soil carbonestption (SCS) processes (Saree et al.,
2012). Soil organic carbon (SOC) is the dominamhjgonent of soil organic matter (SOM),
which is an important source of carbon for soilgasses and a sink for carbon sequestration.
Thus, any increase in SOC could significantly iasee soil carbon (C) storage and mitigate
greenhouse gases (GHGSs) that contribute to globahwg and climate change (West and
Post, 2002). Rice fields represent high capacityss of SCS (Pan et al., 2004; Lu et al.,
2009). However, various land management practisesh as tillage, straw management,
fertilization, irrigation, and crop rotation, sidicantly affect GHG emissions (Huang et al.,
2004; Arunrat et al., 2016), SCS (Pan et al., 2@d&ttacharyya et al., 2010), rice production
(Parry et al., 2004; Wassmann and Dobermann, 2@@d)food security (Nguyen, 2006).

In Thailand, rice Qryza satival..) cropping is a major land use, and rice fiedus
distributed throughout most of the northeast regilon general, this region has rain-fed
cultivation in the tropical monsoon area, where rg&grown once a year. Jasmine rice is mostly
grown under rain-fed conditions in this region. bdinately, the soils are often described as
universally infertile, with low inherent nutrienbetents (Chantanaparb et al., 1976). The soil
texture is sandy loam, and the SOC content is Mavy ranging between 0.26% and 0.80%.
The rate of SOC sequestration is very low (arourtd kg ha yr') compared with other
regions (Limtong and Srikhajon, 2002). Thus, mésessary to quantify C inputs to the soll, to
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determine whether they are sufficient to improve S®W€r the long term. All of these soil
constraints cause stunted growth, and have drigtrealuced rice grain yield. In 2014, the
average yield for jasmine rice in northeast Thailas approximately 2.26 Mg Ha(OAE,
2014), which is the lowest in the country. Varicatsdies have suggested that rice field
management with rice cropping under irrigated, estae conditions favors the accumulation
of SOM (Zhang and He, 2004). Moreover, it is thduiat SOM decomposes more slowly
under anoxic conditions compared to oxic conditi@®ashrawat, 2004). Thus, it is likely that
SOM may increase SOC and crop yields through celé@d management practices, such as
inputs of organic materials (manures) (Zhang ¢t28110) and chemical fertilizer application
(Srinivasarao et al., 2012).

In humid and tropical regions, several studies Haaen published on SOC and rice
yield. These studies recommend that current nudtrimanagement should involve a
combination of manure and chemical fertilizersmipiove nutrient efficiency for plant uptake
(Zhang et al., 2009; Zhao et al., 2013) and toease crop yield (Witt et al., 2000; Surekha et
al., 2003). For instance, in subtropical China,dddition of manure to the soil enabled 18%
higher rice yield (Bi et al., 2009) than that okahical fertilizer alone. The highest grain yield
of rice was obtained when farmyard manure was agjat 10 Mg hd combined with 120, 60,
45 kg hat for N, P, and K, respectively, of sandy loam swilndia (Satyanaraya et al., 2002).
However, these studies were obtained either sihhdéohg term agricultural experiments, which
may be different between scientific experiments thiedactivities of farmers, in particular in
developing countries, such optimal conditions aficdlt to achieve (Maat, 2011). This is
because increasing crop productivity and soil heait farmers’ actual management practices
are associated with the limitation of socio-ecorofactors of farmers’ household (Linh et al.,
2013). Only a study by Alam et al. (2013) have vdalhe in Bangladesh, who evaluated the

best management practices (BMP) integrated witthnéas’ crop management techniques in
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rice for productivity and profitability. Their reks showed that 3-28% grain yield increases
with BMP resulting in farmers’ net profit increasé US$22 to 120 ha Nevertheless, soil
characteristics were not taken into consideratiotheir study. It can be also affected by the
different practices of farmer management, espgci@8DC have been described as a key
indicator in soil fertility management (Lovelanddawebb, 2003). Therefore, the investigation
of farmers’ actual practice effect on rice yielddaBOC with their practices are limited in
tropical monsoon area.

Any management practices should ensure thatasang yields will not destruct the
ecology in the future. In order to be sustainabémagement of rice fields in tropical monsoon
climates, it is necessary to understand curremtpsoperties and land management practices
to develop alternative management practices fontaiming soil quality and increasing in rice
yield to ensure food security for the food demaoidthe growing population. Therefore, our
study is the first detailed local analysis of hownfars’ actual management practice factors
influence rice yield and SOC. The objectives o$ tstudy were to (1) investigate the contents
and distribution of rice yield and SOC under difietr land management practices, and (2)
analyze the relationship between rice yield and 8@ pertinent management practices, i.e.,
manure and fertilizer.

3.2 Materials and methods
3.2.1 Description of the study area

The study area was in Thung Kula Sub-district, Suvaghum District, and Roi-Et
Province, located at 15° 2B, 103° 48 E. Roi-Et soils are formed from washed deposits of
sandstone and occur on the lower part of penepla@hms elevation ranges from 100 m to 200
m above sea level. The area has a tropical morndmoate (Koppen 'Aw'). The major soil type

in Roi-Et Province is Ultisol with >60% sand cortdow SOC, ranging from 0.40%—1.29%;
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and medium acid surface soil of pH 5.0-6.0 (LDD91)O There are six soil series:Ki)(Kula
Ronghai series): fine-loamy, mixed, active, isohyipermic Typic Natraqualfs; lyn (Nakhon
Phanom series): fine, kaolinitic, isohyperthermieri& Plinthic Paleaquults; dPh (Phan
series): fine, kaolinitic, isohyperthermic Typidi(fhic) Endoaqualfs; diPm (Phimai series):
very fine, smectitic, isohyperthermic Ustic Endoads; €)Sp (San Pa Tong series). coarse-
loamy, siliceous, semiactive, isohyperthermic Tylandic) Paleustults; andTx (Tha Tum):
fine, mixed, semiactive, isohyperthermic Aeric (fhic) Endoaqualfs (LDD, 2003) (Figure 3-
1). In general, the soils are deep, and are claiaetl by different colors; however, the
dominant colors are a grayish-brown or light brasamdy loam A horizon overlying a light
brown grading to pinkish-gray sandy clay loam antokandic B horizon, which, in turn,
overlies a light gray or whitish clay loam or cl@yhorizon. The soils are mottled throughout
the profile, with strong brown or yellowish brown @ark brown and some yellowish red or
red mottles being common in the subsoil. The reads medium acidic over strong to very
strongly acidic (LDD, 2003). The study area waddbd into small sub-areas to collect soil
samples and determine land management charadgusing a polygonal grid measuring 0.01
x 0.01 degrees in size, and covering ~1 x 1 km.t0ta area was 59.45 ha covering 64 grids
overall, consisting of 22.29 ha and 24 grids ilgated areas and 37.16 ha and 40 grids in rain-
fed areas (Figure 3-2). This is because rain-fetliaigated agriculture areas have been used
for land performance assessment (George, 1997¢iat=m with the better nutrient and water
management practices to increase crop producti@nghet al., 2005). Rice is primarily
cultivated during the rainy season, between M&@dtober, while a second rice crop is planted

during the dry season, between November and Aptilefollowing year (OAE, 2014).
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3.2.2 Questionnaires survey

The data were obtained over a 5 year period (200D4H2 Questionnaires were
conducted at each sampling site to record the @nojpmanagement practices by farm owners.
At 64 sites, 64 farmers were investigated theip@nd land management data. Rice yields and
management practice data (i.e., dates of plantmd) fzarvesting; rates of application of
fertilizers, manure, pesticides, and irrigationg direld operations performed) were collected
by our questionnaire survey in 2014 and from theomé book for the standards for good
agricultural practices (GAP) of farm owners ovee th year study period (2010-2014),
including both rainy and dry seasons. The recomkbavere disseminated to the farmers by
the Department of Agricultural Extension, Ministi/Agriculture and Cooperatives, Thailand
to record their agricultural activities and repannually to GAP committee. The record book
for GAP is very helpful for this study to obtairetprecise data on operational practi€dse

yield data, fertilizer and manure application ratese averaged over a 5 years cultivation.
3.2.3 Rice cultivation practice

Based on the weather data from the Roi-Et Metegroéb station (16° 03N, 103° 04

E.), Thai Meteorological Department during 2004-20the monthly average air temperatures
during the major rice season (rainy season) aruhskxice season (dry season) in 2014 reached
28.3 and 29.3 °C, respectively. These temperatwese higher than the averages of the
preceding 10 years of 26.4 and 27.5 °C, respegti@mpared with the same period, the
annual precipitation during the two rice plantirgisons in 2014 was higher than that recorded
in the preceding 10 years. The averages for theedneg 10 years were 164 and 73 mm,
respectively, while those for 2014 were 223 andn®8 yr?, respectively, for the two seasons.
However, precipitation is a major limiting factar iain-fed areas, where most farmers grow

rice once a year, representing the major rice crep.farmers in some irrigated areas are able
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to grow rice twice a year, including the major aetond rice crops. Onlryza sativawas

used in the study area. The main rice varietiesrdsdl in this study were Khao Dawk Mali
105 (KDML 105), RD 6, and Suphanburi 60. KDML105daRD 6 are strongly photoperiod
sensitive and flower in late October, regardlessasfing time, while Suphanburi 60 is a non-

photosensitive rice variety.

The main measures of conventional management isttitly area are detailed below.
First, during the growing period, both major rices and second rice crops were cultivated
by the broadcast method and harvested by machieeond, for tillage management,
conventional tillage with a depth of 20 to 30 cnsvegoplied by machine, distinguishing two
different situations of wet and dry soil surfacendtions. Third, for water management,
continuous flooding and shallow flooding were used irrigated and rain-fed areas,
respectively. In irrigated areas, the fields warendated with 10 to 15 cm standing water
throughout the growing period and drained out duradly dried 7 to 10 days before harvesting.
In rain-fed areas, the soil was flooded temporadigpending on rainfall or water pumping
when no rain water was available. Fourth, for maraurd chemical fertilizer application, cattle
manure was often added to the soil as basal #stibnce a year, usually after harvesting the
previous crop or at the beginning of planting tle&trcrop. Three patterns in the periodicity of
manure application were detected during our stedgry year, every other year, and without
manure application for more than 5 years. Figut® @esents the periodicity patterns of
manure application. While the data for this studgrevgathered during 2010-2014, manure
application in 2009 or planned application in 20de not considered. Therefore, the manure
application in every year means the farmer apghednanure in rice field 5 years continually
(2010, 2011, 2012, 2013, and 2014). The manurecabipin in every other year means the
farmer applied the manure in rice field in 2010,120and 2014 or in 2011 and 2013.

Meanwhile, without manure application for more tlayears means the farmer did not apply
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the manure in rice field during 2010-2014. Chemfedlilizer was applied three times in the
basal, tillering, and heading stages. The followtyjges of chemical fertilizer were found in
the study area: 46-0-0, 16-16-8, 16-20-0, 0-0-@13-15, and 16-8-8. The details of main
management practices, rice yield, and SOC in eigelaie presented in Appendix Tables A-1

and A-2 for irrigated and rain-fed areas, respetyiv
3.2.4 Soil sampling

Soil samples were collected during the dry seastan the rice harvest (November,
2014). At each site, the soil horizons from 0 toc#® depth were identified by considering
specific physical features; namely, color and textihree soil samples (replications) of each

soil horizon were then collected. A total of 621l samples from 64 sites were collected.
3.2.5 Soil samples analysis

The soil texture (%) (sand, silt, and clay), budlndity, pH, OC, electrical conductivity
(EC), CEC, and TN were analyzed in the laboratdhe physical and chemical properties of
whole soils were determined using the procedursesrieed by the National Soil Survey Center
(1996). After a 24-hr drying period in an oven @6TC, soil bulk density was determined as
the dry weight per unit volume of the soil coreil $&xture was determined by a hydrometer,
and soil pH was determined in a 1:2.5 soil to watetture by a pH meter. The EC in saturation
paste extracts was measured following the methedritbed by the United States Department
of Agriculture (USDA, 1954). CEC was determinedtbg 1 N ammonium acetate (MBIAC)
method. TN was measured by the Kjeldahl method. &8 extracted by the Bray Il method
and, subsequently, the available phosphorus comtastdetermined by the molybdate blue
method (Bray and Kurtz, 1945). Extractable K, Cag &g were leached from soil with

NH4OAc pH 7.0 and element concentrations were measyratbmic absorption spectrometry
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(AAS) (Thomas, 1996). OC was determined by the otetif Walkley and Black (1934). SOC

stockwas calculated by:
SOC = (BD x OC x D) x 10000 (@H)

whereSOCis soil organic carbon stock (Mg CHaBD is soil bulk density (Mg m), OC is
organic carbon content (%), aBdis soil sampling depth (m).

3.2.6 Statistical analysis

Statistical analyses of the data were performeaguSPSS (Version 20.0, USA). Mean
and standard deviation values were used to repreisenyield and SOC in different areas.
Differences in rice yield and SOC between irrigaded rain-fed areas were analyzed using a
t-test and least significant difference (LSD) tgs&(0.05).Rice yield, SOC, and the main
management practice were tested for collinearibfefince (TOL) and the variance inflation
factor (VIF) were used as the two important indifmsnulticollinearity diagnosis. A value of
TOL is smaller than 0.1, while a value of VIF iggter than 10; this value indicates the level
of serious multicollinearity between independentialdles (Bai et al., 2010). Simple linear
regression analysis was used to find the relatipnsttween two variables by fitting a linear
equation. Standardized Major Axis Tests & Routi(f¥IATR) version 2.0 was performed to
compare the significant differences between iradatind rain-fed areas. Subsequently,
stepwise multiple regression analysis was conductiedaluate the relationships of rice yield
with the main management practice. The relatiorsshigtween different soil properties and

SOC were expressed using Pearson’s correlatioficiest.

3.3 Results
3.3.1 Farmers’ management practices
For all sites, the field management practicesad dultivation are shown in Tables 3-

1 and 3-Zfor irrigated and rain-fed areas, respectively. @lierage manure application rate
38



was 2.23 and 1.15 Mg Rayr? for sites in irrigated and rain-fed areas, redpelst, and was
significantly higher in the irrigated areas compharm® the rain-fed areag (= 0.012).
Considering the periods of manure application,he frrigated areas, the average manure
application rate was 3.57, 2.03, and 0 Mg ke for every year, every other year, and without
more than 5 years application, respectively. Mealewthe average manure application rate
of 2.30, 2.12, and 0 Mg Hayr* were found for every year, every other year, aitdout more
than 5 years application, respectively for rain-égdas. There was no significant difference
between the irrigated and rain-fed areas when neaapplication periods were considered.
Based on Oo et al. (2010) reported that N, P, Kceotrations in the manure were 1.32%,
0.57%, and 0.93%, respectively, at the experimdiaial of Khon Kaen University, Thailand.
This study used these values to estimate the K,d@ntents in the manure of each site due to
their study was obtained in the same region withstwdy area, which can be assumed that the
factors affecting manure characteristics (i.e. ahigpecies, diet, digestibility, housing, and
environment) are quite similar. The average amotiht, P and K applications in manure was
44.06, 19.03, and 31.04 kg hwr? for irrigated areas, and 30.29, 13.08, and 21¢3B&¢ yr
for rain-fed areas, respectively. The statistiesults revealed that the quantity of N, P and K
applications in manure was significantly differdxgtween irrigated and rain-fed are@s<(
0.01) (Table 3-3).

The fertilizer application rate across all sitesged from 150 to 400 kg Hayr?, with
an average of 280 kg Bigrt. The N application rate ranged from 26.08 to 16%@ ha' yr?
across sites, with averages of 88.74 and 76.44akgyh! for irrigated and rain-fed areas,
respectively. The P and K application rate rangechf0.00 to 49.04 and 0.00 to 71.04 kg ha
yr! across sites for irrigated and rain-fed areapeetsrely. The average P and K application
rate was 31.06 and 24.07 kg'hw for irrigated areas and 14.45 and 12.04 kg et for

rain-fed areas (Tables 3-1 and 3-2). A highly digant difference in the fertilizer application
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rate was obtained between the irrigated and ralrafeas§ = 0.002), with averages of 320

and 260 kg ha yr?, respectively. Statistic results showed that ttaltamount of fertilizer

application and N and P application rates werelfigignificantly different between irrigated

and rain-fed areap K 0.01); however, there was no significant differe in the K application

rate between irrigated and rain-fed areas (Tal3® 3-

Table 3-1Main management practices, rice yield, and SO@igated areas (n = 24)

Chemical fertilizer application rate Manure apation rate
Rice
Site| Rice yield SOC Total Nutrients (kg ha yr?) Total
No. | season®{ (Mg ha (Mg_]l amount amount Manure
1 ha") applied applied | application
yr) (kg hat N P K (Mg hat period
yr) yr)
2 M?2 4.6 124.4 394 100.04 34.28 39.04 4.83
s 3.24 - 294 80.94 32.2 8 0
13 M?2 4.92 129.87 395 99.64 38.68 31.64 4.85
14 Mt 3.84 104.55 351 89.75 40.58 15.69 4.43 Every year
15 Mt 3.93 100.23 351 94.52 33.56 21.88 4.41
17 Mt 3.74 57.62 288 87.48 25.24 9.52 2.79
113 mt 3.76 52.89 369 92.44 30.96 40.48 3.65
I M1 3.41 37.80 362 97.22 42.20 8 3.32
s 2.3 - 294 80.94 32.20 8 0
6 e 3.86 64.64 357 98.52 38.56 10.48 2.78
s 2.93 - 307 89.52 28.80 15 0
10 M?2 4.62 52.13 362 102.92 37.16 10.48 3.63
s 2.86 - 307 84.82 23.04 15.04 0
14| M. | 243 | 3942 | 344 | 9334 3004 2004 333 Ve
other year
115 M2 3.65 49.18 338 88.78 36.80 19 2.66
118 Mt 1.95 23.71 332 87.69 30.9% 20.95 2.57
119 M? 2.04 21.43 288 87.48 26.00 8 2.58
120 mt 2.95 45.97 338 95.48 35.24 9.52 2.65
123 M2 1.84 11.15 281 73.96 31.20 15 2.47
124 mt 1.8 17.03 269 68.44 31.20 15 2.46
I8 e 3.69 49.41 288 81.78 32.56 2.48 0 | wWithout
s 3.1 - 331 92.26 35.24 9.52 0 manure
19 M? 3.32 33.37 293 86.18 27.16 10.48 0 | application
11| ™t 1.97 36.89 282 80.32  30.10 7.5 o | formore
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112 M 2.08 34.41 338 88.59 31.8% 21.85 0
116 Mt 1.58 10.11 250 79.30 19.04 9.52 0
117 Mt 15 10.57 250 85.00 16.00 8 0
121 M2 1.56 14.66 263 90.98 16.00 8 0
122 M? 1.65 9.12 263 85.95 16.9% 16.95 0

than 5
years

* M = major rice; S = second riceKDML105rice;? RD 6 rice;®> Suphanburi 60 rice

Table 3-2Main management practices, rice yield, and SOQimfed areas (n = 40)

Chemical fertilizer application rate Manure apptica rate
Rice
Site | Rice yield SOC | Total Total
No. | season*| (Mg hat | (MIC | amount | Nutrients (kg h&yr®) | amount | Manure
yrd) ha”) | applied applied | application
(kg hat (Mg hat period
yrt) N P K yrt)
R14 M1 3.62 101.38 401 95.48 36 45.8 2.8
Sk 2.49 - 269 73.04 29.8 8 0
R15 Mt 3.78 114.31 395 104.6 45.88 11.04 2.8
R8 Mt 3.52 112.04 401 113.0 35.4 8 2.8| Every year
R20 Mt 3.45 69.43 288 81.78 27.8 12 2.6
R24 VP 3.35 63.96 294 85.71 29.4% 9.4% 2.6
R17 Mt 3.28 77.87 369 98.34 42.84 9.52 2.5
R19 Mt 3.37 59.29 281 83.26 25 15 2.62
R18 Mt 3.19 50.57 376 85.56 22.08 71.04 2.55
R12 Mt 3.2 53.77 388 103.44 38 8 2.5
R13 VP 3.15 53.13 369 98.34 42.84 9.52 2.5
R1 M? 2.53 28.28 388 97.78 49.04 9.52 2.4
R2 Mt 2.49 22.54 269 73.04 29.8 8 2.4
R3 Mt 2.48 18.75 262 80.41 22.15 12.15 2.3| Every other
R28 Mt 2.22 21.84 269 70.74 16 38 2.13 year
R27 Mt 2.14 25.46 200 62 18 4 2.13
R26 Mt 2.11 18.93 188 55.98 15.5 11.% 2.16
R31 VP 2.06 22.55 169 57.04 12.56 2.48 1.7
R34 Mt 2.05 19.4 169 56.66 11.9 5.7 1.6
R23 Mt 2.04 18.55 169 52.94 13.7 7.5 1.3
R40 Y2 2.03 13.23 169 56.54 11.3 7.5 1.5
R32 M 2.6 30.1 369 86.74 35.24 39.5p 0 .
R33| M 253 | 29.77 351 97.25 3629  14.17 o| Without
R39| M 248 | 2824| 345 | 8788 3664 2092 0 ag;ﬁg;triin
R4 Mt 2.22 26.25 263 72.08 28.6 8 0
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R5 Mt 2.17 20.04 263 87.08 20.08 5.04 0
R7 Mt 2.14 21.21 257 76.82 26.08 3.04 0
R9 Mt 2.11 32.96 250 70 27.24 5.57 0
R38 V2 2.08 13.63 188 65.47 10.78 7.69 0
R37 VP 2 17.03 176 58.16 13.68 3.04 0
R36 VP 2 8.86 226 71.86 19.17 1.52 0
R35 M 1.98 8.75 238 67.39 24.1% 10.35 0
R25 \Va 1.96 14.09 351 97.56 38.08 9.04 0
R30 \Va 1.9 21.50 181 64.35 9.61 7.13 0
R10 M 1.8 9.87 181 58.46 13.7 7.5 0
R16 \Va 1.71 6.60 238 79.48 16 8 0
R6 M? 1.66 9.48 238 78.48 15 15 0
R11 M 1.53 7.84 194 64.94 12.96 6.48 0
R29 VP 1.42 4.4 163 26.08 28.6 8 0
R22 M 1.34 3.76 150 69 0 0 0

R21 Y2 1.29 3.78 150 69 0 0 0

for more
than 5 years

* M = major rice; S = second riceKDML105rice;? RD 6 rice;®> Suphanburi 60 rice

Table 3-3Comparison of the annual main management pradbietgeen irrigated and rain-

fed areas (Mean = SD)

Pertinent management practice Irrigated area| Rain-fed area | p-values
Manure application rate
_ 2.23£1.75 1.15+1.20
All sites (Mg ha yr?) 0.012
(n=24) (n =40)
Manure application every year | 3.57+1.73 2.30£1.02 0.128
(Mg ha yr?) (n=7) (n=7) '
Manure application every other| 2.03+1.37 2.12+0.43 0.807
year (Mg hiayr?) (n =14) (n =14) '
Without manure application for 0 0
more than 5 years (Mghgr?)
Manure application rate
44.06+11.44 | 30.29+5.90
N (kg ha yr?) 0.000
(n=16) (n=20)
19.03+4.94 13.08+2.55
P (kg hayr?) 0.000
(n=16) (n=20)
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31.04+8.06 21.33+4.16

K (kg hat yr?) 0.000
(n=16) (n=20)

Chemical fertilizer application rate

320+45.17 260+84.37

Total (kg hd yr?) 0.002
(n=24) (n =40)
88.74+8.03 76.44+17.61

N (kg ha yr?) 0.000
(n=24) (n =40)

Akg hat yr) 31.06+7.36 24.07+£12.12 0.004

ayr .
J Y (n=24) (n =40)

14.45+9.33 12.04+£13.50

K (kg hat yr?) 0.380
(n=24) (n =40)

3.3.2 Soil characteristics
3.3.2.1 Soil physical and chemical properties

There were no significant differences in the sailtl,and clay contents, and finer soil
particles (silt + clay) between irrigated and réad-areas; however, BD was significantly
different < 0.05; Table 3-4). Most of the soils in the stadga had a sandy texture. Clay
content tended to accumulate in the subsoil lafi#s40 cm), with a simultaneous decrease
in sand content. In comparison, silt content waééi in the soil surface layer (0—-10 cm), and
slightly decreased with increasing depth (Figur®.3¥he amount of finer soil particles was
lower in the soil surface layer, and steadily ilased with increasing depth (Table 3-5), ranging
from 3.98 to 53.00%, with an average of 27.40%. Jédnad, silt, and clay contents had ranges
of 47.00 to 96.02, 0.10 to 23.90, and 2.00 to IaA@spectively, and average values of 72.60,
12.00, and 15.40%, respectively. BD ranged fron# @c81.99 Mg ¥, and mean values of
1.38 and 1.43 Mg mfor irrigated and rain-fed areas, respectivelyeach profile, surface soil
had slightly lower BD than the subsoil, with thiglwe increasing at a depth between 10 and

40 cm (Table 3-5).
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There were significant differences in pH, TN, (ECe, and CEC, while available P,
exchangeable K, Ca, and Mg were not significaniffeent between irrigated and rain-fed
areasf < 0.05; Table 3-4). The pH values of the soil th§rom extremely acidic to slightly
acidic (pH 3.86 to 6.66). The mean values of sdiMere 5.07 and 5.03 for irrigated and rain-
fed areas, respectively. At all sites, there wabédi pH in the surface soil and slightly lower
pH in the subsoil. The amount of TN was very lovalhsoils studied, ranging from 0.001 to
0.095%, with averages of 0.032 and 0.019% forated and rain-fed areas, respectively. A
decrease in TN content with increasing depth waeted throughout the study area. The
amount of OC in all studied soils was very low,giaug from 0.02 to 3.230%, with averages
of 1.10 and 0.63% for irrigated and rain-fed areaspectively. A decrease in OC content with
increasing depth was observed throughout the stuely. A range of ECe values (0.01-0.17
dS m') was observed, with an average of 0.071 dSimthe soils of the study area. Surface
soils had a higher value, while the underlying tdyad slightly lower values. The average ECe
values in the soils of irrigated and rain-fed area@se 0.078 and 0.067 dS'prespectively.
All soils were non-saline. The CEC of the studiedsswas very low to moderately low, with
values ranging from 2.31 to 7.5&olc kg'. The average value of the CEC for all samples was
4.72 cmolc kg!, with averages of 4.95 and 4.86olc kg* for irrigated and rain-fed areas,
respectively. The sandy nature of the soils, wotl tlay and OM contents, was responsible
for the soils in all areas having a low CEC. CEQ@iga increased with depth (Table 3-5; Figure

3-4).

44



wNISauSew J[qrasuryYoX = S "YOXT WNId[ed J[qeadueyoxy = &) "yoxy wnissejod ajqeafueyoxy = I YoxH ‘snotoydsoyd
J[qeieAy = d [ieAy ‘Aioeded a5ueyoxs uone) = DD ‘AUANINPUOD [T = 204 ‘Uoqsed d1ueSiQ = DO ‘uddoniu [e10], = NI ‘Asuap ymg = dg

weo
9I'LT 88 Y91 6€°LS 16°¢ 160 £20°0 SE0 110°0 LSO %Eu_ 769 c9's 19'¢ ¥6'9 910 [9°11 0b-0€
FE9'IC FLOOLI FE6°0F FECE o8 FE0°0 FECO0 | F600°0 | FO8'F Apueg FREFE FEPICT | FS6'CL | FCO'S9 | FLST | FEL'6
L8y 65°80T 01 8I'¢ 68°0 2£0°0 £9°0 81070 50 weo| 88 9¢'9 8¢S 88 0T0 1#°01 05-02
F9'1¢ FLY'LOT FCI10¢ Fl6'e Frl'v F990°0 | FSYO0 | FRIOO0 | FLLY Apueg Fo8'ct | F88O6I | FIOVI | FII99 | F8S'1 | FS¥6
99°0¢ 66'CS1 R34 SP'e 80 0€0°0 IL0O 120°0 950 weo| €101 19°¢ S €rol 61°0 88°TI 0701
F8O'ST FLY'SST FIv'0F FE6'S Fo'¥ FLOO0 | FOL'O | FOTO'0 | FOT'S Apueg FCE'SC | FLUVPD | FSETTL | F8FFL | FOE'T | FIL'TI
9¢°I¢T 87901 1896 LST £0°[ w00 160 L20°0 180 weo| 8L'S LT°E crs 8L'S 910 6v°¢tl 01-0
FLEOI FEL9CT F89°6S F30°¢ FrL'Y FE80°0 | FOF'1 | FI+0'0 | FRTS Apueg FOTC | FLOTL | FIOLL | FC6'LL | F9T'1 | Fl6'El
By w ®
(F18w) | (Syfw) | (Bxsw) | (Fsw) | 0T ugy | e | e | W | @ | e | e | &S] o)
: : . . jouo) H S ER) W | DN
SN yoxy BDOXH AYoxyg d'TIeAY DHd D0 NL KepyHns | Kepd ns pues mdag
odD ad 208
(as=

UBAA]) SOIIS [[& WO} WO Op-0€ PUB ‘0€—0T ‘0701 ‘010 ‘Sypdop juaiapip noj je sontodoid [eatwoyo pue [eo1sAyd [10s Jo son[ea a5eI0AY ¢-€ d[qe L

wnisaugew 9[qeadurydXy = S ‘YOXg ‘WnIoed o[qeadueydxy = &) Yoxg ‘wnisselod d[qesdueyoxy = I 'Yoxy ‘snotoydsoyd
J[qe[reAy = { [ieay ‘Ardedes a3ueyoxs uone) = DD “ANANINPUOD [BILNII[H = 2DF UoqIed d1uediQ = DO ‘Uadonmu (@10, = NI ‘Aisuap ymng = dg

170 L89°0 €LT°0 €0 €€0°0 LEOO 8200 | S10°0 | L£0°O 90°0 ¥S0'0 | 980°0 | €900 r€0°0 sonfeA-d
. , : . ; ; ’ : : : : ; ; : (o =u)
80°ST 01°$91 vt 6 80°€ 66'0 LEO0 1L°0 1200 | 0L0 676 L9 S 676 170 i
FIP'€T F0T'961 FIE9 F96'y F65'Y FLYO'O | FEY0 | F610°0 | FEO'S F8S'8T | FES9I | FSOTI | FIWIL | TV i
i : : . . . ' y : . , : , . (rz=1w
1L°LS 9¢'1Z1 8y vT'€ vL0 0£0°0 96°0 | 8200 | €90 96'6 €09 81'9 96'6 €20 -
F96'CT FES901 Iy Y FS6'Y FELOO | FOU'L | FTEOO | FLOS FOEST | FHUEL | FTOI1 | FH9PL | FRE] B
(B18w) | (Bsw) | (Brsw | (Syaw | PP gy | @ o | (o
: E 3 i owd } 0 0 d %) N1 e
SNUXT | BOUIXY Ayoxg d'eay _omou apm | CAvEe | CAlRL )| B fepons | A | NS | pueg | 5 ag

(as ¥ uean) (wod of-0) syrdap [10s [[€ 10] seale paj-urel pue pjesLur uaamiaq sanradod [earwayd pue [esisAyd [10s jo uosuedwo)) $-¢ qeL

45



BD Sand Silt Clay Silt+Clay
é(Mgm*) (%) (%) (%) (%)

High Low

SOC Depth /\
(Mg C ha ) (cm) \
0

10

20

30

40

Figure 3-3The distribution of soil physical properties in @l profile. The example soil
profile is from site R14. BD = Bulk density (Mg
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Figure 3-4 Distribution of soil chemical properties in thelgmiofile. The example soil profile
is from site 12. TN = Total nitrogen (%), OC = Onya carbon (%), ECe = Electrical
conductivity (dSrt), CEC = Cation exchange capacity (cmol €kgAvail. P = Available
phosphorous (mg Kg, Exch. K = Exchangeable potassium (mgikgExch. Ca =
Exchangeable calcium (mg Ky Exch. Mg = Exchangeable magnesium (mg)kg
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3.3.2.2 Relationship among the soil physical and emical properties with SOC

The distribution of individual BD and clay conterds all sites did not show any
significant correlation with SOC; however, sandt sontents and finer soil particles were
significantly related to SOC (r = -0.284*, 0.362&hd 0.284*, respectively, p < 0.05). Sand
content was negatively correlated with SOC, whil, Blay and silt contents, and finer soil

particles were positively correlated with SOC (TeaBi6).

Statistic results showed that the pH, TN, OC ané E&lues showed a highly positive
correlation with SOC, with r values of 0.474**, @B*, 0.959**, and 0.583**, respectively.
On the other hand, CEC had a highly negative caticgl (r = -0.464**) with SOC in all sites
(Table 3-6). All of these results indicate thalswaiere more fertile in irrigated areas compared
to rain-fed areas. Most of the arable soils in shedy area had a sandy texture, while an
accumulation of clay content was observed in thbsail layers (10—40 cm), with a

simultaneous decrease in sand content.
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3.3.3 Relationships between farmers’ management peaces, rice yield, and SOC

To explore potential multicollinearity among thepganatory variables, TOL and VIF
were tested. When rice yield was assigned as thendient variable, the TOL and VIF values
for all variables ranged from 0.472 to 0.826 arill0.to 2.117, respectively. Ranges of 0.472
t0 0.826 and 1.210 to 2.117 were found for TOL it values, respectively, when SOC was
assigned as the dependent variable. Thereforeicwailittearity was not a serious problem in
this study.

Major rice season yields ranged from 1.29 to 4.9¢ ha® yr! across sites, with
averages of 2.95 and 2.37 Mg'ha! in irrigated and rain-fed areas, respectively.oBdaice
season yields ranged from 2.11 to 3.24 Md Wt with averages of 2.85 and 2.49 Mgthar
Lin irrigated and rain-fed areas, respectively. Bherage yields of KDML105, RD 6 and
Suphanburi 60 rice were 2.83, 3.13 and 2.89 Mbya in irrigated areas, respectively, while
2.45, 2.15 and 2.49 Mg Hartin rain-fed areas, respectively (Tables 3-1 a®). Fhere was
no significant difference in yield potential amoK®ML105, RD 6, and Suphanburi 60 rice.
Although a significant difference between irrigatatt rain-fed areas was obtained for major
rice season yieldp 0.05; Table 3-7), a similar result was not atedifor second rice season
yields. This is because a second rice crop was @alyted at one site (site R14), resulting in
the sample size being too small for rain-fed aréas.the whole crop year, the average rice
yield was 2.93 and 2.38 Mg thayr? in irrigated and rain-fed areas, respectively,hwat
significant difference being found between irrightand rain-fed areap € 0.05; Table 3-7).

SOC values ranged from 3.76 to 129.87 Mg C imaall sites, with averages of 47.11
and 32.09 Mg C hafor irrigated and rain-fed areas, respectivelyerBhwas a slight difference
in SOC between irrigated and rain-fed argas<(0.1; Table 3-7). There was a significant
correlation between rice yield and SOC both imated (R = 0.72,p < 0.01) and in rain-fed

areas (R= 0.85,p < 0.01) (Figure 3-5), with the slopes of theser@ssgion equations being
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significantly different. There were also signifitarelationships between rice yield and the
application rates of N, P and K (Figure 3-6), andnare application rate (Figure 3-7).
Application rates of N, P and K were positively @dated with rice yield in irrigated areas?(R
= 0.53, 0.40, and 0.21, respectivghys 0.01) (Figure 3-6(a)) and in rain-fed area$(Rues

of 0.50, 0.49, and 0.17, respectivghy 0.01) (Figure 3-6(b)). Manure application eveear
and every other year were positively correlatedhwiite yield in irrigated areas R 0.53 and
0.43,p < 0.01, respectively) (Figure 3-7(a)) and in riéd-areas (R= 0.76 and 0.66) < 0.01,
respectively) (Figure 3-7(b)). Although without nuae application for more than 5 years was
assumed to be no manure application (0 Mg yrd) for the period of this study (Figures 3-
7(a) and (b)), rice yield ranged from 1.50 to 3a6@ 1.29 to 2.60 Mg hiayr? for irrigated and
rain-fed areas, respectively (Tables 3-1 and 3TRere are two reasons for no manure
application. Firstly, some farmers do not feedrtbein cattle animals, so they do not have the
manure for application. Secondly, other farmersehiags manure in their houses, so they need
to store more manure and apply in the soil togebinee having enough manure. Meanwhile,

they neither gather up the manure scattered owtdamrfrom their neighbors.

Table 3-7Comparison of rice yield and SOC between irrigated rain-fed areas (Mean %
SD)

Rice yield (Mg ha' yr?)
o | Whole crop SOC (Mg C ha?)
Major rice | Second rice
year
_ 2.95+1.12 | 2.85+0.44 | 2.93+1.03 47.11+£35.29
Irrigated area
(n=24) (n=5) (n=29) (n=24)
. 2.37+0.67 2.49 2.38+0.66 32.09+29.03
Rain-fed area
(n =40) (n=1) (n=41) (n =40)
p-values 0.030 - 0.015 0.086
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Figure 3-5Relationship between rice yield and SOC at alksitde dashed line and solid
line were fitted by simple linear regression foigated and rain-fed areas, respectively

52



6000 -

5500 4 Y =50.298x +2186.7 y = 95.026x - 5491.1
R*=0.21,p <0.01 R? = 0.53, p <0.01
5000 - O e N
prl 0 o€ y=Y91.528x+114.6 AA
2 R? = 0.40, p < 0.01 _
=, 4000 - = & i
— AA A
|¢3 A A A
= 3500 o
0 A .
= 3000 S OA
=
S 2500 | & 5
= g
2000 A i & A AA
1500 - A fa
1000 . . —_— . ;
0 20 40 60 80 100 120
N, P, K application rate (ka ha-! yr!)
AN P 0OK -¢++Linear (N) =—Linear (P) = -Linear (K)
(a)
6000 -
5500 -

S000 1y — 38.196x + 1458.4
4500 { R*=0.49,p<0.01  y=20.075x+2128.7 y=26.707x +328.87

? 2 = 2 —
a;] 4000 R*=0.17 R?*=0.50,p <0.01
= L, A
= 3500 /_, == A
=0 - - . t * ‘.-.0
= 3000
3 2500 W o AaA A
~ 2000 agAgs 4
.‘-.. ‘
1500 A
A
1000 . . . . .
0 20 40 60 80 100 120

N, P, K application rate (kg ha-! yr!)
AN @eP HBK ---Linear (N) =Linear (P) = -Linear (K)
(b)
Figure 3-6 Relationship between rice yield and N, P, anabKlication rates: (a) irrigated

areas; (b) rain-fed areas
53



5.5 1

5 y = 0.455x + 2.239
R2=0.53,p<0.01 ¢

X 4

-
-
-
-

:h
7]
1

£
L

y=2.1676
R2=0.11, p < 0.01

Yield (Mg ha'! yr)
(5]
(7] h
—0-@

y = 1.5512x - 1.5594
2.5 4 R*=10.43, p < 0.01

X

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Manure application rate (Mg halyr')

¢ Yield: manure aplication every year X Yield: manure aplication every other year
@ Yield: without manure aplication > 5 years ===Linear (Yield: manure aplication every year)

Linear (Yield: manure aplication every other year)

(@)

4 -
y=12x+0.28 *
1% 4 R'=0.76,p<0.01 , .-§
Pl
- R
n 3 4
= y = 0.9562x + 0.4688
"'-ch R*=0.66, p <0.01
=
ap 2.5
= y=1.947
S’
= R2=10.08, p <0.01
S 2 X
- -
>~
1.5
1 T L) L) L] L] L] L]
0 0.5 1 1.5 2 2.5 3
Manure application rate (Mg ha! yr)
4 Yield: manure aplication every year X Yield: manure aplication every other year
® Yield: manure aplication > 5 years ===Linear (Yield: manure aplication every year)

= Linear (Yield: manure aplication every other year)

(b)

54



Figure 3-7 Relationship between rice yield and the period ahore application: every year,
every other year, and without manure applicationriore than 5 years: (a) irrigated areas;

(b) rain-fed areas

The results of a stepwise multiple regression amalfor SOC and rice yield using
manure, N, P, and K fertilizers, taking into comsgation the application periods of manure,
are shown in Table 3-8. For all sites in irrigatedas, rice yield was significantly correlated
with N and P fertilizers, while SOC was significlgntorrelated with manure. When manure
was applied every year, rice yield was significamtbrrelated with N fertilizer alone, while
SOC was significantly correlated with manure alonden manure application was applied
every other year, rice yield was significantly edated with N and P fertilizers, while SOC
was significantly correlated with N fertilizer alenin cases without manure application for
more than 5 years, rice yield was significantlyretated with P fertilizer alone, while SOC
was significantly correlated with N, P, and K fezers.

For all sites in rain-fed areas, rice yield was#igantly correlated with application
rates of manure, N and P fertilizers, while SOC wigsificantly correlated with application
rates of manure and N fertilizer. If manure wasli@gpevery year, rice yield was significantly
correlated with manure application rate only, wtH®C was significantly correlated with
application rates of manure and N fertilizer. Wineanure was applied every other year, rice
yield and SOC were significantly correlated withaNplication rate only. If no manure was
applied to the field for more than 5 years, ricglgyiand SOC were significantly correlated with

application rates of P.
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Table 3-8Multiple regression equations used to predict S@Crice yield using manure (M),

N fertilizer (N), P

fertilizer (P), and K fertilizgK)

Rice yield

SOC

Irrigated area

Manure application ever
year(n = 6)

YRice yield = -4.114 + 0.088(N)
(R>=10.805;p<0.01)

SOC = -61.853 + 37.681(M)
(R? = 0.844p < 0.01)

Manure application ever
other year (n = 10)

YRice yield = -4.802 + 0.047(N) + 0.101(P
(R?=0.793;p < 0.01)

SOC = -80.368 + 1.304(N)
(R?=0.670;p < 0.01)

Without manure
application for more thar
5 years (n = 8)

Rice yield = 0.220 + 0.082(P)
(R?=0.507;p < 0.01)

SOC = -81.413 + 2.101(P) — 0.832(K) +
0.770(N)
(R?=0.991p < 0.01)

All sites (n = 24)

Rice yield = -4.875 + 0.074(P) + 0.062(N
(R?=0.669;p < 0.01)

SOC = 14.441 + 14.673(M)
(R?=0.532;p<0.01)

Rain-fed area

Manure application ever
year(n = 6)

YRice yield = 0.280 + 1.200(M)
(R?=0.764;p<0.01)

SOC = -257.553 + 92.937(M) + 1.015(N)
(R?=0.948;p < 0.01)

Manure application ever
other yeakn = 14)

YRice yield = 0.732 + 0.024(N)
(R?=0.709;p < 0.01)

SOC =-19.838 + 0.681(N)
(R?=0.567;p<0.01)

Without manure
application for more thar
5 yeargn = 20)

Rice yield = 1.460 + 0.024(P)
(R?=0.522;p < 0.01)

SOC = 4.912 + 0.534(P)
(R?=0.401;p< 0.01)

All sites (n = 40)

Rice yield = 0.762 + 0.305(M) + 0.012(N)
0.014(P)
(R?=0.826;p < 0.01)

'SOC = -40.917 + 12.531(M) + 0.766(N)
(R2 = 0.683;p < 0.01)

3.4 Discussion

3.4.1 Soil characteristics according to farming pactices influencing SOC

SOC content is influenced by various regional des;t such as soil type, texture,

topography, land use type, and management pradtitaes and Kravchenko, 2007; Wang et

al., 2012). Slightly higher SOC was found in theface soil compared to the subsoil in this

study. This might be due to lower of surface liittethe subsoil (Jobbagy and Jackson, 2000).

Furthermore, the accumulation of manure on thesswflice enriches SOM in the surface layer

(Mathew et al., 2012). This result clearly showkdttSOC accumulates in the surface soil,

which is a normal phenomenon in tropical soils (\yat al., 2008; Buol et al., 2011). Soill

texture is also an important variable affecting Sle&ls, because aggregation processes are
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favored by small particle sizes that provide highface areas. Many studies (Konen et al.,
2003; Zhao et al., 2006; Zinn et al., 2007; Arewetlal., 2009; Gami et al., 2009; Schmitter et
al., 2010; Chen et al., 2013) have found that S©€ignificantly correlated with clay content.
However, this study found no significant relatiopshetween clay content and SOC (Table 3-
6), while negative correlation between CEC and S@€ found. A few studies were consistent
with our findings. For instant, Laopoolkit et 20011) found the relationship between SOC and
clay is changing from positive in forest to negativm arable land in Northeast Plateau,
Thailand. Islam et al. (2014) found the highly negative clatien between CEC with SOC,
Northeast Thailand. Furthermore, Hassink (1994)troead that the relationship between
SOC and sandy soil is unclear, probably becauserelifces in individual soil particles do not
create much variation to soil textural classesseguently, particle size distribution might fail
to produce a significant relationship with SOC.dTissue suggests that adding manure is more
important than soil texture for improving SOC. Thigpothesis is supported by Smith and
Elliott (1990), who reported that the incorporati@ihorganic materials to soil promotes the
aggregation of soil particles. In this study, pesitcorrelations between finer soil particles and
SOC (Table 3-6). Thus, SOC increases or decreagaemallel with increasing or decreasing
finer soil particles, respectively. Therefore, fhaction of finer soil particles of a given soll
type represents an important predictor of SOC ensitil (Parton et al., 1987). Hassink (1996)
and Zhao et al. (2006) reported that these trenalg Ime due to the ability of clay and silt
particles to absorb organic matter and to proteftbm microbial decompositiorECe was
found the positive correlation with SOC. This maydue to the soil samplings were collected
in the dry season, and rain-fed areas were mostigred in this study area. lwai et al. (2012)
reported that ECe increased in the dry seasondaltigetcapillary rise of salty groundwater
associated with evaporation and low surface caarthe other hand, ECe decreased in the

wet season due to desalinization and salt leacssgciated with rainfall infiltration. Soil pH
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is an important chemical property that is primaalyributed to low rice yield causing low

nutrient return by organic materials. Marschnerl@Gstated that acidic soils may be limited
the use efficiency of N, P, K, Ca, Mg, and Mo, adlvas Al and Mn toxicity, which lead to

low added nutrients and low crop yields. In thedgtarea, the mean values of soil pH ranged
from extremely acidic to slightly acidic in bothigated and rain-fed areas (Table 3-4). Thus,
pH may prevent rice yield and SOC from increasifigerefore, improved soil management
requires a combination of organic and inorganiatapparticularly manure that are related to

C in the soils. Furthermore, fertilizer is requitedmprove soil fertility.

3.4.2 Effects of pertinent management practices aice yield and SOC

This study clearly showed that manure and fertileggplication increased crop yield
and SOC (Figures 3-6 and 3-7). Other studies hisesohserved that a combination of manure
and chemical fertilizer enhances soil fertility ardp yield (Whitbread et al., 2003; Rasool et
al., 2007), and might also benefit SOC sequestratigoil (Shimizu et al., 2015). SOC is
higher in paddy soils compared to upland fieldsallue to low organic matter decomposition
caused by the presence of floodwater in paddy ¢kdsoh, 2003). Neue et al. (1997) and a
four-year study (1999-2002) by Yang et al. (200&)auded that increased SOC content in
tropical paddy soils is probably caused by incrédasganic matter inputs and continuous
waterlogging. Our results supported this assumpsibawing that both SOC and rice yield are
correlated with manure application in both irrightend rain-fed areas (Figure 3-7), with this
phenomenon being more pronounced in irrigated a@apared to rain-fed areas (Table 3-7).
This result supports the previous study in Chinlagne SOC was found to be higher in paddy
soils compared to dry cropland because the anaecobiditions in flooded soils retain SOC
(Pan et al., 2004).

In addition, incorporating green manure is usefyrovide N, P, K, and other nutrients

to soils (Vityakon et al., 2000). Banger et al.q2pobserved that a sandy soil amended with
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farmyard manure had 36.1% higher SOC concentraabis-15 cm depth compared to soll
without any manure. Buysse et al. (2013) showet application of fresh farmyard manure
(30-60 Mg hd) to the soil once every 4 or 3 years causes sigmifincreases in SOC (100 +
50 kg C hat yr) following a long-term experiment initiated in @4t a site in the Hesbaye
Region of Belgium. Our results were in line witlesle studies that the sites where manure was
applied every year, leading to higher rice yield &OC than when manure was applied every
other year or without manure application for mdmant 5 years (Tables 3-1 and 3-2). Our
findings also support this phenomenon using thaultesof multiple regression. The
combination of manure and chemical fertilizer wasigicantly correlated with rice yield and
SOC, particularly rain-fed areas (Table 3-8). Trardianced SOC sequestration has a positive
effect on rice yield (Figure 3-5). Moreover, ousuts supported the findings of previous
studies showing that the combination of chemicdl@ganic fertilization is the most effective
management practice for increasing crop yield aB& Sequestration (Bi et al., 2009; Yan et
al., 2013). Lal (2006) computed that every 1 MgaC imcrease in the SOC pool could increase
rice production by 10-50 kg tar?.

However, the rice yield in some irrigated areas leager than that in rain-fed areas,
such as at sites 114, 116, 117, 118, 119 121, |23, and 124. Two possible explanations exist.
First, imbalanced chemical fertilizer applicationtrwlow P and K were detected at sites,
without manure application, such as at sites 116, 1121, and 122 (Table 3-1). Second,
conventional tillage is the common practice of fdm@ners in this area, and is finished using a
machine in a short period of time. This practiceyrba lead to inappropriate tillage causing
soil degradation (Papendick and Parr, 1997; Bettal., 2004) and nutrient depletion by water
runoff (Bertol et al., 2007).

In rain-fed areas, Seng et al. (2004) found thégmwthere was a temporary loss of

water in flooded rice systems, straw incorporatiooreased P availability and uptake,
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increased soil pH, reduced Al toxicity, increasied growth, and led to high crop yields. This
phenomenon was also detected in this study atRt8sR13, R14, R15, and R20. These sites
had high manure application rates, water runoff leas there was a temporary dry period,
and high rice yield. However, fluctuations in netri availability are frequently reported in
sandy soils, which have low SOM content and CEGCetela et al., 2006; Boling et al., 2008)
causing a rapid drop in pH, high Al toxicity, andgp crop responses to fertilizers. This
phenomenon occurs because of poor buffering caga@gainst changes to pH during the
drying period (Ragland and Boonpuckdee, 1988). Tthesmanagement of OM is essential to
maintain CEC (Linquist et al., 2007).

3.4.3 Recommendation for suitable rice cultivatiompractices

This investigation showed that a combination of araralong with balanced N, P, and

K fertilizer application, increases SOC due to soganic material can be mineralized towards
releasing the nutrient, which subsequently canakert up by crops to increase crop yields.
Thus, SOC is an important factor for determiningpciyields. Site-specific management
practice recommendations can be implemented ashtigple regression equations in Table
3-8, which indicated the key factors affecting neeld and SOC. In irrigated area, to sustain
rice yield, when manure is available every yeagwary other year, N and P fertilizers should
be practiced due to manure application can actsmiece of nutrients (Manna et al., 2007).
When manure is not applied at all for more thareéaryg, only P fertilizers should be applied.
In rain-fed area, when manure application is abél@very year, applying manure alone can
obtain the expected rice yield. In case of mansigvailable every other year, only N fertilizer
should be applied. When manure is not applied &mmore than 5 years, P fertilizers should
be used. More importantly, optimal N, P, and Kiliedr application rates and rehabilitation
of irrigation infrastructure require immediate fedoecause they are major factors that increase

rice yield and SOC.
60



3.5 Conclusions

This study recorded significant differences werentbin rice yield and SOC between
irrigated and rain-fed areas. There were signifipasitive correlations between rice yield and
manure and fertilizer application rates, but thees no significant correlation between SOC
and clay content. To increase the average rice yietl SOC, a combination of high manure
and fertilizer application rates should be impletedn representing a sustainably beneficial
practice for both areas. The results of our stimbysthat SOC and rice yield may be enhanced
through the selection of the optimal N, P and Kilieer application rates, in parallel to

increasing irrigation in Thailand.
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Chapter 4

Practicesfor reducing greenhouse gas emissionsfrom rice

production in tropical monsoon areas

4.1 Introduction

Rice fields have been a concern of scientists wodd where the three most important
greenhouse gases (GHGSs) are carbon dioxide)(@@thane (Ch), and nitrous oxide (pD)
(Zheng et al., 2004; Li et al., 2005) because eirthositive increases in radiative forcing, and
they are the most potent long-lived GHGs contrilyitto global warming (IPCC, 2007).
Flooded rice fields emit CHdue to a methanogenesis process that occurs ierane
conditions during which organic matter (OM) undexgalecomposition (Jain et al., 2004).
Factors affecting CHemissions, such as weather conditions (van Hutzexh., 1999), water
regime (Kang et al., 2002), soil properties (Migtaal., 2002), land practices, i.e., irrigation
(Lu et al., 2000), organic amendments (Adhya e28l00), fertilization (Hou et al., 2000), and
rice varieties (Mitra et al., 1999), have been atgred. Most NO emissions occur from
nitrogen (N) fertilizer application (Liao and Y&2011), for which the N application rate is the
main driver of NO production for either wet or dry soil (Qin et,&010). However, rain-fed
areas are more comparable and have strong@relissions from rice fields than other areas
do (Hou et al., 2012) because of changes in soijex status, soil redox potential, soil
moisture, and soil temperature (Peng et al., 200/th regard to C@emissions, the main
sources are the activities of farmers on their |gradticularly when crop residues are burned
and machines use energy either for cropping operadi.e., tillage, harvesting, and so on) or

stationary operations (i.e., water pumping, largppration, and application of pesticides and
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herbicides) (Lal, 2004a). Furthermore, the burrohgrop residues not only emits gut
also is a major source of gaseous pollutants ssatadbon monoxide (CO), GHN-O, and
hydrocarbons in the troposphere (Crutzen et aBOL%However, soils have the potential to
mitigate increasing C&concentrations through carbon (C) sequestratiath, the maximum
potential global sequestration varying from 0.450t6 Pg C yt (Lal, 2004b). Therefore,
understanding the effects of management practicegSHG emissions and SOC is necessary

to improve management practices to reduce GHG ens&om rice fields.

Thailand’s rice production area is 13.28 million fdoich is approximately 55.6% of
the country’s total agricultural area (Liese ef 2a014). Geographically, Thailand is divided
into four main regions: the North, Northeast, Cahtand South. Rice is grown throughout the
country, but the Northeast, North, and Centratlaeemost important rice growing regions with
49.1, 25.4, and 22.3%, respectively, of the cousmtotal rice growing area. The Northeast has
a majority of the rain-fed lowland areas with arduh8 million ha (Jongdee et al., 2006) and
shallow drought-prone areas (Khush, 1984). Tradisice varieties, particularly Jasmine or
Khao Dawk Mali 105 (KDML 105), are grown in the Nogast. Although the rice quality is
high, the rice yield is low, and the farmers irsthrea are the poorest compared to the other
regions (Liese et al., 2014). To obtain sustainatd@agement of the sandy soil in this area, it
iIs necessary to understand the land managemernicpsavhich include the farmers’ actual
activities and practices, and determine the aptgprpractices in terms of the soall
characteristics and farmers’ capability. By undarding these elements, the pros and cons of
each land management practice in relation to GH@&sans, SOC, and rice yield can be
estimated thoroughly. To estimate these overatictsdfin rice fields, the concept of net global
warming potential (GWP) was proposed based ondbetive properties of COCHs, and
N2O emissions and SOC variations, expressed as kgdCla' yr! (Robertson and Grace,

2004). Moreover, the agricultural practices camdtated to GWP by estimating net GWP per
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ton of crop yield, which is referred to as greerdegas intensity (GHGI) (Mosier et al., 2006).
Net GWP reflects the balance between SOC stora)&&6; emissions. A negative net GWP
value means that the system is taking GHGs olsohtmosphere, whereas a positive net GWP
value means that GHGs are being added to the alramspnd net GWP increases (Robertson
et al., 2000). In addition, a positive GHGI valueicates a net source of GHGs per kilogram
of yield per year, whereas a negative value indgatnet sink of GHGs in soil (Shang et al.,
2011). No studies to date have estimated net GVIRGHGI in this area under different land
management practices, including irrigated versirsfed fields. The aim of this study was to

estimate the effect of land management practicased WP and GHGI.

4.2 Materials and methods

4.2.1 Description of the study area

The study area is situated in Thung Kula subdistBawannaphum district, Roi-Et
province, Thailand (15° 28I, 103° 48E) and covers 59.45 ha, 22.29 ha and 37.16 h&ichw
was irrigated and rain-fed, respectively. Accordiogthe survey of soil nutrient status in
Thailand from 2004—-2008, 72,484 soil nutrient tegtiesults of 13 sites in the study area (i.e.,
pH, OM, organic carbon (OC), total nitrogen, avaléaP, available K, electrical conductivity,
and lime requirement) were collected by the lalwyabf the Office of Science for Land
Development, Land Development Department, MinigifyAgriculture and Cooperatives,
Thailand. Data from the 13 sites, 9 of which wergated areas and 4 in rain-fed areas, in
Thung Kula subdistrict were collected and the SCIS astimated in 2004. Soil samples from
the same 13 study sites were collected again il 201estimate the soil organic carbon

sequestration rate (SOCSR) from 2004 to 2014.
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4.2.2 Data collection

The data were obtained over a 5 year period (200D4H2 Questionnaires were
conducted at each sampling site to record the @nojpmanagement practices by farm owners.
At 13 sites, 13 farms provided crop and land mamesge data. Rice yields and management
practice data (i.e., dates of planting and harmgstiates of application of fertilizers, manure,
pesticides, and irrigation; and field operationsrfgqened) were collected from the
guestionnaire survey in 2014 and from the recomkljor the standards for good agricultural
practices (GAP) of farm owners over the 5 yearsferiod (2010-2014). The record books
were disseminated to the farmers by the DepartroeAigricultural Extension, Ministry of
Agriculture and Cooperatives, Thailand to recosrthgricultural activities, which helped this

study to obtain precise data on operational prastic

4.2.3 Soil sampling

Soil samples were collected during the dry seagdtan the rice harvest (November,
2014). At each site, the soil horizons from 0 toc#® depth were identified by considering
specific physical features; namely, color and textlAny visible roots, stones, or organic
residues were removed manually after the samples aie dried at room temperature (31-
33°C). Then, the samples were passed through a 2tev@. The SOC content was determined
using the wet oxidation method with®r.07 and concentrated23Qs as described by Walkley
and Black (1934). After a 24-hr drying period in @aven at 105 °C, soil bulk density was

determined as the dry weight per unit volume ofgbi core.

4.2.4 Estimation of GHG emissions

The GHG emissions were calculated within the farateg Therefore, the GHG

emissions of raw materials production and the frartation of agricultural inputs to the farm
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were not included. The emission factors for thewation of GHG emissions are presented in

Table 4-1.
4.2.4.1 CH4 emissions from rice production

Field CH; emissions from rice cultivation were used as thelehfor the calculations
according to the 2006 IPCC Guidelines for Natidaaenhouse Gas Inventories (IPCC, 2006).
The baseline emission factor was taken from Yah ¢2003), who adjusted the region-specific
emission factors for rice fields in east, southeast south Asian countries, and all scaling
factors used were from the IPCC (200&)e basic equation to estimate £ginissions from
rice cultivation are presented in Equation (1) 8). (CH: emissions were estimated by

multiplying the daily emissions factor by the cudtiion period of rice and harvested area.
CH,=EF x t 1)

whereCHs is the methane emissions from rice cultivation (Rds ha'), EF is the adjusted

daily emissions factor (kg GHha! day?'), andtis the cultivation period of rice (days)

Emissions from each different region were considésemultiplying a baseline default

emissions factor by the various scaling factorshasvn in Equation (2).
EF = (EF, X SF, X SE, X SF, X SF;,) (2)

whereEF is the adjusted daily emissions factor for a patéir harvested are&F. is the
baseline emissions factor for continuously floofleltis without organic amendmen&ky, is

the scaling factor to account for the differencesvater regime during the cultivation period,
Sk is the scaling factor to account for the differesmian water regime in the season before the
cultivation period,SFk is the scaling factor that accounts for differenae both type and
amount of organic amendment applied source,Sfadis the scaling factor for soil type, rice

cultivar, etc. (Neglected in this study)
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Meanwhile, Equation (3) and the default conversiaator for farmyard manure
presented an approach to vary the scaling factmrdmg to the amount of farmyard manure

applied.
SFy, = (1 + Zi ROA; X CFOAL')O'S9 (3)

whereROA is the application rate of organic amendmentdry weight for straw and fresh
weight for others in ton ha andCFOA is the conversion factor for organic amendnient

terms of its relative effect with respect to strapplied shortly before cultivation.
4.2.4.2 N20 emissions from managed soils

The methodology for estimating direct®l emissions from chemical N fertilizer

application is given by IPCC Guidelines (2006) (Ti¢ as follows:
Direct NbO emissions FF sy x EF1 + (Fsyer x EF1eg] % 44/28 4)

whereFsn and(FsnrFr are the annual amount of synthetic fertilizer laga to dry land and
rice fields, respectively, aritF: andEF:rrare the emissions factors of®Iicaused by fertilizer

N input in dry land and rice fields, respectively.

The calculation formula for indirect2® emissions caused by chemical N fertilizer

application is listed below:
Indirect NO emissions FF sy x Fraceasrx EF2 + Fsn % Fracieach-myx EF3] x 44/28  (5)

whereFraccasris the fraction of synthetic fertilizer N that atilizes as NHand NQ, EFzis
the emissions factor for 2 emissions from atmospheric deposition of N oh &od water
surfacesFrac LeacH - () is the fraction of all N which is lost when addedmineralized in
managed soil in regions where leaching/ffioccurs, an&Fzis the emissions factor for.

emissions from N leaching and rdfio
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4.2.4.3 CO2 emissions from fossil fuel utilization

The CQ emissions for the diesel and gasoline usage tdstay combustion were also
taken from the IPCC (2006). Meanwhile, £€missions from the mobile combustion of the
diesel fuel of farm tractors and harvesters wetienased from the emission factors of Maciel
et al. (2015), and C{emissions from gasoline fuel were estimated froenEPA (2014).

2.4.3.1 Diesel fuel
CO, emissions from diesel fuel utilization = Total ambof diesel fuel x emissions factor of
diesel fuel combustion (6)

2.4.3.2 Gasoline fuel
COz emissions from gasoline fuel utilization = Total@aunt of gasoline fuel x emissions factor
of gasoline fuel combustion (7)

4.2.4.4 CO2 emissions from insecticides and herbicides utilization

Figures for insecticides and herbicides were preyidy the emissions factors from Lal

(2004c).

CO, emissions from insecticides and herbicide utilamat Total amount of insecticides and

herbicide application x emissions factor of inseittes and herbicide utilization (8)

4.2.4.5 GHG emissions from field burning
The calculation for GHG emissions from field bugnimas calculated as follows:
The quantity of rice straw = Rice production x Rks to crop ratio (9)
Amount of burned residues = Quantity of rice strafvaction of area burned x
dry matter fraction x fraction burned x
fraction oxidized 0f1
CHs emissions from field burning = Amount of burnesidees x CH emissions factor (11)

N20O emissions from field burning = Amount of burnesidues x MO emissions factor (12)
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where fraction of area burned is proportion of st&w subject to open field burning, which

is based on the field survey (fraction of area bdra 1 for rice straw in the whole area was

burned). The amount of burned residue was estinf@tatino burning rice straw.

Table 4-1 Emissions factors used for the calculation of Géfdssions within the farm gate

(utilization phase) (Arunrat et al., 2016)

Activity Emissions factor Unit Sour ce
Agricultureinput
Diesel used (stationary
combustion) for farm 2.7446 kg C@eq L?!
operation
: : IPCC (2006)
Gasoline used (stationary
combustion) for farm 2.1896 kg C@eq L?!
operation
. ' Tractor = 3.908 Maciel et al.,
Diesel used (mobile
. (2015) (calculated
combustion) for farm kg COeq L? o _
i Harvester = 2.645 with diesel density
operation
of 0.832 kg 1)
Gasoline used (mobile
combustion) for farm 2.319 kg CGeq L* EPA (2014)
operation
Insecticide 5.1 kg C@q kg | Lal (2004c)
Herbicide 6.3 kg Ceeq kg! | Lal (2004c)
CHas emission from rice cultivation
EF. 3.12 kgna hat day® | Yan et al., (2003)
SFky 0.52 in all systems
Sh Rw=0.68,Lw, Ld=1
ROA 2.5 ton ha IPCC (2006)
CFOA Rw=0.29,Lw,Ld=1
Sh Rw=14,Lw,Ld=2.1
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Direct and Indirect N2O emission from managed soils (chemical and organic fertilizer)

kg N2O-N kg
EFy 0.01 g o
N Input
kg N:O-N kg*N
EFirr 0.003 QNG
input
kg N2O-N (kg
NHs-N + kg
EF 0.01
NOx-N
volatilized)*
IPCC (2006)
kg N2O-N kg
EFs 0.0075 leaching per
runoff
kg NHz-N +
Fraccasr 0.1 NOx-N kg N
applied
kg N kg* N
FracLeacH - (H) 0.3 N
additions
Burning crop residue
kgt dr
CHa 2.7 kg
matter burned
kgt dr
N20 0.07 grg-dy
matter burned | IPCC (2006)
Dry matter fraction 1
Fraction burn 0.29
Fraction oxidized 0.9

Rice residue to crop ratio

Irrigated areas: major
rice = 1.06; second
rice = 0.65

Rain-fed areas: major
rice and second rice 3
0.55

Kanokkanjana and

Garivait (2013)
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4.2.5 SOC calculation
SOC stockwas calculated by:
SOC = (BD x OC x D) x 100 (13)

whereSOCis soil organic carbon stock (kg CHaBD is soil bulk density (kg i), OC s

organic carbon content (%), aBds soil sampling depth (m).

The soil organic carbon sequestration rate (SOQ@&R)calculated as follows:
SOCSRKkg C hat yr!) =(SOG - S0G)/ 10 (14)

whereSOG andSOG are the SOC contents measured in 2014 and 208geatvely (kg C

ha?), and 10 is the number of years from 2004 to 2014.
4.2.6 Net global warming potential

The global warming potential (GWP) based on the,@,, and NO emissions was
used to account for the climatic impact on ricédyiender different land management practices.
To assess the combined GWP, Gitd NO were calculated as G@quivalents over a 100-
year time scale using a radiative forcing potergddtive to CQ of 28 for CH and 265 for
N2O (IPCC, 2013). The net GWP of a rice field equhbks total CQ emissions equivalents

minus the SOCSR in the rice field (Liu et al., 20ZBang et al., 2015):
Net GWP = (CQemissions x 1) + (BD emissions x 265) + (CHemissions x 28)
— (SOCSR x 44/12) (15)
4.2.7 Greenhouse gas intensity
The GHGI is calculated as a ratio of net GWP acel yield, as described in Shang et

al. (2011):
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GHGI = net GWP/rice yield (16)
4.2.8 Statistical analysis

Statistical analyses of the data were carried sutguSPSS (Version 20.0, USA). The
mean and standard deviation (SD) values were wsegptesent rice yield, SOC, emissions of
COz, N2O and CH, GWP, SOCSR, net GWP and GHGI in each site. Daffees in rice yield,
SOC, emissions of CON2O and CH, GWP, SOCSR, net GWP and GHGI between irrigated
and rain-fed areas were analyzed with t-test aast Isignificant difference (LSD) test €
0.05). Simple linear regression analysis was usédd the relationship between two variables
by fitting a linear equation. Stepwise multiple reggion analysis was conducted to evaluate
the relationships of rice yield and SOCSR with pleetinent management practice. Pearson’s
correlation analysis was conducted to evaluatedla¢éionships among the GHG emissions and

pertinent factors.
4.3 Results

4.3.1 Pertinent management practices, riceyield, and SOC

There were no significant differences in the maramd fertilizer application rates, the
amount of burned rice residues, rice yield, and $@&@een irrigated and rain-fed areas (Table
4-2). The manure application rate varied acrossssifrom 0 to 4830 kg-hayear?, with
averages of 2864 and 1888 kg-hgear! for irrigated and rain-fed areas, respectivelye Th
fertilizer application rate ranged from 38 to 98 lkg'- year® across sites, with averages of 72
and 56 kg-ha-year! for irrigated and rain-fed areas, respectivelye TROs and KO
application rate ranged from 14 to 46 and 6 to gék*- year® across sites for irrigated and
rain-fed areas, respectively. The averag®sPand KO application rates were 27 and 22

kg-ha'-year?! for irrigated areas and 26 and 15 kgthgear® for rain-fed areas. Meanwhile,
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the amount of burned rice residue was also varjahteing from 0 to 593 kg- Wayear?, with
averages of 263 and 148 kg-hgear* for irrigated and rain-fed areas, respectively.

The average rice yield, SQCSOG, and SOCSR were 3,307 kg-hgear?!, 53,884
kg-C-hal, 42,151 kg-C-h3, and 1,173 kg-C-htayear! (Table 4-2) respectively. There was
a significant correlation between rice yield andGe(@®? = 0.51,p< 0.01), SOG(R>=0.46,p
< 0.01) (Figure 4-1), and SOCSR?(= 0.52,p < 0.01) (Figure 4-2). Although, the manure, N,
P.Os, and KO fertilizer applications were the major underlyifegtors for increasing rice
yield, they were exiguously correlated positivelghwice yield = 0.16,p> 0.01,R?=0.11,
p>0.01,R?=0.46,p > 0.01, and?? = 0.69,p > 0.01 respectively) (Figure 4-3(a), (b)). On the
other hand, the amount of burned rice residues sti@wnegative correlation to rice yieRf (
= 0.02,p > 0.01) (Figure 4-3(c)). In addition, rice yielddaBOCSR was related markedly to

only the amount of kO fertilizer application rates (Table 4-3).

5000 -
4500 - - » g X
y = 0.0223x + 2365.4
4000 A R*=0.46
1. 3500 il . &
s
P N i
= 3000
o Seeen v =0.0204x +2207.4
< o X R?=0.51
s X
2000 - o ?
X SOCt
® S0OCo
1500 - ----Linear (SOCt)
—— Linear (SOC0)
1000 ' . ' : ' . .
0 20000 40000 60000 80000 100000 120000 140000

SOC (kg C ha')

Figure 4-1 Relationship between rice yield and S@@d SOG for all sites
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Figure 4-3 Relationship between pertinent practices and lielely(a) manure application, (b)

fertilizer application, and (c) amount of burnecerresidue
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Table 4-2 Pertinent management practices, rice yield, an@S®(Mean + SD)

ap'\f)ﬁggtrign Fertilizer application Bl:::eed Rice SOCSR
SteNo. | rate | fae (kg ha' yr) residue | yield (kg | 52%‘ 5 |« gs%c;]o 4 | (kg Chat
(kg hatyr (kg ha hat yrt) yrt)
1) N PzOs Kzo yr-l)
11 3320 88 25 21 566 3410 37810 28430 938
12 4830 83 36 46 0 4600 124400 97320 2708
13 2780 77 27 40 0 3864 64540 48730 1581
14 0 49 27 15 0 3684 49430 36440 1299
15 3630 93 33 39 485 4618 52100 38430 136f
16 3330 80 14 8 403 2430 39400 26760 1264
17 2660 79 27 12 504 3646 49180 38500 1068
18 2580 45 23 6 0 2040 21430 12850 858
19 2650 58 27 9 409 2954 45960 36770 919
Average 2864 + 72 + 2746 22 + 263 + 3472 + 53806 * 40470 + 1334 +
1287 17 16 254 882 28973 23542 568
R1 2800 41 46 18 0 3626 101390 90660 1078
R2 2620 38 21 15 0 3372 59290 49550 974
R3 2130 47 18 7 593 2144 25460 21430 403
R4 0 98 20 18 0 2604 30100 22090 801
+ + + + + + +
o] 5 | 5 5 o] | Pt | e | e [wwnas
p-value 0.233 0.217| 0.954 0.238 0.838 0.304 0.989 0.736 160.1
overall 2564 + 67 + 26 + 8 20 + 228 + 3307 + 53884 + 42151 + 1173
1319 22 14 261 838 29404 25330 547

| = Irrigated area, R = Rain-fed argavalue indicates a significant difference of value

between irrigated and rain fed areas

Table 4-3 Multiple regression equations to predict rice giahd SOCSR using manure

(M), N fertilizer (N), POs fertilizer (P), kO fertilizer (K), and burned rice residues (B)

Depended Variable

Equation

Riceyield

Yield = 51.61 x K + 2298.72R¢ = 0.66,p < 0.05)

SOCSR

SOCSR =31.91 x K + 549.88{(= 0.59,p < 0.05)

4.3.2 CO2 emissions

In this study, C@emissions reflected the utilization of fossil si¢tliesel and gasoline),

insecticides, and herbicides. The utilization afsdil and gasoline fuels revealed that rain-fed
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areas generated more €€missions from drainage water into the field ttranirrigated areas.
Moreover, at the sites where there was no burnaggresidue (sites 12, 13, 14, 18, R1, R2, and
R4) there was a slightly higher amount of £8fnissions from utilization of diesel fuel than
burned rice residue sites (sites 11, 15, 16, 17,d8d R3). This is because farmers need to use
the machine for the incorporation of rice residuds the soil but not for burning rice residues.
The CQ emissions from the utilization of diesel fuel radg from 127 to 211
kg-CQeq-ha'-year® across sites, with averages of 152 and 188 kgeG®@al-year?! for
irrigated and rain-fed areas, respectively. Gasoluel utilization generated G@missions,
varying from 10 to 73 kg-C@q-hal-year! in all sites, with averages of 30 and 51
kg- CQeq-hat-year! for irrigated and rain-fed areas, respectivelyakighile, CQ emissions
from the utilization of insecticides and herbicidaaged from 37 to 73 kg- G&y- ha'- year?
across sites, with averages of 52 and 43 kgeGMa'- year* for irrigated and rain-fed areas,
respectively. There were significant differences tfee utilization of diesel fuelp(< 0.05),
while there were no significant differences in thtdization of gasoline fuel, or insecticides
and herbicides, between irrigated and rain-fedsagea 0.05) (Table 4-4).

The total CQ emissions were estimated, ranging from 201 to 301
kg-CQeq-hal-year! across sites, with averages of 233 and 281 kgeG@al-year? for
irrigated and rain-fed areas, respectively (Tabtg.4'he land management practice of the high
amount of diesel fuel utilization caused the highetal CQ emissions as seen at site R1,
which was the highest amount of diesel fuel utilmaat 211 kg- C&eq- hal-year' compared

with others (Table 4-4).
4.3.3 N20 emissions

Remarkably, MO emissions depended on chemical fertilizer apfinaand the amount
of burned rice residues..® emissions from chemical fertilizer utilizatiomged from 211 to

541 kg-CQeq-hat-year! in all sites, with averages of 409 and 346 kg&Pha'- year* for

77



irrigated and rain-fed areas, respectively. Ireglatreas had slightly higher® emissions
from chemical fertilizer utilization than the raied areas, but there were no significant
differences between both aregs < 0.05). Meanwhile, BO emissions from burning rice
residue were found the wide range of 0 to 11 kgegha'- year® in all sites, with averages
of 5 and 3 kg-Ceeq-hat-year! for irrigated and rain-fed areas, respectivelyl tirere were
no significant differences between both arges 0.05) (Table 4-4).

A range of total MO emissions values (211-541 kg-@&@ ha'-year?) was calculated,
with averages of 414 and 349 kg-£@ hal-year! for irrigated and rain-fed areas,
respectively (Table 4-5). Highly positive corretats were found between® emissions and
N fertilizer application, withr values of 0.925p(< 0.01) (Table 4-6). The highest totailO\
emissions were found at site R4, where the highusatof chemical was practiced. On the
other hand, at site R2, where the lowest amouahemical fertilizer was found and there was
no use of burned rice residues (Table 4-2), thee&twotal NO emissions were seen.

4.3.4 CHsemissions

Manure application, the amount of burned rice nés$g and the length of rice cultivation
affected the ChHemissions. CkHemissions from rice cultivation ranged from 794518
kg-CQeq-ha'-year! across sites, with averages of 4359 and 1905 kge@al-year? for
irrigated and rain-fed areas, respectively. Thezeavgignificant differences for Glemissions
from rice cultivation between irrigated and raintfareas § < 0.05). Irrigated areas had
obviously higher ChH emissions from rice cultivation than rain-fed @ebn addition, Chl
emissions from burning rice residue had the widgesof O to 45 kg- C£q-ha'-year? in all
sites, with averages of 20 and 11 kg-€@ha'-year® for irrigated and rain-fed areas,
respectively, but there were no significant diffeses between both aregqs<0.05) (Table 4-

4).
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The range of total CH emissions was broad, varying from 794 to 5556
kg-CQeq-ha'-year®. The average value was 3621 kg-€®ha'-year! in all sites (Table 4-
5). Highly positive correlations were found betwe@,; emissions and manure application,
GWP, net GWP, and GHGI, withvalues of 0.739(< 0.01), 0.997 < 0.01), 0.932 <
0.01), and 0.604p(< 0.05), respectively (Table 4-6). These corretagimay reflect that the
land management practice of applying large amoohteanure or burned rice residues, and
the long rice cultivation length, would generatgrhCH: emissions. The highest and lowest
CHs emissions were seen at site 17 and R4, respegiiVable 4-5).

4.3.5SOCSR

The SOCSR in this study varied across sites froB1td®708 kg- Ceeq-hal-year?,
with averages of 1334 and 813 kg-@&@ ha'-year! for irrigated and rain-fed areas,
respectively. The average value for all sites wh&31kg- CQeq-hal-year! (Table 4-5). The
SOCSR had a highly positive correlation with riegd¢ (r = 0.722p < 0.01) and KO fertilizer
application f = 0.787p < 0.01), whereas a negative correlation was fouitll tve amount of
burned rice residues and GHGI, but was not stedilbyi significant (Table 4-6). The results
were obvious at sites 12 and R1, where the manppécation was high and no burned rice
residues were used. Therefore, these sites achleghdSOCSR and rice yield. However, it
seems that not only can manure application andkadBburned rice residues increase SOCSR

and rice yield, but high chemical fertilizer applilon also can (Table 4-2).
4.3.6 Net GWP and GHGI

The evaluation of net GWP and GHGI under diffefantl management practices is shown
in Table 4-5. The net GWP varied across sites,ingfgom 819 to 5170 kg- C@q- ha- year?,
with an average value of 3090 kg-£Q-ha'-year!, and GHGI ranged from 0.31 to 1.68

kg-CQeq-kg! vyield, with an average value of 0.97 kg-@€®kg" vyield. The net GWP
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showed a highly positive correlation with manur@lagation, amount of burned rice residue,
CHs emission, GWP, and GHGI € 0.609 p < 0.05), 0.555¢ < 0.05), 0.932< 0.01), 0.936
(p < 0.01), and 0.778(< 0.01), respectively). Meanwhile, GHGI had a pwesicorrelation
with the amount of burned rice residue, {3nission, GWP, and net GWP, witlvalues of
0.656 f < 0.05), 0.604 < 0.05), 0.595( < 0.05), and 0.778p(< 0.01), respectively.
However, this study found a negative correlatiometf GWP and GHGI with C{emissions
(r =-0.640 p < 0.05), and —-0.662(< 0.05), respectively). This is because the siids high
net GWP and GHGlI in this study generated a low arhoftiCQ emissions, but emitted a high
amount of NO emissions from chemical fertilizer application.

Multiple regression equations to predict GHGI usimgnure, N, FOs and KO fertilizers,
and burned rice residues showed that GHGI = 0.0bdrred rice residues + 0.7R%(= 0.36,

p < 0.01). This finding revealed that burned ricades was the main factor determining the
GHGI in this area. In addition, land managementfcas where the net GWP and GHGI were
low involved no burned rice residues, incorporat@inmanure and chemical fertilizer, or

application of chemical fertilizers at sites R1,, RAd R4, respectively. Meanwhile, similar
land management practices had a high net GWP ar@l @slseen at sites 12, 13, 14, and 18
(Table 4-5), mainly due to the increaseds@&rhissions under continuous flooding.

This study revealed that 81.07% of GHG emissiomseciom CH emissions from rice
cultivation, followed by NO emissions from fertilizer utilization, G@missions from diesel
fuel utilization, CH emissions from burning rice residues, {&nissions from insecticide and
herbicide utilization, MO emissions from burning rice residues, and, @@issions from
gasoline fuel utilization, with sharing values ab8%, 3.75%, 3.72%, 1.13%, 0.93%, and

0.83%, respectively (Figure 4-4).
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® CO,emission from diesel fuel
utilization

CO, emission from gasoline
fuel utilization

® CO,emission from insecticide
and herbicide utilization

N,O emission from fertilizer
utilization

® N,O emission from burning
rice residues

= CH, emission from rice
cultivation

81.07%

® CH, emission from burning
rice residues

Figure 4-4 The contribution of GHG emission sources in eadiviage
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Table 4-4 GHG emissions within the farm gate in each agtivit

COz emission N2O emission CH4 emission
(kgCOeq hat yr) (kgCOeq ha yr?) (kgCOeq hat yr)
Stefio Diesel Gasoline InSZitéC'de Chemical Burning Rice Burning
fuel fuel herbicide fertilizer rice residue| cultivation | rice residue
11 151 28 48 487 10 5282 43
12 188 14 73 459 0 5418 0
13 172 23 61 423 0 4776 0
14 166 10 67 272 0 2404 0
15 127 19 55 511 9 4849 37
16 135 30 41 443 7 3616 30
17 129 65 40 438 9 5518 38
18 159 28 38 249 0 3805 0
19 138 49 45 399 8 3567 31
Average | 152 +21 30+ 17 52+13 409 + 91 5+5 5981063 20+ 19
R1 211 51 39 227 0 2292 0
R2 206 28 52 211 0 2153 0
R3 142 73 37 404 11 2381 45
R4 193 50 42 541 0 794 0
Average | 188 32 51+18 437 346 + 157 36 519047 11 +23
p-value 0.031 0.074 0.191 0.370 0.502 0.002 0.49
Overall 163 + 29 36 £20 49 £ 12 390 +£112 4+5 0486 1511 17 £ 20

| = Irrigated area, R = Rain-fed argavalue indicates a significant difference of value

between irrigated and rain-fed areas
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4.4 Discussion

4.4.1 Riceyield and SOC under different management practices

Proper management practices can increase SOC sefjoesthrough increasing OM
inputs to the soil. Soil organic material can beenalized towards releasing the nutrient, which
subsequently can be taken up by crops to increapeyelds. Therefore, the mineralization of
soil organic matter (SOM) is a vital parameter mbance crop yields. This is consistent with
our result that rice yield had a highly positiveretation with SOC (Figure 4-1) and SOCSR
(Figure 4-2). Liang et al. (2012) indicated thatremsing the amount of SOC could be
accomplished by regular manure application witheturn of more crop residues, which
subsequently can lead to higher crop productiomr#éible land cropping systems, increasing
the amount of OM in soil not only increases SOM, dlso reduces net GHG emissions (Koga
et al., 2006). Moreover, studies have shown thamkining both organic and chemical
fertilizers can be a suitable way for enrichingd gdie et al., 2007; Hao et al., 2008). From this
study, 12 and R1 reached the same rice yield and, $@ich was the highest when compared

with the others (Table 4-2).

4.4.2 Effects of land management practice on CO2, CH4, and N2O emissions

According to many previous studies, the estimatdnGHG emissions from rice
production varies, but they all agree that ricedpiation is a significant contributor to overall
emissions. As in flooded rice paddies generallyoding rice fields block oxygen penetration
into the soil, which allows bacteria capable ofthraing CH to thrive (Wassmann et al., 2000).
Rice production also generatesONfrom N-fertilizer application (Yang and Wang, Z00
Meanwhile, the main sources of €@missions are either cropping operations, suditiage,
sowing, harvesting, or transport, including statignoperations, such as pumping water,

spraying, and grain drying. The burning of riceidae is another emissions source yielding
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COy, CHs, and NO (Duan et al., 2004). This study revealed thatdahd management practice
of highly burned rice residues generated high,Gind NO emissions as was seen at site R3
(Table 4-4). In addition, more fuel consumptiorr@n-fed areas than in irrigated areas was
found, owing to the energy needed for pumping wates rain-fed rice fields and farm
operations, such as herbicide application, bectheselry land would face weeds more than
flooded land would. Consequently, these managermeatttices can also produce higher

amounts of C@eq than others can (Snyder et al., 2009).

CHs is produced from the decomposition of OM in anb&roconditions by
methanogens. SOM is the most common limiting faébormethanogenesis in rice fields
(Wang et al., 2000). OM arises from the four maarses of animal manure, green manure,
crop residues (straw, stubble, roots), and by-prtsdwf rice production (root exudates,
sloughed-off root cells, and root turnover). Netele (1996) reported that the rice straw
application of 5 Mg hayr! increased Cklemissions ten-fold compared to the use of onlgure
fertilizer. To reduce the CHemissions associated with water management infiet#s in
which alternating wetting and drying could reducerenCH; emissions than continuously
flooded fields (Adhya et al., 200). These resulésenin complete agreement with our findings
that the land management practices for site 17 IETdkb) caused the highest €emissions
due to the higher manure application and amoutuofied rice residues than at other sites.
Additionally, irrigated areas had higher €emissions than rain-fed areas did, owing to the
longer period of flooding in rice fields, which wasmilar to previous investigations by
Bhattacharyya et al. (2012) and Shen et al. (2004% result was obtained from sites 11 to 19,
with an average value of 4379 kg @@ hat yr! for irrigated areas, and sites R1 to R4, with
the average value of 1916 kg @@ ha' yr? for rain-fed areas. However, the addition of
organic material such as rice residues and mamolcation lead to increasing Glgmission

due to anaerobic decomposition (Chidthaisong anthiiéde, 1997), but it can greatly offset
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the mitigation benefits of soil carbon sequestraifbu et al., 2014). This can obviously be
found at site 12 where applied manure and no bgrnce residues, with the high SOCSR (2,
708 kg CQeq hat yrl) and low GHGI (0.75 kgCgq kg' yield) (Table 4-5). Based on our
study, we, therefore, support the addition of marapplication and returning rice residues to
the soil because these practices not only gain i@astrage in the soil than is release to the
atmosphere but also can enhance soil fertilityughothe mineralization of SOM, which in

turn will increase crop productivity.

Fertilizer application is important from a climatbange perspective due to energy
intensive production, and the positive relationshifh N.O emissions from soils (Zou et al.,
2008; Liu et al., 2012). This was consistent with cesult of the land management practices
at site 15 (Table 4-5), which generated the highe£) due to the high chemical fertilizer

application and amount of burned rice residueswiaat practiced.

4.4.3 Effects of land management practice on net GWP and GHGI

The net GWP has been illuminated to understancti@grie’s impact on radiative
forcing (Linquist et al., 2012). Therefore, net GVRd GHGI need to be considered when
evaluating a management strategy for mitigating G#tissions. Our study found that more
burning rice residues greatly contributed to higlt G®WP and GHGI. Our results were
consistent with Zhang et al. (2014), whose studysu that a chemical fertilizer application
rate of 210 kg N hayr! was the most suitable for balancing GHG emissamsrice yield in
Chongming Island, Eastern China. In this study,aherage GHGI was 0.97 kg @& kg*
yield. In Jiangsu province, China, the GHGI varien 0.41-0.74 kg Céq kg'yield under
annual rice-wheat rotations with integrated sodpcsystem management (Ma et al., 2013).
Qin et al. (2010) studied midseason drainage agdnic manure incorporation in Southeast

China and found that the GHGI varied from 0.24-kg4 Qeq kg yield, which was lower
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than in this study. In Thailand, the study of Yodkhand Sampattagul (2014) who applied a
life cycle assessment concept and carbon footpfiptoduct to determine GHG emissions of
rice production in Thailand, reported that in neakt Thailand, GHG emissions of KDML 105
of NongKhai was 2.39 kg G@q kg yield, which was higher than in this study. Aruneaal.
(2016) estimated GHG emissions based on the comdepie life cycle assessment of the
greenhouse gas emissions (LCA-GHG) of productshicHft province of Thailand. Their
results revealed that GHG emissions from rice pcdn varied from 1.81-2.87 kg G€qg kg
lyield and 1.72-2.70 kg C£q kg yield for irrigated and rain-fed areas, respectiyathich
was higher than in this study. However, the repbrthe Office of Agricultural Economics
about the GHG emissions estimation and databasdapeaents in Thailand in 2012 using the
methodology of life cycle assessment of greenh@ase emissions of products and IPCC
guideline. The GHGls ranged from 0.67 to 3.96 kg€0kg' yield and averaged 2.32 kg
COzeq kg'yield (OAE, 2012). Taking the country’s value as thaseline, the GHGI in this
study was lower than the country’s average. Thiseisause the GHG emissions that occur
outside the farm gate were not included in thiglgtsuch as raw materials production, the
transportation of agricultural inputs from manutactg to the farm, and the transportation of
rice production from the farm to the mill and stasase. This study emphasized the balance
between GHG emissions and SOC sequestration oeffénet of land management practices
because the SOC content at local-scale data iestitaation of GHGI which is usually limited
data available due to high uncertainties in thgdescale data (Wang et al., 2015). Reasonable
land management practices are the main componentsifigating GHG emissions because
CO,, CHs, and NO emissions would be negated by the benefits of S&fDestration. It is
possible that the goal of reducing the net GWP @htlGl in Thailand should focus on

increasing the SOC and simultaneously decreasgfuming rice residues.
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4.5 Conclusions

This study showed that the amount ofCKfertilizer applied is the most significant
factor explaining rice yield and SOCSR in this afBae contributions of C& CHs, and NO
to net GWP decreased in the order fromsGHN.O > CG at all sites. GHGI had a positive
correlation with the amount of burned rice residu&d; emission, GWP, and net GWP. The
land management practices that led to low GHGIgWwsose that returned residues to the field
after harvesting and incorporated manure and clanfectilizers. These practices are an
effective way to reduce GHG emissions and contellbatsustainable rice production for food

security with low GHGI and high productivity.
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Chapter 5
Using the EPIC model to predict local-scale impaadf climate
change on rice yield and soil organic carbon sequesation in a

tropical monsoon area

5.1 Introduction

Climate change and rising atmospheric.@@y influence rice yields (Rosenzweig et
al., 2001; Parry et al., 2004; Adejuwon, 2005; Wzamsn and Dobermann, 2007) and thus
threaten food security (Nguyen, 2006). Althoughssieave the potential to mitigate increasing
CO. concentrations through carbon (C) sequestrateomd imisuse and soil mismanagement
have caused depletion of soil organic carbon (S@&l) 20044a; Li and Zhang, 2007; Li et al.,
2010). Therefore, computer simulation models of, ®wop yields, and atmospheric systems
can make valuable contributions to determine cegponses, predict crop performances, and
evaluate the environmental impacts of different aggment practices.

The Environmental Policy Integrated Climate (EPI@ddel, a notable integrated
model of management of the saiateratmosphere system, was developed and has been
successfully used to simulate the effects of tiidesn on crop production and soil dynamics
(Williams et al., 1984; Williams et al., 1989; Sply and Williams, 1990). Williams et al.
(2006) noted that the EPIC model can also be usesirtulate nitrogen (N) and C cycling,
surface runoff and leaching of N and phosphorouys EéRernative cropping systems,
management practices, crop growth and yields ouah60 different crop plant species,
climate change, and the effects of atmospherie. @Ccording to Zhao et al. (2013), the EPIC
model is the most suitable model for SOC simulatardifferent irrigation, fertilization, and

tillage treatments. With increasing concern abdmate change and associated issues, the
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EPIC model has increasingly been used to simulaempacts of climate change on crop
yields (Lee et al., 1996; Phillips et al., 1997p®n, Rosenberg, 1997; Brown et al., 2000;
Izaurralde et al., 2003; Wang and Li, 2010), SO@u&arano et al., 2007; 2008; Gaiser et al.,
2008; Zhang et al., 2010; Balkgvet al., 2011), and nitrate leaching (Chung et2001).
However, these studies have been conducted at $@ajes (basin, country or regional), at
which local heterogeneity in factors such as loclahate, soil properties, and farmer
management practices could not be incorporated.impacts of climate change at different
scales may differ in severity. Indeed, local-scsilmulation is often challenging because
precise data are rarely available and accessibtanbktance, Xiong et al. (2008) examined the
performance of CERES-RIce at a regional scale acZbsna using a cross-calibration process
based on limited experimental data, agroecologioats, and a geographical database with a
50 km x 50 km grid scale; reducing the error betwe simulated and actual yields using
specific areas and other yield loss factors wagestgd. Niu et al. (2009) reported that the use
of field measurement data or location-specific dattead of data from widely available
sources decreased the simulation bias in a stughiich the EPIC model was used to simulate
grain sorghum vyields in the US Great Plains undiéerént climate scenarios. Xiong et al.
(2014) suggested that more precise data at thé @wceegional scale could improve the
reliability and accuracy of model calibration eenglobal simulation of rice yields with the
EPIC model. Moreover, evaluation of climate chaimgeacts on rice yield (Pumijumnong and
Arunrat, 2013; Arunrat and Pumijumnong, 2015), Nsl¢Arunrat and Pumijumnong, 2014)
and SOC sequestration (Arunrat et al., 2014) mfiedd were performed in Thailand (country-
scale) using EPIC model version0509. These studigsted that the EPIC model has never
been used in Thailand before. Therefore, it needsetmore specific in order to improve the

accuracy of the models, particularly location-speciata.
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To fill a remaining gap in this research, thera gessing need to improve the accuracy
of EPIC model simulations through the use of laraspecific data for model calibration and
validation. The objectives of this study are: 1)etealuate the reliability of EPIC model
calibration and validation processes based on-ecale data, and 2) to evaluate the possible
impacts of climate change on rice yield and SOQuestjation. Our findings contribute to
understanding the consequences of long-term cliokatege, which is essential for agricultural

policy-making and the selection of mitigation stgies.

5.2 Materials and methods
5.2.1 Site description

The study area is in the Thung Kula Sub-distriaiw&naphum District, Roi Et
Province, Thailand, located at 15788103°48E, and covers 59.45 ha, 22.29 ha of which is
irrigated and 37.16 ha rain-fed. Roi Et soils agawkd from washed deposits of sandstone and
occur on the lower parts of peneplains. The elematanges from 100 to 200 m above sea
level. This area has a tropical monsoon climatepf&n '‘Aw'). The average annual
precipitation in 2014 ranged from 800 to 2,900 namng the mean annual air temperature
ranged from 26 to 28°C. The major soil type in EbiProvince is Ultisol with > 60% sand
content; low SOC, ranging from 0.40%-1.29%; and enattly acidic surface soil with a pH
range of 5.0-6.0 (LDD, 1991). In the study arearehare six soil series: K) (Kula Ronghai
series): fine-loamy, mixed, active, isohypertherifypic Natraqualfs; biNn (Nakhon Phanom
series): fine, kaolinitic, isohyperthermic AeriariRhic Paleaquults; dph (Phan series): fine,
kaolinitic, isohyperthermic Typic (Plinthic) Endaaafs; d) Pm (Phimai series): very fine,
smectitic, isohyperthermic Ustic Endoaquerts;Sp)(San Pa Tong series): coarse-loamy,
siliceous, semiactive, isohyperthermic Typic (Kandraleustults; and fjt (Tha Tum): fine,

mixed, semiactive, isohyperthermic Aeric (Plintric)doaqualfs (LDD, 2003) (Figure 5-1). In
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general, these soils are deep, and characterizadnioynber of different colors, although the
dominant color characteristics are a grayish-brawright brown sandy loam A horizon
overlying a light brown grading to pinkish-gray dgclay loam or loam kandic B horizon,
which, in turn, overlies a light gray or whitiskaglloam or clay C horizon. The soils are mottled
throughout the profile, with strong brown, yellowisrown or dark brown and some yellowish
red or red mottles common in the subsoil. Thergaittion is moderately acidic over strongly

to very strongly acidic (LDD, 2003).
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Figure 5-1. Study area and soil series (LDD, 2003)

5.2.2 EPIC model description

5.2.2.1 Crop growth model

The EPIC model is able to simulate the growth @hlamnual and perennial crops based
on a single crop growth model. This model usesatami-use efficiency to calculate the
photosynthetic production of biomass. Interceptibaolar radiation is estimated as a function
of leaf area index (LAI). LAl is simulated with egions determined based on heat units, the
maximum LAl for the crop, genetic coefficients, afide environmental stresses (water,

temperature, nutrients (N and P) and aeration)tédasy et al., 1998; Liu et al., 2014). The
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stress factor values range from 0 to 1, and theglogical development of the crop is based
on daily heat unit accumulation and a heat unigxwhalue (HUI) computed from 0 at planting
to 1 at maturity. The potential biomass is adjustady through multiplying by the lowest
value of the five environmental stress indices. Wader stress index is the ratio of soil
available water to the potential water demand afr@. The temperature stress index is
computed using a function dependent upon the daigrage temperature, the optimal
temperature, and the base temperature for croptigraie N and P stress indices are based
on the ratios of accumulated plant N and P to phieral values of N and P. The aeration stress
index is estimated as a function of soil watertredato porosity in the root zone (Tan and
Shibasaki, 2003). Atmospheric @€oncentration also influences photosynthesis bgasing
radiation-use efficiency. Therefore, crop yields astimated by multiplying the above-ground
biomass at maturity (determined based on the ackasiiom of heat units or a specified harvest
date) by a harvest index (economic yield dividedabgveground biomass) specified for the

particular crop (Easterling et al., 1998; Liu et 2014).

5.2.2.2 Carbon flows in the EPIC model

The EPIC model simulates dynamic C processes @imgitines conceptually similar
to those used in the Century model (Izaurralde.e2@01; 2006). The Century model (Parton
etal., 1987; 1994) was successfully used to sitaglail organic matter (SOM) across a variety
of land use types and climates and is among theslmadkat consistently produce low errors
and show low overall bias (Kelly et al., 1997; Sn#t al., 1997). The total C pool for soil C
estimations consists of five compartments: stradtitter, metabolic litter, microbial biomass,
slow humus, and passive humus. Parton et al. (188¥3; 1994and Izaurralde et al. (2006)
described the original dynamic C processes in gr@@y model and the new C and N modules

developed for the EPIC model. These new modules Weitt to connect simulation of soil C
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and N dynamics with crop management, tillage methadd erosion processes. The surface
microbial pool turnover rate is independent of sexiture, whereas soil texture influences the
turnover of active SOM (higher rates for sandysjoirhe model assumes a 60% loss of carbon
due to microbial respiration for surface microbad &5% for all other layers. Allocation of
carbon from lignin in structural litter to G@s set at 0.3, and the rest is partitioned intovs|
humus (Izaurralde et al., 2006). In each procéssetare moisture and temperature controls

on soil biological processes (Figure 5-2).
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Figure 5-2 Carbon flows in the EPIC modeXw and Xt refer to moisture and temperature

controls on soil biological processédyIF = fraction of the litter that is metabolic (kg Rp
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Lf = fraction of structural litter that is lignin (Kgy™); lowercasd = “function of”; subscripf

= “fraction”; Sif = fraction of soil mineral component that is g8tf = fraction of soil mineral
component that is clayq = distribution coefficient of organic compoundsweén the soil
solid and liquid phased)B = soil bulk density;# = soil volumetric water content (after

lzaurralde et al., 2006)

5.2.3 Data collection and model input data

5.2.3.1 Simulation unit

The study area was divided into small sub-areasltect soil samples, prepare climate
data, and determine land management charactensticg a polygonal grid measuring 0.01 x
0.01 degrees in size, and covering ~1 x 1 km. otad area was 59.45 ha and covered a total
of 64 grid cells, with 22.29 ha and 24 cells ingated areas, and 37.16 ha and 40 cells in rain-

fed areas (Figure 5-3).
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Figure 5-3 The location of data collection and simulationtuni
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5.2.3.2 Soil sampling and analysis

In a survey of soil nutrient status in Thailandnfir@004 to 2008, 13 sites in the study
area were sampled by the laboratory of the Offic€mence for Land Development, Land
Development Department, Ministry of Agriculture aBdoperatives, Thailand. From the 13
sites in the study area in Thung Kula Sub-distnate of which were in irrigated areas and
four in rain-fed areas, data were collected anBtBE€ estimated in 2004. In 2014, soil samples
were collected again from the same 13 study sit@svestigate changes in soil properties and
model calibration, and 51 new sites were also igated for model validation. Soil samples
were collected during the dry season after theh@eest (November, 2014). At each site, the
soil horizons from 0 to 40 cm in depth were ideatifbased on specific physical features, i.e.,
color and texture. Three samples (replicationgazh soil horizon were then collected. A total
of 621 soil samples from 64 sites were collectdte soil parameters required for the model
and their values are listed in Table 5-1.

Soil texture (%; sand, silt, and clay), bulk depspgH, SOC, electrical conductivity
(EC), cation exchange capacity (CEC), and totabgén (TN) were analyzed in the laboratory.
The physical and chemical properties of whole se#se determined using the procedures
described by the National Soil Survey Center (198&er each sample was left for a 24-hr
drying period in an oven at 105°C, soil bulk dengras determined as the dry weight per unit
volume of the soil core. Soil texture was determdinsing a hydrometer, and soil pH was
determined in a 1:2.5 soil to water mixture usimHameter. The EC of saturated paste extracts
was measured following the method described byitieed States Department of Agriculture
(USDA, 1954). CEC was determined with the pH 7.0 lammonium acetateNHsOAQ
method. Total N was measured using the KjeldahhowtAvailable phosphorus content was
determined using the Bray Il method, and phosphoom€entration was measured using the

molybdate blue method (Bray and Kurtz, 1945). Ectable potassium (K) was extracted from
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the soil samples with pH 7NH4OAG and element concentrations were measured wigmeef
photometer. Organic C content was determined ubmgiethod of Walkley and Black (1934).

SOC stockwas calculated as:

SOC = (BD x OC x D) x 10 1)

whereSOCis the soil organic carbon stock (Mg CHaBD is the soil bulk density (Mg

m~3), OC is the organic carbon content (g KgandD is the soil sampling depth (m). In this

study, the soil depth was not fixed, but dependethe soil sampling depth of each horizon.

Table 5-1Characteristics of main soil properties40 cm) required for the model at the 64

sites

Soil variables Ranges Source
Bulk density (Mg n) 0.71-1.78 This study
Wilting point at 1500 kPa (fm®) 0.02-0.08 LDD (2003)
Field capacity at 33 kPa fm3) 0.110-0.187 | LDD (2003)
Sand (& 0.05-2 mm) (%) 47.0-86.0 This study
Silt (@ 0.002-0.05 mm) (%) 0.10-23.9| This study
Total nitrogen (g kg) 0.045-0.94 This study
Available phosphorus (mg Ky 25.3-102 This study
pH 3.86-6.66 This study
Organic carbon (g k§ 0.34-3.22 This study
Cation exchange capacity (cmol cRg 2.31-7.52 This study
Exchangeable K concentration (mg¥g 4.97-132 This study
Electrical conductivity (mmho cr) 0.01-0.17 This study
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5.2.3.3 Climatic data

The EPIC model requires the following monthly climavariables: maximum and
minimum air temperature, precipitation, rain dagslar radiation, and relative humidity. In
this study, average values of the climatic dateeveaiculated for two separate periods. First,
data for the baseline period (192014) was retrieved from the Thai Meteorological
Department for calibration and validation of thedab Secondly, future climate changes under
the A2 and B2 scenarios were modeled to assesmpaet of climate change on rice yields
and changes in SOC. The A2 scenario assumes a warfgthasizing self-reliance, the
preservation of local identities and economic glgwtith a slowly, continuously increasing
global population, and technological change mosgrfrented and slower than in other
storylines. In contrast, the B2 scenario assumeal |lsolutions to economic, social, and
environmental sustainability, intermediate levefseoonomic development, less rapid and
more diverse technological change than in the Bd Af& storylines, and continuously
increasing global population, at a rate lower timaA2 (IPCC, 2001; 2007). In this study, two
long-term periods (20122045 and 20452075) under the A2 and B2 climate change scenarios
were modeled, as proposed by the Southeast Asi&RF {Bystem for Analysis, Research and
Training) Regional Centre (SEA START RC), at higlsalution with a grid size 20 20 km
(0.22°). Data were simulated using the PRECIS (l@mog REgional Climates for Impacts
Studies) regional climate model, and the Globat@ation Model (GCM) ECHAM4 dataset
was used as the initial data for calculations (SHARRT RC, 2010). As described by Arnell
et al. (2004), the C&concentration for baseline period was kept constaB60 ppm, and the
COr concentrations used for 2022045 and 20452075 were 490 and 629 ppm, respectively,

in the A2 scenario, and 455 and 525 ppm, respdgtivethe B2 scenario.
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5.2.3.4 Management practice

Management practice data was considered for theoesiods. First, the data collected
in 2004 was used for model calibration. Howevertilieer application rate data were not
available for 2004. Therefore, the trend of fexéh application rates from 2010 to 2014 was
employed using simple linear regression analysisfating a linear equation. We found that
the average rate of increase was of 1.52 kg yra® (1.77% yr1), which is consistent with
Bangkok bank (2003) estimate of the Thailand adiucal sector’'s chemical fertilizer usage
from 1995 to 2003. For this 8-year period, the agerrate of increase was 1.3%tySecondly,
management data were obtained through field surwegisa 5-year period (2010-2014); these
data were used for model validation and fixed fetesite for model simulation under the A2
and B2 climate change scenarios.

Questionnaires were administered at each sampltegte record the crop and
management practices of farm owners. At farmersaah of the 64 sites recorded crop and
land management data. Rice yields and managemeactiqer data (i.e., dates of planting and
harvesting; rates of application of fertilizers, moee, pesticides, and irrigation; and field
operations performed) were obtained from the goesaire surveys in 2014 and from the
record books for the standards for good agricultoractices (GAP) of farm owners over the
5-year study period (2010-2014), including botmyaand dry seasons. These record books
were disseminated to the farmers by the DepartroeAgricultural Extension, Ministry of
Agriculture and Cooperatives, Thailand to recordcadfural activities, which helped with the
collection of precise operational practice datatfis study.

Rice in the study area refers to the major ricgpcmhich is grown during the rainy
season between July and December, and the se@encrop, which is grown during the dry
season between January and April of the followiegry(OAE, 2014). Most rice fields in the

study area use rain-fed cultivation, in which rice grown only once a year because
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precipitation is a major limiting factor. Farmersgome irrigated areas are able to grow rice
twice a year, for both major and second rice crdasmine rice@ryza sativa is mostly
commonly grown in this area. The dominant rice eta&s recorded in this study were Khao
Dawk Mali 105 (KDML 105), RD 6, and Suphanburi ®ML105 and RD 6 are strongly
photoperiod sensitive and flower in late Octobexgardless of sowing time, whereas
Suphanburi 60 is a non-photosensitive rice variBgsed on the field survey data, each site
was input into the EPIC operation schedule file whéhrespective farmers’ actual management
practices specified. Five main types of manageropatations that were incorporated in the
EPIC model: seeding/planting, tillage, irrigatidertilizing, and harvesting. For each type of
management operation, the exact date and monthyrarand type of fertilizers, crop type, and
irrigation conditions were also specified. The meoamventional management techniques used
in the study area are the following.

First, during the growing period, both major andas®l rice crops were cultivated using
the broadcast method and harvested by machine.

Second, for tillage management, conventional @légy a depth of 20 to 30 cm was
performed by machine, with two different situatiafistinguished between wet and dry soll
surface conditions.

Third, after harvesting, farmers applied one of fiwons of rice straw and stubble
management: incorporation into the soil or burnmghe field. The farmers usually burn rice
residue after major rice harvesting (dry seasonabge of the ease and convenience of tillage
to prepare for the next crop. Irrigated areas baekt amount of burned rice residue than rain-
fed areas, with averages of 0.071 and 0.141 M hespectively.

Fourth, for water management, continuous floodimg) shallow flooding were used for
the irrigated and rain-fed areas, respectivelytrigated areas, the fields were inundated with

10 to 15 cm of standing water throughout the grgwieriod and drained or naturally dried 7
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to 10 days before harvesting. In rain-fed areassthil was flooded temporarily, depending on
rainfall, or water pumping when rain water was wkable. Therefore, if the field was not in
an irrigated area, the irrigation code was setrglsuad conditions.

Fifth, for manure and chemical fertilizer applicatj cattle manure was often added to
the soil as basal fertilizer once a year, usudligrdahe previous crop was harvested or at the
beginning of planting the next crop. The averag&auma application rate was 2.23 and 1.15
Mg ha for sites in irrigated and rain-fed areas, redpelst, and was higher in the irrigated
areas compared to the rain-fed areas. The followai@gnical fertilizer types were found in the
study area: 46-0-0, 16-16-8, 16-20-0, 0-0-60, 1835 and 16-8-8. A higher fertilizer
application rate was indicated for irrigated ardes for rain-fed areas, with average rates of

320 and 260 kg h3 respectively.

5.2.4 Sensitivity analysis

Variation of model output can be arisen from twg/staiser adjustable parameters and
the model handles some parameters based on inpaibles (Owen et al. 2015). In this study,
sensitivity analysis of adjustable parameters wafopmed to assess the relative importance
of crop growth and carbon cycle parameters to modgput, as presented in Table 5-2.
Moreover, weather data (i.e. maximum temperatuiejmnum temperature, solar radiation,
precipitation, and relative humidity) and managetrdata (i.e. amount of N,28s, and KO
fertilizers, manure and rice residues applicatiomsje considered to test the sensitivity of
model outputs to varying of input variables, aspreed in Tables 5-3 and 5-4. Both adjustable
parameters and input variables are important fa yield and SOC because there are many
functions that differ in their relative importanfme yield and SOC predictions. Especially, it
is valuable to understand which variables are thstmimportant for simulation accuracy. Users

can pay attention which variables need accuratgegdbr improving input data sets.
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The main purpose of sensitivity analysis is to deiee the magnitude of changes in
the model's response associated with changes inghe of a specified parameter. In this
study, The one-factor-at-a-time (OAT) method wasdue calculate relative sensitivity indices
for rice yields and SOC. A total of five parametmscrop growth, ten parameters for the C
cycle, five variables for weather data, and fiveialales for management data were varied by
+ 10% of the default model values to assess seitgitising the equation derived from Liu

(2009) below,

S =

3E
<=

, (@)

whereSis the sensitivity index of the effect of paramefgon', Y is the model output (i.e.
rice yield and SOC in this study)AX is a small change X, andAY is the change iY in

response to the changeXn

Based on equation (2), the sensitivity indicesrificg yield and SOC are determined as

follows:

_ |Yield1,1X.—YieldX.|+|Yield0,9X.—YieldX.|

S . == L L L L (3)
yleldi 0.2Yieldy, :

_ |Socllxi—socxihﬁsocogxi—socXJ

Ssoci == ’ (4)

0.250Cx,

Where.S_'yieldi andSgoc; are the sensitivity indices of parameXérfor rice yield and SOC,
respectivelyY ieldXi andSOCy, are the rice yield and SOC, respectively, simdlatesetting

all parameters to default valuejeld, ;x, andSOCj 1x, are the rice yield and SOC,

respectively, simulated by setting all parameterddfault values excepti, which is set to

110% of its default value; anHield,qx, and SOCyqx, are the rice yield and SOC,
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respectively, simulated by setting all parameterddfault values excepti, which is set to
90% of its default value. The parameters with tigaéstS,,;.;4; andSgoc; values are defined
as the most sensitive parameters for rice yield20€, respectively. The range of sensitivity

indices is between 0 (non-sensitive) to 1 (veryrgjty sensitive); higher values indicate higher

sensitivity.

Table 5-2 Crop- and carbon cycle-related default values, ssiggl range, and calibrated

values in the EPIC model

Default | Suggested| Calibrated

No Parameter Symbol
value range* value
Crop parameters
Biomass-energy ratio
1. 4 -1 2 WA 25 20-30 25
(kgha MJ m)
2. | Harvest index HI 0.5 0.4-0.5 0.45
3. | Potential heat units (°C)) PHU 1580 1200-2400 1630
Water stress—harvest
4. | PARM(3) 0.5 0.3-0.7 0.5
index
5. | SCS curve number indeXPARM(42) 15 0.5-2.0 1.0
Carbon cycle parameters
Fraction of humus in the
1. FHP 0.0 0.3-0.7 0.6

passive pool

Fraction of slow C
2. . PARM(45) 0.05 0.001-0.05 0.05
allocated to passive pool

Slow humus 0.00041-

3 . | PARM(47)| 0.000548 0.000562
transformation rate, d 0.00068
Passive humus 0.0000082-

4, _; | PARM(48)| 0.000012 0.000013
transformation rate, d 0.000015
Microbial activity at

5. PARM(51) 1.0 0.1-1.0 1.0

top soil layer
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Residue decay tillage

6. - PARM(52) 20.0 5.0-15.0 145
coefficient
Microbial activity at

7. PARM(53) 0.9 0.8-0.95 0.89
depth
Root growth water use

8. o PARM(54) 5.0 2.5-7.5 5.7
coefficient
Root growth water

9. _ PARM(55) 0.5 0.0-1.0 0.8
use/depth ratio
Root growth depth

10. o PARM(56) 10.0 5.0-10.0 10.0
coefficient

* EPIC suggested range

Table 5-3Monthly weather data for testing the sensitivityrmdel outputs to varying of input

variables.

Maximum Minimum Splgr Precipitation Relgtiye

Temperaturg Temperature radiation humidity

°C) cc) | am?d | M raction)

January Range 24.3-26.6 16.5-16.8 15.4-16.1 4.32-19|83 -0.B3
MeantSD| 25.7+1.2 16.6+0.2 15.7+0.3  13.2+7.4} 0.70+0.02

February Range 26.3-31.0 18.8-20.1 17.5-185  25.4-47.3 0.%6-
MeantSD| 29.3+2.6 19.6+0.6 18.0+0.4  37.8+12.9 0.69+0.03

March Range 28.4-35.8 21.0-24.§ 20.9-21.5 54.8-115.0 -0.52
MeantSD| 33.3#4.2 23.3+2.0 21.2+0.83  77.4+£32.6 0.69+0.02

April Range 30.2-36.8 23.3-26.8 22.1-22.9 87.56-169.4 8-0.86
MeantSD| 34.6+3.8 25.5+1.9 22.6x0.3  92.4+30.5 0.71+0.03

May Range 29.7-32.5 23.8-27.8 20.7-22.0 150.5-436.7 3-0.81
MeantSD| 34.1+3.9 26.1+2.1 21.5+0.6 263.4+140.6 0.76x0/02

June Range 29.7-36.9 24.8-26.3 16.3-16.5 320.7-450.6 5-0.83
MeantSD| 31.3+1.4 26.1+2.1 16.4+0.1 393.5£70{2  0.79+0.03

July Range 29.1-30.9 24.3-25.8 14.1-1%.3 480.8-645.3 8-0.85
MeantSD| 30.2+1.0 25.5+0.8 14.7+0.5 572.7£97|8 0.82+0.02

August Range 28.6-30.5 23.9-25.4  14.2-1%.7 340.5-570.2 2-0.85
MeantSD| 29.7+1.0 24.60.7 15.0+0.6 434.1+112.9 0.84+0/01

Septembe Range 28.7-31.9 23.8-24.7  18.2-19.6 224.5-404.7 7-0.87
MeantSD| 30.7£1.7 24.1+0.5 18.9+0.8 306.4+76{3  0.82+0.03

October Range 28.5-31.9 22.4-23.4 18.9-19.3 65.3-172.7 -0.83
MeantSD| 30.7£1.7 22.9+0.5 19.1+0.2 116.2+49|5  0.78+0.03

November| Range 27.0-29.2 19.6-206 16.3-16.6 3.2-40 0.71-0.77
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Mean+SD| 28.2+1.1 20.1+0.5 16.4+0.2 18.9+17.4 0.74+0.02
Range 24.5-27.1 16.8-18.2 14.9-1%.2 4.5-283 0.%3-0
MeantSD| 26.0+1.4 17.4+0.7 15.0+0.1 13.348.6 0.71+0.02

December

Table 5-4 Management datéor testing the sensitivity of model outputs towag of input

variables.
Management data Range Mean+SD
N fertilizer (kg hat) 26.08-113.06| 81.19+15.98
P,Os fertilizer (kg hat) 0.0-49.04 26.49+11.06
KO fertilizer (kg hat) 0.0-71.04 13.43+12.33
Manure (kg ha) 0.0-4.85 1.53+1.52
Rice residues (kg ha 0.0-3.22 3.29+2.55

5.2.5 Model calibration and validation

Five parameters for crop growth and ten paramdterthe C cycle were selected to
calibrate in the EPIC model, as suggested by Waag) €005) and Causarano et al. (2007);
these parameters are listed in Table 5-2. Theradiltm procedure for the crop growth and
SOC modules applied data from the 13 study sitepkad in 2004. Rice yields were measured
values collected from the Agricultural Statistick Thailand report for 2004, which was
generated by the Office of Agricultural Economi€3AE), Ministry of Agriculture and
Cooperatives (MOAC), Thailand. The SOC measuremerdse collected by the Land
Development Department of Thailand in 2004. The ehgdlidation procedure focused on the
measured values at all sites (64 sites), which weltected over 5 years (2042014) for rice

yield, and in 2014 for SOC.

5.2.6 Model performance evaluation
Model calibration and validation were evaluatechgdwo criteria: the coefficient of

determination §%), and the NaskSutcliffe model efficiency coefficientEpg (Nash and
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Sutcliffe, 1970). In this study, the model perforroa was considered satisfactoryrff> 0.5

(Santhi et al., 2001) artehs> 0.60 (Wang et al., 2012).

R?is defined as:

R2 = {[ i=1(Mi=M;)(Si=Si) } 5)

" (M=M) 195 [E, (5;-$)° 105
whereS andM; are the simulated and measured values, respagtateditei. M andS are the

means of the measured and simulated values, résggcThe range oR? is between 0 (no

correlation) and 1 (perfect fit).

Ensis defined as:

— _ Z?=1(Si_Mi)2
Ens =1 STRTETD (6)

whereS andM; are the simulated and measured values, respactateditei. The range of

Enslies between 1 (perfect fit) ando-A negative value indicates that the mean valubef

observed time series would have been a bettergtoedhan the model.

5.2.7 Climate change impact assessment

This portion of the evaluation consists of climakata analysis to understand the

projected changes in climate with respect to theel@e period (1986€014) and the EPIC

model simulation to assess the possible impactgeryield and SOC over the two long-term

periods (20152045 and 20452075) under the A2 and B2 climate change scenarios.

Management practices and parameters for the siioiilperiods were fixed as those of the

baseline period for each site. Changes in key ¢éntdange indicators (temperature and

precipitation), rice yield and SOC were analyzedshptracting the output values under the

climate change scenarios from the baseline vahrespy estimating the percentage of change.
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5.2.8 Statistical analysis

Statistical analyses of the data were performedguSPSS (version 20.0, USA). Mean
and standard deviation (SD) values were used tesept rice yields and SOC for different
areas and periods. Differences in rice yield an@ $&tween the baseline period (192614)
and the two long-term periods (202945 and 20452075) under the A2 and B2 climate
change scenarios were analyzed wAtbsts and least significant difference (LSD) tépts
0.05). Simple linear regression analysis was ugdthd the relationships between measured

and simulated values by fitting linear equations.

5.3 Results
5.3.1 Model calibration

Model calibration was performed to compare the $ated rice yields and SOC with
measured values for 13 sites. The results showiteyields varied from 1.8 to 3.8 Mg Ha
yrtand 1.7 to 4.4 Mg hayr? for the measured and simulated values, respegtiliéie
average rice yields were 2.9 and 3.0 Mg‘tha?, with standard deviations of 0.7 and 0.8 Mg
ha? yr! for measured and simulated values, respectivetju(E 5-4 (a) and Table 5-5). The
ranges of SOC values were 14.2-111.5 Mg C had 15.4-74.8 Mg C hafor the measured
and simulated values, respectively. The avera@Odt values were 48.1 and 38.9 Mg Ctha
with standard deviations of 28.5 and 20.1 Mg C-har the measured and simulated values,
respectively (Figure 5-4 (b) and Table 5-5). Fog ttalibration procedure, the rice yield
simulationR? andEnsvalues were 0.64 and 0.61, respectively, and @€ B andEnsvalues
were 0.75 and 0.72, respectively. These findingécate that the model was satisfactorily

consistent with the results of visual evaluatigigble 5-5).
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For the sensitivity analysis, higher values indécdte higher sensitivity. These results
shows that HI is the most sensitive parameteiideryield, followed by WA, PHU, PARM(42),
and PARM(3), with the sensitivity indices of 0.91@,673, 0.511, 0.226 and 0.245,
respectively. These findings are consistent witséhof Liu (2009), which indicate that HI is
the most sensitive parameter for rice in Asia,oiekd by WA, PARM(42), PARM(3), and
PHU, with sensitivity indices of 0.997, 0.485, 34).334, and 0.318, respectively. This
similarity is because the potential yields in tHeI€ model are based on the accumulation of
actual aboveground biomass and harvest indiceghvdre a function of the crop/variety and
water stress in defined crop development stagesé¢Gat al., 2010). The highest sensitivity
parameter for SOC is FHP, followed by PARM(47), RMAR1), PARM(55), PARM(54),
PARM(45), PARM(52), PARM(56), PARM(53), and PARMM&vith sensitivity indices of
0.508, 0.075, 0.058, 0.027, 0.026, 0.024, 0.02119).0.017, and 0.014, respectively. These
results support those of Causarano et al. (2007),reported that FHP was the most influential
parameter for microbial biomass carbon (MBC) andi@aate organic carbon (POC).

The highest sensitivity input variables for ricelgiis maximum temperature, followed
by solar radiation, precipitation, minimum temparat N fertilizer, relative humidity, manure,
rice residue, FOs and KO fertilizers, with sensitivity indices of 0.127,108, 0.102, 0.086,
0.042, 0.030, 0.026, 0.007, 0.005, and 0.003, otisiedy. This is because the maximum and
minimum temperature, and solar radiation are tha pparameters to calculate harvest index
and potential biomass for crop yields function PIE model. Meanwhile, precipitation is used
to calculate the water stress factor, which corttrel variability of crop yields because crop
yield increases or reductions are calculated thHrouwgter stress-induced increases or
reductions of the harvest index. In addition, asults show that manure is the most sensitive
parameter for SOC, followed by rice residue, maxmtemperature, minimum temperature,

precipitation, N fertilizer, solar radiation, rala humidity, with sensitivity indices of 0.211,
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0.182, 0.044, 0.025, 0.023, 0.005, 0.001, and Q.#xpectively, excepting P205 andX

fertilizers were no affect the variability of SO80C is estimated by function that convert crop

residue, root and organic amendment added to tHethst soil texture, moisture and

temperature control on soil biological processastamover rate.
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Figure 5-4 Result of calibration of the EPIC model for sintidas of (a) rice yield and (b)

SOC

5.3.2 Model validation

The measured and simulated rice yield and SOC salaee distributed near the lige
= X, and ther values were 0.87 and 0.93, respectively (Figuke(8) and (b)). The model
performance of the validation procedure for ricglg/iwas evaluated based on BfeandEns
values, which were 0.77 and 0.75, respectively S®@€ simulation, the statistical performance
values weréR?> = 0.86 andEns =0.82, as shown in Table 5-5. Overall, the efficieof the
EPIC model predictions in this study is reasonablgood.

The simulated rice yields and SOC at all siteseghfiom 1.4 to 4.3 Mg hayr ! and
5.6 to 118.4 Mg C h4, respectively. The average simulated rice yieldl @C were 2.63 Mg

ha!yrtand 38.0 Mg C ha, with standard deviations of 0.7 Mghgr* and 29.1 Mg C ha,
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respectively. The range of measured rice yields3@@ were 1.3 to 4.9 Mg Hayr ! and 3.8
to 129.9 Mg C hd, with average values of 2.59 Mg har ! and 37.7 Mg C ha, respectively
(Table 5-5). These results indicate that the EPWlehtends to overestimate both rice yield

and SOC, with average overestimations of 0.05 Mg yra® and 0.28 Mg C ha, respectively.
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Figure 5-5Comparison between measured and simulated valy@3 o€e yield and (b) SOC

Table 5-5Model evaluation statistics for the calibratiomaslidation procedures

Model performance

Minimum | Maximum | MeanzSD
R? Ens
Model calibration procedure (n = 13)
Rice yield Measured 1.8 3.8 2.91+0.7
: 0.64 0.61
(Mg hat yrt) | Simulated 1.7 4.4 3.0+0.8
SOC Measured 14.2 111.5 48.1+28|5
: 0.75 0.72
(Mg C ha') | Simulated 15.4 74.8 38.9+28.0
Model validation procedure (all sites, n = 64)
Rice yield Measured 1.3 4.9 2.59+0.9
: 0.77 0.75
(Mg ha' yr') | Simulated 1.4 4.3 2.63+0.7
SOC Measured 3.8 129.9 37.7£32|1
: 0.86 0.82
(Mg C ha') | Simulated 5.6 118.4 38.0+29.1
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5.3.3 Changes in key climate change indicators

Analysis of key climate change indicator, includtegnperature and precipitation, are
presented in Tables 5-4 and 5-5. The average hadelnperature in study area ranged from
21.6°C (January) to 29.4°C (April), with a mean aantemperature of 26.2°C. The mean
annual temperatures in 202945 and 20452075 were estimated to increase by +1.5°C and
+2.2°C, respectively, under the A2 scenario, andbyL°C and +1.7°C, respectively, under
the B2 scenatrio (Table 5-8). The monthly mean ln@s@lrecipitation in the study area ranged
from 13.2 mm (January) to 572.7 mm (July), witham@ual mean precipitation of 2339.3 mm.
The annual mean precipitation in 262945 and 2042075 increases by 2,948.1 mm and
3,103.4 mm, respectively, under the A2 scenario, and by 2,82ai8 and 2,845.1 mm,
respectively, under the B2 scenario. However, mgntiean precipitation in both scenarios
and periods decreases in July to October relatvineé baseline (Table 5-7). The monthly
baseline precipitation ranges from 116.2 mm (Oafote572.7 mm (July), with a monthly
mean precipitation of 357.3 mm. Under the A2 and ®2narios, the monthly mean
precipitation decreases, with values of 357.7 mth360.2 mm, respectively (Table 5-7).

Throughout the next 60 years, the rate of annumapégature increase is estimated as
+0.03 °C yrt under both the A2 and B2 scenarios, and the fateral precipitation increase
is estimated as +0.42 and +0.08 mmyrespectively. The pattern of change in monthly
precipitation reveals that the rainy season wiliuwcone month earlier than baseline rainy
season; the period of maximum precipitation wilftslhom July to June (Figure 5-6 (a)). Even
the higher temperature will occur under the A2 &&xdscenarios, the pattern of change in

monthly temperatures will be almost the same asetlod the baseline (Figure 5-6 (b)).
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Table 5-6Mean monthly temperature changes from the basefider the A2 and B2 scenarios

Baseline Mean monthly temperature change from baseline (°C)
Month temperature A2 scenario B2 scenario
(°C) 2015-2045 2045-2075 2015-2045 2045-2075
Jan 21.6 1.2 1.7 0.6 1.1
Feb 25.4 1.0 1.8 0.6 1.3
Mar 27.6 3.1 3.9 2.4 3.4
Apr 29.4 2.5 3.0 2.6 2.9
May 29.1 2.5 3.1 1.9 2.6
Jun 27.9 0.6 1.4 1.0 1.3
Jul 27.7 0.5 1.4 0.4 0.3
Aug 26.8 2.0 2.4 0.6 1.4
Sep 26.8 1.0 1.6 0.8 1.8
Oct 25.6 2.0 2.5 1.5 2.3
Nov 24.4 0.4 1.4 0.5 1.2
Dec 21.7 1.1 2.0 0.7 1.2
Average 26.2 15 2.2 1.1 1.7
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Table 5-7Monthly percentage changes in precipitation fromhaseline under the A2 and B2

scenarios
. Amount of precipitation under climate change scesafmm)
Baseline
Month precipitation A2 scenario B2 scenario
(mm) 2015-2045 2045-2075 2015-2045 2045-2075
Jan 13.2 52.0 (+2.9-fold) 66.2 (+4.0-fold) 48.1 .6-Bold) 45.8 (+2.5-fold)
Feb 37.8 77.7 (+1.1-fold) 65.4 (+0.7-fold) 63.2 (Afold) 56.8 (+0.5-fold)
Mar 77.4 122.8 (+0.6-fold) 203.6 (+1.6-fold) 121#®.6-fold) | 141.3 (+0.8-fold)
Apr 92.4 214.9 (+1.3-fold) 266.4 (+1.9-fold) 20%+1.2-fold) | 246.5 (+1.7-fold)
May 263.4 381.9 (+0.4-fold) 338.3 (+0.3-fold) 29+®.1-fold) | 223.7 (-0.15-fold)
Jun 393.5 598.1 (+0.5-fold) 591.1 (+0.5-fold) 55@:0.4-fold) | 570.8 (+0.5-fold)
Jul 572.7 489.9 (-0.14-fold) 552.1 (-0.04-fold) 454-0.21-fold) | 490.1 (-0.14-fold
Aug 434.1 431.3 (-0.01-fold) 529.2 (+0.2-fold) 463.04-fold) | 437.1 (+0.01-fold
Sep 306.4 331.5 (+0.1-fold) 280.5 (-0.08-fold) B(-0.2-fold) | 386.5 (+0.3-fold)
Oct 116.2 144.8 (+0.2-fold) 102.1 (-0.12-fold) 1%0+0.4-fold) | 139.3 (+0.2-fold)
Nov 18.9 54.1 (+1.9-fold) 62.2 (+2.3-fold) 60.1 (2Zold) 63.5 (+2.4-fold)
Dec 13.3 49.1 (+2.7-fold) 46.3 (+2.5-fold) 45.6 (42old) 43.7 (+2.3-fold)
Sum 2339.3 2948.1 3103.4 2821.3 2845.1

The number in the parenthesis indicates changimpgesfipitation from baseline. “+"indicates

increasing of precipitation, “-

700

indicates decrea&sof precipitation.
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Figure 5-6 Monthly average values of (a) precipitation angt@mperature for the baseline

(1986-2014) and the A2 and B2 scenarios for 2®15 and 20452075

5.3.4 Rice yield simulation under climate change sparios

Overall, rice yields in 2022045 and 20452075 under the A2 and B2 scenarios
increased significantly compared to baseline y{ple 0.01) (Table 5-8). The simulation of
rice yields in each site is detailed in AppendiblEa A-3 and A-4 for irrigated and rain-fed
areas, respectively. The average baseline ricd yiels 2.6 Mg ha yrt. The average rice
yields in 20152045 and 2042075 are estimated to increase by +70.8% and +97.3%
respectively, under the A2 scenario, and by +30abfb +52.9%, respectively, under the B2
scenario. Higher rates of increase are found im-fied areas than in irrigated areas in both
periods and under both scenarios (Table 5-8). Hewdhie average rice yields under the A2
scenario were higher than those under the B2 scefmarrboth periods. Both scenarios may

evoke greater benefits for rice grown in rain-fegba than in irrigated areas because increasing
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amounts of precipitation can reduce water stresaimfed areas by increasing soil available
water and enhancing crop growth, which are accomeddy higher yields (Agele et al., 2011).
Furthermore, as indicated by Salvador Sanchis et(24108), soil available water and
distribution may respond rapidly to climate changspecially drought events; therefore,
enhancing water infiltration and available watesail may help mitigate the impacts of severe

drought events in rain-fed areas.

5.3.5 SOC simulation under climate change scenarios

Under both the A2 and B2 scenarios, SOC decreageiicantly in 20152035 and
2045-2075 compared to baseline SQ<(0.01 and 0.05) (Table 5-9). The simulation ofc<SO
in each site is detailed in Appendix Tables A-3 aad for irrigated and rain-fed areas,
respectively. The average baseline SOC was 38.C Mg*. The average SOC in 2042045
and 20452075 was estimated to decrease by 34.3% and 4Te&fectively, under the A2
scenario, and by 26.3% and 29.5%, respectivelyeutie B2 scenario. Under both the A2 and
B2 scenarios, the results show that the decreds8®®0 in rain-fed areas were higher than
those in irrigated areas compared to the baselimis. discrepancy is because of higher rates
of SOC decomposition and amounts of C released2asrCred-fed areas relative to irrigated
areas. Conversely, when fields are flooded, decaitipo of organic material depletes oxygen
in the soil and flood water, which results in pgakrated soils (Rath et al., 2000), and leads

to slower decomposition rates and greater SOC saa@ien (Chen et al., 2016).
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5.4 Discussion

5.4.1 Potential of the EPIC model to simulate ricgields and SOC

Overall, the validation and reliability of the EPHodel are acceptable and indicate
good predictive capability, as indicated by theueal ofR2 > 0.50 andEns> 0.60 for both rice
yield and SOC (Table 5-5). In this study, overeation by the EPIC model was found for both
rice yield and SOC (Table 5-5). These results suppose of Guerra et al. (2004), who pointed
out that this model tends to overestimate at l@ldg, especially under water-stress conditions.
Similarly, I1zaurralde et al. (2006) reported ttret EPIC model overpredicts at low SOC values
and underpredicts at high SOC values. Gaiser €@l0) reported that the performance of the
EPIC model was best for slightly acidic soils’ @R0.85) and poorest for strongly acidic soils
with high aluminum saturatiorRf = 0.40). In particular, when extremely acidic soilere
associated with semi-arid conditions and with hpgéacipitation variability, then the model
strongly overestimated crop yields. These findisgpport the overestimation of the EPIC
model detected in our study area, where low pHesl{3.86-6.66) are measured in surface
soils to 40 cm depth (Table 5-1) and precipitat®highly variable for the whole year (Table

5-7).

5.4.2 Climate change impacts on rice productivity

The A2 and B2 scenarios show temperatures andptig@n increasing over the next
60 years (Tables 5-4 and 5-5). The A2 scenario shoigher average temperatures and
precipitation than does the B2 scenario. Downing92), Rosenzweig and Iglesis (1994),
Furuya and Koyama (2005), and Aggarwal et al. (2@l1€b reported that both the maximum
and minimum temperatures, as well as average tetyes, in Asia are increasing, and
average precipitation may also increase. Thesaestigliggest that future climate changes

under both the A2 and B2 scenarios will follow Hagne direction, but the A2 scenatrio is likely
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to induce more severe changes than the B2 sceltowever, research by Erda et al. (2004;
2005) using the PRECIS model for China showed ticat yields are higher under the A2
scenario than under the B2 scenario. This findsrigeicause the different levels of &firectly
affect the rice yields. The continuously increadengls of CQ also cause yields and biomass
to increase by 5-15%. Rice yields at 550 ppm @@ therefore greater than those at 450 ppm
COz. Increasing levels of C{nay cause negative effects on the germinatiorcefseeds and
decrease stomatal aperture sizes, but may enhdmatesgnthetic activity (Mott, 1988).
Similarly, Lin et al. (2005) used the PRECIS regibaolimate model and the CERES crop
model to analyze the impacts of climate change@@gfertilization on crop productivity for
both the A2 and B2 scenarios and found highly wéeiaesults for wheat, corn, and rice
depending on the scenario and irrigation practises. Shen et al. (2011) showed that irrigated
rice generally has higher rice yields in the midaié lower reaches of the Yangtze River valley
compared to the rain-fed rice because irrigatesligdess affected by climate change, and that
irrigation can relieve water stress for rice grogvin the northern region of the Yangtze River
valley. Their results show that under irrigatiomduions, rice growth is not influenced by
precipitation, whereas rain-fed rice is susceptiiolehe temporal and spatial variation of
precipitation. These findings support our resultattindicate that future climate change
scenarios could have positive impacts on rice yielortheast Thailand in the next 60 years,
especially in rain-fed areas, because rice yieldshe study area vary depending on the
distribution of precipitation during the growingasen (Table 5-8). We hypothesize that
increasing temperature and precipitation resultacicelerated organic matter decomposition
rates and rapid release of nutrients into the(Boddy and Weil, 1999), which may increase N
availability (Mack et al. 2004; Schaeffer et aD13) and lead to increased yields in rain-fed
areas (Kant et al., 2012). Rising temperaturesse expected to enhance soil C availability

by increasing plant primary productivity and allboa from plants to the soil (Xu et al., 2013);

121



thus, high N availability may also benefit fromieaasing plant productivity. In addition, rising
precipitation under future climate change scenarnay lead to increased G€rtilization and
atmospheric N deposition, which may support higinpproductivity and organic matter input
to the soil and consequently increase SOM (Freheh,e2009).

Additionally, there are climatic parameters witlieefs on rain-fed crop growth and
yields that may change inter-annual variabilityield more than they affect long-term yields,
depending on the stress tolerance of differentvault. In particular, any drought effects and
inhibition of photosynthesis during grain fillinghe strong effects on grain yields (Boyer et
al., 1976). This effect is becauseder water deficiency, cell elongation in highempé can be
inhibited by interruption of water flow from the xyh to the surrounding elongating cells,
which results in reduced plant height, leaf areh@pop growth (Nonami, 1998; Hussain et al.,
2008). Reduced water availability under droughtdioons typically results in more limited
nutrient availability and uptake in crop plants (Midiams, 2003). Naklang et al. (2006) and
Suriyakup et al. (2007) suggested that some rideties with higher potential yields may be
suitable for situations in which optimal water andtrient management can be assured.
Therefore, other relevant factors must be consti&rethe rice yield forecasts in this study,
such as the appropriate variety of rice, irrigatystem development, and especially nutrient
management, to properly integrate these factors keitated practices and maintain nutrient
use efficiency. Nutrients can generally be obtaifredh manure, fertilizers, crop residues,
water, atmospheric deposition, and nitrogen fixaby legumes. Farmers who adopt nutrient
management practices are likely to have crops grigater resilience to the effects of climate
change on crop nutrients because they are alreaggged in an adaptive management

practices.
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5.4.3 Climate change impacts on SOC

Changes in SOC sequestration can influence crogsvonmain ways: 1) through
affecting photosynthesis and respiration in plamtkich in turn affects the quantities of
residues in soil; and 2) through changing the deatss of these residues in soil (Rey et al.,
2006; Plante et al., 2011). Several studies haydicated temperature and precipitation as
primary controls on SOC stability; these paramedéies the quality and quantity of litter input
into the soil, as well as soil physico-chemicalreleteristics (Trumbore et al., 1996; Bird et al.,
2002; Garten and Hanson, 2006; Dai and Huang, 2006his study, both the A2 and B2
scenarios show statistically significant decreaseSOC for all sites relative to the baseline.
Much greater decreases in SOC are estimated ural@&2tscenario than under the B2 scenario
(Table 5-9). This difference is because temperatarel precipitation under the A2 scenario
rose much higher than those under the B2 scen@ablés 5-4 and 5-5), which results in
increased C release and a decreased C reserveifindungs are consistent with those of
previous studies that reported that a rise in pretion and temperature enhances SOC
decomposition because of increased microbial agtiyAlvarez and Alvarez, 2001,
Friedlingstein eal., 2001; Zhang et al., 2004; Smith et al., 20@)nant et al. (2008) also
indicated that the faster SOC turnover rates agtstiwith higher temperatures may result in

the loss of significant amounts of the C storedgncultural soils.

5.4.4 Farming practice adaptations

The results of our study confirm that climate chamgll impact rice yields positively,
which will benefit farmers in this region. Howevelimate change will cause decreases in SOC
sequestration and lead to increased @kase into the atmosphere. Furthermore, otledd yi
limiting factors associated with climate changeevaot considered in this study. For example,

in northeastern Thailand, diseases and pest inlsgotage typically increase when droughts
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occur and temperatures increase. Another probletrassessed herein is increased heavy
precipitation; climate change may lead to flastodl®, which destroy rice fields and cause
nutrient loss. Therefore, farmers should be prepdor adaptation not only for crop
management, but also for other forms of risk mtt@ya Regarding adaptation options within
crop management practices for farmers, our stugpas starting early planting in June, as
well as faster harvesting, because the timing ofimam precipitation will shift from July to
June, (Figure 5-5). Meanwhile, optimal fertilizatjomanuring, and residue incorporation
practices should be carefully considered to miéggteenhouse gas emissions and more

effectively maintain SOC stock.

5.5 Conclusions

The EPIC model performance was satisfactory aneémable; the model therefore
provided good predictions of rice yields and chanigeSOC under future climate conditions
in rice paddy fields in Northeast Thailand. Therage temperatures and precipitation in both
the A2 and B2 scenarios will increase over the 68xtears relative to the baseline. The pattern
of change in monthly precipitation indicates threg tainy season will occur one month earlier
than under baseline conditions. Climate changeimitlact rice yields positively, which will
benefit farmers, especially in rain-fed areas. Hmveclimate change will cause decreases in
SOC sequestration. These changes in yields andv@DGccur because rising temperatures
and precipitation levels will enhance potentialpcgnowth and accelerate SOC decomposition,
which may increase N availability. Based on thesaligtions, farmers should be prepared to
take adaptation and mitigation measures. Our stug@yorts the adaptation option of starting
early planting in June, as well as harvesting fastecause the maximum precipitation period

will shift from July to June.
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Chapter 6

General discussion

Climate changes impacts and agricultural managepratices are among the most
crucial factors to take into consideration whecoitnes to enhancing agricultural productivity
and optimizing farming practices. In terms of agltieral management practice, the focus
should be placed on SOC dynamics as a change indi@Cresults from changes in climatic
conditions such as precipitation and temperatugetduhe function of soil C sequestration as
primary production and OM decomposition (Gracd.e2806; Hutchinson et al., 2007). Under
anaerobic conditions, relatively low decompositrate is often observed with high organic
materials input into paddy soil (Huang et al., 2018everal studies have demonstrated the
essential role of soil carbon sequestration againsiate change (Bhattacharyya et al., 2013;
Majumdar et al. 2008). Indeed, the effects of cterfactors and management practices on SOC
are often intertwined, making it difficult to idefytthe main drivers at the local scale. This
study is the first detailed local investigation ahlysis of how farmers’ actual management
practices influence SOC and rice yield. Our knogkechay potentially contribute to the more
widespread application of suitable agricultural agement practices in paddy fields across
Thailand, as well as the capacity enhancementekthils and the mitigation of Thailand’s

increasing C@emissions.

6.1 Strategies for enhancing SOC and riceyield

This study revealed that the SOC sequestration lmanincreased by suitable
management practices which combine fertilizer aadume application and avoid burning rice
residues. The increased rate of fertilizer appbcalinearly enabled increasing in SOC levels
residue accumulation by enhancing residue accumonlaSingh and Lal, 2005). Our

investigations are consistent with previous stu@isgh and Lal, 2005; Kong et al., 2006), in
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which the addition of fertilizer input was proved positively affect SOC sequestration.
Nevertheless, adverse effects agONemissions are often observed as a result ofcaease in

mineral N fertilizer rate that allows C sequestmtio increase (Desjardins et al., 2001). In
addition, it was found that N leaching from thefilayer of soils often increased linearly when
the N fertilizer application rate rose up (Peinettal., 2008). It is, therefore, important that an
optimal rate of N fertilizer application should Iset with considering the environmental
protection in the C sequestration management. fioadily, farmyard manure is usually put
back into the field with an aim to increase plamvgh and crop yield by farmers in the
northeastern region of Thailand. However, the raggdnomy development and short-term
profits gain cause increasing of the syntheticlieetis utilization instead of farmyard manures.

In this study, most of the rice residues excepttfer root biomass are excluded.
Keeping rice straw makes it possible for soil g to improve through various mechanisms:
(i) soil aggregation is enhanced as OM is addedgdayers of the soil, (ii) soil aggregates are
protected from raindrop impact, and (iii) soil isofected from compaction as a result of
raindrop impact (Six et al., 2006; Jacobs et 80 Verhulst et al., 2010). Soil aggregates can
also protect SOM from decomposition as it forméttigrgano-mineral complexes to prevent
microorganisms from accessing the OM (Six et &0®.

In addition, there has been another suggestionhwkithe conversion of the rice straw
into biochar and returned to the soil in stand péro burning on the rice field. Biochar has
been estimated that the C-rich charred remains freating biomass in no oxygen conditions.
Nevertheless, while rice straw is burnt in the oppes exposed to plenty of oxygen therefore
the combination of the C from the biomass and tkygen in the air releases ¢@to the
atmosphere. That means during the burning phasewtibxygen the C in the biomass largely
remains intact (Lehmann et al., 2011). Therefone, amount of GHG released into the

atmosphere can be reduced by the creation of higelizer than the ash of open burnt rice
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residues and the carbon can remain in the soldadreds of thousands of years (Krull et al,
2009; Wu et al, 2012). Given the findings, the bstsaitegy to increase SOC content, and
enhance agricultural productivity and sustainabihtthe northeastern region of Thailand is to

combine the application of farm-generated orgaracune with inorganic fertilizers.

6.2 Soil carbon sequestration asa strategy to GHG emissions reduction

As suggested by Thailand’s Second National Comnatioic (SNC) on GHG
reporting, Thailand’s total GHG emissions in 2008sw229.08 TgC&qg. The energy sector
accounted for the biggest part accounting for 133@CQe or 69.6%, which is more than the
agricultural sector accounting for 51.88 Tge@r 22.6%, threefold less than the energy sector.
Major emission from the agricultural sector wassOhihich was largely attributed to the rice
farming that released 29.94 Tge&Oof GHGs, accounting for 57.7% of the total enaissiin
agricultural sector and 13.07% of the whole coustgmissions. However, rice farming
contributed to 1.5% of 2000 global GHG emissionk, {85 TgCQeq), 77% of which were
attributed to the energy and industrial sectors EBN2010). Accordingly, it is important that
GHG emissions should be reduced in quantity frorrcaljural soils in order to sustain the soll
carbon (C) storage.

Carbon sequestration in tropical soils has potefdaramitigating global warming and
increasing agricultural productivity (Pathak et 2D11). Soil C sequestration occurs when the
amount of C input into the land is larger than teatitted to the atmosphere. It has been
estimated that 89% of the total mitigation potdrdfaagricultural GHG emission, followed by
9% and 2% for ClHand NO emission reduction from soils, respectively ($net al., 2007).
Though tropical regions face limitation of soil lban sequestration because of high
temperatures, reasonable quantities of C can lstilsequestered through an adoption of

appropriate management practices, especially imprigcipitation regions. This study revealed
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that burned rice residues was the main factor aetémg the GHGI in this area. The
management practices, where the net GWP and GH(&l o, were no burned rice residues,
incorporation of manure and chemical fertilizer, agplication of only chemical fertilizer.
These were in line with the previous studies the residue open burning is widely practiced
in Thailand to remove residue and control weedstdaving time and costs (Garivait, 2005;
Suramaythangkoor and Gheewala, 2008; Gadde 2080).

Although this study have included the SOC contétdcal-scale data in the estimation
of GHGI which is usually limited data available doéigh uncertainties at the large-scale data
(Wang et al., 2015), the analysis focuses on eanisnly within the rice field which they are
not full lifecycle analysis. It should be conductadhe further research to improve the GHGI
assessment and realize the mitigation potentiateb\eer, accurate estimates are required for
the rate of SOC sequestration according to chamgeanagement practices. There are very
few long term trials in Thailand in which SOC hakeen monitored as a function of
management practices. Therefore, this is an ungeoéssary to obtain this type of data to

identify management practices with more potentiaitSOC sequestration.

6.3 Adaptation responsesto climate change
Various studies report a rice yield change and S@ climate variability.

Notwithstanding, the precise effect on yield isdzhen the temperature at a specific site in
relation to critical temperatures at different gtbwtages (De Datta 1981). As this study, rice
yield and SOC were evaluated the possible impactiofate change using local-scale data.
The climate change signal will impact the rice ¢iel positive way, which will make more
benefit for farmers, especially in rain-fed areBlsere are two main reasons to explain this
phenomena: i) Increasing amount of precipitatiaiuce the water stress factor by enhancing

the soil available water and nutrient from preapdn (i.e. NH, NGs), resulting rice yield
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increased, and ii) Increasing atmospheric conceotraof CQ leads to CQ fertilization
increase. Adams et al. (1990) reported a 10 to iB@%ease in dry matter with doubling of €0
in most species of crops when all other factorsaiarmonstant. Warrick et al. (1986) reported
that C3 crops (such as wheat, rice, and soybeanaisancrease of 10-50% in growth and yield
while C4 crops (such as maize and sugar cane) sanceease of 0-10% with the doubling of
COz concentration. Our result supports the adaptagfmion of beginning early planting in
June, as well as harvesting faster, because themaaxprecipitation period will shift from
July to June. It should also be noted that, in,faome autonomous adaptations will be
unavoidably made even if they are not planned ab&tihe, whereas the crop models usually
reach their results based on an assumption théathneng practices will remain unchanged.

On the other hand, higher temperature and pretgmtalead to higher OM
decomposition rates (Davidson et al., 2000; Reeih et al., 2003), which was consistent
with our finding. Vleeshouwers and Verhagen (20honstrated that the temperature of 1°C
increase generates 0.05 Mg Cthalin SOC stocks decrease. Comparing with well-aerated
soils, decomposition of OM occurs more slowly inogp aerated soils, where oxygen is
limiting or absent (Batidzirai et al., 2016). THiading was in line with our study that the
decreasing of SOC in rain-fed areas was higher ithigiated areas. Therefore, our finding do
support focusing on irrigation management becaus¢h® significance of irrigation in
buffering the impact of the dry spells and preaifin seasonality, and also enhance SOC
sequestration.

However, nutrient stress remains a mostly uncle&rih understanding how climate
change will affect crop yields, requiring betteteigration of management practices with crop
models to evaluate the crop response with mineralemt supply. It is likely that increasing
of temperature and precipitation will acceleratenynanicrobial processes in the soil, with

consequences for the C and N cycles, especialbshl |
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Chapter 7

Summary and Conclusion

Soil management practices that alter the SOC content is important for the sustainable
management to enhancericeyield with low GHGI. Especialy, sandy soilsare usually dominant
in tropical monsoon regions, due to the high weathering potential associated with high
temperatures and precipitation. Not only the pertinent management practices (i.e. combination
of manure, rice residues, and chemical fertilizers), but climate change and rising atmospheric
CO» can also effect on rice yield and SOC sequestration. Although the soils have the potential
to mitigate increasing CO concentrations through C sequestration, land misuse and soil
mismanagement have caused depletion of SOC. Therefore, the goal of this study isto examine
the influences of land management practices, and climate change attributes on rice yield and

SOC in Northeast Thailand.

To do so, we performed three specific objectives as following details. Firstly,
investigation the distribution of rice yield and SOC content under different land management
practices, and analyzesthe rel ationship between rice yield and SOC with pertinent management
practices (manure and fertilizer applications). Secondly, estimation the effect of land
management practices on net GWP and GHGI. Finally, evaluation the reliability of EPIC model
calibration and validation processes based on local scale data, and eval uate the possible impact

of climate change on rice yield and SOC sequestration.

7.1 Practices sustaining soil organic matter and riceyield

Rice yield and SOC content were investigated the distribution under different land

management practices, and analyzed the relationship between rice yield and SOC with
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pertinent management practices (manure and fertilizer applications). The meanriceyield of the
whole crop year and SOC were 2.93 Mg ha! and 47.09 Mg C ha?, respectively, in theirrigated
areas, and were 2.38 Mg ha! and 32.08 Mg C ha in the rain-fed areas. Significantly higher
values were obtained in the irrigated areas (p < 0.05). There was a significant positive
correlation between rice yield and SOC in both theirrigated areas (R? = 0.72, p < 0.01) and the
rain-fed areas (R? = 0.85, p < 0.01). In both irrigated and rain-fed areas, manure should be
applied every year, with an optimal application rate of N, P, and K fertilizers being selected.
The combination of manure, fertilizer, and increasing irrigation facilities the maintenance of

SOC levels and substantially increasesrice yields.

7.2 Practicesfor reducing greenhouse gas emissions from rice production

The effects of land management practices on GWP and GHGI from rice production in
Thailand were investigated. Of the 13 study sites where SOC was estimated by the Land
Development Department. Soil samples were collected in 2004 again in 2014 at these same
sites to estimate the SOCSR from 2004 to 2014. Surveys were conducted at each sampling site
to record the rice yield and management practices. The CO,, CHa4, and N2O emissions, net
GWP and GHGI associated with the management practices were calculated. Mean rice yield
and SOCSR were 3307 kg hal yrt and 1173 kg C ha yr?, respectively. The net GWP varied
across sites, from 819 to 5170 kg COzeq ha! yrt, with an average value of 3090 kg CO2eq ha:
L yrl, GHGI ranged from 0.31 to 1.68 kg CO2eq kg yield, with an average vaue of 0.97 kg
COzeq kgt yield. Our findings reveaed that the amount of potassium (potash, K20) fertilizer
application rate is the most significant factor explaining rice yield and SOCSR. The burning of
rice residues in the field was the main factor determining GHGI in this area. An effective way
to reduce GHG emissions and contribute to sustainable rice production for food security with

low GHGI and high productivity is avoiding the burning of rice residues.
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7.3 Using EPIC model to predict local scaleimpact of climate change on riceyield and soil

organic carbon sequestration

The EPIC model was calibrated using measured values of rice yield, SOC, and
management practice of 13 sitesin 2004. The validation process employed the measured values
of all sites (64 sites) over 5 years (2010-2014) for rice yield, and in 2014 for SOC and
management practice. Using the properly calibrated parameter values, simulation was
conducted two long-term periods (2015-2045 and 2045-2075) under A2 (medium high
emissions) and B2 (medium low emissions) scenarios, which proposed by Southeast Asia
START Regiona Centre, while baseline period (1986-2014) was from the Thai Meteorological
Department. The model performance of calibration reveaed that the rice yield simulation with
R? and Ens values of 0.64 and 0.61, respectively, while SOC was R? of 0.75, and Ens of 0.72.
The model validation demonstrates that the model satisfactorily confirmed the fairly good
impression of the visual evaluation of both rice yield (R? of 0.77, and Ens of 0.75) and SOC
(R? of 0.86, and Ens of 0.82). Higher averages of temperature and precipitation under A2
scenario in the study areawill increase rice yield higher than that of B2 scenario, especialy in
rain-fed areas. Conversely, climate change will cause the decreasing of SOC sequestration due
to arise in temperature and precipitation accel erate the SOC decomposition that may increase
nitrogen availability to the soil, leading to increase yield of rain-fed areas. Our study supports
the adaptation option of starting the early planting in June, and faster harvesting because the

maximum precipitation period will shift from July to June.
7.4 Conclusion

This study clearly showed strong correlation between rice yield and SOC, and the
management practices of manure, residue and fertilizer applications increased rice yield and

SOC. Burning residue was the main cause to increase GWP in rice paddy area. Increase of
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temperature and precipitation with climate change may increase rice yield, but may decrease
SOC. Increase of temperature and precipitation stimulates microbial activities increasing the
rate of SOC decomposition, and high amount of precipitation increases soil erosion reducing
SOC. Furthermore, sandy soil, which dominatesin this study area, is easy to decrease SOC due
to low clay content to protect the SOC from microbia decomposition. Therefore, management
practices of manure and residue applications, avoiding burning crop residues and balancing
nutrients by chemical fertilizer application will be more important for sustainable rice

production in Northeast Thailand.
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