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Chapter 1 

General introduction 

 

1.1 Background 

Climate change is an environmental concern worldwide and evidence is getting stronger 

that the global warming has been induced by the present human activities (IPCC, 2001). The 

major concerns that drive global climate changes include increasing concentrations of 

atmospheric carbon dioxide (CO2) and other greenhouse gases (GHGs) (Abao et al., 2000; 

IPCC, 2001; Li et al., 2005). Climate change threats agricultural production through higher and 

more variable temperatures, changes in precipitation patterns and increased occurrences of 

extreme events as droughts and flood (Nelson et al., 2009). However, soil organic carbon 

(SOC) has been recognized as an important component in the global carbon (C) cycling, 

particularly in the context of the climatic change (Van Camp et al., 2004), because it can be a 

source of CO2 and other GHGs or a sink by sequestering SOC. Thus, soil management methods 

which favor the maintenance of SOC, can be expected to influence the C storage pool (Lal et 

al., 1998), improving water capture and water use efficiency (Unger, 1990), nutrient cycling 

and retention, and GHG emissions (Doran and Parkin, 1994; Lal, 2003;  Dou et al., 2008). 

Rice cultivation usually depends on climate conditions, with both climate variability as 

well as climate change, which may affect rice yield (Easterling et al., 2007; Reidsma et al., 

2010). Temperature, CO2 concentration, rainfall and soil water availability can affect the 

processes related with the accumulation of dry matter such as leaf area expansion, respiration 

and photosynthesis, which can affect plant growth and crop yield (Olesen and Bindi, 2002). 

However, climate change impact may vary in different parts of the world, which depends on 

the climatic and soil conditions of each region. For example, Rosenzweig et al. (1993) predicted 

that crop production will decrease in the low-latitudes and increase in the mid-latitude and 
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high-latitude regions. Bachelet and Gray (1993) reported that the rice yield will decrease by 

increasing the mean daily temperature in Asian countries and may enable to expand the rice 

growing areas in northern China and Japan. Matthews et al. (1997) indicated that declines in 

rice yield were predicted under the Goddard Institute of Space Studies (GISS) and the United 

Kingdom Meteorological Office (UKMO) General Circulation Models for Thailand, 

Bangladesh, southern China and western India, while increases were predicted for Indonesia, 

Malaysia, and Taiwan and some parts of India and China. Vaghefi et al. (2013) point out that 

rising temperature could reduce the rice production grievously in the rice growing areas of 

Peninsular Malaysia. Moreover, land management practices are also extremely important that 

can improve crop yield and resistance to climate change impacts (Smith et al., 2008). The long-

term use of land for rice cultivation without improve soil quality, leading to the pertinent 

nutrient losses (e.g. nitrogen (N), phosphorus (P) and potassium (K)) through runoff and 

leaching with rainfall or irrigation exceeds and release to atmosphere as CO2  (Havlin et at., 

1999). Therefore, management practices that maintain soil C could be the most important way 

for restoring, maintaining, and improving soil quality. In doing so, the manure application or 

crop residues should be practiced where climate and water resources will support the 

implement (Karlen, 1993; Kaihura et al., 1999; Chivenge et al., 2007). The area of 35 million 

ha in Thailand have had a problem of soil and nutrient depletion (Ministry of Agriculture and 

Cooperatives (MAC) Thailand, 2015).  As about 16  million  ha  of  soil  in  Thailand  contained  

organic matter (OM)  lower  than 1.5%, especially soil in Northeastern Thailand. As the 

majority of agricultural land in Thailand is used for rice cultivation (Land Development 

Department (LDD) Thailand, 2011), most of paddy field’s soil in Thailand is assumed to have 

this problem. Apparently, rice straw burning is the most practice to eliminate for the next crop 

cultivation because of the ease and convenience of tillage to prepare for the next crop as well 

as releasing nutrients contained in the residue for the next crop (Gadde et al., 2009). Singh and 
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Singh (2001) also noted that burning causes a loss of nutrients and OM. There is not only the 

macro-nutrients contained in the rice straw, namely N, P and K, but the micro-nutrients also 

contained such as sulfur and silicon (Dobermann and Fairhurst, 2002). The continuous burning 

rice straw leads to reduce organic C (OC) and organic N, and soil aggregation (Malhi and 

Kutcher, 2007), water runoff, soil erosion (Biederbeck et al, 1980), and decreased the grain 

yields (Singh and Sidhu, 2014). The study by Dormaar et al. (1979) found that at long-term 

wheat growing areas, where straw is burnt showed a decrease in soil polysaccharides and in 

the percentage of water-stable aggregates, while NH4-N and available P were increased. 

Farmers have tried to compensate the nutrient depletion in soil by overusing chemical fertilizers 

in order to improve the yield of rice production. Therefore, mismanagement practices and 

climate change impacts are the issues being urgently investigated for sustaining land 

management practices.   

However, various strategies of land management are currently being developed to 

improve rice productivity as well as SOC sequestration, for example, water management (Tian 

et al., 2013), cultivation methods (Xu et al., 2011), fertilization management (Srinivasarao et 

al., 2012), rice straw (Liu et al., 2014), manure (Zhao et al., 2013). In addition, climate change 

and rising atmospheric CO2 might also effect on rice yield (Parry et al., 2004) and SOC (Lal, 

2004a). Even the soils have the potential to mitigate increasing CO2 concentrations through C 

sequestration, land misuse and soil mismanagement have caused depletion of SOC (Li and 

Zhang, 2007; Pan et al., 2009; Bhattacharyya et al., 2010; Li et al., 2010). In order to  estimate 

these effects in rice fields, the concept of net global warming potential (GWP) was proposed 

based on the radiative properties of CO2, methane (CH4) and nitrous oxides (N2O) emissions 

and SOC variations, expressed as kg CO2eq ha-1 yr-1 (Robertson and Grace, 2004). The 

agricultural practices can be related to GWP by estimating net GWP per ton of crop yield, 

which is referred to as greenhouse gas intensity (GHGI) (Mosier et al., 2006). Moreover, 
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computer simulation models of the soil, crop yield, and atmosphere system can make a valuable 

contribution to determine crop responses and predicting crop performance, and environmental 

impacts for different management practices.  Environmental Policy Integrated Climate (EPIC) 

model is a comprehensive agro-ecosystem model capable of simulating the growth of crops 

grown in complex rotations and management operations and can be used to simulate crop yield 

and SOC under diverse regional environment conditions, climate conditions, and management 

practices (Easterling et al.,  1996, Adejuwon, 2005; 2006, Williams, 1995; Williams et al., 

2006, Priya and Shibasaki, 2001, Tan and Shibasaki, 2003, Thomson et al., 2006, Wang and 

Li, 2010, Balkovič et al., 2011), which cover the basic output studied for this thesis research. 

There are no studies which have evaluated the ability of EPIC0509 to simulate field-scale 

variability of SOC, and no calibration and validation studies of EPIC0509 has been performed 

in Northeast Thailand. However, the previous studies (Xiong et al., 2008; Niu et al., 2009; 

Xiong et al., 2014) have conducted at large scales (basin, country or regional), which did not 

incorporate local heterogeneity such as local climate, soil properties, farmer management 

practices. Climate change impacts at different scales may influence at different severity. Local 

scale simulation is usually difficult because the precise data is rarely accessible and available. 

Therefore, there is a pressing need to improve the accuracy of the EPIC model simulation 

through the use of local specific data for model calibration and validation procedures. Our 

knowledge can contribute to understanding the consequences of long-term climate change, 

which is important for the agricultural policies and the choice of mitigation strategies. 

 

1.2 Research Objective 

The goal of this study is to examine the influences of land management practices, and 

climate change attributes on rice yield and SOC in Northeast Thailand. To achieve this goal, 

we performed three specific objectives as following details: 
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1) To investigate the distribution of rice yield and SOC content under different land 

management practices, and analyzes the relationship between rice yield and SOC with pertinent 

management practices (manure and fertilizer applications). 

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

3) To evaluate the reliability of EPIC model calibration and validation processes based 

on local scale data, and evaluate the possible impact of climate change on rice yield and SOC 

sequestration. 

 

1.3 Structure of dissertation 

The present dissertation entitled “Management practices and climate change 

influencing on rice yield and SOC in Northeast Thailand” concerns with the investigation of 

farmers’ actual management practices and assessment of climate change impacts on rice yield 

and SOC. There are seven chapters in this dissertation. General introduction and objectives are 

mentioned in chapter one. The second chapter discusses the literature reviews and relevance of 

the study. The practices sustaining soil organic matter and rice yield under different land 

management practices are detailed in the third chapter. The fourth chapter provides the result 

of the effects of land management practices on GWP and GHGI from rice production. Using 

EPIC model to predict local scale impact of climate change on rice yield and soil organic carbon 

sequestration in tropical monsoon area is presented in the fifth chapter. Chapter sixth is for 

general discussion. Finally, the dissertation conclusion and recommendations are provided in 

the last chapter.  
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Chapter 2  

Literature review 

 

Greenhouse gases (GHGs) such as carbon dioxide (CO2), methane (CH4) and nitrous 

oxides (N2O) and chlorofluorocarbons (CFCs) were absorbed the thermal radiation by the 

earth‘s surface which, could lead to the changing of climate. Among these GHGs, CO2 is a 

major cause and responsible for more than half the radiative forces rerated with the global 

climate change (Watson et al., 2000). According to IPCC (2001), the average surface 

temperature is forecasted to increase by 1.4 °C to 5.8 °C in the year 2100. 

2.1 Climate change and global warming 

2.1.1 Climate variability    

Climate variability is temporal variations in the mean condition of the climate 

parameters. Such variability can be attributed to intrinsic properties of the system itself or 

external factors. However, changes in climate variability and severe climate events have 

recently caught more and more attention (IPCC, 2001). Climate variability and occurrences 

of severe climate events have become a major concern, particularly in Asia where agricultural 

sector has suffered consequences of severe climate events such as droughts and floods, as 

well as annual rises of temperature that results in substantial economic loss (Shukla et al., 

2003). According to the IPCC report (AR4) on the climate trend across seven sub-regions in 

Asia, surface temperature conditionings are more pronounced during winter than summer. In 

North Asia, the range of temperature increase is less than +1 oC and up to +3 oC per 100 

years. Apart from the growing number of rainy days and the greater amount of annual 

precipitation, the longer heat waves have widely occurred in Asia as well, causing disasters 

such as floods, landslides, and mud flows (IPCC, 2007).  
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2.1.2 Climate change scenarios  

Climate change scenarios are based on different models and assumptions, which leads 

to different estimations of temperature and precipitation changes. In estimating the impact of 

climate change in the future, we need to understand the concept of atmospheric GHG 

concentrations to which climates are sensitive. According to IPCC Special Report on 

Emission Scenarios (SRES), there are four storylines: A1, A2, B1 and B2, each of which is 

characterized by its own set of values representing different developments in social, 

economic, environmental, technological and demographic dimensions. A key source of input 

to the climate model developed to predict future climate change is concentration scenarios 

simulated based on emission scenarios (IPCC, 2007). Table 2-1 outlines the four storylines 

by their economic-environmental priorities and global-regional development. The global 

projections in temperature change, atmospheric CO2 concentration and sea level rise were 

given in Table 2-2. 

Table 2-1 The characteristics of the SRES storylines (adapted from IPCC, 2007; Akarsh, 

2013) 

 ECONOMIC  

G
LO

B
A

L 

A1 storyline 
World : market oriented 
Economy: fast per capita growth 
Population: 2050 peak, then decline 
Governance: strong regional 
interaction; income convergence 
Technology: three scenario groups: 

 A1F1:  fossil intensive 
 A1T: non-fossil energy sources 
 A1B: balance across all sources. 

A2 storyline 
World : differentiated 
Economy: regional oriented; lowest 
per capital growth 
Population: continuously increasing 
Governance: self-reliance with 
preservation of local identities 
Technology: slowest and most 
fragmented development 

R
E

G
IO

N
A

L 

B1 storyline 
World : convergent 
Economy: service and information 
base; lower growth than A1 
Population: 2050 peak, then decline 

B2 storyline 
World : local solutions 
Economy: intermediate growth 
Population: continuously increasing at 
lower rate than A2 
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Governance: global solutions to 
economic, social and environmental 
sustainability 
Technology: clean and resource 
efficient 

Governance: local and regional 
solutions to environmental protection 
and social equity 
Technology: more rapid than A2; less 
rapid, more diverse than A1/B1 

 ENVIRONMENTAL  

 

Table 2-2 Global projections in temperature change, atmospheric CO2 concentration and sea 

level rise (Akarsh, 2013) 

 

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

2.2 Soil organic carbon 

 Soil organic carbon (SOC) is a rich source of C in the biosphere. As a measure of soil 

organic matter (SOM), SOC is produced by a variety of sources ranging the leaf litter, 

branches or roots of plants, and manure, to the small proportion of living microbial organisms 

(Kögel-Knabner, 2002). These organisms’ activities – particularly the decomposition of plant 

residues –result in C being brought deeper down into the soil profile. Normally, C is returned 

to the atmosphere as CO2 when the majority of organic matter (OM) goes through rapid 

decomposition in upper soil layers (Nowak et al., 2015). This process in which microbial 

organisms, roots, and soil fauna contribute to the release of C back to the atmosphere is called 

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

Scenario 

Temperature 

change(a) 

(ºC) 

Atmospheric CO2 concentration(b) 

(ppmv) 
Sea Level 

Rise(c) (cm) 
1990s 2020s 2050s 

A1F1 2.4-6.4 358 432 590 26-59 

A1T 1.4-3.8 - - - 20-45 

A1B 1.7-4.4 - - - 21-48 

A2 2.0-5.4 358 432 549 23-51 

B1 1.1-2.9 358 421 492 18-38 

B2 1.4-3.8 358 422 488 20-43 
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 The OM that remains from early decomposition slowly goes through a process called 

humification which finally turns it into a set of humic substances with chemical stability and 

resistance to any subsequent breakdown (Lehmann and Kleber, 2015). However, it should be 

noted that only a small part of the C input will eventually turn into humus, and as this process 

usually takes thousands of years to complete (Parton et al., 1993). As processed SOM and 

organic material are different in mean residence time, they become parts of different pools. 

Organic materials, including plant residues and rapidly decomposing debris, with a mean 

residence time of years to decades belong to the labile C pool while, in contrast, processed 

SOM with a much longer mean residence time of hundreds to thousands of years belongs to 

the long-term storage called recalcitrant C pool (Knicker and Hatcher, 1997; Jastrow et al., 

2007). It is estimated that, as for the long-term pool, the rate of humification ranges from 0.2 

to 12 g C m-2 per year (in ecosystem types: Tundra, Boreal forest, Temperate forest, Tropical 

forest, Temperate grassland, and Temperate desert) and the rate of C accumulation stands at 

~0.4 × 1015 g C yr−1 (Schlesinger, 1990).  

SOC usually makes a substantial part of the total soil mass, with an exception of 

agricultural soils that usually has less than 5% SOC. Its proportion decreases as the soil depth 

increases. According to Capon et al. (2010), the amount of SOC, as a total measure over soil 

depths, is reportedly estimated from about 10 t C ha-1 to about 160 t C ha-1 in the top 30 cm of 

soil in undisturbed lands (Valzano et al., 2005; Roxburgh et al., 2006; Wynn et al., 2006) and 

sometimes up to 250 t C ha-1 in the case of rich soil in undisturbed lands (Webb, 2002). As it 

has been estimated, globally there are about 1400 Gt of SOC, about double the quantity of 

CO2 in the atmosphere (Falloon et al., 2006; Lal, 2007). As a major determinant of soil 

biological activity, SOM can help shape both soil chemical and physical properties to a 

significant extent (Robert, 2001). As the SOM increases, soil structure aggregation and 

stability, infiltration rate, resistance to erosion as well as water retention, will improve (Bot 
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and Benites, 2005). The amount of SOM is partly dependent on geographical variations. Such 

processes may also include inputs from plant residues, nutrient flows, as well as fauna, and 

factors that play a part in determining the amount of SOM include its accumulation and the 

decomposition rate.   

2.3 Sustainable management practice  

Agriculture is part of the solution and opportunity to reduce emissions through C 

sequestration, soil and land use management, and biomass production. Climate change 

becomes threats to agricultural production as temperatures get higher and more varied, 

precipitation patterns alter and severe disasters such as droughts and floods become more 

frequent (Baharuddin, 2007; Nelson and Thompson, 2009). Soil fertility management is an 

agricultural practice adapted to maximize efficiency of nutrient and water use and to reach 

enhanced agricultural productivity (Bationo, et al., 1998; Vanlauwe et al., 2015). Several 

management strategies suggest the combined use of mineral fertilizers, locally available soil 

amendments and OM to replenish lost soil nutrients. These practices, as a result, can improve 

the soil health through integrated management of soil fertility, which can be implemented 

through the combined use of fertilizer and organic inputs, together with appropriate 

techniques (Bogota, 1985; Olk et al., 1999; Lee, 2005; Vanlauwe, 2009).  

2.3.1 Effects of chemical fertilizer and manure application on soil properties, 

crop yields and SOC  

Several studies pointed out that when nitrogen (N), phosphorus (P) and potassium (K) 

fertilizer was used together with inorganic fertilizer, the crop yield and soil fertility 

significantly increased (Subbiah and Kumaraswamy, 2000; Dixit and Gupta, 2000; Babu et 

al., 2001). Verma and Sharma (2008) reported that the long term use of chemical fertilizer 

alone deteriorated whereas the application of N, P and K at recommended rates and organic 

amendment improved soil physical properties over control of no fertilizer application. Singh 
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et al. (2001), Silva et al. (2005) and Khan et al. (2007) observed that the combined 

application of N, P and K and organic manures significantly increased the straw yields of rice 

crop. The results also noted that organic manures especially green manure and farm yard 

manure led to an increase in both rice and wheat yields. The addition of organic amendments 

into the soil can increase OM content, CEC, total N, exchangeable K, available P and S and 

improved soil structure and increased rice yield (Zaman et al., 2000; Shukla et al., 1998; 

Swarup and Singh, 1994). In addition, Dou et al. (1994) concluded that the application of pig 

manure, rice straw and chemical N fertilizer increased soil porosity, microstructural 

coefficient, reactivities of organic C and N contents of the paddy soil. Maeda and Hirai 

(2002) conducted a field experiment with rice from 1991 to 2000 in Japan and found that 

continuous application of farmyard manure increased the pH, available P content, and the 

uptake of P and K by the plants.  

2.3.2 Effects of rice straw on soil properties, crop yields and SOC 

Removing crop residue from the field or on-field burning may leave some negative 

impact on the crop, soil and air. Rice straw is among the organic materials that have the 

potential to be recycled to restore SOM and improve soil properties. Several studies reported 

that conventional agriculture has preferred leaving the entire crop residue in the soil without 

tillage (Smith et al., 1998; West and Post, 2002). The lack of rice residues in soils can cause 

extremely low SOM and brings negative effects to soil health as it immobilizes soil N and 

inhibits the plant growth (Williams et al., 1968; Yoneyama and Yoshida (1976a; b); Rao and 

Mikkelsen, 1976; Nagarajah et al., 1989; Trinsoutrot et al., 2000).  

SOC is the most indicative factor of soil C sinks. The amount of SOC could be 

enlarged through the application of organic fertilizers from composting along with GHGs 

mitigation (Rice and Reed, 2007; Kane, 2015; Yang et al., 2015). Reportedly, the use of such 

fertilizers leads to enhanced soil quality as SOM is improved and agricultural sustainability is 
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promoted (Liu et al. 2006). On the other hand, it has been reported that a decrease in either 

SOM or SOC concentrations will result in lower productivity as the soil health declines and 

nutrient cycling mechanisms are interrupted (Farquharson et al., 2003; Loveland and Webb, 

2003). It has also been found that constant use of chemical fertilizers and/or monoculture of 

crops may result in a small amount of additional SOC (Gregorich et al. 2001; Sarno et al. 

2004), while SOM can be enhanced over time through continuous use of organic additions as 

it brings C fractions to the soil (Blair and Crocker, 2000; Witt et al. 2000). In the long run, 

the combined application of organic manures together with NPK fertilizers will lead to a 

remarkable increase of SOC as well as soil N (Reddy et al. 2003). Hence, one of the most 

efficient ways to revive agricultural soils is to put crop residues back as composting, which 

primarily brings nutrients back to the soils along with other benefits.   

2.4 Influences of climate variability on rice growth and yield   

2.4.1 The role of climate for rice growth and yield  

In general, as plant characteristics are often adapted to the climatic conditions of 

plants’ growing areas, climatic and weather conditions are the deciding factors for yield 

formation and plant growth. Climate, as a result, is the primary indicator of what plants could 

be grown in a specific area as it determines temperatures during days and nights, as well as 

the amount of precipitation and how it is distributed seasonally. Thus, the period of growing 

season is based on the evapotranspiration and amount of rainfall, which are included ground 

water availability, and the shortage and distribution of soil water (Jin et al., 1999; Wild, 

2003). Climate imposes direct influences on the physiological processes of plant growth and 

development. Furthermore, climate also defines crop pests, diseases, and grain yields, thereby 

becoming one of the most important issues to be concerned when it comes to food security 

(Ziska et al., 2011; Lobell and Gourdji, 2012). To understand climate variability needs to 

understand the main factors of climate such as rainfall, solar radiation, temperature and 
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relative humidity. A major concern of the world, thus, mainly involves climate variability and 

occurrences of severe disasters. Following is a strong need to quantify the growth and yield 

responses of important crops and to identify suitable land use options to sustain agricultural 

productivity under such a vast range of climate variations (Shukla et al., 2003; FAO, 2008). 

Rice yields can be directly affected by climate change as temperatures and the amount of CO2 

change. In addition, indirect effects can be imposed by other factors such as irrigation water 

accessibility, pests and diseases, soil fertility and erosion (Sinha and Swaminathan, 1991; 

Khan et al. 2009).   

2.4.2 Climate change scenarios and their impact on rice growth and yield 

Climate change has become a key concern due to the challenges it poses on rice 

production such as water shortage and other factors that limit growing capacity (Kang et al., 

2009; Karn, 2014; Mancosu et al., 2015). Various crop models and climate change scenarios 

are taken into account in Asia to evaluate the impact of climate change on rice production 

(Ainsworth and Long, 2005; Lee et al., 2012; Kim et al., 2013). The SRESs cover a wide 

range of CO2, other greenhouse gases, and sulfur emissions. It is predicted that, based on 

various GCMs, the rise of global mean temperatures over the period from 1900 to 2100 will 

range from 1.4 to 5.8 oC while larger uncertainties have been observed by the models that 

examined climate changes at regional levels. As a result, future research related to global 

climate change must be able to handle the uncertainties from various sources such as GCMs, 

emission scenarios, and impact models (Torvanger et al., 2001; Pittock et al., 2001; Challinor 

et al., 2005; IPCC-TGICA, 2007; Giorgi, 2010).  

Based on four scenarios prediction, temperatures in the 21st century are projected to 

increase due to a continuous rise of CO2 emissions. The projections highlight the fact that 

natural physical and biological systems, such as plant and hydrology, are responsive to the 

increasing CO2 emissions (IPCC, 2007). For example, warmer temperatures are associated 
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with the elevated CO2 increases in sea surface temperatures, resulting in more frequent 

rainfall and more water available for plants. Meanwhile, plants alter their responsive 

functions due to elevated CO2 concentrations. Plants could gain either an advantage or 

disadvantage from such changes in climate conditions. Air temperature and precipitation are 

considered two major climatic variables that are important factors controlling for all crop 

production. Adejuwon (2006), Kang et al. (2009) and Ray et al. (2015) dedicated their works 

on the interaction of individual climatic variables on crop productivity. The findings suggest 

that higher temperature and fluctuated rainfall can generally decrease and increase crop 

yields. In addition to the effect of changes in temperature and precipitation on plant, the 

rising atmospheric CO2 concentration is also a factor that directly affects crop development 

and productivity. According to Erda et al. (2005) and Attavanich and McCarl (2011), the 

rising CO2 fertilization effect associated with higher temperature is known to stimulate 

photosynthetic systems. Therefore, under optimum climate conditions crops including rice, 

wheat, and sorghum gain benefit from the CO2 fertilization effect (Richards, 2000; Parry et 

al. 2004; Erda et al., 2005; Motha and Baier, 2005; McGrath and Lobell, 2013; Degener, 

2015; Grossi et al. 2015).  

 

2.5 Influences of climate change on SOC 

 There is a direct relationship between global warming and the functioning of the 

global C cycle because increases in concentrations of atmospheric CO2 and CH4 are related to 

global warming through the anthropogenic enhancement of the greenhouse effect (Hermle et 

al., 2008). To put it simply, the decomposition of SOM is more responsive to temperature 

change than to NPP (Wamelink et al., 2009). Therefore, rising temperatures tend to result in a 

net release of C from soil to the atmosphere since SOM decomposition has been more 

affected than NPP. This is likely to result in a positive feedback mechanism in which the 
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transfer of soil C elevates atmospheric CO2 concentrations that, in turn, can result in 

increased surface temperatures and thus in more loss of soil C through increased 

decomposition rates (Cox et al., 2000). This positive feedback, however, may also have a 

potential inhibitor. Greater soil N availability may be stimulated by the accelerated 

decomposition, resulting in higher NPP. This may lead to a potential rise in C inputs into the 

soil as a result of litter fall and rhizodeposition, which can, in turn, rather counterbalance the 

elevated loss of soil C (Bhattacharya et al., 2000; Davidson and Janssens, 2006).  

The soil C can significantly be affected by climate change due to the fact that 

variations in temperature, rainfall and CO2 concentration can impose some influence on the 

transformations of soil C stocks, the soil C decomposition, and the C inputs to soil (Melillo  

et  al.,  2002;  Jones  et  al.,  2005;  Farage  et  al.,  2007). Many researchers share the same 

vision that global warming can result in a rise of soil respiration, leading to increasing CO2 

release that can aggravate the global warming (Hermle et al., 2008). Nevertheless, at the 

moment, researchers cannot reach an agreement on issues such as how climate change affects 

soil C dynamics and what feedbacks are given back to the climate. For example, it is reported 

that the soil C sequestration rate and the soil C content are likely to expand as the temperature 

and precipitation increase (Knorr et al., 2005; Thomson et al., 2006). Research findings have 

also shown that at higher temperature and precipitation the organic material decomposition 

and the losses from soil have risen (Curtin et al., 2011). Alvarez and Alvarez (2001) and 

Grace et al. (2006) found that the SOC diminishes as temperature and precipitation rise. In 

contrast, Andersson and Nilsson (2001) concluded that at higher temperature and 

precipitation, the cumulative dissolved organic C (DOC) in the humus layer is likely to rise as 

well. Meanwhile, temperature is considered as a primary factor on DOC leaching (Solomon 

et al., 2009), whereas Cox et al. (2011) reported that in their study temperature did not affect 

the DOC production. In a meta-study conducted by Rustad et al. (2001), a wide range of 
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studies on experimental ecosystem warming and gradient were examined, revealing that the 

net N mineralization rate and the nitrification rate of the upper organic soil horizon 

contributed significantly to the increased warming.    

As it has been hypothesized, global warming may cause a drop of soil C in the short 

run, but in the long run, such soil C losses can potentially be compensated by the rise in C 

input to the soil and through the chemical and physical reactions that can lead to the 

stabilization of soil C (Vleeshouwers and Verhagen, 2002). Reportedly, future climate 

warming and drying as a result of a decrease in rainfall and heat stress on crops will lead to a 

reduction in the productivity and organic C inputs, while higher temperatures will accelerate 

the SOC decomposition (Johnston et al., 2009).    

It has been suggested that in the next 50 years higher temperatures and CO2 can cause 

the saturation response in the terrestrial sinks, which according to researchers means a faster 

accumulation of atmospheric CO2 than it is now (Canadell et al., 2007).  A warmer and drier 

climate will also make the SOC environmental equilibrium decline (Uvarov et al., 2006). 

Particularly in areas with lower rainfall levels, it is anticipated that a drier climate will affect 

heavier soil types more than other types, followed by years of poorer production and a fall in 

the plant residue C inputs (Vleeshouwers and Verhagen, 2002).  

In temperate regions, the SOC pool is high, in contrast to dry regions. The 

concentration reaches its maximum level in organic or peat soils where is it extremely high. 

The SOC concentration can vary greatly from one ecoregion to another and has been 

observed to be lower in warm and dry than in cool and moist regions. Thus, the total soil C 

concentration is four times the biotic concentration and approximately three times the 

atmospheric pool (IPCC, 2001; 2007). Precipitation also plays a vital part in determining the 

amount of OM in soil. Every change in rainfall regimes can potentially influence the SOC 
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storage, and such changes are, for example, shifts in rainfall timing and variability, as well as 

intensity (Zhang, 2005; IPCC, 2007).    

Soils in ecosystems with higher levels of precipitation are capable of storing higher 

levels of C (Jones et al., 2005).  An increase in mean annual rainfall can influence the soil 

properties and soil degradation (Davidson and Janssens, 2006; Johnston et al., 2009). For 

example, in desert ecosystems, processes that control SOC are highly dependent on the 

seasonal availability of soil moisture and clearly sensitive to rainfall. Cold deserts, in 

particular, receive low levels of rainfall and snow falling predominantly during the winter and 

early spring when soils are cold. This seasonal climate regime results in low rates of C-

cycling in winter and high rates of cycling in spring before soils become too dry in the 

summer (Jones et al., 2005; Aanderud et al., 2010).  

Factors such as latitude, altitude, aspect and other environmental factors can affect the 

quantity of OM in soils due to the relationship between temperature and these factors 

(Jansson et al., 2008; Solomon et al., 2009). As latitude decreases, which means as one 

moves away from the equator, soils usually store more C due to the fact that dead plants 

decay at a lower rate in colder areas. Due to climate change, when high-latitude soils become 

warmer and wet soils become drier, these soils will likely release more CO2 to the atmosphere 

that, in turn, leads to a large positive feedback to the initial warming. Such a process must be 

in progress at the moment in the peatlands of the North Pole. It has been estimated that as 

temperatures increase, 11 to 34 Gt of C per degree of warming globally will be lost from 

soils. The response is expected to be only 5 to 17 Gt since an increase in temperatures usually 

accelerates the decomposition process, which, in turn, releases nutrients necessary for plant 

growth. A rise in plant growth will consequently raise 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 was to measure the impact of erosion 

on agricultural productivity (Williams et al., 1984). Originally, EPIC stood for the Erosion 

Productivity Impact Calculator, as it was initially designed to estimate erosion impacts on 

crop productivity (Williams, 1990). Evolution of the model, with incorporation of functions 

to simulate environmental processes related to water quality and SOC sequestration, merited 

its name change to the Environmental Policy Integrated Climate model. Prior to the 

modification to add the ability to make integrated environmental impact assessments, the 

model was originally developed to measure effects of erosion on crop biomass and soils 

(Putnam et al., 1988). The modified model is now capable of assessing environmental factors 

in agriculture (Williams, 1995) and simulating a variety of crops and tillage operations, as 

well N, P, and C cycling (Izaurralde et al., 2001; 2006), hydrological balances, wind and 

water erosion or leaching, and soil density changes. The modification also enabled the model 

to measure what effects that are caused by the changes in CO2 are imposed on the plant 

growth (Stockle et al., 1992) and to simulate the biophysical impacts on agro-ecosystem 

functions (Brown and Rosenberg 1999). The EPIC model processes include weather, 

hydrology, erosion, nutrient cycling, C cycling, pesticide fate, soil temperatures, crop growth 

and tillage/management operations (Rinaldi, 2001) as shown in Figure 2-1. EPIC model has 

been used in experimental applications and was calibrated and validated for several field 

crops and has been used to investigate long-term consequences of climate change coupled 

model and future climate scenarios (Tubiello et al., 2000).  

The EPIC model version EPIC0509 and interface (i_EPIC) has been used in this study 

analysis. An interface called i_EPIC is used to manage the multiple EPIC runs which are 

necessary for calibration. i_EPIC was developed and is maintained by Iowa State University. 

In order to increase the transparency of input, i_EPIC uses Microsoft Access databases as its 
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input files rather than the more cryptic text-based input files used directly by EPIC. When 

input modifications are required, these databases can easily be opened and edited, then 

reloaded into i_EPIC. i_EPIC generates the text-based input files required by EPIC, and then 

translates EPIC’s output into preformatted output tables in the same Microsoft Access 

database (Johansson et al., 2007). More information on EPIC can be finding at 

http://epicapex.brc.tamus.edu. The current EPIC community code can be downloaded from 

http://www.public.iastate. edu/~tdc/i_epic_main.html. 
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Figure 2-1 General schematic of the key processing steps required of the i-EPIC model  

Source: modified from USDA (2006) 

 

 

 



21 
 

2.6.1 Crop growth model   

EPIC model can simulate growth of both annual and perennial crops based on a single 

crop growth model. As for annual crop growth, the observation starts from the planting date 

until harvest date or until the accumulated heat unit reaches the predetermined potential heat 

unit. The model takes into account both crop growth constrains and stress factors, which 

undermine the plant growth, with the stress factor value ranging from 0 to 1 and records 

being made on temperature, amount of water, nutrient and aeration stresses for further 

adjustment of biomass accumulation (Sharpley and Wiliams, 1990).  

The phonological development of the crop is based on daily heat unit accumulation 

and a Heat Unit Index value (HUI) is computed from 0 at planting to 1 at maturity (Sharpley 

and Wiliams, 1990). 

��� =
���,� + ��
,�

2 − �,�			; 			��� ≥ 0																																																																								(1) 

���� =
∑ �������
���� 																																																																																																																		(2) 

where HU, ��� and ��
 are the values of heat unit, maximum temperature and minimum 

temperature in °C on day k. � and PHU are base temperature and Potential heat units require 

for crop j. 

Crop yield is calculated as the amount of crop removed from the field and simulated 

as a function of above ground biomass accumulates at the end of crop growth and harvest 

index (Sharpley and Wiliams, 1990).  

���� = ��� �! × (#$%)�																																																																																																																							(3) 

where �� � is the harvest index and #$% is the above ground biomass in t ha-1 for crop j. 

 The potential daily increase in biomass is estimated as follows (Sharpley and 

Wiliams, 1990), 

∆#(,� = 0.001 × (#*)� × (� +)�																																																																																									(4) 
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where ∆#(,� is the daily potential increase in biomass in t ha-1 for crop j, (#*)� is the crop 

parameter for converting energy to biomass in kg ha-1 MJ-1 m-2 and (� +)� is the intercepted 

photosynthetic active radiation in MJ m-2 derived using Beer’s law equation. In order to 

incorporate the effect changing atmospheric CO2 and vapor pressure deficit, BE value is 

adjusted as follows (Sharpley and Wiliams, 1990).    

#*∗ = (100 × ./0)
(./0 + exp	(45� − 450(./0))																																																																															(5) 

#* = #*∗ − 457 × (8�� − 1)											8�� > 0.5																																																												(6)  
where CO2 is the atmospheric CO2 level in ppm, VPD is the vapor pressure deficit in kPa and 

45�,	450 and 457 are the crop specific parameters. 

� +� = 0.5 × (+ )� × ;1 − exp(−0.65 × � ��)<																																																											(7)  
where (+ )� is the solar radiation in MJ m-2 and � �� is the leaf area index in ith day of the 

year. The constant 0.65 is the extinction coefficient. 

� �� = � ��>� + ∆LAI        (8) 

∆LAI = (∆HUF) × � ��� ×[1 – exp((5 × (� ��>� - � ���))]    (9) 

��?� = @ABC
@ABCDE�(	;FGC,H>(FGC,I)×(@ABC)	       (10) 

where HUF is the heat unit factor, ahj,1 and ahj,2 are parameters of crop j. Subscript mx is the 

maximum value, and ∆ is the daily change. 

For stressed conditions, harvest index is a function of heat unit index and water stress 

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

�� = (�� � − �� J) K LMC
LMCDE�((6.13>0.0883LMC)N + �� J    (11) 

OP� =
Q RC,		S

T
SUH
VWC          (12) 
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where �� � is the harvest index adjusted by heat unit factor on day i, �� J is the minimum 

harvest index, OP� is the water stress factor on day i, X�,  Y is the water use in layer l, and *Z� 

is the potential plant water evaporation rate on day i.  

�� � = ��� K @ABC
@ABCDE�((11.1>10@ABC�N       (13)  

where ��� is the potential harvest index for crop j, and ���� is the heat unit index on day i. 

There are five environmental stresses (water, temperature, nutrients (N and P) and 

aeration) in EPIC model. The estimates (stress factors) range from 0.0 (the most severe) to 

1.0, and the stresses affect plants in several ways (Williams, 1995; Easterling et al., 1998; Liu 

et al., 2014). 

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

equation: 

OP� = Q RC,  S
T
SUHVWC          (14) 

*Z = V[\$B
7 ,   0 ≤ � � ≤ 3.0        (15) 

*Z =  *J,   � � > 3.0         (16)  

 

where OP� is the water stress factor, X�,  Y is the water use in layer l, and *Z� is the potential 

plant water evaporation rate on day i, Ep is computed from E0 and LAI. *J is the potential 

evaporation, and LAI is the leaf area index. 

Temperature Stress: The plant temperature stress factor is estimated with the equation: 

�P� = ^_` ab
0  c de> dfg

dhg> dfgij        (17) 

where TS is the plant temperature stress factor, TG is the soil surface temperature (oC), 

Tb is the base temperature for crop j, and To is the optimal temperature for crop j. 
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Nutrient Stress: The N and P stress factors are based on the ratio of accumulated plant N 

and P to the optimal values. The stress factors vary nonlinearly from 1.0 at optimal N and P 

levels to 0. For N, the scaling equation is  

kPM,� = 2 c1 −  ∑ AlmCmUH(nop�C (q�Ci        (18) 

where NSS is a scaling factor for the N stress factor, UN is the crop N uptake rate on day k (kg 

ha-1d-1), 5lq is the optimal N concentration of the crop on day i, and B is the accumulated 

biomass (t ha-1). 

The N stress factor is computed with the equation: 

kP� = 1 − lMr,C
lMr,CDE� ((7.7s>�J.s7×lMr,C!       (19) 

where NS is the N stress factor for day i. The P stress factor, PS, is computed with above 

equations written in P terms. 

Aeration Stress: When soil water content approaches saturation, plants may suffer from 

aeration stress. The water content of the top 1 m of soil is considered in estimating the degree 

of stress: 

P � = ML�
Zt� − . ?�         (20) 

 P� = 1 − M$d
M$dDE� ((>�.0s�>uv.�×M$d� ,   P � >  0     (21) 

where SAT is the saturation factor, SWl is the water content of the top 1 m of soil (mm), POl 

is the porosity of the top 1 m of soil (mm), CAF is the critical aeration factor for crop j (~0.85 

for many crops), and AS is the aeration stress factor. 

2.6.2 Carbon flows in EPIC model 

SOC is further grouped into various pools with unique characteristics and 

decomposition rates following first-order kinetics, followed by the transfer of C from animal 

manures and crop residues into different pools with varied levels of stability. The advantage 



25 
 

of the models whose structures are multi-compartmental lies with the fact that they provide 

flexibility and the ability to accommodate control variables. Below is the fundamental 

equation of C flux between pools (Polyakov and Lal, 2004): 

      (22) 

 

where Csoil is the concentration of organic C in soil; t is the time; k is the first-order 

decomposition coefficient; m and p are the correction factors for soil temperature and 

moisture, respectively, h is the additional rate (independent of decomposition rate), such as 

erosion, deposition or net primary production. 

The Century model (Parton et al., 1987; 1994) is capable of simulating SOM across a 

wide range of climatic conditions and land usages (Kelly et al., 1997). In the model, SOC is 

classified into three pools based on the mineralization and turnover rates. Accounting for 

around 5-15% of the total SOC, the first is labile pool which represents microbial and fungal 

biomass, and compounds that can easily break down into minerals, with a turnover rate of 

months to years. Accounting for 20-40% of the total SOC, the second is a slower pool with a 

turnover rate of several decades, representing recently added residues. Accounting for the 

remaining 60-70% of the total SOC, the third pool is a stable or long-term storage with a 

turnover rate of hundreds to thousands of years. 

EPIC simulates dynamic C processes using C routines conceptually similar to those in 

the Century model (Izaurralde et al., 2001; 2006). Carbon processes are coupled to the 

hydrology, erosion, soil temperature, plant growth, nutrient cycling, and tillage components. 

In Figure 2-2, we can see that plants gather and package energy from the sun through 

photosynthesis, the process in which light energy is trapped and turned into chemical energy 

by plants. Through photosynthesis, plants take in CO2 from the atmosphere and water from 

the soil, split off the oxygen atom from water, release oxygen gas back to the atmosphere, 
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and combine the C atom with other C atoms and minerals, including N and phosphorus, to 

produce plant tissue and crop yield. After the crop is harvested, part of the plant is usually 

taken away from the field. Other plant material on the surface remains in the field as crop 

residue, which includes plant stems, leaves, and roots. Over time the plant material 

decomposes. Some molecules, those most readily decomposable, are quickly incorporated 

into microorganisms and other soil biota that use them as an energy source. Other plant 

materials, made of less easily decomposed materials such as lignin, become structural or 

metabolic litter. The organic material is broken down into any of three major pools: active 

pool (microbial biomass), slow pool (slowly decomposable humus), and passive pool (hardly 

decomposable humus) depending on its inherent decomposition rate as estimated by the 

lignin composition (Parton et al., 1993). Inputs from fertilizer application, precipitation and 

irrigation water are included in the N budget. Daily N fixation from plant is estimated as a 

fraction of daily plant uptake. Nitrogen is absorbed by plants, removed in harvested crops, 

and is dissolved in water or attached to particles that leave the field. EPIC simulates the 

transformation of NH4+ to NO3
− through nitrification. Nitrate undergoes denitrification to 

produce N2 and N2O, and organic N undergoes mineralization (Cooter et al., 2012). However, 

C and N can also be lost in the form of leachates, eroded sediments or CO2 emission.  
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Figure 2-2 Biogeochemical components of the C and N budgets in EPIC (Cooter et al., 2012) 

 

EPIC represents these factors using transformation rate controls exerted by the soil 

temperature and soil water equations. Tillage and other management operations are simulated 

to represent effects on decomposition rates. SOC is simulated by functions that convert crop 

residues, roots and organic amendments added to the soil. In Figure 2-3, the total C pool for 

C estimations in the soil consists of five compartments: structural litter, metabolic litter, 

microbial biomass, slow humus, and passive humus. Parton et al. (1987; 1993 and 1994) and 

Izaurralde et al. (2006) described the original Century model and the new C and N modules 

developed in EPIC as built on concepts from the Century model to connect the simulation of 

soil C dynamics to crop management, tillage methods, and erosion processes. The surface 

microbial pool turnover rate is independent of soil texture, while soil texture influences the 

turnover of active SOM (higher rates for sandy-soils) (as shown in Figure 2-3). The model 

assumes a 60% loss of C due to microbial respiration for surface microbes and 55% for all 

other layers. Allocation of C from lignin of structural litter to CO2 is set at 0.3 while the rest 
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is partitioned into slowly decomposable humus. In each of the processes, there are moisture 

and temperature controls on soil biological processes.  

 

Figure 2-3 Carbon flows in EPIC. XW and XT refer to moisture and temperature control on 

soil biological processes, LMF = fraction of the litter that is metabolic (kg kg-1) Lf = fraction 

of structural litter that is lignin (kg kg−1); lower case f = “function of”, and subscript f = 

“fraction”; Sif = fraction of soil mineral component that is silt; Clf = fraction of soil mineral 

component that is clay; Kd = distribution coefficient of organic compounds between soil solid 

and liquid phases; DB = soil bulk density; θ = soil volumetric water content (Izaurralde et al., 

2006) 

 

Plant residues (shoots and roots) are partitioned into structural (resistant to 

decomposition)  and metabolic (readily decomposable) plant material as a function of the 

initial residue lignin (L)-to-N (N) ratio (L:N) using the following equations: 
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LMF = 0.85 – 0.018 x L/N     (23) 

where LMF is the fraction of the litter that is metabolic (kg kg-1)  

LSF = 1 – LMF     (24) 

where LSF is the fraction of the litter that is structural (kg kg-1)  

The model assumes that all C decomposition flows are associated with microbial 

activity and that microbial respiration occurs for each of these flows. Carbon leaving the 

active C is divided into four different flows which include microbial respiration, leaching of 

soluble organic C, stabilization of C in the slow and passive pool (equations (25) - (28)). 

ABCO2 = 0.85 – 0.68 x T     (25) 

where ABCO2 is the fraction of C lost due to microbial respiration (the subsurface partitioning 

of biomass to CO2), and T is the silt plus clay content (fraction)  

CAL = (H2O(30)/18) x (0.01 + 0.04 x Ts )           (26) 

CAP = 0.003 + 0.32 x Tc                  (27) 

CAS = (1 – CAP – CAL – ABCO2)     (28) 

where CAL is the fraction of  C lost due to organic leaching, CAP is the fraction allocated to 

passive pool, CAS is the fraction sent to the slow pool, H2O(30) is the monthly water leached 

below the 30 cm soil depth (cm month-1), TS is the sand content (fraction), TC is the clay 

content (fraction)  

The C flows out of slow C are allocated to passive C and active C (equations (29) and 

(30)). 

CSP = 0.003 – 0.009 x Tc     (29) 

CSA = (1 – CAP – 0.55)      (30) 

CSP is the fraction of slow C allocated to passive pool, and CSA is the fraction of slow 

C allocated to the active pool (55% of the C is lost due to microbial respiration). 

 



30 

 

Chapter 3 

Practices sustaining soil organic matter and rice yield in a 

tropical monsoon region 

3.1 Introduction 

In general, carbon dioxide (CO2) may be removed from the atmosphere by capturing it 

in various systems, such as through soil carbon sequestration (SCS) processes (Saree et al., 

2012). Soil organic carbon (SOC) is the dominant component of soil organic matter (SOM), 

which is an important source of carbon for soil processes and a sink for carbon sequestration. 

Thus, any increase in SOC could significantly increase soil carbon (C) storage and mitigate 

greenhouse gases (GHGs) that contribute to global warming and climate change (West and 

Post, 2002). Rice fields represent high capacity sources of SCS (Pan et al., 2004; Lu et al., 

2009). However, various land management practices, such as tillage, straw management, 

fertilization, irrigation, and crop rotation, significantly affect GHG emissions (Huang et al., 

2004; Arunrat et al., 2016), SCS (Pan et al., 2009; Bhattacharyya et al., 2010), rice production 

(Parry et al., 2004; Wassmann and Dobermann, 2007), and food security (Nguyen, 2006). 

In Thailand, rice (Oryza sativa L.) cropping is a major land use, and rice fields are 

distributed throughout most of the northeast region. In general, this region has rain-fed 

cultivation in the tropical monsoon area, where rice is grown once a year. Jasmine rice is mostly 

grown under rain-fed conditions in this region. Unfortunately, the soils are often described as 

universally infertile, with low inherent nutrient contents (Chantanaparb et al., 1976). The soil 

texture is sandy loam, and the SOC content is very low, ranging between 0.26% and 0.80%. 

The rate of SOC sequestration is very low (around 1.54 kg ha-1 yr-1) compared with other 

regions (Limtong and Srikhajon, 2002). Thus, it is necessary to quantify C inputs to the soil, to 
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determine whether they are sufficient to improve SOC over the long term. All of these soil 

constraints cause stunted growth, and have drastically reduced rice grain yield. In 2014, the 

average yield for jasmine rice in northeast Thailand is approximately 2.26 Mg ha-1 (OAE, 

2014), which is the lowest in the country. Various studies have suggested that rice field 

management with rice cropping under irrigated, anaerobic conditions favors the accumulation 

of SOM (Zhang and He, 2004). Moreover, it is thought that SOM decomposes more slowly 

under anoxic conditions compared to oxic conditions (Sahrawat, 2004). Thus, it is likely that 

SOM may increase SOC and crop yields through certain land management practices, such as 

inputs of organic materials (manures) (Zhang et al., 2010) and chemical fertilizer application 

(Srinivasarao et al., 2012).  

In humid and tropical regions, several studies have been published on SOC and rice 

yield. These studies recommend that current nutrient management should involve a 

combination of manure and chemical fertilizers to improve nutrient efficiency for plant uptake 

(Zhang et al., 2009; Zhao et al., 2013) and to increase crop yield (Witt et al., 2000; Surekha et 

al., 2003). For instance, in subtropical China, the addition of manure to the soil enabled 18% 

higher rice yield (Bi et al., 2009) than that of chemical fertilizer alone. The highest grain yield 

of rice was obtained when farmyard manure was applied at 10 Mg ha-1 combined with 120, 60, 

45 kg ha-1 for N, P, and K, respectively, of sandy loam soil in India (Satyanaraya et al., 2002). 

However, these studies were obtained either short or long term agricultural experiments, which 

may be different between scientific experiments and the activities of farmers, in particular in 

developing countries, such optimal conditions are difficult to achieve (Maat, 2011). This is 

because increasing crop productivity and soil health on farmers’ actual management practices 

are associated with the limitation of socio-economic factors of farmers’ household (Linh et al., 

2013). Only a study by Alam et al. (2013) have well done in Bangladesh, who evaluated the 

best management practices (BMP) integrated with farmers’ crop management techniques in 
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rice for productivity and profitability. Their results showed that 3-28% grain yield increases 

with BMP resulting in farmers’ net profit increase of US$22 to 120 ha-1. Nevertheless, soil 

characteristics were not taken into consideration in their study. It can be also affected by the 

different practices of farmer management, especially SOC have been described as a key 

indicator in soil fertility management (Loveland and Webb, 2003). Therefore, the investigation 

of farmers’ actual practice effect on rice yield and SOC with their practices are limited in 

tropical monsoon area. 

   Any management practices should ensure that increasing yields will not destruct the 

ecology in the future. In order to be sustainable management of rice fields in tropical monsoon 

climates, it is necessary to understand current soil properties and land management practices 

to develop alternative management practices for maintaining soil quality and increasing in rice 

yield to ensure food security for the food demands of the growing population. Therefore, our 

study is the first detailed local analysis of how farmers’ actual management practice factors 

influence rice yield and SOC. The objectives of this study were to (1) investigate the contents 

and distribution of rice yield and SOC under different land management practices, and (2) 

analyze the relationship between rice yield and SOC with 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, Suwannaphum District, and Roi-Et 

Province, located at 15° 28′ N, 103° 48′ E. Roi-Et soils are formed from washed deposits of 

sandstone and occur on the lower part of peneplains. The elevation ranges from 100 m to 200 

m above sea level. The area has a tropical monsoon climate (Köppen 'Aw'). The major soil type 

in Roi-Et Province is Ultisol with >60% sand content; low SOC, ranging from 0.40%–1.29%; 
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and medium acid surface soil of pH 5.0–6.0 (LDD, 1991). There are six soil series: a) Ki (Kula 

Ronghai series): fine-loamy, mixed, active, isohyperthermic Typic Natraqualfs; b) Nn (Nakhon 

Phanom series): fine, kaolinitic, isohyperthermic Aeric Plinthic Paleaquults; c) Ph (Phan 

series): fine, kaolinitic, isohyperthermic Typic (Plinthic) Endoaqualfs; d) Pm (Phimai series): 

very fine, smectitic, isohyperthermic Ustic Endoaquerts; e) Sp (San Pa Tong series): coarse-

loamy, siliceous, semiactive, isohyperthermic Typic (Kandic) Paleustults; and f) Tt (Tha Tum): 

fine, mixed, semiactive, isohyperthermic Aeric (Plinthic) Endoaqualfs (LDD, 2003) (Figure 3-

1). In general, the soils are deep, and are characterized by different colors; however, the 

dominant colors are a grayish-brown or light brown sandy loam A horizon overlying a light 

brown grading to pinkish-gray sandy clay loam or loam kandic B horizon, which, in turn, 

overlies a light gray or whitish clay loam or clay C horizon. The soils are mottled throughout 

the profile, with strong brown or yellowish brown or dark brown and some yellowish red or 

red mottles being common in the subsoil. The reaction is medium acidic over strong to very 

strongly acidic (LDD, 2003). The study area was divided into small sub-areas to collect soil 

samples and determine land management characteristics using a polygonal grid measuring 0.01 

× 0.01 degrees in size, and covering ~1 × 1 km. The total area was 59.45 ha covering 64 grids 

overall, consisting of 22.29 ha and 24 grids in irrigated areas and 37.16 ha and 40 grids in rain-

fed areas (Figure 3-2). This is because rain-fed and irrigated agriculture areas have been used 

for land performance assessment (George, 1997) associated with the better nutrient and water 

management practices to increase crop production (Heng et al., 2005). Rice is primarily 

cultivated during the rainy season, between May to October, while a second rice crop is planted 

during the dry season, between November and April of the following year (OAE, 2014). 
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Figure 3-1 Study area and soil series (LDD, 2003) 

 

Figure 3-2 Overall land management practice in the study area 
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3.2.2 Questionnaires survey 

The data were obtained over a 5 year period (2010–2014). Questionnaires were 

conducted at each sampling site to record the crop and management practices by farm owners. 

At 64 sites, 64 farmers were investigated their crop and land management data. Rice yields and 

management practice data (i.e., dates of planting and harvesting; rates of application of 

fertilizers, manure, pesticides, and irrigation; and field operations performed) were collected 

by our questionnaire survey in 2014 and from the record book for the standards for good 

agricultural practices (GAP) of farm owners over the 5 year study period (2010–2014), 

including both rainy and dry seasons. The record books were disseminated to the farmers by 

the Department of Agricultural Extension, Ministry of Agriculture and Cooperatives, Thailand 

to record their agricultural activities and report annually to GAP committee. The record book 

for GAP is very helpful for this study to obtain the precise data on operational practices. Rice 

yield data, fertilizer and manure application rates were averaged over a 5 years cultivation. 

3.2.3 Rice cultivation practice 

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

E.), Thai Meteorological Department during 2004-2014, the monthly average air temperatures 

during the major rice season (rainy season) and second rice season (dry season) in 2014 reached 

28.3 and 29.3 °C, respectively. These temperatures were higher than the averages of the 

preceding 10 years of 26.4 and 27.5 °C, respectively. Compared with the same period, the 

annual precipitation during the two rice planting seasons in 2014 was higher than that recorded 

in the preceding 10 years. The averages for the preceding 10 years were 164 and 73 mm, 

respectively, while those for 2014 were 223 and 88 mm yr-1, respectively, for the two seasons. 

However, precipitation is a major limiting factor in rain-fed areas, where most farmers grow 

rice once a year, representing the major rice crop. Yet, farmers in some irrigated areas are able 
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to grow rice twice a year, including the major and second rice crops. Only Oryza sativa was 

used in the study area. The main rice varieties recorded in this study were Khao Dawk Mali 

105 (KDML 105), RD 6, and Suphanburi 60. KDML105 and RD 6 are strongly photoperiod 

sensitive and flower in late October, regardless of sowing time, while Suphanburi 60 is a non-

photosensitive rice variety.  

The main measures of conventional management in the study area are detailed below. 

First, during the growing period, both major rice crops and second rice crops were cultivated 

by the broadcast method and harvested by machine. Second, for tillage management, 

conventional tillage with a depth of 20 to 30 cm was applied by machine, distinguishing two 

different situations of wet and dry soil surface conditions. Third, for water management, 

continuous flooding and shallow flooding were used for irrigated and rain-fed areas, 

respectively. In irrigated areas, the fields were inundated with 10 to 15 cm standing water 

throughout the growing period and drained out or naturally dried 7 to 10 days before harvesting. 

In rain-fed areas, the soil was flooded temporarily, depending on rainfall or water pumping 

when no rain water was available. Fourth, for manure and chemical fertilizer application, cattle 

manure was often added to the soil as basal fertilizer once a year, usually after harvesting the 

previous crop or at the beginning of planting the next crop. Three patterns in the periodicity of 

manure application were detected during our study: every year, every other year, and without 

manure application for more than 5 years. Figure 3-2 presents the periodicity patterns of 

manure application. While the data for this study were gathered during 2010–2014, manure 

application in 2009 or planned application in 2015 were not considered. Therefore, the manure 

application in every year means the farmer applied the manure in rice field 5 years continually 

(2010, 2011, 2012, 2013, and 2014). The manure application in every other year means the 

farmer applied the manure in rice field in 2010, 2012, and 2014 or in 2011 and 2013. 

Meanwhile, without manure application for more than 5 years means the farmer did not apply 
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the manure in rice field during 2010-2014. Chemical fertilizer was applied three times in the 

basal, tillering, and heading stages. The following types of chemical fertilizer were found in 

the study area: 46-0-0, 16-16-8, 16-20-0, 0-0-60, 15-15-15, and 16-8-8. The details of main 

management practices, rice yield, and SOC in each site are presented in Appendix Tables A-1 

and A-2 for irrigated and rain-fed areas, respectively.  

3.2.4 Soil sampling  

Soil samples were collected during the dry season after the rice harvest (November, 

2014). At each site, the soil horizons from 0 to 40 cm depth were identified by considering 

specific physical features; namely, color and texture. Three soil samples (replications) of each 

soil horizon were then collected. A total of 621 soil samples from 64 sites were collected. 

3.2.5 Soil samples analysis 

The soil texture (%) (sand, silt, and clay), bulk density, pH, OC, electrical conductivity 

(EC), CEC, and TN were analyzed in the laboratory. The physical and chemical properties of 

whole soils were determined using the procedures described by the National Soil Survey Center 

(1996). After a 24-hr drying period in an oven at 105 °C, soil bulk density was determined as 

the dry weight per unit volume of the soil core. Soil texture was determined by a hydrometer, 

and soil pH was determined in a 1:2.5 soil to water mixture by a pH meter. The EC in saturation 

paste extracts was measured following the method described by the United States Department 

of Agriculture (USDA, 1954). CEC was determined by the 1 N ammonium acetate (NH4OAc) 

method. TN was measured by the Kjeldahl method. Soil was extracted by the Bray II method 

and, subsequently, the available phosphorus content was determined by the molybdate blue 

method (Bray and Kurtz, 1945). Extractable K, Ca, and Mg were leached from soil with 

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

stock was calculated by: 

SOC = (BD × OC × D) × 10000        (1) 

where SOC is soil organic carbon stock (Mg C ha-1), BD is soil bulk density (Mg m-3), OC is 

organic carbon content (%), and D is soil sampling depth (m). 

3.2.6 Statistical analysis 

Statistical analyses of the data were performed using SPSS (Version 20.0, USA). Mean 

and standard deviation values were used to represent rice yield and SOC in different areas. 

Differences in rice yield and SOC between irrigated and rain-fed areas were analyzed using a 

t-test and least significant difference (LSD) test (p < 0.05). Rice yield, SOC, and the main 

management practice were tested for collinearity. Tolerance (TOL) and the variance inflation 

factor (VIF) were used as the two important indices for multicollinearity diagnosis. A value of 

TOL is smaller than 0.1, while a value of VIF is greater than 10; this value indicates the level 

of serious multicollinearity between independent variables (Bai et al., 2010). Simple linear 

regression analysis was used to find the relationship between two variables by fitting a linear 

equation. Standardized Major Axis Tests & Routines (SMATR) version 2.0 was performed to 

compare the significant differences between irrigated and rain-fed areas. Subsequently, 

stepwise multiple regression analysis was conducted to evaluate the relationships of rice yield 

with the main management practice. The relationships between different soil properties and 

SOC were expressed using Pearson’s correlation coefficient. 

3.3 Results 

3.3.1 Farmers’ management practices 

For all sites, the field management practices of rice cultivation are shown in Tables 3-

1 and 3-2 for irrigated and rain-fed areas, respectively. The average manure application rate 
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was 2.23 and 1.15 Mg ha-1 yr-1 for sites in irrigated and rain-fed areas, respectively, and was 

significantly higher in the irrigated areas compared to the rain-fed areas (p = 0.012). 

Considering the periods of manure application, in the irrigated areas, the average manure 

application rate was 3.57, 2.03, and 0 Mg ha-1 yr-1 for every year, every other year, and without 

more than 5 years application, respectively. Meanwhile, the average manure application rate 

of 2.30, 2.12, and 0 Mg ha-1 yr-1 were found for every year, every other year, and without more 

than 5 years application, respectively for rain-fed areas. There was no significant difference 

between the irrigated and rain-fed areas when manure application periods were considered. 

Based on Oo et al. (2010) reported that N, P, K concentrations in the manure were 1.32%, 

0.57%, and 0.93%, respectively, at the experimental field of Khon Kaen University, Thailand. 

This study used these values to estimate the N, P, K contents in the manure of each site due to 

their study was obtained in the same region with our study area, which can be assumed that the 

factors affecting manure characteristics (i.e. animal species, diet, digestibility, housing, and 

environment) are quite similar. The average amount of N, P and K applications in manure was 

44.06, 19.03, and 31.04 kg ha-1 yr-1 for irrigated areas, and 30.29, 13.08, and 21.33 kg ha-1 yr-1 

for rain-fed areas, respectively. The statistical results revealed that the quantity of N, P and K 

applications in manure was significantly different between irrigated and rain-fed areas (p < 

0.01) (Table 3-3).  

The fertilizer application rate across all sites ranged from 150 to 400 kg ha-1 yr-1, with 

an average of 280 kg ha-1 yr-1. The N application rate ranged from 26.08 to 113.06 kg ha-1 yr-1 

across sites, with averages of 88.74 and 76.44 kg ha-1 yr-1 for irrigated and rain-fed areas, 

respectively. The P and K application rate ranged from 0.00 to 49.04 and 0.00 to 71.04 kg ha-1 

yr-1 across sites for irrigated and rain-fed areas, respectively. The average P and K application 

rate was 31.06 and 24.07 kg ha-1 yr-1 for irrigated areas and 14.45 and 12.04 kg ha-1 yr-1 for 

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

and 260 kg ha-1 yr-1, respectively. Statistic results showed that the total amount of fertilizer 

application and N and P application rates were highly significantly different between irrigated 

and rain-fed areas (p < 0.01); however, there was no significant difference in the K application 

rate between irrigated and rain-fed areas (Table 3-3).   

 

Table 3-1 Main management practices, rice yield, and SOC in irrigated areas (n = 24) 

Site 
No.  

Rice 
season* 

Rice 
yield 

(Mg ha-1 
yr-1) 

SOC 
(Mg C 
ha-1) 

Chemical fertilizer application rate  Manure application rate 

Total 
amount 
applied 
(kg ha-1 

yr-1) 

Nutrients (kg ha-1 yr-1) 
Total 

amount 
applied 
(Mg ha-1 

yr-1) 

Manure 
application 

period N P K 

I2 
M2 4.6 124.4 394 100.04 34.28 39.04 4.83 

Every year 

S3 3.24 - 294 80.94 32.2 8 0 
I3 M2 4.92 129.87 395 99.64 38.68 31.64 4.85 
I4 M1 3.84 104.55 351 89.75 40.53 15.69 4.43 
I5 M1 3.93 100.23 351 94.52 33.56 21.88 4.41 
I7 M1 3.74 57.62 288 87.48 25.24 9.52 2.79 
I13 M1 3.76 52.89 369 92.44 30.96 40.48 3.65 

I1 
M1 3.41 37.80 362 97.22 42.20 8 3.32 

Every 
other year 

S3 2.3 - 294 80.94 32.20 8 0 

I6 
M1 3.86 64.64 357 98.52 38.56 10.48 2.78 
S3 2.93 - 307 89.52 28.80 15 0 

I10 
M2 4.62 52.13 362 102.92 37.16 10.48 3.63 
S3 2.86 - 307 84.82 23.04 15.04 0 

I14 M1 2.43 39.42 344 93.34 30.04 20.04 3.33 
I15 M2 3.65 49.18 338 88.78 36.80 19 2.66 
I18 M1 1.95 23.71 332 87.69 30.95 20.95 2.57 
I19 M2 2.04 21.43 288 87.48 26.00 8 2.58 
I20 M1 2.95 45.97 338 95.48 35.24 9.52 2.65 
I23 M2 1.84 11.15 281 73.96 31.20 15 2.47 
I24 M1 1.8 17.03 269 68.44 31.20 15 2.46 

I8 
M1 3.69 49.41 288 81.78 32.56 2.48 0 Without 

manure 
application 
for more 

S3 3.1 - 331 92.26 35.24 9.52 0 
I9 M2 3.32 33.37 293 86.18 27.16 10.48 0 
I11 M1 1.97 36.89 282 80.32 30.10 7.5 0 
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I12 M1 2.08 34.41 338 88.59 31.85 21.85 0 than 5 
years I16 M1 1.58 10.11 250 79.30 19.04 9.52 0 

I17 M1 1.5 10.57 250 85.00 16.00 8 0 
I21 M2 1.56 14.66 263 90.98 16.00 8 0 
I22 M2 1.65 9.12 263 85.95 16.95 16.95 0 

* M = major rice; S = second rice, 1 KDML105 rice; 2 RD 6 rice; 3 Suphanburi 60 rice  

 

Table 3-2 Main management practices, rice yield, and SOC in rain-fed areas (n = 40) 

Site 
No. 

Rice 
season* 

Rice 
yield 

(Mg ha-1 
yr-1) 

SOC 
(Mg C 
ha-1) 

Chemical fertilizer application rate Manure application rate 

Total 
amount 
applied 
(kg ha-1 

yr-1) 

Nutrients (kg ha-1 yr-1) 
Total 

amount 
applied 
(Mg ha-1 

yr-1) 

Manure 
application 

period 

N P K 

R14 
M1 3.62 101.38 401 95.48 36 45.8 2.8 

Every year 

S3 2.49 - 269 73.04 29.8 8 0 
R15 M1 3.78 114.31 395 104.6 45.88 11.04 2.8 
R8 M1 3.52 112.04 401 113.06 35.6 8 2.8 
R20 M1 3.45 69.43 288 81.78 27.8 12 2.6 
R24 M2 3.35 63.96 294 85.71 29.45 9.45 2.6 
R17 M1 3.28 77.87 369 98.34 42.84 9.52 2.5 
R19 M1 3.37 59.29 281 83.26 25 15 2.62 

Every other 
year 

R18 M1 3.19 50.57 376 85.56 22.08 71.04 2.55 
R12 M1 3.2 53.77 388 103.48 38 8 2.5 
R13 M2 3.15 53.13 369 98.34 42.84 9.52 2.5 
R1 M2 2.53 28.28 388 97.78 49.04 9.52 2.4 
R2 M1 2.49 22.54 269 73.04 29.8 8 2.4 
R3 M1 2.48 18.75 262 80.41 22.15 12.15 2.3 
R28 M1 2.22 21.84 269 70.74 16 38 2.13 
R27 M1 2.14 25.46 200 62 18 4 2.13 
R26 M1 2.11 18.93 188 55.98 15.5 11.5 2.16 
R31 M2 2.06 22.55 169 57.04 12.56 2.48 1.7 
R34 M1 2.05 19.4 169 56.66 11.9 5.7 1.6 
R23 M1 2.04 18.55 169 52.94 13.7 7.5 1.3 
R40 M2 2.03 13.23 169 56.54 11.3 7.5 1.5 
R32 M1 2.6 30.1 369 86.74 35.24 39.52 0 

Without 
manure 

application 

R33 M1 2.53 29.77 351 97.25 36.29 14.17 0 
R39 M1 2.48 28.24 345 87.86 36.64 20.92 0 
R4 M1 2.22 26.25 263 72.08 28.6 8 0 
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R5 M1 2.17 20.04 263 87.08 20.08 5.04 0 for more 
than 5 years R7 M1 2.14 21.21 257 76.82 26.08 3.04 0 

R9 M1 2.11 32.96 250 70 27.24 5.52 0 
R38 M1 2.08 13.63 188 65.47 10.73 7.69 0 
R37 M2 2 17.03 176 58.16 13.68 3.04 0 
R36 M2 2 8.86 226 71.86 19.12 1.52 0 
R35 M1 1.98 8.75 238 67.39 24.15 10.35 0 
R25 M1 1.96 14.09 351 97.56 38.08 9.04 0 
R30 M1 1.9 21.50 181 64.35 9.61 7.13 0 
R10 M1 1.8 9.87 181 58.46 13.7 7.5 0 
R16 M1 1.71 6.60 238 79.48 16 8 0 
R6 M2 1.66 9.48 238 78.48 15 15 0 
R11 M1 1.53 7.84 194 64.94 12.96 6.48 0 
R29 M2 1.42 4.4 163 26.08 28.6 8 0 
R22 M1 1.34 3.76 150 69 0 0 0 
R21 M2 1.29 3.78 150 69 0 0 0 

* M = major rice; S = second rice, 1 KDML105 rice; 2 RD 6 rice; 3 Suphanburi 60 rice 

 

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

fed areas (Mean ± SD)  

Pertinent management practice Irrigated area  Rain-fed area  p-values 

Manure application rate 

        All sites (Mg ha-1 yr-1) 
2.23±1.75 

(n = 24) 

1.15±1.20 

(n = 40) 
0.012 

        Manure application every year   

        (Mg ha-1 yr-1)  

3.57±1.73  

(n = 7) 

2.30±1.02  

(n = 7) 
0.128 

        Manure application every other  

         year (Mg ha-1 yr-1) 

2.03±1.37  

(n = 14) 

2.12±0.43  

(n = 14) 
0.807 

        Without manure application for   

         more than 5 years (Mg ha-1 yr-1) 
0 0 - 

Manure application rate    

        N (kg ha-1 yr-1) 
44.06±11.44 

(n = 16) 

30.29±5.90 

(n = 20) 
0.000 

        P (kg ha-1 yr-1) 
19.03±4.94 

(n = 16) 

13.08±2.55 

(n = 20) 
0.000 
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        K (kg ha-1 yr-1) 
31.04±8.06 

(n = 16) 

21.33±4.16 

(n = 20) 
0.000 

Chemical fertilizer application rate 

        Total (kg ha-1 yr-1)  
320±45.17 

(n = 24) 

260±84.37 

(n = 40) 
0.002 

        N (kg ha-1 yr-1) 
88.74±8.03  

(n = 24) 

76.44±17.61  

(n = 40) 
0.000 

        P (kg ha-1 yr-1) 
31.06±7.36  

(n = 24) 

24.07±12.12  

(n = 40) 
0.004 

        K (kg ha-1 yr-1) 
14.45±9.33  

(n = 24)  

12.04±13.50  

(n = 40)  
0.380 

 

3.3.2 Soil characteristics  

3.3.2.1 Soil physical and chemical properties  

There were no significant differences in the sand, silt, and clay contents, and finer soil 

particles (silt + clay) between irrigated and rain-fed areas; however, BD was significantly 

different (p < 0.05; Table 3-4). Most of the soils in the study area had a sandy texture. Clay 

content tended to accumulate in the subsoil layers (10–40 cm), with a simultaneous decrease 

in sand content. In comparison, silt content was higher in the soil surface layer (0–10 cm), and 

slightly decreased with increasing depth (Figure 3-3). The amount of finer soil particles was 

lower in the soil surface layer, and steadily increased with increasing depth (Table 3-5), ranging 

from 3.98 to 53.00%, with an average of 27.40%. The sand, silt, and clay contents had ranges 

of 47.00 to 96.02, 0.10 to 23.90, and 2.00 to 32.40%, respectively, and average values of 72.60, 

12.00, and 15.40%, respectively. BD ranged from 0.84 to 1.99 Mg m-3, and mean values of 

1.38 and 1.43 Mg m-3 for irrigated and rain-fed areas, respectively. In each profile, surface soil 

had slightly lower BD than the subsoil, with this value increasing at a depth between 10 and 

40 cm (Table 3-5). 
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 There were significant differences in pH, TN, OC, ECe, and CEC, while available P, 

exchangeable K, Ca, and Mg were not significantly different between irrigated and rain-fed 

areas (p < 0.05; Table 3-4). The pH values of the soil ranged from extremely acidic to slightly 

acidic (pH 3.86 to 6.66). The mean values of soil pH were 5.07 and 5.03 for irrigated and rain-

fed areas, respectively. At all sites, there was higher pH in the surface soil and slightly lower 

pH in the subsoil. The amount of TN was very low in all soils studied, ranging from 0.001 to 

0.095%, with averages of 0.032 and 0.019% for irrigated and rain-fed areas, respectively. A 

decrease in TN content with increasing depth was observed throughout the study area. The 

amount of OC in all studied soils was very low, ranging from 0.02 to 3.230%, with averages 

of 1.10 and 0.63% for irrigated and rain-fed areas, respectively. A decrease in OC content with 

increasing depth was observed throughout the study area. A range of ECe values (0.01–0.17 

dS m-1) was observed, with an average of 0.071 dS m-1 in the soils of the study area. Surface 

soils had a higher value, while the underlying layer had slightly lower values. The average ECe 

values in the soils of irrigated and rain-fed areas were 0.078 and 0.067 dS m-1, respectively. 

All soils were non-saline. The CEC of the studied soils was very low to moderately low, with 

values ranging from 2.31 to 7.52 cmolc kg-1. The average value of the CEC for all samples was 

4.72 cmolc kg-1, with averages of 4.95 and 4.59 cmolc kg-1 for irrigated and rain-fed areas, 

respectively. The sandy nature of the soils, with low clay and OM contents, was responsible 

for the soils in all areas having a low CEC. CEC values increased with depth (Table 3-5; Figure 

3-4). 
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Figure 3-3 The distribution of soil physical properties in the soil profile. The example soil 

profile is from site R14. BD = Bulk density (Mg m-3) 
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Figure 3-4 Distribution of soil chemical properties in the soil profile. The example soil profile 

is from site I2. TN = Total nitrogen (%), OC = Organic carbon (%), ECe = Electrical 

conductivity (dSm-1), CEC = Cation exchange capacity (cmol ckg-1), Avail. P = Available 

phosphorous (mg kg-1), Exch. K = Exchangeable potassium (mg kg-1), Exch. Ca = 

Exchangeable calcium (mg kg-1), Exch. Mg = Exchangeable magnesium (mg kg-1) 
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3.3.2.2 Relationship among the soil physical and chemical properties with SOC 

The distribution of individual BD and clay contents at all sites did not show any 

significant correlation with SOC; however, sand, silt contents and finer soil particles were 

significantly related to SOC (r = -0.284*, 0.362** and 0.284*, respectively, p < 0.05). Sand 

content was negatively correlated with SOC, while BD, clay and silt contents, and finer soil 

particles were positively correlated with SOC (Table 3-6).  

Statistic results showed that the pH, TN, OC and ECe values showed a highly positive 

correlation with SOC, with r values of 0.474**, 0.641**, 0.959**, and 0.583**, respectively. 

On the other hand, CEC had a highly negative correlation (r = -0.464**) with SOC in all sites 

(Table 3-6). All of these results indicate that soils were more fertile in irrigated areas compared 

to rain-fed areas. Most of the arable soils in the study area had a sandy texture, while an 

accumulation of clay content was observed in the subsoil layers (10–40 cm), with a 

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

To explore potential multicollinearity among the explanatory variables, TOL and VIF 

were tested. When rice yield was assigned as the dependent variable, the TOL and VIF values 

for all variables ranged from 0.472 to 0.826 and 1.210 to 2.117, respectively. Ranges of 0.472 

to 0.826 and 1.210 to 2.117 were found for TOL and VIF values, respectively, when SOC was 

assigned as the dependent variable. Therefore, multicollinearity was not a serious problem in 

this study.  

Major rice season yields ranged from 1.29 to 4.92 Mg ha-1 yr-1 across sites, with 

averages of 2.95 and 2.37 Mg ha-1 yr-1 in irrigated and rain-fed areas, respectively. Second rice 

season yields ranged from 2.11 to 3.24 Mg ha-1 yr-1, with averages of 2.85 and 2.49 Mg ha-1 yr-

1 in irrigated and rain-fed areas, respectively. The average yields of KDML105, RD 6 and 

Suphanburi 60 rice were 2.83, 3.13 and 2.89 Mg ha-1 yr-1 in irrigated areas, respectively, while 

2.45, 2.15 and 2.49 Mg ha-1 yr-1 in rain-fed areas, respectively (Tables 3-1 and 3-2). There was 

no significant difference in yield potential among KDML105, RD 6, and Suphanburi 60 rice. 

Although a significant difference between irrigated and rain-fed areas was obtained for major 

rice season yields (p < 0.05; Table 3-7), a similar result was not obtained for second rice season 

yields. This is because a second rice crop was only planted at one site (site R14), resulting in 

the sample size being too small for rain-fed areas. For the whole crop year, the average rice 

yield was 2.93 and 2.38 Mg ha-1 yr-1 in irrigated and rain-fed areas, respectively, with a 

significant difference being found between irrigated and rain-fed areas (p < 0.05; Table 3-7).    

SOC values ranged from 3.76 to 129.87 Mg C ha-1 in all sites, with averages of 47.11 

and 32.09 Mg C ha-1 for irrigated and rain-fed areas, respectively. There was a slight difference 

in SOC between irrigated and rain-fed areas (p < 0.1; Table 3-7). There was a significant 

correlation between rice yield and SOC both in irrigated (R2 = 0.72, p < 0.01) and in rain-fed 

areas (R2 = 0.85, p < 0.01) (Figure 3-5), with the slopes of these regression equations being 
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significantly different. There were also significant relationships between rice yield and the 

application rates of N, P and K (Figure 3-6), and manure application rate (Figure 3-7). 

Application rates of N, P and K were positively correlated with rice yield in irrigated areas (R2 

= 0.53, 0.40, and 0.21, respectively; p < 0.01) (Figure 3-6(a)) and in rain-fed areas (R2 values 

of 0.50, 0.49, and 0.17, respectively; p < 0.01) (Figure 3-6(b)). Manure application every year 

and every other year were positively correlated with rice yield in irrigated areas (R2 = 0.53 and 

0.43, p < 0.01, respectively) (Figure 3-7(a)) and in rain-fed areas (R2 = 0.76 and 0.66, p < 0.01, 

respectively) (Figure 3-7(b)). Although without manure application for more than 5 years was 

assumed to be no manure application (0 Mg ha-1 yr-1) for the period of this study (Figures 3-

7(a) and (b)), rice yield ranged from 1.50 to 3.69 and 1.29 to 2.60 Mg ha-1 yr-1 for irrigated and 

rain-fed areas, respectively (Tables 3-1 and 3-2). There are two reasons for no manure 

application. Firstly, some farmers do not feed their own cattle animals, so they do not have the 

manure for application. Secondly, other farmers have less manure in their houses, so they need 

to store more manure and apply in the soil together once having enough manure. Meanwhile, 

they neither gather up the manure scattered outdoors nor from their neighbors.   

 

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

SD) 

 

 

Rice yield (Mg ha-1 yr -1) 

SOC (Mg C ha-1) 
Major rice Second rice 

Whole crop 

year 

Irrigated area 
2.95±1.12 

(n = 24) 

2.85±0.44 

(n = 5) 

2.93±1.03 

(n = 29) 

47.11±35.29 

(n = 24) 

Rain-fed area 
2.37±0.67 

(n = 40) 

2.49 

(n = 1) 

2.38±0.66 

(n = 41) 

32.09±29.03 

(n = 40) 

p-values 0.030 - 0.015 0.086 
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Figure 3-5 Relationship between rice yield and SOC at all sites. The dashed line and solid 

line were fitted by simple linear regression for irrigated and rain-fed areas, respectively 
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                  (a) 

 

                (b) 

Figure 3-6 Relationship between rice yield and N, P, and K application rates: (a) irrigated 

areas; (b) rain-fed areas  
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Figure 3-7 Relationship between rice yield and the period of manure application: every year, 

every other year, and without manure application for more than 5 years: (a) irrigated areas; 

(b) rain-fed areas  

The results of a stepwise multiple regression analysis for SOC and rice yield using 

manure, N, P, and K fertilizers, taking into consideration the application periods of manure, 

are shown in Table 3-8. For all sites in irrigated areas, rice yield was significantly correlated 

with N and P fertilizers, while SOC was significantly correlated with manure. When manure 

was applied every year, rice yield was significantly correlated with N fertilizer alone, while 

SOC was significantly correlated with manure alone. When manure application was applied 

every other year, rice yield was significantly correlated with N and P fertilizers, while SOC 

was significantly correlated with N fertilizer alone. In cases without manure application for 

more than 5 years, rice yield was significantly correlated with P fertilizer alone, while SOC 

was significantly correlated with N, P, and K fertilizers.  

For all sites in rain-fed areas, rice yield was significantly correlated with application 

rates of manure, N and P fertilizers, while SOC was significantly correlated with application 

rates of manure and N fertilizer. If manure was applied every year, rice yield was significantly 

correlated with manure application rate only, while SOC was significantly correlated with 

application rates of manure and N fertilizer. When manure was applied every other year, rice 

yield and SOC were significantly correlated with N application rate only. If no manure was 

applied to the field for more than 5 years, rice yield and SOC were significantly correlated with 

application rates of P.  
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Table 3-8 Multiple regression equations used to predict SOC and rice yield using manure (M), 

N fertilizer (N), P fertilizer (P), and K fertilizer (K) 

 Rice yield SOC 

Irrigated area 

Manure application every 
year (n = 6) 

Rice yield = -4.114 + 0.088(N)  
(R2 = 0.805; p < 0.01) 

SOC = -61.853 + 37.681(M)  
(R2 = 0.844; p < 0.01) 

Manure application every 
other year (n = 10) 

Rice yield = -4.802 + 0.047(N) + 0.101(P) 
(R2 = 0.793; p < 0.01) 

SOC = -80.368 + 1.304(N)  
(R2 = 0.670; p < 0.01) 

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

Rice yield = 0.220 + 0.082(P)  
(R2 = 0.507; p < 0.01)  

SOC = -81.413 + 2.101(P) – 0.832(K) + 
0.770(N)  
(R2 = 0.991; p < 0.01) 

All sites (n = 24) 
Rice yield = -4.875 + 0.074(P) + 0.062(N) 
(R2 = 0.669; p < 0.01) 

SOC = 14.441 + 14.673(M) 
(R2 = 0.532; p < 0.01) 

Rain-fed area 

Manure application every 
year (n = 6) 

Rice yield = 0.280 + 1.200(M) 
(R2 = 0.764; p < 0.01) 

SOC = -257.553 + 92.937(M) + 1.015(N) 
(R2 = 0.948; p < 0.01) 

Manure application every 
other year (n = 14) 

Rice yield = 0.732 + 0.024(N) 
(R2 = 0.709; p < 0.01) 

SOC = -19.838 + 0.681(N) 
(R2 = 0.567; p < 0.01) 

Without manure 
application for more than 
5 years (n = 20) 

Rice yield = 1.460 + 0.024(P) 
(R2 = 0.522; p < 0.01) 

SOC = 4.912 + 0.534(P) 
(R2 = 0.401; p < 0.01) 

All sites (n = 40) 
Rice yield = 0.762 + 0.305(M) + 0.012(N) + 
0.014(P) 
(R2 = 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 practices influencing SOC 

 SOC content is influenced by various regional factors, such as soil type, texture, 

topography, land use type, and management practices (Hao and Kravchenko, 2007; Wang et 

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

study. This might be due to lower of surface litter in the subsoil (Jobbágy and Jackson, 2000). 

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

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

which is a normal phenomenon in tropical soils (Wong et al., 2008; Buol et al., 2011). Soil 

texture is also an important variable affecting SOC levels, because aggregation processes are 
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favored by small particle sizes that provide high surface areas. Many studies (Konen et al., 

2003; Zhao et al., 2006; Zinn et al., 2007; Arevalo et al., 2009; Gami et al., 2009; Schmitter et 

al., 2010; Chen et al., 2013) have found that SOC is significantly correlated with clay content. 

However, this study found no significant relationship between clay content and SOC (Table 3-

6), while negative correlation between CEC and SOC was found. A few studies were consistent 

with our findings. For instant, Laopoolkit et al. (2011) found the relationship between SOC and 

clay is changing from positive in forest to negative in arable land in Northeast Plateau, 

Thailand.  Islam et al. (2014) found the highly negative correlation between CEC with SOC, 

Northeast Thailand. Furthermore, Hassink (1994) mentioned that the relationship between 

SOC and sandy soil is unclear, probably because differences in individual soil particles do not 

create much variation to soil textural classes; consequently, particle size distribution might fail 

to produce a significant relationship with SOC. This issue suggests that adding manure is more 

important than soil texture for improving SOC. This hypothesis is supported by Smith and 

Elliott (1990), who reported that the incorporation of organic materials to soil promotes the 

aggregation of soil particles. In this study, positive correlations between finer soil particles and 

SOC (Table 3-6). Thus, SOC increases or decreases in parallel with increasing or decreasing 

finer soil particles, respectively. Therefore, the fraction of finer soil particles of a given soil 

type represents an important predictor of SOC in the soil (Parton et al., 1987). Hassink (1996) 

and Zhao et al. (2006) reported that these trends may be due to the ability of clay and silt 

particles to absorb organic matter and to protect it from microbial decomposition. ECe was 

found the positive correlation with SOC. This may be due to the soil samplings were collected 

in the dry season, and rain-fed areas were mostly covered in this study area. Iwai et al. (2012) 

reported that ECe increased in the dry season due to the capillary rise of salty groundwater 

associated with evaporation and low surface cover. On the other hand, ECe decreased in the 

wet season due to desalinization and salt leaching associated with rainfall infiltration. Soil pH 
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is an important chemical property that is primarily attributed to low rice yield causing low 

nutrient return by organic materials. Marschner (2011) stated that acidic soils may be limited 

the use efficiency of N, P, K, Ca, Mg, and Mo, as well as Al and Mn toxicity, which lead to 

low added nutrients and low crop yields. In the study area, the mean values of soil pH ranged 

from extremely acidic to slightly acidic in both irrigated and rain-fed areas (Table 3-4). Thus, 

pH may prevent rice yield and SOC from increasing. Therefore, improved soil management 

requires a combination of organic and inorganic inputs, particularly manure that are related to 

C in the soils. Furthermore, fertilizer is required to improve soil fertility.   

3.4.2 Effects of pertinent management practices on rice yield and SOC 

This study clearly showed that manure and fertilizer application increased crop yield 

and SOC (Figures 3-6 and 3-7). Other studies have also observed that a combination of manure 

and chemical fertilizer enhances soil fertility and crop yield (Whitbread et al., 2003; Rasool et 

al., 2007), and might also benefit SOC sequestration in soil (Shimizu et al., 2015). SOC is 

higher in paddy soils compared to upland field soils, due to low organic matter decomposition 

caused by the presence of floodwater in paddy soils (Katoh, 2003). Neue et al. (1997) and a 

four-year study (1999-2002) by Yang et al. (2005) concluded that increased SOC content in 

tropical paddy soils is probably caused by increased organic matter inputs and continuous 

waterlogging. Our results supported this assumption, showing that both SOC and rice yield are 

correlated with manure application in both irrigated and rain-fed areas (Figure 3-7), with this 

phenomenon being more pronounced in irrigated areas compared to rain-fed areas (Table 3-7). 

This result supports the previous study in China, where SOC was found to be higher in paddy 

soils compared to dry cropland because the anaerobic conditions in flooded soils retain SOC 

(Pan et al., 2004). 

In addition, incorporating green manure is useful to provide N, P, K, and other nutrients 

to soils (Vityakon et al., 2000). Banger et al. (2009) observed that a sandy soil amended with 
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farmyard manure had 36.1% higher SOC concentrations at 0–15 cm depth compared to soil 

without any manure. Buysse et al. (2013) showed that application of fresh farmyard manure 

(30-60 Mg ha-1) to the soil once every 4 or 3 years causes significant increases in SOC (100 ± 

50 kg C ha−1 yr−1) following a long-term experiment initiated in 1959 at a site in the Hesbaye 

Region of Belgium. Our results were in line with these studies that the sites where manure was 

applied every year, leading to higher rice yield and SOC than when manure was applied every 

other year or without manure application for more than 5 years (Tables 3-1 and 3-2). Our 

findings also support this phenomenon using the results of multiple regression. The 

combination of manure and chemical fertilizer was significantly correlated with rice yield and 

SOC, particularly rain-fed areas (Table 3-8). Thus, enhanced SOC sequestration has a positive 

effect on rice yield (Figure 3-5). Moreover, our results supported the findings of previous 

studies showing that the combination of chemical and organic fertilization is the most effective 

management practice for increasing crop yield and SOC sequestration (Bi et al., 2009; Yan et 

al., 2013). Lal (2006) computed that every 1 Mg C ha-1 increase in the SOC pool could increase 

rice production by 10–50 kg ha-1 yr-1.  

However, the rice yield in some irrigated areas was lower than that in rain-fed areas, 

such as at sites I14, I16, I17, I18, I19 I21, I22, I23, and I24. Two possible explanations exist. 

First, imbalanced chemical fertilizer application with low P and K were detected at sites, 

without manure application, such as at sites I16, I17, I21, and I22 (Table 3-1). Second, 

conventional tillage is the common practice of the farmers in this area, and is finished using a 

machine in a short period of time. This practice may be lead to inappropriate tillage causing 

soil degradation (Papendick and Parr, 1997; Bertol et al., 2004) and nutrient depletion by water 

runoff (Bertol et al., 2007).  

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

water in flooded rice systems, straw incorporation increased P availability and uptake, 
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increased soil pH, reduced Al toxicity, increased rice growth, and led to high crop yields. This 

phenomenon was also detected in this study at sites R12, R13, R14, R15, and R20. These sites 

had high manure application rates, water runoff was low, there was a temporary dry period, 

and high rice yield. However, fluctuations in nutrient availability are frequently reported in 

sandy soils, which have low SOM content and CEC (Haefele et al., 2006; Boling et al., 2008) 

causing a rapid drop in pH, high Al toxicity, and poor crop responses to fertilizers. This 

phenomenon occurs because of poor buffering capacities against changes to pH during the 

drying period (Ragland and Boonpuckdee, 1988). Thus, the management of OM is essential to 

maintain CEC (Linquist et al., 2007). 

3.4.3 Recommendation for suitable rice cultivation practices 

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

K fertilizer application, increases SOC due to soil organic material can be mineralized towards 

releasing the nutrient, which subsequently can be taken up by crops to increase crop yields. 

Thus, SOC is an important factor for determining crop yields. Site-specific management 

practice recommendations can be implemented as the multiple regression equations in Table 

3-8, which indicated the key factors affecting rice yield and SOC. In irrigated area, to sustain 

rice yield, when manure is available every year or every other year, N and P fertilizers should 

be practiced due to manure application can act as a source of nutrients (Manna et al., 2007). 

When manure is not applied at all for more than 5 years, only P fertilizers should be applied. 

In rain-fed area, when manure application is available every year, applying manure alone can 

obtain the expected rice yield. In case of manure is available every other year, only N fertilizer 

should be applied. When manure is not applied at all for more than 5 years, P fertilizers should 

be used. More importantly, optimal N, P, and K fertilizer application rates and rehabilitation 

of irrigation infrastructure require immediate focus because they are major factors that increase 

rice yield and SOC. 
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3.5 Conclusions  

This study recorded significant differences were found in rice yield and SOC between 

irrigated and rain-fed areas. There were significant positive correlations between rice yield and 

manure and fertilizer application rates, but there was no significant correlation between SOC 

and clay content. To increase the average rice yield and SOC, a combination of high manure 

and fertilizer application rates should be implemented, representing a sustainably beneficial 

practice for both areas. The results of our study show that SOC and rice yield may be enhanced 

through the selection of the optimal N, P and K fertilizer application rates, in parallel to 

increasing irrigation in Thailand.  
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Chapter 4 

Practices for reducing greenhouse gas emissions from rice 

production in tropical monsoon areas  

 

4.1 Introduction  

Rice fields have been a concern of scientists worldwide where the three most important 

greenhouse gases (GHGs) are carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) 

(Zheng et al., 2004; Li et al., 2005) because of their positive increases in radiative forcing, and 

they are the most potent long-lived GHGs contributing to global warming (IPCC, 2007). 

Flooded rice fields emit CH4 due to a methanogenesis process that occurs in anaerobic 

conditions during which organic matter (OM) undergoes decomposition (Jain et al., 2004). 

Factors affecting CH4 emissions, such as weather conditions (van Hulzen et al., 1999), water 

regime (Kang et al., 2002), soil properties (Mitra et al., 2002), land practices, i.e., irrigation 

(Lu et al., 2000), organic amendments (Adhya et al., 2000), fertilization (Hou et al., 2000), and 

rice varieties (Mitra et al., 1999), have been considered. Most N2O emissions occur from 

nitrogen (N) fertilizer application (Liao and Yan, 2011), for which the N application rate is the 

main driver of N2O production for either wet or dry soil (Qin et al., 2010). However, rain-fed 

areas are more comparable and have stronger N2O emissions from rice fields than other areas 

do (Hou et al., 2012) because of changes in soil oxygen status, soil redox potential, soil 

moisture, and soil temperature (Peng et al., 2011). With regard to CO2 emissions, the main 

sources are the activities of farmers on their land, particularly when crop residues are burned 

and machines use energy either for cropping operations (i.e., tillage, harvesting, and so on) or 

stationary operations (i.e., water pumping, land preparation, and application of pesticides and 
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herbicides) (Lal, 2004a). Furthermore, the burning of crop residues not only emits CO2, but 

also is a major source of gaseous pollutants such as carbon monoxide (CO), CH4, N2O, and 

hydrocarbons in the troposphere (Crutzen et al., 1990). However, soils have the potential to 

mitigate increasing CO2 concentrations through carbon (C) sequestration, with the maximum 

potential global sequestration varying from 0.45 to 0.9 Pg C yr-1 (Lal, 2004b). Therefore, 

understanding the effects of management practices on GHG emissions and SOC is necessary 

to improve management practices to reduce GHG emissions from rice fields. 

Thailand’s rice production area is 13.28 million ha, which is approximately 55.6% of 

the country’s total agricultural area (Liese et al., 2014). Geographically, Thailand is divided 

into four main regions: the North, Northeast, Central, and South. Rice is grown throughout the 

country, but the Northeast, North, and Central are the most important rice growing regions with 

49.1, 25.4, and 22.3%, respectively, of the country’s total rice growing area. The Northeast has 

a majority of the rain-fed lowland areas with around 4.8 million ha (Jongdee et al., 2006) and 

shallow drought-prone areas (Khush, 1984). Traditional rice varieties, particularly Jasmine or 

Khao Dawk Mali 105 (KDML 105), are grown in the Northeast. Although the rice quality is 

high, the rice yield is low, and the farmers in this area are the poorest compared to the other 

regions (Liese et al., 2014). To obtain sustainable management of the sandy soil in this area, it 

is necessary to understand the land management practices, which include the farmers’ actual 

activities and practices, and determine the appropriate practices in terms of the soil 

characteristics and farmers’ capability. By understanding these elements, the pros and cons of 

each land management practice in relation to GHG emissions, SOC, and rice yield can be 

estimated thoroughly. To estimate these overall effects in rice fields, the concept of net global 

warming potential (GWP) was proposed based on the radiative properties of CO2, CH4, and 

N2O emissions and SOC variations, expressed as kg CO2eq ha-1 yr-1 (Robertson and Grace, 

2004). Moreover, the agricultural practices can be related to GWP by estimating net GWP per 
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ton of crop yield, which is referred to as greenhouse gas intensity (GHGI) (Mosier et al., 2006). 

Net GWP reflects the balance between SOC storage and GHG emissions. A negative net GWP 

value means that the system is taking GHGs out of the atmosphere, whereas a positive net GWP 

value means that GHGs are being added to the atmosphere and net GWP increases (Robertson 

et al., 2000). In addition, a positive GHGI value indicates a net source of GHGs per kilogram 

of yield per year, whereas a negative value indicates a net sink of GHGs in soil (Shang et al., 

2011). No studies to date have estimated net GWP and GHGI in this area under different land 

management practices, including irrigated versus rain-fed fields. The aim of this study was to 

estimate the effect of land management practices on net GWP and GHGI. 

4.2 Materials and methods 

4.2.1 Description of the study area   

The study area is situated in Thung Kula subdistrict, Suwannaphum district, Roi-Et 

province, Thailand (15º 28′ N, 103º 48′ E) and covers 59.45 ha, 22.29 ha and 37.16 ha of which 

was irrigated and rain-fed, respectively. According to the survey of soil nutrient status in 

Thailand from 2004–2008, 72,484 soil nutrient testing results of 13 sites in the study area (i.e., 

pH, OM, organic carbon (OC), total nitrogen, available P, available K, electrical conductivity, 

and lime requirement) were collected by the laboratory of the Office of Science for Land 

Development, Land Development Department, Ministry of Agriculture and Cooperatives, 

Thailand. Data from the 13 sites, 9 of which were irrigated areas and 4 in rain-fed areas, in 

Thung Kula subdistrict were collected and the SOC was estimated in 2004. Soil samples from 

the same 13 study sites were collected again in 2014 to estimate 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 (2010–2014). Questionnaires were 

conducted at each sampling site to record the crop and management practices by farm owners. 

At 13 sites, 13 farms provided crop and land management data. Rice yields and management 

practice data (i.e., dates of planting and harvesting; rates of application of fertilizers, manure, 

pesticides, and irrigation; and field operations performed) were collected from the 

questionnaire survey in 2014 and from the record book for the standards for good agricultural 

practices (GAP) of farm owners over the 5 year study period (2010–2014). The record books 

were disseminated to the farmers by the Department of Agricultural Extension, Ministry of 

Agriculture and Cooperatives, Thailand to record their agricultural activities, which helped this 

study to obtain precise data on operational practices.  

4.2.3 Soil sampling 

Soil samples were collected during the dry season after the rice harvest (November, 

2014). At each site, the soil horizons from 0 to 40 cm depth were identified by considering 

specific physical features; namely, color and texture. Any visible roots, stones, or organic 

residues were removed manually after the samples were air dried at room temperature (31-

33°C). Then, the samples were passed through a 2-mm sieve. The SOC content was determined 

using the wet oxidation method with K2Cr2O7 and concentrated H2SO4 as described by Walkley 

and Black (1934). After a 24-hr drying period in an oven at 105 °C, soil bulk density was 

determined as the dry weight per unit volume of the soil core. 

4.2.4 Estimation of GHG emissions  

The GHG emissions were calculated within the farm gate. Therefore, the GHG 

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

Table 4-1. 

4.2.4.1 CH4 emissions from rice production 

Field CH4 emissions from rice cultivation were used as the model for the calculations 

according to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC, 2006). 

The baseline emission factor was taken from Yan et al. (2003), who adjusted the region-specific 

emission factors for rice fields in east, southeast and south Asian countries, and all scaling 

factors used were from the IPCC (2006). The basic equation to estimate CH4 emissions from 

rice cultivation are presented in Equation (1) to (3). CH4 emissions were estimated by 

multiplying the daily emissions factor by the cultivation period of rice and harvested area.    

��� = ��	 × 		             (1) 

where CH4 is the methane emissions from rice cultivation (kg CH4 ha-1), EF is the adjusted 

daily emissions factor (kg CH4 ha-1 day-1), and t is the cultivation period of rice (days) 

Emissions from each different region were considered by multiplying a baseline default 

emissions factor by the various scaling factors as shown in Equation (2).  

�� = (��� 	× 	�� 	× 	��� 	× 	��� 	× 	���,�)      (2) 

where EF is the adjusted daily emissions factor for a particular harvested area, EFc is the 

baseline emissions factor for continuously flooded fields without organic amendments, SFw is 

the scaling factor to account for the differences in water regime during the cultivation period, 

SFp is the scaling factor to account for the differences in water regime in the  season before the 

cultivation period, SF0 is the scaling factor that accounts for differences in both type and 

amount of organic amendment applied source, and SFs,r is the scaling factor for soil type, rice 

cultivar, etc. (Neglected in this study) 
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Meanwhile, Equation (3) and the default conversion factor for farmyard manure 

presented an approach to vary the scaling factor according to the amount of farmyard manure 

applied.   

��� = (1 + ∑ ����� 	× 	�����)
�.��         (3) 

where ROAi is the application rate of organic amendment i in dry weight for straw and fresh 

weight for others in ton ha-1, and CFOAi is the conversion factor for organic amendment i in 

terms of its relative effect with respect to straw applied shortly before cultivation. 

4.2.4.2 N2O emissions from managed soils  

The methodology for estimating direct N2O emissions from chemical N fertilizer 

application is given by IPCC Guidelines (2006) (Tier 1) as follows:  

Direct N2O emissions = [FSN × EF1 + (FSN)FR × EF1FR] × 44/28       (4) 

where FSN and (FSN)FR are the annual amount of synthetic fertilizer N applied to dry land and 

rice fields, respectively, and EF1 and EF1FR are the emissions factors of N2O caused by fertilizer 

N input in dry land and rice fields, respectively. 

The calculation formula for indirect N2O emissions caused by chemical N fertilizer 

application is listed below: 

Indirect N2O emissions = [FSN × FracGASF × EF2 + FSN × FracLEACH-(H) × EF3] × 44/28     (5)  

where FracGASF is the fraction of synthetic fertilizer N that volatilizes as NH3 and NOX, EF2 is 

the emissions factor for N2O emissions from atmospheric deposition of N on soil and water 

surfaces, Frac LEACH − (H) is the fraction of all N which is lost when added to/mineralized in 

managed soil in regions where leaching/runoff occurs, and EF3 is the emissions factor for N2O 

emissions from N leaching and runoff. 
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4.2.4.3 CO2 emissions from fossil fuel utilization   

The CO2 emissions for the diesel and gasoline usage of stationary combustion were also 

taken from the IPCC (2006). Meanwhile, CO2 emissions from the mobile combustion of the 

diesel fuel of farm tractors and harvesters were estimated from the emission factors of Maciel 

et al. (2015), and CO2 emissions from gasoline fuel were estimated from the EPA (2014). 

2.4.3.1 Diesel fuel 

CO2 emissions from diesel fuel utilization = Total amount of diesel fuel × emissions factor of 

diesel fuel combustion                   (6) 

2.4.3.2 Gasoline fuel 

CO2 emissions from gasoline fuel utilization = Total amount of gasoline fuel × emissions factor 

of gasoline fuel combustion        (7)  

4.2.4.4 CO2 emissions from insecticides and herbicides utilization  

Figures for insecticides and herbicides were provided by the emissions factors from Lal 

(2004c).  

CO2 emissions from insecticides and herbicide utilization = Total amount of insecticides and  

herbicide application × emissions factor of insecticides and herbicide utilization        (8) 

4.2.4.5 GHG emissions from field burning    

The calculation for GHG emissions from field burning was calculated as follows:   

The quantity of rice straw = Rice production × Residue to crop ratio                            (9) 

Amount of burned residues = Quantity of rice straw × fraction of area burned ×  

dry matter fraction × fraction burned ×  

fraction oxidized                                                 (10) 

CH4 emissions from field burning = Amount of burned residues × CH4 emissions factor       (11) 

N2O emissions from field burning = Amount of burned residues × N2O emissions factor       (12) 
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where fraction of area burned is proportion of rice straw subject to open field burning, which 

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

burned). The amount of burned residue was estimated “0” if no burning rice straw. 

 

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

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

Activity Emissions factor Unit Source 

Agriculture input 

Diesel used (stationary 

combustion) for farm 

operation 

2.7446 kg CO2eq L-1 

IPCC (2006) 
Gasoline used (stationary 

combustion) for farm 

operation 

2.1896 kg CO2eq L-1 

Diesel used (mobile 

combustion) for farm 

operation 

Tractor = 3.908 

kg CO2eq L-1  

Maciel et al., 

(2015) (calculated 

with diesel density 

of 0.832 kg L-1) 

Harvester = 2.645 

Gasoline used (mobile 

combustion) for farm 

operation 

2.319 kg CO2eq L-1 EPA (2014) 

Insecticide  5.1 kg CO2eq kg-1  Lal (2004c) 

Herbicide 6.3 kg CO2eq kg-1 Lal (2004c) 

CH4 emission from rice cultivation 

EFc 3.12 kgCH4 ha-1 day-1 Yan et al., (2003) 

SFw 0.52 in all systems  

IPCC (2006) 

SFp Rw = 0.68, Lw, Ld = 1  

ROAi 2.5 ton ha-1 

CFOAi Rw = 0.29, Lw, Ld = 1  

SF0 Rw = 1.4, Lw, Ld = 2.1  
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Direct and Indirect N2O emission from managed soils (chemical and organic fertilizer) 

EF1 0.01 
kg N2O-N kg-1 

N input 

IPCC (2006) 

EF1FR 0.003 
kg N2O-N kg-1N 

input 

EF2 0.01 

kg N2O-N (kg 

NH3-N + kg 

NOx-N 

volatilized)-1 

EF3 0.0075 

kg N2O-N kg 

leaching per 

runoff 

FracGASF 0.1 

kg NH3-N + 

NOx-N kg-1 N  

applied 

FracLEACH − (H) 0.3 
kg N kg-1 N 

additions 

Burning crop residue  

CH4 2.7 
g kg-1 dry 

matter burned 

IPCC (2006) 
N2O 0.07 

g kg-1 dry 

matter burned 

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  Kanokkanjana and 

Garivait (2013) Rain-fed areas: major 

rice and second rice = 

0.55  
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4.2.5 SOC calculation  

SOC stock was calculated by:   

SOC = (BD × OC × D) × 100                                                                                              (13) 

where SOC is soil organic carbon stock (kg C ha-1), BD is soil bulk density (kg m-3), OC is 

organic carbon content (%), and D is soil sampling depth (m). 

 

The soil organic carbon sequestration rate (SOCSR) was calculated as follows:   

SOCSR (kg C ha-1 yr-1) = (SOCt – SOC0) / 10               (14) 

where SOCt and SOC0 are the SOC contents measured in 2014 and 2004, respectively (kg C 

ha-1), 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 CH4, CO2, and N2O emissions was 

used to account for the climatic impact on rice yield under different land management practices. 

To assess the combined GWP, CH4 and N2O were calculated as CO2 equivalents over a 100-

year time scale using a radiative forcing potential relative to CO2 of 28 for CH4 and 265 for 

N2O (IPCC, 2013). The net GWP of a rice field equals the total CO2 emissions equivalents 

minus the SOCSR in the rice field (Liu et al., 2015; Zhang et al., 2015):  

Net GWP = (CO2 emissions × 1) + (N2O emissions × 265) + (CH4 emissions × 28) 

       – (SOCSR × 44/12)                  (15) 

4.2.7 Greenhouse gas intensity  

 The GHGI is calculated as a ratio of net GWP and rice yield, as described in Shang et 

al. (2011): 



72 

 

GHGI = net GWP/rice yield                   (16) 

4.2.8 Statistical analysis    

Statistical analyses of the data were carried out using SPSS (Version 20.0, USA).  The 

mean and standard deviation (SD) values were used to represent rice yield, SOC, emissions of 

CO2, N2O and CH4, GWP, SOCSR, net GWP and GHGI in each site. Differences in rice yield, 

SOC, emissions of CO2, N2O and CH4, GWP, SOCSR, net GWP and GHGI between irrigated 

and rain-fed areas were analyzed with t-test and least significant difference (LSD) test (p < 

0.05). Simple linear regression analysis was used to find the relationship between two variables 

by fitting a linear equation. Stepwise multiple regression analysis was conducted to evaluate 

the relationships of rice yield and SOCSR with the pertinent management practice. Pearson’s 

correlation analysis was conducted to evaluate the relationships among the GHG emissions and 

pertinent factors. 

4.3 Results 

4.3.1 Pertinent management practices, rice yield, and SOC          

There were no significant differences in the manure and fertilizer application rates, the 

amount of burned rice residues, rice yield, and SOC between irrigated and rain-fed areas (Table 

4-2). The manure application rate varied across sites, from 0 to 4830 kg·ha−1·year−1, with 

averages of 2864 and 1888 kg·ha−1·year−1 for irrigated and rain-fed areas, respectively. The N 

fertilizer application rate ranged from 38 to 98 kg·ha−1·year−1 across sites, with averages of 72 

and 56 kg·ha−1·year−1 for irrigated and rain-fed areas, respectively. The P2O5 and K2O 

application rate ranged from 14 to 46 and 6 to 46 kg·ha−1·year−1 across sites for irrigated and 

rain-fed areas, respectively. The average P2O5 and K2O application rates were 27 and 22 

kg·ha−1·year−1 for irrigated areas and 26 and 15 kg·ha−1·year−1 for rain-fed areas. Meanwhile, 
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the amount of burned rice residue was also variable, ranging from 0 to 593 kg·ha−1·year−1, with 

averages of 263 and 148 kg·ha−1·year−1 for irrigated and rain-fed areas, respectively. 

The average rice yield, SOCt, SOC0, and SOCSR were 3,307 kg·ha−1·year−1, 53,884 

kg·C·ha−1, 42,151 kg·C·ha−1, and 1,173 kg·C·ha−1·year−1 (Table 4-2) respectively. There was 

a significant correlation between rice yield and SOCt (R2 = 0.51, p < 0.01), SOC0 (R2 = 0.46, p 

< 0.01) (Figure 4-1), and SOCSR (R2 = 0.52, p < 0.01) (Figure 4-2). Although, the manure, N, 

P2O5, and K2O fertilizer applications were the major underlying factors for increasing rice 

yield, they were exiguously correlated positively with rice yield (R2 = 0.16, p > 0.01, R2 = 0.11, 

p > 0.01, R2 = 0.46, p > 0.01, and R2 = 0.69, p > 0.01 respectively) (Figure 4-3(a), (b)). On the 

other hand, the amount of burned rice residues showed a negative correlation to rice yield (R2 

= 0.02, p > 0.01) (Figure 4-3(c)). In addition, rice yield and SOCSR was related markedly to 

only the amount of K2O fertilizer application rates (Table 4-3). 

 

Figure 4-1 Relationship between rice yield and SOCt and SOC0 for all sites 
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Figure 4-2 Relationship between rice yield and SOCSR for all sites 

 
(a) 
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(b) 

 
(c) 

Figure 4-3 Relationship between pertinent practices and rice yield: (a) manure application, (b) 

fertilizer application, and (c) amount of burned rice residue 
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Table 4-2 Pertinent management practices, rice yield, and SOCSR (Mean ± SD) 

I = Irrigated area, R = Rain-fed area, p-value indicates a significant difference of value 

between irrigated and rain fed areas 

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

(M), N fertilizer (N), P2O5 fertilizer (P), K2O fertilizer (K), and burned rice residues (B) 

Depended Variable Equation 

Rice yield Yield = 51.61 × K + 2298.72  (R2 = 0.66, p < 0.05) 

SOCSR SOCSR = 31.91 × K + 549.84 (R2 = 0.59, p < 0.05) 

 

4.3.2 CO2 emissions 

In this study, CO2 emissions reflected the utilization of fossil fuels (diesel and gasoline), 

insecticides, and herbicides. The utilization of diesel and gasoline fuels revealed that rain-fed 

Site No. 

Manure 
application 

rate  
(kg ha-1 yr-

1) 

Fertilizer application 
rate (kg ha-1 yr-1) 

Burned 
rice 

residue 
(kg ha-1 

yr-1) 

Rice 
yield (kg 
ha-1 yr-1) 

SOCt  
(kg C ha-1) 

SOC0  
(kg C ha-1) 

SOCSR  
(kg C ha-1 

yr-1) 
N P2O5 K2O 

I1 3320 88 25 21 566 3410 37810 28430 938 

I2 4830 83 36 46 0 4600 124400 97320 2708 

I3 2780 77 27 40 0 3864 64540 48730 1581 

I4 0 49 27 15 0 3684 49430 36440 1299 

I5 3630 93 33 39 485 4618 52100 38430 1367 

I6 3330 80 14 8 403 2430 39400 26760 1264 

I7 2660 79 27 12 504 3646 49180 38500 1068 

I8 2580 45 23 6 0 2040 21430 12850 858 

I9 2650 58 27 9 409 2954 45960 36770 919 

Average 
2864 ± 
1287 

72 ± 
17 

27 ± 6 
22 ± 
16 

263 ± 
254 

3472 ± 
882 

53806 ± 
28973 

40470 ± 
23542 

1334 ± 
568 

R1 2800 41 46 18 0 3626 101390 90660 1073 

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 

Average 
1888 ± 
1290 

56 ± 
28 

26 ± 
13 

15 ± 5 
148 ± 
297 

2937 ± 
684 

54060 ± 
34926 

45933 ± 
32570 

813 ± 295 

p-value 0.233 0.217 0.954 0.238 0.838 0.308 0.989 0.736 0.116 

Overall 
2564 ± 
1319 

67 ± 
22 

26 ± 8 
20 ± 
14 

228 ± 
261 

3307 ± 
838 

53884 ± 
29404 

42151 ± 
25330 

1173 ± 
547 
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areas generated more CO2 emissions from drainage water into the field than the irrigated areas. 

Moreover, at the sites where there was no burning rice residue (sites I2, I3, I4, I8, R1, R2, and 

R4) there was a slightly higher amount of CO2 emissions from utilization of diesel fuel than 

burned rice residue sites (sites I1, I5, I6, I7, I9, and R3). This is because farmers need to use 

the machine for the incorporation of rice residues into the soil but not for burning rice residues. 

The CO2 emissions from the utilization of diesel fuel ranged from 127 to 211 

kg·CO2eq·ha−1·year−1 across sites, with averages of 152 and 188 kg·CO2eq·ha−1·year−1 for 

irrigated and rain-fed areas, respectively. Gasoline fuel utilization generated CO2 emissions, 

varying from 10 to 73 kg·CO2eq·ha−1·year−1 in all sites, with averages of 30 and 51 

kg·CO2eq·ha−1·year−1 for irrigated and rain-fed areas, respectively. Meanwhile, CO2 emissions 

from the utilization of insecticides and herbicides ranged from 37 to 73 kg·CO2eq·ha−1·year−1 

across sites, with averages of 52 and 43 kg·CO2eq·ha−1·year−1 for irrigated and rain-fed areas, 

respectively. There were significant differences for the utilization of diesel fuel (p < 0.05), 

while there were no significant differences in the utilization of gasoline fuel, or insecticides 

and herbicides, between irrigated and rain-fed areas (p < 0.05) (Table 4-4). 

The total CO2 emissions were estimated, ranging from 201 to 301 

kg·CO2eq·ha−1·year−1 across sites, with averages of 233 and 281 kg·CO2eq·ha−1·year−1 for 

irrigated and rain-fed areas, respectively (Table 4-5). The land management practice of the high 

amount of diesel fuel utilization caused the highest total CO2 emissions as seen at site R1, 

which was the highest amount of diesel fuel utilization at 211 kg·CO2eq·ha−1·year−1 compared 

with others (Table 4-4).      

4.3.3 N2O emissions  

Remarkably, N2O emissions depended on chemical fertilizer application and the amount 

of burned rice residues. N2O emissions from chemical fertilizer utilization ranged from 211 to 

541 kg·CO2eq·ha−1·year−1 in all sites, with averages of 409 and 346 kg·CO2eq·ha−1·year−1 for 
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irrigated and rain-fed areas, respectively. Irrigated areas had slightly higher N2O emissions 

from chemical fertilizer utilization than the rain-fed areas, but there were no significant 

differences between both areas (p < 0.05). Meanwhile, N2O emissions from burning rice 

residue were found the wide range of 0 to 11 kg·CO2eq·ha−1·year−1 in all sites, with averages 

of 5 and 3 kg·CO2eq·ha−1·year−1 for irrigated and rain-fed areas, respectively, and there were 

no significant differences between both areas (p < 0.05) (Table 4-4).  

A range of total N2O emissions values (211–541 kg·CO2eq·ha−1·year−1) was calculated, 

with averages of 414 and 349 kg·CO2eq·ha−1·year−1 for irrigated and rain-fed areas, 

respectively (Table 4-5). Highly positive correlations were found between N2O emissions and 

N fertilizer application, with r values of 0.925 (p < 0.01) (Table 4-6). The highest total N2O 

emissions were found at site R4, where the high amount of chemical was practiced. On the 

other hand, at site R2, where the lowest amount of chemical fertilizer was found and there was 

no use of burned rice residues (Table 4-2), the lowest total N2O emissions were seen. 

4.3.4 CH4 emissions 

Manure application, the amount of burned rice residues, and the length of rice cultivation 

affected the CH4 emissions. CH4 emissions from rice cultivation ranged from 794 to 5518 

kg·CO2eq·ha−1·year−1 across sites, with averages of 4359 and 1905 kg·CO2eq·ha−1·year−1 for 

irrigated and rain-fed areas, respectively. There were significant differences for CH4 emissions 

from rice cultivation between irrigated and rain-fed areas (p < 0.05). Irrigated areas had 

obviously higher CH4 emissions from rice cultivation than rain-fed areas. In addition, CH4 

emissions from burning rice residue had the wide range of 0 to 45 kg·CO2eq·ha−1·year−1 in all 

sites, with averages of 20 and 11 kg·CO2eq·ha−1·year−1 for irrigated and rain-fed areas, 

respectively, but there were no significant differences between both areas (p < 0.05) (Table 4-

4). 
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The range of total CH4 emissions was broad, varying from 794 to 5556 

kg·CO2eq·ha−1·year−1. The average value was 3621 kg·CO2eq·ha−1·year−1 in all sites (Table 4-

5). Highly positive correlations were found between CH4 emissions and manure application, 

GWP, net GWP, and GHGI, with r values of 0.739 (p < 0.01), 0.997 (p < 0.01), 0.932 (p < 

0.01), and 0.604 (p < 0.05), respectively (Table 4-6). These correlations may reflect that the 

land management practice of applying large amounts of manure or burned rice residues, and 

the long rice cultivation length, would generate high CH4 emissions. The highest and lowest 

CH4 emissions were seen at site I7 and R4, respectively (Table 4-5). 

4.3.5 SOCSR  

The SOCSR in this study varied across sites from 403 to 2708 kg·CO2eq·ha−1·year−1, 

with averages of 1334 and 813 kg·CO2eq·ha−1·year−1 for irrigated and rain-fed areas, 

respectively. The average value for all sites was 1173 kg·CO2eq·ha−1·year−1 (Table 4-5). The 

SOCSR had a highly positive correlation with rice yield (r = 0.722, p < 0.01) and K2O fertilizer 

application (r = 0.787, p < 0.01), whereas a negative correlation was found with the amount of 

burned rice residues and GHGI, but was not statistically significant (Table 4-6). The results 

were obvious at sites I2 and R1, where the manure application was high and no burned rice 

residues were used. Therefore, these sites achieved high SOCSR and rice yield. However, it 

seems that not only can manure application and a lack of burned rice residues increase SOCSR 

and rice yield, but high chemical fertilizer application also can (Table 4-2).     

4.3.6 Net GWP and GHGI   

The evaluation of net GWP and GHGI under different land management practices is shown 

in Table 4-5. The net GWP varied across sites, ranging from 819 to 5170 kg·CO2eq·ha−1·year−1, 

with an average value of 3090 kg·CO2eq·ha−1·year−1, and GHGI ranged from 0.31 to 1.68 

kg·CO2eq·kg−1 yield, with an average value of 0.97 kg·CO2eq·kg−1 yield. The net GWP 
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showed a highly positive correlation with manure application, amount of burned rice residue, 

CH4 emission, GWP, and GHGI (r = 0.609 (p < 0.05), 0.555 (p < 0.05), 0.932 (p < 0.01), 0.936 

(p < 0.01), and 0.778 (p < 0.01), respectively). Meanwhile, GHGI had a positive correlation 

with the amount of burned rice residue, CH4 emission, GWP, and net GWP, with r values of 

0.656 (p < 0.05), 0.604 (p < 0.05), 0.595 (p < 0.05), and 0.778 (p < 0.01), respectively. 

However, this study found a negative correlation of net GWP and GHGI with CO2 emissions 

(r = −0.640 (p < 0.05), and −0.662 (p < 0.05), respectively). This is because the sites with high 

net GWP and GHGI in this study generated a low amount of CO2 emissions, but emitted a high 

amount of N2O emissions from chemical fertilizer application. 

Multiple regression equations to predict GHGI using manure, N, P2O5 and K2O fertilizers, 

and burned rice residues showed that GHGI = 0.001 × burned rice residues + 0.74 (R2 = 0.36, 

p < 0.01). This finding revealed that burned rice residue was the main factor determining the 

GHGI in this area. In addition, land management practices where the net GWP and GHGI were 

low involved no burned rice residues, incorporation of manure and chemical fertilizer, or 

application of chemical fertilizers at sites R1, R2, and R4, respectively. Meanwhile, similar 

land management practices had a high net GWP and GHGI as seen at sites I2, I3, I4, and I8 

(Table 4-5), mainly due to the increased CH4 emissions under continuous flooding. 

This study revealed that 81.07% of GHG emissions came from CH4 emissions from rice 

cultivation, followed by N2O emissions from fertilizer utilization, CO2 emissions from diesel 

fuel utilization, CH4 emissions from burning rice residues, CO2 emissions from insecticide and 

herbicide utilization, N2O emissions from burning rice residues, and CO2 emissions from 

gasoline fuel utilization, with sharing values of 8.57%, 3.75%, 3.72%, 1.13%, 0.93%, and 

0.83%, respectively (Figure 4-4). 
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Figure 4-4 The contribution of GHG emission sources in each activity. 
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Table 4-4 GHG emissions within the farm gate in each activity 

Site No. 

CO2 emission  
(kgCO2eq ha-1 yr-1) 

N2O emission  
(kgCO2eq ha-1 yr-1) 

CH4 emission  
(kgCO2eq ha-1 yr-1) 

Diesel 
fuel 

Gasoline 
fuel 

Insecticide 
and 

herbicide 

Chemical 
fertilizer  

Burning 
rice residue 

Rice 
cultivation 

Burning 
rice residue 

I1 151 28 48 487 10 5282 43 

I2 188 14 73 459 0 5418 0 

I3 172 23 61 423 0 4776 0 

I4 166 10 67 272 0 2404 0 

I5 127 19 55 511 9 4849 37 

I6 135 30 41 443 7 3616 30 

I7 129 65 40 438 9 5518 38 

I8 159 28 38 249 0 3805 0 

I9 138 49 45 399 8 3567 31 

Average  152 ± 21 30 ± 17 52 ± 13 409 ± 91 5 ± 5 4359 ± 1063 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 43 ± 7 346 ± 157 3 ± 6 1905 ± 747 11 ± 23 

p-value 0.031 0.074 0.191 0.370 0.502 0.002 0.491 

Overall 163 ± 29 36 ± 20 49 ± 12 390 ± 112 4 ± 5 3604 ± 1511 17 ± 20 

I = Irrigated area, R = Rain-fed area, p-value indicates a significant difference of value 

between irrigated and rain-fed areas 
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4.4 Discussion  

4.4.1 Rice yield and SOC under different management practices 

Proper management practices can increase SOC sequestration through increasing OM 

inputs to the soil. Soil organic material can be mineralized towards releasing the nutrient, which 

subsequently can be taken up by crops to increase crop yields. Therefore, the mineralization of 

soil organic matter (SOM) is a vital parameter to enhance crop yields. This is consistent with 

our result that rice yield had a highly positive correlation with SOC (Figure 4-1) and SOCSR 

(Figure 4-2). Liang et al. (2012) indicated that increasing the amount of SOC could be 

accomplished by regular manure application with a return of more crop residues, which 

subsequently can lead to higher crop production. In arable land cropping systems, increasing 

the amount of OM in soil not only increases SOM, but also reduces net GHG emissions (Koga 

et al., 2006). Moreover, studies have shown that combining both organic and chemical 

fertilizers can be a suitable way for enriching soil (Nie et al., 2007; Hao et al., 2008). From this 

study, I2 and R1 reached the same rice yield and SOC, which 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 estimation of GHG emissions from rice 

production varies, but they all agree that rice production is a significant contributor to overall 

emissions. As in flooded rice paddies generally, flooding rice fields block oxygen penetration 

into the soil, which allows bacteria capable of producing CH4 to thrive (Wassmann et al., 2000). 

Rice production also generates N2O from N-fertilizer application (Yang and Wang, 2007). 

Meanwhile, the main sources of CO2 emissions are either cropping operations, such as tillage, 

sowing, harvesting, or transport, including stationary operations, such as pumping water, 

spraying, and grain drying. The burning of rice residue is another emissions source yielding 
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CO2, CH4, and N2O (Duan et al., 2004). This study revealed that the land management practice 

of highly burned rice residues generated high CH4, and N2O emissions as was seen at site R3 

(Table 4-4). In addition, more fuel consumption in rain-fed areas than in irrigated areas was 

found, owing to the energy needed for pumping water into rain-fed rice fields and farm 

operations, such as herbicide application, because the dry land would face weeds more than 

flooded land would. Consequently, these management practices can also produce higher 

amounts of CO2eq than others can (Snyder et al., 2009). 

CH4 is produced from the decomposition of OM in anaerobic conditions by 

methanogens. SOM is the most common limiting factor for methanogenesis in rice fields 

(Wang et al., 2000). OM arises from the four main sources of animal manure, green manure, 

crop residues (straw, stubble, roots), and by-products of rice production (root exudates, 

sloughed-off root cells, and root turnover). Neue et al. (1996) reported that the rice straw 

application of 5 Mg ha-1 yr-1 increased CH4 emissions ten-fold compared to the use of only urea 

fertilizer. To reduce the CH4 emissions associated with water management in rice fields in 

which alternating wetting and drying could reduce more CH4 emissions than continuously 

flooded fields (Adhya et al., 200). These results were in complete agreement with our findings 

that the land management practices for site I7 (Table 4-5) caused the highest CH4 emissions 

due to the higher manure application and amount of burned rice residues than at other sites. 

Additionally, irrigated areas had higher CH4 emissions than rain-fed areas did, owing to the 

longer period of flooding in rice fields, which was similar to previous investigations by 

Bhattacharyya et al. (2012) and Shen et al. (2014). This result was obtained from sites I1 to I9, 

with an average value of 4379 kg CO2eq ha-1 yr-1 for irrigated areas, and sites R1 to R4, with 

the average value of 1916 kg CO2eq ha-1 yr-1 for rain-fed areas. However, the addition of 

organic material such as rice residues and manure application lead to increasing CH4 emission 

due to anaerobic decomposition (Chidthaisong and Watanabe, 1997), but it can greatly offset 
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the mitigation benefits of soil carbon sequestration (Lu et al., 2014). This can obviously be 

found at site I2 where applied manure and no burning rice residues, with the high SOCSR (2, 

708 kg CO2eq ha-1 yr-1) and low GHGI (0.75 kgCO2eq kg-1 yield) (Table 4-5). Based on our 

study, we, therefore, support the addition of manure application and returning rice residues to 

the soil because these practices not only gain more C storage in the soil than is release to the 

atmosphere but also can enhance soil fertility through the mineralization of SOM, which in 

turn will increase crop productivity. 

Fertilizer application is important from a climate change perspective due to energy 

intensive production, and the positive relationship with N2O emissions from soils (Zou et al., 

2008; Liu et al., 2012). This was consistent with our result of the land management practices 

at site I5 (Table 4-5), which generated the highest N2O due to the high chemical fertilizer 

application and amount of burned rice residues that was practiced.   

4.4.3 Effects of land management practice on net GWP and GHGI 

The net GWP has been illuminated to understand agriculture’s impact on radiative 

forcing (Linquist et al., 2012). Therefore, net GWP and GHGI need to be considered when 

evaluating a management strategy for mitigating GHG emissions. Our study found that more 

burning rice residues greatly contributed to high net GWP and GHGI. Our results were 

consistent with Zhang et al. (2014), whose study showed that a chemical fertilizer application 

rate of 210 kg N ha-1 yr-1 was the most suitable for balancing GHG emissions and rice yield in 

Chongming Island, Eastern China. In this study, the average GHGI was 0.97 kg CO2eq kg-1 

yield. In Jiangsu province, China, the GHGI varied from 0.41–0.74 kg CO2eq kg-1 yield under 

annual rice-wheat rotations with integrated soil-crop system management (Ma et al., 2013). 

Qin et al. (2010) studied midseason drainage and organic manure incorporation in Southeast 

China and found that the GHGI varied from 0.24–0.74 kg CO2eq kg-1 yield, which was lower 
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than in this study. In Thailand, the study of Yodkhum and Sampattagul (2014) who applied a 

life cycle assessment concept and carbon footprint of product to determine GHG emissions of 

rice production in Thailand, reported that in northeast Thailand, GHG emissions of KDML 105 

of NongKhai was 2.39 kg CO2eq kg-1 yield, which was higher than in this study. Arunrat et al. 

(2016) estimated GHG emissions based on the concept of the life cycle assessment of the 

greenhouse gas emissions (LCA-GHG) of products in Phichit province of Thailand. Their 

results revealed that GHG emissions from rice production varied from 1.81-2.87 kg CO2eq kg-

1 yield, and 1.72-2.70 kg CO2eq kg-1 yield for irrigated and rain-fed areas, respectively, which 

was higher than in this study. However, the report of the Office of Agricultural Economics 

about the GHG emissions estimation and database developments in Thailand in 2012 using the 

methodology of life cycle assessment of greenhouse gas emissions of products and IPCC 

guideline. The GHGIs ranged from 0.67 to 3.96 kg CO2eq kg-1 yield and averaged 2.32 kg 

CO2eq kg-1 yield (OAE, 2012). Taking the country’s value as the baseline, the GHGI in this 

study was lower than the country’s average. This is because the GHG emissions that occur 

outside the farm gate were not included in this study such as raw materials production, the 

transportation of agricultural inputs from manufacturing to the farm, and the transportation of 

rice production from the farm to the mill and storehouse. This study emphasized the balance 

between GHG emissions and SOC sequestration on the effect of land management practices 

because the SOC content at local-scale data in the estimation of GHGI which is usually limited 

data available due to high uncertainties in the large-scale data (Wang et al., 2015). Reasonable 

land management practices are the main components for mitigating GHG emissions because 

CO2, CH4, and N2O emissions would be negated by the benefits of SOC sequestration. It is 

possible that the goal of reducing the net GWP and GHGI in Thailand should focus on 

increasing the SOC and simultaneously decreasing the burning rice residues. 
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4.5 Conclusions  

This study showed that the amount of K2O fertilizer applied is the most significant 

factor explaining rice yield and SOCSR in this area. The contributions of CO2, CH4, and N2O 

to net GWP decreased in the order from CH4 > N2O > CO2 at all sites. GHGI had a positive 

correlation with the amount of burned rice residues, CH4 emission, GWP, and net GWP. The 

land management practices that led to low GHGIs were those that returned residues to the field 

after harvesting and incorporated manure and chemical fertilizers. These practices are an 

effective way to reduce GHG emissions and contribute to sustainable 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 impact of climate 

change on rice yield and soil organic carbon sequestration in a 

tropical monsoon area  

 

5.1 Introduction 

 Climate change and rising atmospheric CO2 may influence rice yields (Rosenzweig et 

al., 2001; Parry et al., 2004; Adejuwon, 2005; Wassmann and Dobermann, 2007) and thus 

threaten food security (Nguyen, 2006). Although soils have the potential to mitigate increasing 

CO2 concentrations through carbon (C) sequestration, land misuse and soil mismanagement 

have caused depletion of soil organic carbon (SOC) (Lal, 2004a; Li and Zhang, 2007; Li et al., 

2010). Therefore, computer simulation models of soil, crop yields, and atmospheric systems 

can make valuable contributions to determine crop responses, predict crop performances, and 

evaluate the environmental impacts of different management practices.  

The Environmental Policy Integrated Climate (EPIC) model, a notable integrated 

model of management of the soil–water–atmosphere system, was developed and has been 

successfully used to simulate the effects of this system on crop production and soil dynamics 

(Williams et al., 1984; Williams et al., 1989; Sharpley and Williams, 1990). Williams et al. 

(2006) noted that the EPIC model can also be used to simulate nitrogen (N) and C cycling, 

surface runoff and leaching of N and phosphorous (P), alternative cropping systems, 

management practices, crop growth and yields of about 100 different crop plant species, 

climate change, and the effects of atmospheric CO2. According to Zhao et al. (2013), the EPIC 

model is the most suitable model for SOC simulation for different irrigation, fertilization, and 

tillage treatments. With increasing concern about climate change and associated issues, the 
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EPIC model has increasingly been used to simulate the impacts of climate change on crop 

yields (Lee et al., 1996; Phillips et al., 1997; Brown, Rosenberg, 1997; Brown et al., 2000; 

Izaurralde et al., 2003; Wang and Li, 2010), SOC (Causarano et al., 2007; 2008; Gaiser et al., 

2008; Zhang et al., 2010; Balkovič et al., 2011), and nitrate leaching (Chung et al., 2001). 

However, these studies have been conducted at large scales (basin, country or regional), at 

which local heterogeneity in factors such as local climate, soil properties, and farmer 

management practices could not be incorporated. The impacts of climate change at different 

scales may differ in severity. Indeed, local-scale simulation is often challenging because 

precise data are rarely available and accessible. For instance, Xiong et al. (2008) examined the 

performance of CERES-Rice at a regional scale across China using a cross-calibration process 

based on limited experimental data, agroecological zones, and a geographical database with a 

50 km × 50 km grid scale; reducing the error between the simulated and actual yields using 

specific areas and other yield loss factors was suggested. Niu et al. (2009) reported that the use 

of field measurement data or location-specific data instead of data from widely available 

sources decreased the simulation bias in a study in which the EPIC model was used to simulate 

grain sorghum yields in the US Great Plains under different climate scenarios. Xiong et al. 

(2014) suggested that more precise data at the local or regional scale could improve the 

reliability and accuracy of model calibration even for global simulation of rice yields with the 

EPIC model. Moreover, evaluation of climate change impacts on rice yield (Pumijumnong and 

Arunrat, 2013; Arunrat and Pumijumnong, 2015), N loss (Arunrat and Pumijumnong, 2014) 

and SOC sequestration (Arunrat et al., 2014) in rice field were performed in Thailand (country-

scale) using EPIC model version0509. These studies reported that the EPIC model has never 

been used in Thailand before. Therefore, it needs to be more specific in order to improve the 

accuracy of the models, particularly location-specific data. 
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To fill a remaining gap in this research, there is a pressing need to improve the accuracy 

of EPIC model simulations through the use of location-specific data for model calibration and 

validation. The objectives of this study are: 1) to evaluate the reliability of EPIC model 

calibration and validation processes based on local-scale data, and 2) to evaluate the possible 

impacts of climate change on rice yield and SOC sequestration. Our findings contribute to 

understanding the consequences of long-term climate change, which is essential for agricultural 

policy-making and the selection of mitigation strategies. 

 

5.2 Materials and methods 

5.2.1 Site description 

 The study area is in the Thung Kula Sub-district, Suwannaphum District, Roi Et 

Province, Thailand, located at 15°28′N, 103°48′E, and covers 59.45 ha, 22.29 ha of which is 

irrigated and 37.16 ha rain-fed. Roi Et soils are derived from washed deposits of sandstone and 

occur on the lower parts of peneplains. The elevation ranges from 100 to 200 m above sea 

level. This area has a tropical monsoon climate (Köppen 'Aw'). The average annual 

precipitation in 2014 ranged from 800 to 2,900 mm, and the mean annual air temperature 

ranged from 26 to 28°C. The major soil type in Roi Et Province is Ultisol with > 60% sand 

content; low SOC, ranging from 0.40%–1.29%; and moderately acidic surface soil with a pH 

range of 5.0–6.0 (LDD, 1991). In the study area, there are six soil series: a) Ki (Kula Ronghai 

series): fine-loamy, mixed, active, isohyperthermic Typic Natraqualfs; b) Nn (Nakhon Phanom 

series): fine, kaolinitic, isohyperthermic Aeric Plinthic Paleaquults; c) Ph (Phan series): fine, 

kaolinitic, isohyperthermic Typic (Plinthic) Endoaqualfs; d) Pm (Phimai series): very fine, 

smectitic, isohyperthermic Ustic Endoaquerts; e) Sp (San Pa Tong series): coarse-loamy, 

siliceous, semiactive, isohyperthermic Typic (Kandic) Paleustults; and f) Tt (Tha Tum): fine, 

mixed, semiactive, isohyperthermic Aeric (Plinthic) Endoaqualfs (LDD, 2003) (Figure 5-1). In 
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general, these soils are deep, and characterized by a number of different colors, although the 

dominant color characteristics are a grayish-brown or light brown sandy loam A horizon 

overlying a light brown grading to pinkish-gray sandy clay loam or loam kandic B horizon, 

which, in turn, overlies a light gray or whitish clay loam or clay C horizon. The soils are mottled 

throughout the profile, with strong brown, yellowish brown or dark brown and some yellowish 

red or red mottles common in the subsoil. The soil reaction is moderately acidic over strongly 

to very strongly acidic (LDD, 2003). 

 

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 of both annual and perennial crops based 

on a single crop growth model. This model uses radiation-use efficiency to calculate the 

photosynthetic production of biomass. Interception of solar radiation is estimated as a function 

of leaf area index (LAI). LAI is simulated with equations determined based on heat units, the 

maximum LAI for the crop, genetic coefficients, and five environmental stresses (water, 

temperature, nutrients (N and P) and aeration) (Easterling et al., 1998; Liu et al., 2014). The 
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stress factor values range from 0 to 1, and the phonological development of the crop is based 

on daily heat unit accumulation and a heat unit index value (HUI) computed from 0 at planting 

to 1 at maturity. The potential biomass is adjusted daily through multiplying by the lowest 

value of the five environmental stress indices. The water stress index is the ratio of soil 

available water to the potential water demand of a crop. The temperature stress index is 

computed using a function dependent upon the daily average temperature, the optimal 

temperature, and the base temperature for crop growth. The N and P stress indices are based 

on the ratios of accumulated plant N and P to the optimal values of N and P. The aeration stress 

index is estimated as a function of soil water relative to porosity in the root zone (Tan and 

Shibasaki, 2003). Atmospheric CO2 concentration also influences photosynthesis by increasing 

radiation-use efficiency. Therefore, crop yields are estimated by multiplying the above-ground 

biomass at maturity (determined based on the accumulation of heat units or a specified harvest 

date) by a harvest index (economic yield divided by aboveground biomass) specified for the 

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

 

5.2.2.2 Carbon flows in the EPIC model  

The EPIC model simulates dynamic C processes using C routines conceptually similar 

to those used in the Century model (Izaurralde et al., 2001; 2006). The Century model (Parton 

et al., 1987; 1994) was successfully used to simulate soil organic matter (SOM) across a variety 

of land use types and climates and is among the models that consistently produce low errors 

and show low overall bias (Kelly et al., 1997; Smith et al., 1997). The total C pool for soil C 

estimations consists of five compartments: structural litter, metabolic litter, microbial biomass, 

slow humus, and passive humus. Parton et al. (1987; 1993; 1994) and Izaurralde et al. (2006) 

described the original dynamic C processes in the Century model and the new C and N modules 

developed for the EPIC model. These new modules were built to connect simulation of soil C 
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and N dynamics with crop management, tillage methods, and erosion processes. The surface 

microbial pool turnover rate is independent of soil texture, whereas soil texture influences the 

turnover of active SOM (higher rates for sandy soils). The model assumes a 60% loss of carbon 

due to microbial respiration for surface microbes and 55% for all other layers. Allocation of 

carbon from lignin in structural litter to CO2 is set at 0.3, and the rest is partitioned into slow 

humus (Izaurralde et al., 2006). In each process, there are moisture and temperature controls 

on soil biological processes (Figure 5-2).  

 

Figure 5-2 Carbon flows in the EPIC model. XW and XT refer to moisture and temperature 

controls on soil biological processes; LMF = fraction of the litter that is metabolic (kg kg−1); 
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Lf = fraction of structural litter that is lignin (kg kg−1); lowercase f = “function of”; subscript f 

= “fraction”; Sif = fraction of soil mineral component that is silt; Clf = fraction of soil mineral 

component that is clay; Kd = distribution coefficient of organic compounds between the soil 

solid and liquid phases; DB = soil bulk density; θ = soil volumetric water content (after 

Izaurralde 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-areas to collect soil samples, prepare climate 

data, and determine land management characteristics using a polygonal grid measuring 0.01 × 

0.01 degrees in size, and covering ~1 × 1 km. The total area was 59.45 ha and covered a total 

of 64 grid cells, with 22.29 ha and 24 cells in irrigated areas, and 37.16 ha and 40 cells in rain-

fed areas (Figure 5-3).  

 

Figure 5-3 The location of data collection and simulation unit 
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5.2.3.2 Soil sampling and analysis 

In a survey of soil nutrient status in Thailand from 2004 to 2008, 13 sites in the study 

area were sampled by the laboratory of the Office of Science for Land Development, Land 

Development Department, Ministry of Agriculture and Cooperatives, Thailand. From the 13 

sites in the study area in Thung Kula Sub-district, nine of which were in irrigated areas and 

four in rain-fed areas, data were collected and the SOC estimated in 2004. In 2014, soil samples 

were collected again from the same 13 study sites to investigate changes in soil properties and 

model calibration, and 51 new sites were also investigated for model validation. Soil samples 

were collected during the dry season after the rice harvest (November, 2014). At each site, the 

soil horizons from 0 to 40 cm in depth were identified based on specific physical features, i.e., 

color and texture. Three samples (replications) of each soil horizon were then collected. A total 

of 621 soil samples from 64 sites were collected. The soil parameters required for the model 

and their values are listed in Table 5-1. 

Soil texture (%; sand, silt, and clay), bulk density, pH, SOC, electrical conductivity 

(EC), cation exchange capacity (CEC), and total nitrogen (TN) were analyzed in the laboratory. 

The physical and chemical properties of whole soils were determined using the procedures 

described by the National Soil Survey Center (1996). After each sample was left for a 24-hr 

drying period in an oven at 105°C, soil bulk density was determined as the dry weight per unit 

volume of the soil core. Soil texture was determined using a hydrometer, and soil pH was 

determined in a 1:2.5 soil to water mixture using a pH meter. The EC of saturated paste extracts 

was measured following the method described by the United States Department of Agriculture 

(USDA, 1954). CEC was determined with the pH 7.0 1 M ammonium acetate (NH4OAc) 

method. Total N was measured using the Kjeldahl method. Available phosphorus content was 

determined using the Bray II method, and phosphorus concentration was measured using the 

molybdate blue method (Bray and Kurtz, 1945). Extractable potassium (K) was extracted from 
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the soil samples with pH 7.0 NH4OAc, and element concentrations were measured with a flame 

photometer. Organic C content was determined using the method of Walkley and Black (1934). 

SOC stock was calculated as: 

 

SOC = (BD × OC × D) × 10        (1) 

 

where SOC is the soil organic carbon stock (Mg C ha−1), BD is the soil bulk density (Mg 

m−3), OC is the organic carbon content (g kg−1), and D is the soil sampling depth (m). In this 

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

 

Table 5-1 Characteristics of main soil properties (0–40 cm) required for the model at the 64 

sites 

Soil variables Ranges Source 

Bulk density (Mg m-3) 0.71-1.78 This study 

Wilting point at 1500 kPa (m3 m-3) 0.02-0.08 LDD (2003) 

Field capacity at 33 kPa (m3 m-3) 0.110-0.187 LDD (2003) 

Sand (Ø 0.05–2 mm) (%) 47.0-86.0 This study 

Silt (Ø 0.002–0.05 mm) (%) 0.10-23.9 This study 

Total nitrogen (g kg-1) 0.045-0.94 This study 

Available phosphorus (mg kg-1) 25.3-102 This study 

pH 3.86-6.66 This study 

Organic carbon (g kg-1) 0.34-3.22 This study 

Cation exchange capacity (cmol ckg-1) 2.31-7.52 This study 

Exchangeable K concentration (mg kg-1) 4.97-132 This study 

Electrical conductivity (mmho cm-1) 0.01-0.17 This study 
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5.2.3.3 Climatic data 

The EPIC model requires the following monthly climate variables: maximum and 

minimum air temperature, precipitation, rain days, solar radiation, and relative humidity. In 

this study, average values of the climatic data were calculated for two separate periods. First, 

data for the baseline period (1986–2014) was retrieved from the Thai Meteorological 

Department for calibration and validation of the model. Secondly, future climate changes under 

the A2 and B2 scenarios were modeled to assess the impact of climate change on rice yields 

and changes in SOC. The A2 scenario assumes a world emphasizing self-reliance, the 

preservation of local identities and economic growth, with a slowly, continuously increasing 

global population, and technological change more fragmented and slower than in other 

storylines. In contrast, the B2 scenario assumes local solutions to economic, social, and 

environmental sustainability, intermediate levels of economic development, less rapid and 

more diverse technological change than in the B1 and A1 storylines, and continuously 

increasing global population, at a rate lower than in A2 (IPCC, 2001; 2007). In this study, two 

long-term periods (2015–2045 and 2045–2075) under the A2 and B2 climate change scenarios 

were modeled, as proposed by the Southeast Asia START (System for Analysis, Research and 

Training) Regional Centre (SEA START RC), at high resolution with a grid size 20 × 20 km 

(0.22°). Data were simulated using the PRECIS (Providing REgional Climates for Impacts 

Studies) regional climate model, and the Global Circulation Model (GCM) ECHAM4 dataset 

was used as the initial data for calculations (SEA START RC, 2010). As described by Arnell 

et al. (2004), the CO2 concentration for baseline period was kept constant at 360 ppm, and the 

CO2 concentrations used for 2015–2045 and 2045–2075 were 490 and 629 ppm, respectively, 

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

Management practice data was considered for the two periods. First, the data collected 

in 2004 was used for model calibration. However, fertilizer application rate data were not 

available for 2004. Therefore, the trend of fertilizer application rates from 2010 to 2014 was 

employed using simple linear regression analysis and fitting a linear equation. We found that 

the average rate of increase was of 1.52 kg ha−1 yr−1 (1.77% yr−1), which is consistent with 

Bangkok bank (2003) estimate of the Thailand agricultural sector’s chemical fertilizer usage 

from 1995 to 2003. For this 8-year period, the average rate of increase was 1.3% yr−1. Secondly, 

management data were obtained through field surveys over a 5-year period (2010–2014); these 

data were used for model validation and fixed for each site for model simulation under the A2 

and B2 climate change scenarios.  

Questionnaires were administered at each sampling site to record the crop and 

management practices of farm owners. At farmers at each of the 64 sites recorded crop and 

land management data. Rice yields and management practice data (i.e., dates of planting and 

harvesting; rates of application of fertilizers, manure, pesticides, and irrigation; and field 

operations performed) were obtained from the questionnaire surveys in 2014 and from the 

record books for the standards for good agricultural practices (GAP) of farm owners over the 

5-year study period (2010–2014), including both rainy and dry seasons. These record books 

were disseminated to the farmers by the Department of Agricultural Extension, Ministry of 

Agriculture and Cooperatives, Thailand to record agricultural activities, which helped with the 

collection of precise operational practice data for this study.   

Rice in the study area refers to the major rice crop, which is grown during the rainy 

season between July and December, and the second rice crop, which is grown during the dry 

season between January and April of the following year (OAE, 2014). Most rice fields in the 

study area use rain-fed cultivation, in which rice is grown only once a year because 
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precipitation is a major limiting factor. Farmers in some irrigated areas are able to grow rice 

twice a year, for both major and second rice crops. Jasmine rice (Oryza sativa) is mostly 

commonly grown in this area. The dominant rice varieties recorded in this study were Khao 

Dawk Mali 105 (KDML 105), RD 6, and Suphanburi 60. KDML105 and RD 6 are strongly 

photoperiod sensitive and flower in late October, regardless of sowing time, whereas 

Suphanburi 60 is a non-photosensitive rice variety. Based on the field survey data, each site 

was input into the EPIC operation schedule file with the respective farmers’ actual management 

practices specified. Five main types of management operations that were incorporated in the 

EPIC model: seeding/planting, tillage, irrigation, fertilizing, and harvesting. For each type of 

management operation, the exact date and month, amount and type of fertilizers, crop type, and 

irrigation conditions were also specified. The main conventional management techniques used 

in the study area are the following. 

First, during the growing period, both major and second rice crops were cultivated using 

the broadcast method and harvested by machine.   

Second, for tillage management, conventional tillage to a depth of 20 to 30 cm was 

performed by machine, with two different situations distinguished between wet and dry soil 

surface conditions.  

Third, after harvesting, farmers applied one of two forms of rice straw and stubble 

management: incorporation into the soil or burning in the field. The farmers usually burn rice 

residue after major rice harvesting (dry season) because of the ease and convenience of tillage 

to prepare for the next crop. Irrigated areas had lower amount of burned rice residue than rain-

fed areas, with averages of 0.071 and 0.141 Mg ha−1, respectively.  

Fourth, for water management, continuous flooding and shallow flooding were used for 

the irrigated and rain-fed areas, respectively. In irrigated areas, the fields were inundated with 

10 to 15 cm of standing water throughout the growing period and drained or naturally dried 7 
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to 10 days before harvesting. In rain-fed areas, the soil was flooded temporarily, depending on 

rainfall, or water pumping when rain water was unavailable. Therefore, if the field was not in 

an irrigated area, the irrigation code was set as dryland conditions. 

Fifth, for manure and chemical fertilizer application, cattle manure was often added to 

the soil as basal fertilizer once a year, usually after the previous crop was harvested or at the 

beginning of planting the next crop. The average manure application rate was 2.23 and 1.15 

Mg ha−1 for sites in irrigated and rain-fed areas, respectively, and was higher in the irrigated 

areas compared to the rain-fed areas. The following chemical fertilizer types were found in the 

study area: 46-0-0, 16-16-8, 16-20-0, 0-0-60, 15-15-15, and 16-8-8. A higher fertilizer 

application rate was indicated for irrigated areas than for rain-fed areas, with average rates of 

320 and 260 kg ha−1, respectively.  

 

  5.2.4 Sensitivity analysis 

Variation of model output can be arisen from two ways: user adjustable parameters and 

the model handles some parameters based on input variables (Owen et al. 2015). In this study, 

sensitivity analysis of adjustable parameters was performed to assess the relative importance 

of crop growth and carbon cycle parameters to model output, as presented in Table 5-2. 

Moreover, weather data (i.e. maximum temperature, minimum temperature, solar radiation, 

precipitation, and relative humidity) and management data (i.e. amount of N, P2O5, and K2O 

fertilizers, manure and rice residues applications) were considered to test the sensitivity of 

model outputs to varying of input variables, as presented in Tables 5-3 and 5-4. Both adjustable 

parameters and input variables are important for rice yield and SOC because there are many 

functions that differ in their relative importance for yield and SOC predictions. Especially, it 

is valuable to understand which variables are the most important for simulation accuracy. Users 

can pay attention which variables need accurate values for improving input data sets. 



103 

 

The main purpose of sensitivity analysis is to determine the magnitude of changes in 

the model’s response associated with changes in the value of a specified parameter. In this 

study, The one-factor-at-a-time (OAT) method was used to calculate relative sensitivity indices 

for rice yields and SOC. A total of five parameters for crop growth, ten parameters for the C 

cycle, five variables for weather data, and five variables for management data were varied by 

± 10% of the default model values to assess sensitivity using the equation derived from Liu 

(2009) below,  

� = ∆�
∆� 	

�
�,          (2) 

where S is the sensitivity index of the effect of parameter �� on Y, Y is the model output (i.e. 

rice yield and SOC in this study),  ∆X is a small change in X, and ∆Y is the change in Y in 

response to the change in X.  

 

Based on equation (2), the sensitivity indices for rice yield and SOC are determined as 

follows: 

�
̅���� == ������.������������������.�����������
�.�������

,    (3) 

��̅��� == �����.����������������.����������
�.������

,     (4) 

where �
̅���� and ��̅��� are the sensitivity indices of parameter Xi for rice yield and SOC, 

respectively; ���� �� and �!"�� are the rice yield and SOC, respectively, simulated by setting 

all parameters to default values; ���� #.#��  and �!"#.#��  are the rice yield and SOC, 

respectively, simulated by setting all parameters to default values except Xi, which is set to 

110% of its default value; and ���� �.$��  and �!"�.$��  are the rice yield and SOC, 
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respectively, simulated by setting all parameters to default values except Xi, which is set to 

90% of its default value. The parameters with the highest �
̅���� and ��̅��� values are defined 

as the most sensitive parameters for rice yield and SOC, respectively. The range of sensitivity 

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

sensitivity.  

 

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

values in the EPIC model 

No  Parameter  Symbol  
Default 

value 

Suggested 

range*  

Calibrated 

value 

Crop parameters  

1.  
Biomass-energy ratio 

(kg ha
−1 

MJ
−1 

m
2
)  

WA  25 20-30  25 

2.  Harvest index  HI  0.5 0.4-0.5  0.45 

3.  Potential heat units (°C)  PHU  1580 1200-2400  1630 

4.  
Water stress–harvest 

index  
PARM(3)  0.5 0.3-0.7  0.5 

5.  SCS curve number index  PARM(42)  1.5 0.5-2.0  1.0 

Carbon cycle parameters  

1.  
Fraction of humus in the 

passive pool 
FHP  0.0 0.3-0.7  0.6 

2.  
Fraction of slow C 

allocated to passive pool  
PARM(45)  0.05 0.001-0.05  0.05 

3.  
Slow humus 

transformation rate, d
−1 

 
PARM(47)  0.000548 

0.00041-

0.00068  
0.000562 

4.  
Passive humus 

transformation rate, d
−1 

 
PARM(48)  0.000012 

0.0000082-

0.000015  
0.000013 

5.  
Microbial activity  at 

top soil layer  
PARM(51)  1.0 0.1-1.0  1.0 
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6.  
Residue decay tillage 

coefficient  
PARM(52)  20.0 5.0-15.0  14.5 

7.  
Microbial activity at 

depth  
PARM(53)  0.9 0.8-0.95  0.89 

8.  
Root growth water use 

coefficient  
PARM(54)  5.0 2.5-7.5  5.7 

9.  
Root growth water 

use/depth ratio  
PARM(55)  0.5 0.0-1.0  0.8 

10.  
Root growth depth 

coefficient  
PARM(56)  10.0 5.0-10.0  10.0 

* EPIC suggested range 

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

variables. 

  

Maximum 
Temperature 

(°C) 

Minimum 
Temperature 

(°C) 

Solar 
radiation 
(MJ m-2) 

Precipitation 
(mm) 

Relative 
humidity 
(fraction) 

January 
Range 24.3-26.6 16.5-16.8 15.4-16.1 4.32-19.83 0.67-0.73 

Mean±SD 25.7±1.2 16.6±0.2 15.7±0.3 13.2±7.47 0.70±0.02 

February 
Range 26.3-31.0 18.8-20.1 17.5-18.5 25.4-47.3 0.65-0.76 

Mean±SD 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 21.0-24.6 20.9-21.5 54.8-115.0 0.64-0.72 

Mean±SD 33.3±4.2 23.3±2.0 21.2±0.3 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 0.68-0.76 

Mean±SD 34.6±3.8 25.5±1.9 22.6±0.3 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 0.73-0.81 

Mean±SD 34.1±3.9 26.1±2.1 21.5±0.6 263.4±140.6 0.76±0.02 

June 
Range 29.7-36.9 24.8-26.3 16.3-16.5 320.7-450.6 0.75-0.83 

Mean±SD 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 14.1-15.3 480.8-645.3 0.78-0.85 

Mean±SD 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 14.2-15.7 340.5-570.2 0.82-0.85 

Mean±SD 29.7±1.0 24.6±0.7 15.0±0.6 434.1±112.9 0.84±0.01 

September 
Range 28.7-31.9 23.8-24.7 18.2-19.6 224.5-404.7 0.77-0.87 

Mean±SD 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 0.73-0.83 

Mean±SD 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 19.6-20.6 16.3-16.6 3.2-40.1 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 

December 
Range 24.5-27.1 16.8-18.2 14.9-15.2 4.5-28.3 0.67-0.75 

Mean±SD 26.0±1.4 17.4±0.7 15.0±0.1 13.3±8.6 0.71±0.02 

 

Table 5-4 Management data for testing the sensitivity of model outputs to varying of input 

variables. 

Management data Range Mean±SD 

N fertilizer (kg ha-1) 26.08-113.06 81.19±15.98 

P2O5 fertilizer (kg ha-1) 0.0-49.04 26.49±11.06 

K2O fertilizer (kg ha-1) 0.0-71.04 13.43±12.33 

Manure (kg ha-1) 0.0-4.85 1.53±1.52 

Rice residues (kg ha-1) 0.0-3.22 3.29±2.55 

 

5.2.5 Model calibration and validation 

Five parameters for crop growth and ten parameters for the C cycle were selected to 

calibrate in the EPIC model, as suggested by Wang et al. (2005) and Causarano et al. (2007); 

these parameters are listed in Table 5-2. The calibration procedure for the crop growth and 

SOC modules applied data from the 13 study sites sampled in 2004. Rice yields were measured 

values collected from the Agricultural Statistics of Thailand report for 2004, which was 

generated by the Office of Agricultural Economics (OAE), Ministry of Agriculture and 

Cooperatives (MOAC), Thailand. The SOC measurements were collected by the Land 

Development Department of Thailand in 2004. The model validation procedure focused on the 

measured values at all sites (64 sites), which were collected over 5 years (2010–2014) for rice 

yield, and in 2014 for SOC.  

 

5.2.6 Model performance evaluation 

Model calibration and validation were evaluated using two criteria: the coefficient of 

determination (R2), and the Nash–Sutcliffe model efficiency coefficient (Ens) (Nash and 
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Sutcliffe, 1970). In this study, the model performance was considered satisfactory if R2 > 0.5 

(Santhi et al., 2001) and Ens ≥ 0.60 (Wang et al., 2012).    

 

R2 is defined as: 

%� = & ∑ ()��)*�)(�����̅),�-�
[∑ ()��)*�),�-�

/]�.1[∑ (�����̅),�-�
/]�.12     (5) 

where Si and Mi are the simulated and measured values, respectively, at site i. 3*  and �̅	are the 

means of the measured and simulated values, respectively. The range of R2 is between 0 (no 

correlation) and 1 (perfect fit).  

 

Ens is defined as: 

456 = 1 − ∑ (���)�)/,�-�
∑ ()��)*)/,�-�

       (6) 

where Si and Mi are the simulated and measured values, respectively, at site i. The range of 

Ens lies between 1 (perfect fit) and −∞. A negative value indicates that the mean value of the 

observed time series would have been a better predictor than the model.   

 

5.2.7 Climate change impact assessment  

This portion of the evaluation consists of climate data analysis to understand the 

projected changes in climate with respect to the baseline period (1986–2014) and the EPIC 

model simulation to assess the possible impacts on rice yield and SOC over the two long-term 

periods (2015–2045 and 2045–2075) under the A2 and B2 climate change scenarios. 

Management practices and parameters for the simulation periods were fixed as those of the 

baseline period for each site. Changes in key climate change indicators (temperature and 

precipitation), rice yield and SOC were analyzed by subtracting the output values under the 

climate change scenarios from the baseline values, and by estimating the percentage of change.  
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5.2.8 Statistical analysis   

Statistical analyses of the data were performed using SPSS (version 20.0, USA). Mean 

and standard deviation (SD) values were used to represent rice yields and SOC for different 

areas and periods. Differences in rice yield and SOC between the baseline period (1986–2014) 

and the two long-term periods (2015–2045 and 2045–2075) under the A2 and B2 climate 

change scenarios were analyzed with t-tests and least significant difference (LSD) tests (p < 

0.05). Simple linear regression analysis was used to find 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 simulated rice yields and SOC with 

measured values for 13 sites. The results show that rice yields varied from 1.8 to 3.8 Mg ha−1 

yr−1 and 1.7 to 4.4 Mg ha−1 yr−1 for the measured and simulated values, respectively. The 

average rice yields were 2.9 and 3.0 Mg ha−1 yr−1, with standard deviations of 0.7 and 0.8 Mg 

ha−1 yr−1 for measured and simulated values, respectively (Figure 5-4 (a) and Table 5-5). The 

ranges of SOC values were 14.2–111.5 Mg C ha−1 and 15.4–74.8 Mg C ha−1 for the measured 

and simulated values, respectively. The average of SOC values were 48.1 and 38.9 Mg C ha−1, 

with standard deviations of 28.5 and 20.1 Mg C ha−1, for the measured and simulated values, 

respectively (Figure 5-4 (b) and Table 5-5). For the calibration procedure, the rice yield 

simulation R2 and Ens values were 0.64 and 0.61, respectively, and the SOC R2 and Ens values 

were 0.75 and 0.72, respectively. These findings indicate that the model was satisfactorily 

consistent with the results of visual evaluations. (Table 5-5).  
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For the sensitivity analysis, higher values indicate the higher sensitivity. These results 

shows that HI is the most sensitive parameter for rice yield, followed by WA, PHU, PARM(42), 

and PARM(3), with the sensitivity indices of 0.914, 0.673, 0.511, 0.226 and 0.245, 

respectively. These findings are consistent with those of Liu (2009), which indicate that HI is 

the most sensitive parameter for rice in Asia, followed by WA, PARM(42), PARM(3), and 

PHU, with sensitivity indices of 0.997, 0.485, 0.342, 0.334, and 0.318, respectively. This 

similarity is because the potential yields in the EPIC model are based on the accumulation of 

actual aboveground biomass and harvest indices, which are a function of the crop/variety and 

water stress in defined crop development stages (Gaiser et al., 2010). The highest sensitivity 

parameter for SOC is FHP, followed by PARM(47), PARM(51), PARM(55), PARM(54), 

PARM(45), PARM(52), PARM(56), PARM(53), and PARM(48), with sensitivity indices of 

0.508, 0.075, 0.058, 0.027, 0.026, 0.024, 0.021, 0.019, 0.017, and 0.014, respectively. These 

results support those of Causarano et al. (2007), who reported that FHP was the most influential 

parameter for microbial biomass carbon (MBC) and particulate organic carbon (POC).  

The highest sensitivity input variables for rice yield is maximum temperature, followed 

by solar radiation, precipitation, minimum temperature, N fertilizer, relative humidity, manure, 

rice residue, P2O5 and K2O fertilizers, with sensitivity indices of 0.127, 0.118, 0.102, 0.086, 

0.042, 0.030, 0.026, 0.007, 0.005, and 0.003, respectively. This is because the maximum and 

minimum temperature, and solar radiation are the main parameters to calculate harvest index 

and potential biomass for crop yields function in EPIC model. Meanwhile, precipitation is used 

to calculate the water stress factor, which control the variability of crop yields because crop 

yield increases or reductions are calculated through water stress-induced increases or 

reductions of the harvest index. In addition, our results show that manure is the most sensitive 

parameter for SOC, followed by rice residue, maximum temperature, minimum temperature, 

precipitation, N fertilizer, solar radiation, relative humidity, with sensitivity indices of 0.211, 
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0.182, 0.044, 0.025, 0.023, 0.005, 0.001, and 0.001, respectively, excepting P2O5 and K2O 

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

residue, root and organic amendment added to the soil that soil texture, moisture and 

temperature control on soil biological processes and turnover rate.  

 

(a) 
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(b) 

Figure 5-4 Result of calibration of the EPIC model for simulations of (a) rice yield and (b) 

SOC 

 

5.3.2 Model validation 

The measured and simulated rice yield and SOC values were distributed near the line y 

= x, and the r values were 0.87 and 0.93, respectively (Figure 5-5 (a) and (b)). The model 

performance of the validation procedure for rice yield was evaluated based on the R2 and Ens 

values, which were 0.77 and 0.75, respectively. For SOC simulation, the statistical performance 

values were R2 = 0.86 and Ens = 0.82, as shown in Table 5-5. Overall, the efficiency of the 

EPIC model predictions in this study is reasonable to good. 

The simulated rice yields and SOC at all sites varied from 1.4 to 4.3 Mg ha−1 yr−1 and 

5.6 to 118.4 Mg C ha−1, respectively. The average simulated rice yield and SOC were 2.63 Mg 

ha−1 yr−1 and 38.0 Mg C ha−1, with standard deviations of 0.7 Mg ha−1 yr−1 and 29.1 Mg C ha−1, 
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respectively. The range of measured rice yields and SOC were 1.3 to 4.9 Mg ha−1 yr−1 and 3.8 

to 129.9 Mg C ha−1, with average values of 2.59 Mg ha−1 yr−1 and 37.7 Mg C ha−1, respectively 

(Table 5-5). These results indicate that the EPIC model tends to overestimate both rice yield 

and SOC, with average overestimations of 0.05 Mg ha−1 yr−1 and 0.28 Mg C ha−1, respectively.  

 

(a) 
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(b) 

Figure 5-5 Comparison between measured and simulated values of (a) rice yield and (b) SOC 

 

Table 5-5 Model evaluation statistics for the calibration and validation procedures 

 Minimum Maximum Mean±SD 
Model performance 

R2 Ens 

Model calibration procedure (n = 13) 

Rice yield 

(Mg ha-1 yr-1) 

Measured 1.8 3.8 2.9±0.7 
0.64 0.61 

Simulated 1.7 4.4 3.0±0.8 

SOC  

(Mg C ha-1) 

Measured 14.2 111.5 48.1±28.5 
0.75 0.72 

Simulated 15.4 74.8 38.9±28.0 

Model validation procedure (all sites, n = 64) 

Rice yield 

(Mg ha-1 yr-1) 

Measured 1.3 4.9 2.59±0.9 
0.77 0.75 

Simulated 1.4 4.3 2.63±0.7 

SOC  

(Mg C ha-1) 

Measured 3.8 129.9 37.7±32.1 
0.86 0.82 

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, including temperature and precipitation, are 

presented in Tables 5-4 and 5-5. The average baseline temperature in study area ranged from 

21.6°C (January) to 29.4°C (April), with a mean annual temperature of 26.2°C. The mean 

annual temperatures in 2015–2045 and 2045–2075 were estimated to increase by +1.5°C and 

+2.2°C, respectively, under the A2 scenario, and by +1.1°C and +1.7°C, respectively, under 

the B2 scenario (Table 5-8). The monthly mean baseline precipitation in the study area ranged 

from 13.2 mm (January) to 572.7 mm (July), with the annual mean precipitation of 2339.3 mm. 

The annual mean precipitation in 2015–2045 and 2045–2075 increases by 2,948.1 mm and 

3,103.4 mm, respectively, under the A2 scenario, and by 2,821.3 mm and 2,845.1 mm, 

respectively, under the B2 scenario. However, monthly mean precipitation in both scenarios 

and periods decreases in July to October relative to the baseline (Table 5-7). The monthly 

baseline precipitation ranges from 116.2 mm (October) to 572.7 mm (July), with a monthly 

mean precipitation of 357.3 mm. Under the A2 and B2 scenarios, the monthly mean 

precipitation decreases, with values of 357.7 mm and 360.2 mm, respectively (Table 5-7). 

Throughout the next 60 years, the rate of annual temperature increase is estimated as 

+0.03 °C yr−1 under both the A2 and B2 scenarios, and the rate of annual precipitation increase 

is estimated as +0.42 and +0.08 mm yr−1, respectively. The pattern of change in monthly 

precipitation reveals that the rainy season will occur one month earlier than baseline rainy 

season; the period of maximum precipitation will shift from July to June (Figure 5-6 (a)). Even 

the higher temperature will occur under the A2 and B2 scenarios, the pattern of change in 

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

Month 
Baseline 

temperature 
(°C) 

Mean monthly temperature change from baseline (°C) 

A2 scenario B2 scenario 
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 1.5 2.2 1.1 1.7 
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Table 5-7 Monthly percentage changes in precipitation from the baseline under the A2 and B2 

scenarios 

Month 
Baseline 

precipitation 
(mm) 

Amount of precipitation under climate change scenarios (mm) 

A2 scenario B2 scenario 

2015-2045 2045-2075 2015-2045 2045-2075 

Jan 13.2 52.0 (+2.9-fold) 66.2 (+4.0-fold) 48.1 (+2.6-fold) 45.8 (+2.5-fold) 

Feb 37.8 77.7 (+1.1-fold) 65.4 (+0.7-fold) 63.2 (+0.7-fold) 56.8 (+0.5-fold) 

Mar 77.4 122.8 (+0.6-fold) 203.6 (+1.6-fold) 121.6 (+0.6-fold) 141.3 (+0.8-fold) 

Apr 92.4 214.9 (+1.3-fold) 266.4 (+1.9-fold) 203.7 (+1.2-fold) 246.5 (+1.7-fold) 

May 263.4 381.9 (+0.4-fold) 338.3 (+0.3-fold) 297.3 (+0.1-fold) 223.7 (-0.15-fold) 

Jun 393.5 598.1 (+0.5-fold) 591.1 (+0.5-fold) 553.0 (+0.4-fold) 570.8 (+0.5-fold) 

Jul 572.7 489.9 (-0.14-fold) 552.1 (-0.04-fold) 454.2 (-0.21-fold) 490.1 (-0.14-fold) 

Aug 434.1 431.3 (-0.01-fold) 529.2 (+0.2-fold) 453 (+0.04-fold) 437.1 (+0.01-fold) 

Sep 306.4 331.5 (+0.1-fold) 280.5 (-0.08-fold) 360.6 (+0.2-fold) 386.5 (+0.3-fold) 

Oct 116.2 144.8 (+0.2-fold) 102.1 (-0.12-fold) 160.9 (+0.4-fold) 139.3 (+0.2-fold) 

Nov 18.9 54.1 (+1.9-fold) 62.2 (+2.3-fold) 60.1 (+2.2-fold) 63.5 (+2.4-fold) 

Dec 13.3 49.1 (+2.7-fold) 46.3 (+2.5-fold) 45.6 (+2.4-fold) 43.7 (+2.3-fold) 

Sum 2339.3 2948.1 3103.4 2821.3 2845.1 

The number in the parenthesis indicates changing of precipitation from baseline. “+”indicates 

increasing of precipitation, “-”indicates decreasing of precipitation. 
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(a) 

 
(b) 

Figure 5-6 Monthly average values of (a) precipitation and (b) temperature for the baseline 

(1986–2014) and the A2 and B2 scenarios for 2015–2045 and 2045–2075   

 

5.3.4 Rice yield simulation under climate change scenarios  

Overall, rice yields in 2015–2045 and 2045–2075 under the A2 and B2 scenarios 

increased significantly compared to baseline yield (p < 0.01) (Table 5-8). The simulation of 

rice yields in each site is detailed in Appendix Tables A-3 and A-4 for irrigated and rain-fed 

areas, respectively. The average baseline rice yield was 2.6 Mg ha−1 yr−1. The average rice 

yields in 2015–2045 and 2045–2075 are estimated to increase by +70.8% and +97.3%, 

respectively, under the A2 scenario, and by +30.5% and +52.9%, respectively, under the B2 

scenario. Higher rates of increase are found in rain-fed areas than in irrigated areas in both 

periods and under both scenarios (Table 5-8). However, the average rice yields under the A2 

scenario were higher than those under the B2 scenario for both periods. Both scenarios may 

evoke greater benefits for rice grown in rain-fed areas than in irrigated areas because increasing 
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amounts of precipitation can reduce water stress in rain-fed areas by increasing soil available 

water and enhancing crop growth, which are accompanied by higher yields (Agele et al., 2011). 

Furthermore, as indicated by Salvador Sanchis et al. (2008), soil available water and 

distribution may respond rapidly to climate change, especially drought events; therefore, 

enhancing water infiltration and available water in soil 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 decreased significantly in 2015–2035 and 

2045–2075 compared to baseline SOC (p < 0.01 and 0.05) (Table 5-9). The simulation of SOC 

in each site is detailed in Appendix Tables A-3 and A-4 for irrigated and rain-fed areas, 

respectively. The average baseline SOC was 38.0 Mg C ha−1. The average SOC in 2015–2045 

and 2045–2075 was estimated to decrease by 34.3% and 47.6%, respectively, under the A2 

scenario, and by 26.3% and 29.5%, respectively, under the B2 scenario. Under both the A2 and 

B2 scenarios, the results show that the decreases of SOC in rain-fed areas were higher than 

those in irrigated areas compared to the baseline. This discrepancy is because of higher rates 

of SOC decomposition and amounts of C released as CO2 in red-fed areas relative to irrigated 

areas. Conversely, when fields are flooded, decomposition of organic material depletes oxygen 

in the soil and flood water, which results in poorly aerated soils (Rath et al., 2000), and leads 

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

5.4.1 Potential of the EPIC model to simulate rice yields and SOC 

Overall, the validation and reliability of the EPIC model are acceptable and indicate 

good predictive capability, as indicated by the values of R2 > 0.50 and Ens > 0.60 for both rice 

yield and SOC (Table 5-5). In this study, overestimation by the EPIC model was found for both 

rice yield and SOC (Table 5-5). These results support those of Guerra et al. (2004), who pointed 

out that this model tends to overestimate at low yields, especially under water-stress conditions. 

Similarly, Izaurralde et al. (2006) reported that the EPIC model overpredicts at low SOC values 

and underpredicts at high SOC values. Gaiser et al. (2010) reported that the performance of the 

EPIC model was best for slightly acidic soils (R2 = 0.85) and poorest for strongly acidic soils 

with high aluminum saturation (R2 = 0.40). In particular, when extremely acidic soils were 

associated with semi-arid conditions and with high precipitation variability, then the model 

strongly overestimated crop yields. These findings support the overestimation of the EPIC 

model detected in our study area, where low pH values (3.86–6.66) are measured in surface 

soils to 40 cm depth (Table 5-1) and precipitation is 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 and precipitation increasing over the next 

60 years (Tables 5-4 and 5-5). The A2 scenario shows higher average temperatures and 

precipitation than does the B2 scenario. Downing (1992), Rosenzweig and Iglesis (1994), 

Furuya and Koyama (2005), and Aggarwal et al. (2010) also reported that both the maximum 

and minimum temperatures, as well as average temperatures, in Asia are increasing, and 

average precipitation may also increase. These studies suggest that future climate changes 

under both the A2 and B2 scenarios will follow the same direction, but the A2 scenario is likely 
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to induce more severe changes than the B2 scenario. However, research by Erda et al. (2004; 

2005) using the PRECIS model for China showed that rice yields are higher under the A2 

scenario than under the B2 scenario. This finding is because the different levels of CO2 directly 

affect the rice yields. The continuously increasing levels of CO2 also cause yields and biomass 

to increase by 5−15%. Rice yields at 550 ppm CO2 are therefore greater than those at 450 ppm 

CO2. Increasing levels of CO2 may cause negative effects on the germination of rice seeds and 

decrease stomatal aperture sizes, but may enhance photosynthetic activity (Mott, 1988). 

Similarly, Lin et al. (2005) used the PRECIS regional climate model and the CERES crop 

model to analyze the impacts of climate change and CO2 fertilization on crop productivity for 

both the A2 and B2 scenarios and found highly variable results for wheat, corn, and rice 

depending on the scenario and irrigation practices uses. Shen et al. (2011) showed that irrigated 

rice generally has higher rice yields in the middle and lower reaches of the Yangtze River valley 

compared to the rain-fed rice because irrigated rice is less affected by climate change, and that 

irrigation can relieve water stress for rice growing in the northern region of the Yangtze River 

valley. Their results show that under irrigation conditions, rice growth is not influenced by 

precipitation, whereas rain-fed rice is susceptible to the temporal and spatial variation of 

precipitation. These findings support our results that indicate that future climate change 

scenarios could have positive impacts on rice yield in Northeast Thailand in the next 60 years, 

especially in rain-fed areas, because rice yields in the study area vary depending on the 

distribution of precipitation during the growing season (Table 5-8). We hypothesize that 

increasing temperature and precipitation results in accelerated organic matter decomposition 

rates and rapid release of nutrients into the soil (Brady and Weil, 1999), which may increase N 

availability (Mack et al. 2004; Schaeffer et al., 2013) and lead to increased yields in rain-fed 

areas (Kant et al., 2012). Rising temperatures are also expected to enhance soil C availability 

by increasing plant primary productivity and allocation from plants to the soil (Xu et al., 2013); 
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thus, high N availability may also benefit from increasing plant productivity. In addition, rising 

precipitation under future climate change scenarios may lead to increased CO2 fertilization and 

atmospheric N deposition, which may support high plant productivity and organic matter input 

to the soil and consequently increase SOM (French et al., 2009).  

Additionally, there are climatic parameters with effects on rain-fed crop growth and 

yields that may change inter-annual variability in yield more than they affect long-term yields, 

depending on the stress tolerance of different cultivars. In particular, any drought effects and 

inhibition of photosynthesis during grain filling have strong effects on grain yields (Boyer et 

al., 1976). This effect is because under water deficiency, cell elongation in higher plants can be 

inhibited by interruption of water flow from the xylem to the surrounding elongating cells, 

which results in reduced plant height, leaf area and crop growth (Nonami, 1998; Hussain et al., 

2008). Reduced water availability under drought conditions typically results in more limited 

nutrient availability and uptake in crop plants (McWilliams, 2003). Naklang et al. (2006) and 

Suriyakup et al. (2007) suggested that some rice varieties with higher potential yields may be 

suitable for situations in which optimal water and nutrient management can be assured. 

Therefore, other relevant factors must be considered for the rice yield forecasts in this study, 

such as the appropriate variety of rice, irrigation system development, and especially nutrient 

management, to properly integrate these factors with related practices and maintain nutrient 

use efficiency. Nutrients can generally be obtained from manure, fertilizers, crop residues, 

water, atmospheric deposition, and nitrogen fixation by legumes. Farmers who adopt nutrient 

management practices are likely to have crops with greater resilience to the effects of climate 

change on crop nutrients because they are already engaged in an adaptive management 

practices. 

 

 



123 

 

5.4.3 Climate change impacts on SOC 

Changes in SOC sequestration can influence crops in two main ways: 1) through 

affecting photosynthesis and respiration in plants, which in turn affects the quantities of 

residues in soil; and 2) through changing the decay rates of these residues in soil (Rey et al., 

2006; Plante et al., 2011). Several studies have implicated temperature and precipitation as 

primary controls on SOC stability; these parameters alter the quality and quantity of litter input 

into the soil, as well as soil physico-chemical characteristics (Trumbore et al., 1996; Bird et al., 

2002; Garten and Hanson, 2006; Dai and Huang, 2006). In this study, both the A2 and B2 

scenarios show statistically significant decreases in SOC for all sites relative to the baseline. 

Much greater decreases in SOC are estimated under the A2 scenario than under the B2 scenario 

(Table 5-9). This difference is because temperatures and precipitation under the A2 scenario 

rose much higher than those under the B2 scenario (Tables 5-4 and 5-5), which results in 

increased C release and a decreased C reservoir. Our findings are consistent with those of 

previous studies that reported that a rise in precipitation and temperature enhances SOC 

decomposition because of increased microbial activity (Alvarez and Alvarez, 2001; 

Friedlingstein et al., 2001; Zhang et al., 2004; Smith et al., 2005). Conant et al. (2008) also 

indicated that the faster SOC turnover rates associated with higher temperatures may result in 

the loss of significant amounts of the C stored in agricultural soils.  

  

5.4.4 Farming practice adaptations  

The results of our study confirm that climate change will impact rice yields positively, 

which will benefit farmers in this region. However, climate change will cause decreases in SOC 

sequestration and lead to increased CO2 release into the atmosphere. Furthermore, other yield 

limiting factors associated with climate change were not considered in this study. For example, 

in northeastern Thailand, diseases and pest insect damage typically increase when droughts 
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occur and temperatures increase. Another problem not assessed herein is increased heavy 

precipitation; climate change may lead to flash floods, which destroy rice fields and cause 

nutrient loss. Therefore, farmers should be prepared for adaptation not only for crop 

management, but also for other forms of risk mitigation. Regarding adaptation options within 

crop management practices for farmers, our study supports starting early planting in June, as 

well as faster harvesting, because the timing of maximum precipitation will shift from July to 

June, (Figure 5-5). Meanwhile, optimal fertilization, manuring, and residue incorporation 

practices should be carefully considered to mitigate greenhouse gas emissions and more 

effectively maintain SOC stock. 

 

5.5 Conclusions 

The EPIC model performance was satisfactory and acceptable; the model therefore 

provided good predictions of rice yields and changes in SOC under future climate conditions 

in rice paddy fields in Northeast Thailand. The average temperatures and precipitation in both 

the A2 and B2 scenarios will increase over the next 60 years relative to the baseline. The pattern 

of change in monthly precipitation indicates that the rainy season will occur one month earlier 

than under baseline conditions. Climate change will impact rice yields positively, which will 

benefit farmers, especially in rain-fed areas. However, climate change will cause decreases in 

SOC sequestration. These changes in yields and SOC will occur because rising temperatures 

and precipitation levels will enhance potential crop growth and accelerate SOC decomposition, 

which may increase N availability. Based on these predictions, farmers should be prepared to 

take adaptation and mitigation measures. Our study supports the adaptation option of starting 

early planting in June, as well as harvesting faster, because the maximum precipitation period 

will shift from July to June.  
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Chapter 6 

General discussion 

Climate changes impacts and agricultural management practices are among the most 

crucial factors to take into consideration when it comes to enhancing agricultural productivity 

and optimizing farming practices. In terms of agricultural management practice, the focus 

should be placed on SOC dynamics as a change in SOC often results from changes in climatic 

conditions such as precipitation and temperature due to the function of soil C sequestration as 

primary production and OM decomposition (Grace et al., 2006; Hutchinson et al., 2007). Under 

anaerobic conditions, relatively low decomposition rate is often observed with high organic 

materials input into paddy soil (Huang et al., 2015). Several studies have demonstrated the 

essential role of soil carbon sequestration against climate change (Bhattacharyya et al., 2013; 

Majumdar et al. 2008). Indeed, the effects of climate factors and management practices on SOC 

are often intertwined, making it difficult to identify the main drivers at the local scale. This 

study is the first detailed local investigation and analysis of how farmers’ actual management 

practices influence SOC and rice yield. Our knowledge may potentially contribute to the more 

widespread application of suitable agricultural management practices in paddy fields across 

Thailand, as well as the capacity enhancement of the soils and the mitigation of Thailand’s 

increasing CO2 emissions. 

 

6.1 Strategies for enhancing SOC and rice yield 

This study revealed that the SOC sequestration can be increased by suitable 

management practices which combine fertilizer and manure application and avoid burning rice 

residues. The increased rate of fertilizer application linearly enabled increasing in SOC levels   

residue accumulation by enhancing residue accumulation (Singh and Lal, 2005). Our 

investigations are consistent with previous studies (Singh and Lal, 2005; Kong et al., 2006), in 



126 
 

which the addition of fertilizer input was proved to positively affect SOC sequestration. 

Nevertheless, adverse effects on N2O emissions are often observed as a result of an increase in 

mineral N fertilizer rate that allows C sequestration to increase (Desjardins et al., 2001). In 

addition, it was found that N leaching from the first layer of soils often increased linearly when 

the N fertilizer application rate rose up (Peinetti et al., 2008). It is, therefore, important that an 

optimal rate of N fertilizer application should be set with considering the environmental 

protection in the C sequestration management. Traditionally, farmyard manure is usually put 

back into the field with an aim to increase plant growth and crop yield by farmers in the 

northeastern region of Thailand. However, the rapid economy development and short-term 

profits gain cause increasing of the synthetic fertilizers utilization instead of farmyard manures. 

In this study, most of the rice residues except for the root biomass are excluded. 

Keeping rice straw makes it possible for soil structure to improve through various mechanisms: 

(i) soil aggregation is enhanced as OM is added to top layers of the soil, (ii) soil aggregates are 

protected from raindrop impact, and (iii) soil is protected from compaction as a result of 

raindrop impact (Six et al., 2006; Jacobs et al., 2009; Verhulst et al., 2010). Soil aggregates can 

also protect SOM from decomposition as it forms tight organo-mineral complexes to prevent 

microorganisms from accessing the OM (Six et al., 2000).  

In addition, there has been another suggestion which is the conversion of the rice straw 

into biochar and returned to the soil in stand of open burning on the rice field.  Biochar has 

been estimated that the C-rich charred remains from heating biomass in no oxygen conditions. 

Nevertheless, while rice straw is burnt in the open it is exposed to plenty of oxygen therefore 

the combination of the C from the biomass and the oxygen in the air releases CO2 into the 

atmosphere. That means during the burning phase without oxygen the C in the biomass largely 

remains intact (Lehmann et al., 2011). Therefore, the amount of GHG released into the 

atmosphere can be reduced by the creation of biochar rather than the ash of open burnt rice 
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residues and the carbon can remain in the soil for hundreds of thousands of years (Krull et al, 

2009; Wu et al, 2012). Given the findings, the best strategy to increase SOC content, and 

enhance agricultural productivity and sustainability in the northeastern region of Thailand is to 

combine the application of farm-generated organic manure with inorganic fertilizers.   

 

6.2 Soil carbon sequestration as a strategy to GHG emissions reduction 

As suggested by Thailand’s Second National Communication (SNC) on GHG 

reporting, Thailand’s total GHG emissions in 2000 was 229.08 TgCO2eq. The energy sector 

accounted for the biggest part accounting for 159.39 TgCO2e or 69.6%, which is more than the 

agricultural sector accounting for 51.88 TgCO2e or 22.6%, threefold less than the energy sector. 

Major emission from the agricultural sector was CH4, which was largely attributed to the rice 

farming that released 29.94 TgCO2e of GHGs, accounting for 57.7% of the total emissions in 

agricultural sector and 13.07% of the whole country’s emissions. However, rice farming 

contributed to 1.5% of 2000 global GHG emissions (41,755 TgCO2eq), 77% of which were 

attributed to the energy and industrial sectors (ONEP, 2010). Accordingly, it is important that 

GHG emissions should be reduced in quantity from agricultural soils in order to sustain the soil 

carbon (C) storage.  

Carbon sequestration in tropical soils has potential for mitigating global warming and 

increasing agricultural productivity (Pathak et al., 2011). Soil C sequestration occurs when the 

amount of C input into the land is larger than that emitted to the atmosphere. It has been 

estimated that 89% of the total mitigation potential of agricultural GHG emission, followed by 

9% and 2% for CH4 and N2O emission reduction from soils, respectively (Smith et al., 2007).   

Though tropical regions face limitation of soil carbon sequestration because of high 

temperatures, reasonable quantities of C can still be sequestered through an adoption of 

appropriate management practices, especially in high precipitation regions. This study revealed 
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that burned rice residues was the main factor determining the GHGI in this area. The 

management practices, where the net GWP and GHGI were low, were no burned rice residues, 

incorporation of manure and chemical fertilizer, or application of only chemical fertilizer. 

These were in line with the previous studies that rice residue open burning is widely practiced 

in Thailand to remove residue and control weeds due to saving time and costs (Garivait, 2005; 

Suramaythangkoor and Gheewala, 2008; Gadde et al., 2009). 

Although this study have included the SOC content at local-scale data in the estimation 

of GHGI which is usually limited data available due to high uncertainties at the large-scale data 

(Wang et al., 2015), the analysis focuses on emissions only within the rice field which they are 

not full lifecycle analysis. It should be conducted in the further research to improve the GHGI 

assessment and realize the mitigation potential. Moreover, accurate estimates are required for 

the rate of SOC sequestration according to change in management practices.  There are very 

few long term trials in Thailand in which SOC have been monitored as a function of 

management practices. Therefore, this is an urgent necessary to obtain this type of data to 

identify management practices with more potentiality in SOC sequestration. 

 

6.3 Adaptation responses to climate change  

Various studies report a rice yield change and SOC with climate variability. 

Notwithstanding, the precise effect on yield is based on the temperature at a specific site in 

relation to critical temperatures at different growth stages (De Datta 1981). As this study, rice 

yield and SOC were evaluated the possible impact of climate change using local-scale data. 

The climate change signal will impact the rice yield in positive way, which will make more 

benefit for farmers, especially in rain-fed areas. There are two main reasons to explain this 

phenomena: i) Increasing amount of precipitation reduce the water stress factor by enhancing 

the soil available water and nutrient from precipitation (i.e. NH4, NO3), resulting rice yield 
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increased, and ii) Increasing atmospheric concentration of CO2 leads to CO2 fertilization 

increase. Adams et al. (1990) reported a 10 to 50% increase in dry matter with doubling of CO2 

in most species of crops when all other factors remain constant. Warrick et al. (1986) reported 

that C3 crops (such as wheat, rice, and soybean) saw an increase of 10-50% in growth and yield 

while C4 crops (such as maize and sugar cane) saw an increase of 0-10% with the doubling of 

CO2 concentration. Our result supports the adaptation option of beginning early planting in 

June, as well as harvesting faster, because the maximum precipitation period will shift from 

July to June. It should also be noted that, in fact, some autonomous adaptations will be 

unavoidably made even if they are not planned ahead of time, whereas the crop models usually 

reach their results based on an assumption that the farming practices will remain unchanged.   

On the other hand, higher temperature and precipitation lead to higher OM 

decomposition rates (Davidson  et al.,  2000; Reichstein et al., 2003), which was consistent 

with our finding. Vleeshouwers and Verhagen (2002) demonstrated that the temperature of 1˚C 

increase generates 0.05 Mg C ha-1 yr-1 in SOC stocks decrease. Comparing with well-aerated 

soils, decomposition of OM occurs more slowly in poorly aerated soils, where oxygen is 

limiting or absent (Batidzirai et al., 2016). This finding was in line with our study that the 

decreasing of SOC in rain-fed areas was higher than irrigated areas. Therefore, our finding do 

support focusing on irrigation management because of the significance of irrigation in 

buffering the impact of the dry spells and precipitation seasonality, and also enhance SOC 

sequestration.  

However, nutrient stress remains a mostly unclear link in understanding how climate 

change will affect crop yields, requiring better integration of management practices with crop 

models to evaluate the crop response with mineral nutrient supply. It is likely that increasing 

of temperature and precipitation will accelerate many microbial processes in the soil, with 

consequences for the C and N cycles, especially N loss.  
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Chapter 7 

Summary and Conclusion 

Soil management practices that alter the SOC content is important for the sustainable 

management to enhance rice yield with low GHGI. Especially, sandy soils are 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 

CO2 can also effect on rice yield and SOC sequestration. Although the soils have the potential 

to mitigate increasing CO2 concentrations through C sequestration, land misuse and soil 

mismanagement have caused depletion of SOC. Therefore, the goal of this study is to 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 analyzes the relationship 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 evaluate the possible impact 

of climate change on rice yield and SOC sequestration. 

 

7.1 Practices sustaining soil organic matter and rice yield 

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 mean rice yield of the 

whole crop year and SOC were 2.93 Mg ha-1 and 47.09 Mg C ha-1, respectively, in the irrigated 

areas, and were 2.38 Mg ha-1 and 32.08 Mg C ha-1 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 the irrigated areas (R2 = 0.72, p < 0.01) and the 

rain-fed areas (R2 = 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 increases rice yields.  

 

7.2 Practices for 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 CO2, CH4, and N2O emissions, net 

GWP and GHGI associated with the management practices were calculated. Mean rice yield 

and SOCSR were 3307 kg ha-1 yr-1 and 1173 kg C ha-1 yr-1, respectively. The net GWP varied 

across sites, from 819 to 5170 kg CO2eq ha-1 yr-1, with an average value of 3090 kg CO2eq ha-

1 yr-1. GHGI ranged from 0.31 to 1.68 kg CO2eq kg-1 yield, with an average value of 0.97 kg 

CO2eq kg-1 yield. Our findings revealed that the amount of potassium (potash, K2O) 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. 



132 
 

7.3 Using EPIC model to predict local scale impact of climate change on rice yield and soil 

organic carbon sequestration    

The EPIC model was calibrated using measured values of rice yield, SOC, and 

management practice of 13 sites in 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 Regional Centre, while baseline period (1986-2014) was from the Thai Meteorological 

Department. The model performance of calibration revealed that the rice yield simulation with 

R2 and Ens values of 0.64 and 0.61, respectively, while SOC was R2 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 (R2 of 0.77, and Ens of 0.75) and SOC 

(R2 of 0.86, and Ens of 0.82). Higher averages of temperature and precipitation under A2 

scenario in the study area will increase rice yield higher than that of B2 scenario, especially in 

rain-fed areas. Conversely, climate change will cause the decreasing of SOC sequestration due 

to a rise in temperature and precipitation accelerate 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 



133 
 

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 dominates in this study area, is easy to decrease SOC due 

to low clay content to protect the SOC from microbial 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. 

 

 

 



134 
 

References 

Abao, Jr E.B., Bronson, K.F., Wassmann, R., Singh, U., 2000. Simultaneous records of  

methane and nitrous oxide emissions in rice-based cropping systems under rainfed 

conditions. Nutr Cycl Agroecosys. 58, 131-139. 

Adams, R.M., Rosenzweig, C., Peart, R.N., Ritchie, J.T., McCarl, D.A., Glyer, J.D., Curry, R.  

D., Jones, J.W., Boote, K.J., Allen, L.H., 1990. Global Climate Change and U.S. 

Agriculture. Nature. 345, 219-224. 

Adejuwon, J.O., 2005. Food Crop Production in Nigeria. I. Present Effects of Climate  

Variability. Climate Research. 30, 53-60.  

Adejuwon, J.O., 2006. Food Crop Production in Nigeria. II. Potential Effects of Climate  

Change. Climate Research. 32, 229-245.  

Adhya, T.K., Bharati, K., Mohanty, S.R., Ramakrishnan, B., Rao, V.R., Sethunathan, N.,  

Wassmann, R., 2000. Methane Emission from Rice Fields at Cuttack, India. Nutr Cycl 

Agroecosys 58, 95-105.  

Agele, S.O., Iremiren, G.O., Ojeniyi, S.O., 2011. Evapotranspiration, Water use efficiency  

and yield of rainfed and irrigated tomato. Int. J. Agric. Biol., 13, 469-476.  

Aggarwal, P.K., Mall, R.K., 2002. Climate Change and Rice Yields in Diverse Agro- 

Environments of India. I. Evaluation of Impact Assessment Models. Climatic Change 

52(3), 315-330.  

Aggarwal, P.K., Kumar, N.S., Pathak, H., 2010. Impacts of climate change on growth and  

yield of rice and wheat in the Upper Ganga Basin. Indian Agricultural Research 

Institute (IARI). WWF-India, 172-B, Lodi Estate, New Delhi. 

Alam, M.M., Karim, MdR., Ladha, J.K., 2013. Integrating best management practice for rice  

with farmers’ crop management techniques: A potential option minimizing rice yield 

gap. Field Crops Research. 144, 61-68.  



135 
 

Alvarez, R., Alvarez, C., 2001. Temperature regulation of soil carbon dioxide production in  

the Humid Pampa of Argentina: estimation of carbon fluxes under climate change. 

Biology and Fertility of Soils, 34(4), 282-285.  

Andersson, S., Nilsson, S.I., 2001.  Influence of pH and temperature on microbial activity,   

substrate  availability  of  soil-solution  bacteria  and leaching  of  dissolved  organic  

carbon  in  a  mor  humus.  Soil Biology and Biochemistry, 33(9), 1181-1191.  

Arnell, N.W., Livermore, M.J.L., Kovats, S., Levy, P.E., Nicholls, R., Parry, M.L., Gaffin,  

S.R., 2004. Climate and socio-economic scenarios for global-scale climate change 

impact assessments: characterizing the SRES storylines. Glob. Environ. Change, 14, 

3-20. 

Arevalo, C.B.M., Bhatti, J.S., Chang, S.X., Sidders, D., 2009. Ecosystem carbon stocks and  

distribution under different land-uses in north central Alberta, Canada. Forest Ecol 

Manag, 257, 1776-1785.  

Arunrat, N., Pumijumnong, N., 2014. Evaluation of Erosion Productivity Impact Calculator  

(EPIC) for Nitrogen Losses in Rice Paddy of Thailand. Asian Journal of Agricultural 

Research 1-14.  

Arunrat, N., Pumijumnong, N., 2015. The Preliminary Study of Climate Change Impact on  

Rice Production and Economic in Thailand. Asian Social Science. 11(15), 275-294. 

Arunrat, N., Pumijumnong, N., Phinchongsakuldit, A., 2014. Estimating Soil Organic  

Carbon Sequestration in Rice Paddies as Influenced by Climate Change under 

Scenario A2 and B2 of an i-EPIC model of Thailand. EnvironmentAsia. 7(1), 65-80. 

Arunrat, N., Wang, C., Pumijumnong, N., 2016. Alternative cropping systems for greenhouse  

gases mitigation in rice field: A case study in Phichit province of Thailand. J Clean 

Prod. 133, 657-671.  

Babu, S., Marimuthu, R., Manivanna, V., Ramesh-Kumer, S., 2001. Effect of organic and  



136 
 

inorganic manures on growth and yield of rice. Agriculture Science Digest. 21(4), 232-

234.  

Bachelet, D., Gray, C.A., 1993. The impacts of climate change on rice yield a comparison of  

four model performances. Ecol. Modell., 65, 71-93.  

Bai, S.B., Wang, J., Lu, G.N., Zhou, P.G., Hou, S.S., Xu, S.N., 2010. GIS-based logistic 

regression for land slide susceptibility mapping of the Zhongxian segment in the three 

Gorges area China. Geomorphology, 115(1-2), 23-31.  

Banger, K., Kukal, S.S., Toor, G., Sudhir, K., Hanumanthraju, T.H., 2009. Impact of long- 

term additions of chemical fertilizers and farm yard manure on carbon and nitrogen 

sequestration under rice-cowpea cropping system in semi-arid tropics, Plant Soil, 318, 

27-35.  

Bangkok bank, 2003. The Chemical Fertilizer Industry.  

[http://www.bangkokbank.com/download/The%20Chemical%20Fertilizer%20Industr

y.pdf; verified Oct, 2016] 

Balkovič, J., Schmid, E., Skalský, R., Nováková, M., 2011. Modelling Soil Organic Carbon  

Changes on Arable Land under Climate Change - A Case Study Analysis of the Kočín 

Farm in Slovakia. Soil and Water Research, 6(1), 30–42. 

Bationo, A., Lompo, F., Koala, S., 1998. Research on nutrient flows and balances in west  

Africa: state-of-the-art. Agriculture, Ecosystems and Environment. 71(1-3), 19-35.  

Batidzirai, B., Valk, M., Wicke, B., Junginger, M., Daioglou, V., Euler, W., Faaij, A.P.C.,  

2016. Current and future technical, economic and environmental feasibility of maize 

and wheat residues supply for biomass energy application: Illustrated for South 

Africa. Biomass and Bioenergy. 92, 106-129. 

Bertol, I., Albuquerque, J.A., Leite, D., Amaral, A.J., Zoldan, Jr W.A., 2004. Physical soil  



137 
 

properties of conventional tillage and no-tillage, in crop rotation and succession, 

compared with natural pasture. Rev Bras Ciénc Solo, 28, 155-163.  

Bertol, I., Cogo, N.P., Schick, J., Guadagnin, J.C., Amaral, A.J. 2007. Financial aspects of  

nutrient losses by water erosion in different soil management systems. Rev Bras 

Ciénc Solo, 31, 133-142.  

Bhaskaran, B., Mitchell, J.F.B., Lavery, J.R., Lal, M., 1995. Climatic response of Indian  

subcontinent to doubled CO2 concentrations. Int. Journ. Climatol. 15, 873-892. 

Bhattacharya, T., Pal, D.K., Madal, C., Velayuthum, M., 2000. Organic carbon stock in  

Indian soil and their geographical distribution. Current Science, 79, 655-660.  

Bhattacharyya, R., Prakash, V., Kundu, S., Srivastva, A.K., Gupta, H.S., Mitra, S., 2010.  

Long term effects of fertilization on carbon and nitrogen sequestration and aggregate 

associated carbon and nitrogen in the Indian sub-Himalayas. Nutr Cycl Agroecosys, 

86(1), 1–16.  

Bhattacharyya, P., Roy, K.S., Neogi, S., Adhya, T.K., Rao, K.S., Manna, M.C., 2012. Effects  

of rice straw and nitrogen fertilization on greenhouse gas emissions and carbon 

storage in tropical flooded soil planted with rice. Soil Tillage Res. 124, 119-30.  

Bhattacharyya, T., Pal, D.K., Ray, S.K., Chandan, P., Mandal, C., Telpande, B., Deshmukh,  

A.S., Tiwary, P., 2013. Simulating change in soil organic carbon in two long fertilizer 

experiments in India:  with the Roth C model. Climate Change and Environmental 

Sustainability. 2, 107-117.   

Bi, L.D., Zhang, B., Liu, G.R., Li, Z.Z., Liu, Y.R., Ye, C., Yu, X.C., Lai, T., Zhang, J.G.,  

Yin, J.M., Liang, Y., 2009. Long-term effects of organic amendments on the rice 

yields for double rice cropping systems in subtropical China. Agric Ecosyst Environ, 

129, 534-541. 

Biederbeck, V.O., Campbell, C.A., Bowren, K.E., Schnitzer, M., Mclver, R.N., 1980. Effect  



138 
 

of burning cereal straw on soil properties and grain yields in Saskatchewan. Soil 

Science Society of America Journal. 44, 103-111. 

Bird, M., Santruckova, H., Lloyd, J., Lawson, E., 2002. The isotopic composition of soil  

organic carbon on a north-south transect in western Canada. Eur. J. Soil Sci. 53, 393–

403. 

Blair, N., Crocker, G.J., 2000. Crop rotation effects on soil carbon and physical fertility of  

two Australian soils. Aust. J. Soil Res. 38, 71-84.  

Bogota, C., 1985.  More people, less erosion: Environmental recovery in Kenya.  John Wiley  

and Sons, New York.    

Boling, A.A., Tuong, T.P., Suganda, H., Konboon. Y., Harnpichitvitaya, D., Bouman,  

B.A.M., Franco, D.T., 2008. The effect of toposequence position on soil properties, 

hydrology, and yield of rainfed lowland rice in Southeast Asia. Field Crops Res. 106, 

22–33.  

Bot, A., Benites, J., 2005.  The importance of soil organic matter: Key to drought-resistant  

soil and sustained food and production. Rome: Food and agriculture organization of the 

United Nations.  

Bouwman, A.F., 1990. Soils and the Greenhouse Effect. Chichester: John Wiley and Sons. 

Boyer, J., McPherson. H.G., 1976. Physiology of water deficits in cereal grains. In: Proc  

Symposium on Rice and Climate. IRRI, Los Baños, 321-343. 

Brady, N.C., Weil, R.R., 1999. The Nature and Properties of Soils, 12th Edition. Upper Saddle  

River, NJ: Prentice-Hall, Inc. 881p.  

Bray, R.A., Kurtz, L.T., 1945. Determination of total organic and available form of  

Phosphorus in soil. Soil Sci. 59, 39-45. 

Brown, R.A., Rosenberg, N.J., 1997. Sensitivity of crop yield and water use to change in a  



139 
 

range of climatic factors and CO2 concentrations: A simulation study applying EPIC 

to the central USA. Agric. For. Meteorol. 83, 171-203. 

Brown, R.A., Rosenberg, N.J., 1999. Climate change impacts on the potential productivity  

of corn and winter wheat in their primary United States growing regions. Climatic 

Change. 41, 73-107. 

Brown, R.A., Rosenberg, N.J. Hays, C.J. Easterling, W.E. Mearns. L.O., 2000. Potential  

production and environmental effects of switchgrass and traditional crops under 

current and greenhouse-altered climate in the central United States: A simulation 

study. Agric. Ecosyst. Environ. 78, 31-47. 

Buol, S.W., Southard, R.J., Graham, R.C, McDaniel, P.A., 2011. Soil Genesis and  

Classification. 6thed. John Wiley & Sons, Inc. Essex, UK.  

Buysse, P., Roisin, C., Aubinet, M., 2013. Fifty years of contrasted residue management of an  

agricultural crop: impacts on the soil carbon budget and on soil heterotrophic 

respiration. Agri Ecosyst Environ, 167, 52–59.  

Canadell, J.G., Kirschbaum, M., Kurz, W.A., Sanz, M.J., Schlamadinger, B., Yamagata, Y.,  

2007. Factoring out natural and indirect human effects on terrestrial carbon sources and 

sinks.  Environmental Science and Policy, 10, 370-384.  

Causarano, H.J., Shaw, J.N., Franzluebbers, A.J., Reeves, D.W., Raper, R.L., Balkcom, K.S.,  

Norfleet, M.L., Izaurralde, R.C., 2007. Simulating field-scale soil organic carbon  

dynamics using EPIC. Soil Science Society of America Journal. 71, 1174-1185. 

Causarano, H.J., Doraiswamy, P.C., McCarty, G.W., Hatfield, J.L., Milak, S., Stern, A.J.,  

2008. EPIC modeling of soil organic carbon sequestration in croplands of Iowa. 

Journal of Environmental Quality. 37, 1345-1353. 

Challinor, A.J., Wheeler, T.R., Slingo, J.M., Hemming, D., 2005. Quantification of physical  



140 
 

and biological uncertainty in the simulation of the yield of a tropical crop using present-

day and doubled CO2 climates. Philos. Trans. R. Soc. B 360, 2085-2094.  

Chantanaparb, N., Cholitkul, W., Suwanawong, S., 1976. Fertility of Thai Paddy Soils.  

Report on Soil Chemistry and Fertility No. 2, Department of Agriculture, Bangkok. 

Chivenge, P.P., H.K. Murwira, K.E. Giller, P. Mapfumo, J. Six. 2007. Long-term impact of  

reduced tillage and residue management on soil carbon stabilization : Implications for 

conservation agriculture on contrasting soils. 94, 328-337.  

Chen, H., Li, X., Hu, F., Shi, W., 2013. Soil nitrous oxide emissions following crop residue  

addition: a meta-analysis. Glob Chang Biol, 19, 2956-2964.  

Chen, C-P., Juang, K-W., Cheng, C-H., Pai, C-W., 2016. Effects of adjacent land-use types  

on the distribution of soil organic carbon stocks in the montane area of central Taiwan. 

Bot. Stud. 57, 32. 

Cheng, L., Leavitt, S.W., Kimball, B.A., Pinter Jr., P.J., Ottman, M.J., Matthias, A., Wall,  

G.W., Brooks, T., Williams, D.G., Thompson, T.L., 2007. Dynamics of Labile and 

Recalcitrant Soil Carbon Pools in a Sorghum Free-Air CO2 Enrichment (FACE) 

Agroecosystem. Soil Biology & Biochemistry 39, 2250-2263. 

Chivenge, P.P., H.K. Murwira, K.E. Giller, P. Mapfumo, J. Six. 2007. Long-term impact of  

reduced tillage and residue management on soil carbon stabilization : Implications for 

conservation agriculture on contrasting soils. 94, 328-337.  

Chung, S.W., Gasman, P.W., Huggins, D.R., Randall, G.W., 2001. EPIC tile flow and nitrate  

loss predictions for three Minnesota cropping system. J. Environ. Qual. 30, 822-830. 

Cooter, E.J., Bash, J.O., Benson, V., Ran, L., 2012. Linking agricultural crop management  

and air quality models for regional to national-scale nitrogen assessments. 

Biogeosciences. 9, 4023-4035. 

Conant, R., Drijber, R.A., Haddix, M.L., Parton, W., Paul, E.A., Plante, A., Six, J., Steinweg,  



141 
 

J.M., 2008. Sensitivity of organic matter decomposition to warming varies with its 

quality.  Global Change Biology. 14, 868-77.  

Cox, P.M., Betts, R.A., Jones, C.D., Spall, S.A., Totterdell, I.J., 2000. Acceleration of global  

warming due to carbon-cycle feedbacks in coupled climate model. Nature, 408, 184-

187.  

Cox, P.M., Betts, R.A., Jones, C.D., Spall, S.A., Totterdell, I.J., 2011. Acceleration of global  

warming due to carbon-cycle feedbacks in a coupled climate model. The Warming 

Papers, 331.  

Crutzen, P.J., Andreae, M.O., 1990. Biomass burning in the tropics: impact on atmospheric  

chemistry and biogeochemical cycles. Science. 250, 1669-1678.  

Curtin, D., Beare, M.H., Chantigny, M.H., Greenfield, L.G., 2011. Controls on the  

Extractability of Soil Organic Matter in Water over the 20 to 80 °C Temperature Range. 

Soil Science Society of American Journal, 7.  

Dai, W., Huang, Y., 2006. Relation of soil organic matter concentration to climate and  

altitude in zonal soils of China. Catena. 65, 87-94. 

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon decomposition  

and feedbacks to climate change. Nature, 440, 16173.  

Davidson, E.A., Verchot, L.V., Cattanio, J.H., Ackerman, I.L., Carvalho, J.E.M., 2000.  

Effects of soil water content on soil respiration in forests and cattle pastures of eastern 

Amazonia. Biogeochemistry, 48, 53-69.  

De Datta, S.K., 1981.  Principles and practices of rice production. Singapore: A Wiley- 

Interscience Publication. John Wiley and Sons. 

Desjardins, R.L., Kulshreshtha, S.N., Junkins, B., Smith, W., Grant, B., Boehm, M., 2001. 

Canadian greenhouse gas mitigation options in agriculture. Nutr. Cycl. Agroecosys. 

60, 317-326. 



142 
 

Dixit, K.G., Gupta, B.R., 2000.  Effect of farmyard manure chemical and bio fertilizers on  

yield and quality of rice (Oryza sativa L) and soil properties. Journal of Indian Society 

of Soil Science. 48 (4), 773-780.   

Dobermann, A., Fairhurst, T.H., 2002. Rice Straw Management. Taken from Better Crops  

International, Special supplement publication: Rice Production. Volume 16. Published 

by the Potash and Phosphate Institute of Canada.  

Doran, J.W., Parkin, T.B., 1994. Defining and assessing soil quality. In: Doran, J.W., Coleman,  

D.C., Bezdicek, D.F., Stewart, B.A. (Eds.), Defining Soil Quality for a Sustainable 

Environment. SSSA Spec. Pub. No. 35. Soil Sci. Soc. Am., Am. Soc., Agron, Madison, 

WI, 3-21.  

Dormaar, J.F., Pittman, U.J., Spratt, E.D., 1979. Burning Crop Residues: Effects on selected  

soil characteristics and long-term wheat yields. Canadian Journal of Soil Science. 59, 

79-86. 

Dou, S., Chen, E.F., Xu, X.C., Zhang, J.H., Li, H.Z., 1994. Effect of organic manure,  

application physical properties and humus characteristics of paddy soil. pedosphere. 

4(2), 127-135. 

Dou, F., Wright, A., Hons, F.M., 2008. Dissolved and soil organic carbon after long-term  

conventional and no-tillage sorghum cropping. Commun. Soil Sci. Plant Anal. 39, 667-

679. 

Downing, T., 1992. Climate change and vulnerable places: global food security and country  

studies in Zimbabwe, Kenya, Senegal and Chile. Research Report No. 1. Oxford, 

Environmental Change Unit, University of Oxford. 

Duan, F., Liu, X., Yu, T., Cachier, H., 2004. Identification and estimate of biomass burning  

contribution To the urban aerosal organic carbon concentrations in Beijing, Atmos 

Environ 38:1275-1282.  



143 
 

Easterling, W.E., Hays, C.J., Easterling, M.M., Brandle, J.R., 1996. Modeling the Effect of  

Shelterbelts on Maize Productivity under Climate Change: An Application of the EPIC 

Model. Agric. Ecosyst. Environ. 61, 163-176.  

Easterling, W.E., Weiss, A., Hays, C.J., Mearns, L.O., 1998. Spatial scales of climate  

information for simulating wheat and maize productivity: the case of the US Great 

Plains, Agr. Forest. Meteorol. 90, 51-63. 

Easterling, W.E., Aggarwal, P.K., Batima, P., Brander, K.M., Erda,L., Howden, S.M.,  

Kirilenko, A., Morton, J., Soussana, J.F., Schmidhuber, J., Tubiello, F.N., 2007. Food, 

fibre and forest products. Climate Change 2007: Impacts, Adaptation and Vulnerability. 

In: Contribution of Working Group II to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change, Parry, M.L., O.F. Canziani, J.P. Palutikof, 

P.J. van der Linden and C.E. Hanson. eds., Cambridge University Press, United 

Kingdom. 

EPA, 2014. Emission Factors for Greenhouse Gas Inventories. United States Environmental  

Protection Agency. Online at: https://www.epa.gov/sites/production/files/2015-

07/documents/emission-factors_2014.pdf. 

Erda, L., Yinlong, X., Hui, J., Wei, X., 2004. Possible adaptation decisions from investigating  

the impacts of future climate change on food and water supply in China. Paper 

presented at the 2nd AIACC Regional Workshop for Asia and the Pacific, 2-5 

November 2004, Manila, Philippines.  

Erda, L., Wei, X., Hui, J., Yinlong, X., Yue, L., Liping, B., Liyong X., 2005. Climate   

Change impacts on crop yield and quality with CO2 fertilization in China. 

Philosophical Transactions of the Royal Society of London. Series B:  Biological 

Sciences. 29; 360 (1463):2149-2154. 

Eswaran, H., Berg, E.V.D., Reich, P., 1993. Soil Science Society of America Journal.  57,  



144 
 

192-194.  

Falloon, P., Smith, P., Bradley, R.I., Milne, R., Tomlinson, R., Viner, D., Livermore, M., 

Brown, T., 2006. RothC UK-a dynamic modeling system for estimating changes in soil 

C from mineral soils at 1-km resolution in the UK. Soil Use Manage, 22, 274-288.  

FAO, 2008. Climate change and food security: A framework document. Rome.  

http://www.fao.org/forestry/15538-079b31d45081fe9c3dbc6ff34de4807e4.pdf 

Farage, P.K., Ardo, J., Olsson, L., Rienzi, E.A., Ball, A.S., Pretty, J.N., 2007. The potential  

for soil carbon sequestration in the tropic dryland farming systems of Africa and Latin 

America: a modelling approach. Soil & Tillage Research, 94, 457-472.  

Farquharson, R.J., Schwenke, G.D., Mullen, J.D., 2003. Should we manage soil organic  

carbon in Vertosols in the northern grains region of Australia? Aust. J. Exp. Agr. 43, 

261-270.   

French, S., Levy-Booth, D., Samarajeewa, A., Shannon, K.E., Smith, J., Trevors, J.T., 2009.  

Elevated temperatures and carbon dioxide concentrations: effects on selected 

microbial activities in temperate agricultural soils. World J Microbiol Biotechnol. 25, 

1887-1900. 

Friedlingstein, P., Bopp, L., Ciais, P., Dufresne, J-L., Fairhead, L., LeTreut, H., Monfray, P.,  

Orr, J., 2001. Positive feedback between future climate change and the carbon cycle. 

Geophys. Res. Lett, 28, 1543-1546.  

Foth, H.D., 1984. Fundamentals of Soil Science. John Wiley & Sons: Chichester. 

Furuya, J., Koyama, O., 2005.  Impacts of climatic change on world agricultural product   

markets:  Estimation  of  macro  yield  functions. Japan Agricultural Research 

Quarterly (JARQ), 39(2), 121–134.   

Gadde, B., Menke, C., Wassman, R., 2009. Rice straw as a renewable energy source in India,  



145 
 

Thailand and the Philippines: Overall potential and limitations for energy contribution 

and greenhouse gas migration. Biomass and Bioenergy. 33(11). 

Gadde, B., Bonnet, S., Menke, C., Garivait, S., 2009. Air pollutant emissions from rice straw  

open field burning in India, Thailand, and the Philipines. Environ. Pollut. 157, 1554-

1558.  

Gami, S.K., Duxbury, J.M., Lauren, G.J., 2009. Influence of soil texture and cultivation on  

carbon and nitrogen levels in soils of the eastern Indo-Gangetic Plains. Geoderma, 

153 (3-4), 304-311.  

Gaiser, T., Stahr, K., Billen, N., Mohammad, M.A., 2008. Modeling carbon sequestration  

under zero tillage at the regional scale: 1. The effect of soil erosion. Ecological 

Modelling. 218, 110-120.  

Gaiser, T., de Barros, I., Sereke, F., Lange, F-M., 2010. Validation and reliability of the EPIC  

model to simulate maize production in small-holder farming systems in tropical sub-

humid West Africa and semi-arid Brazil. Agriculture, Ecosystems and Environment. 

135, 318-327. 

Garten, C.T. Jr., Hanson, P.J., 2006. Measured forest soil C stocks and estimated turnover  

times along an elevation gradient. Geoderma. 136, 342-352. 

Ghabbour, E.A., Davies, G., 2001. Humic Substances. Molecular Details and Applications in  

Land and Water Conservation. Taylor & Francis: New York.  

Grace, P.R., Colunga-Garcia, M., Gage, S.H., Robertson, G.P., Safir, G.R., 2006. The  

potential impact of agricultural management and climate change on soil organic carbon 

of the north central region of the United States. Ecosystems, 9, 816-827. 

Gregorich, E.G., Drury, C.F., Baldock, J.A., 2001. Changes in soil carbon under long-term  

maize in monoculture and legume-based rotation. Can. J. Soil Sci. 81, 21-31.  

Guerra, L.C., Hoogenboom, G. Boken, V.K., Hook, J.E., Thomas, D.L., Harrison, K.A.,  



146 
 

2004. Evaluation of the EPIC model for simulating crop yield and irrigation demand. 

Trans. ASAE 47:2091–2100. 

Hao, X.Y., Kravchenko, A.N., 2007. Management practice effects on surface soil total  

carbon: differences along a textural gradient. Agron J, 99, 18-26.  

Hao, X.H., Liu, S.L., Wu, J.S., Hu, R.G., Tong, C.L., Su, Y.Y., 2008. Effect of long-term  

application of inorganic fertilizer and organic amendments on soil organic matter and 

microbial biomass in three subtropical paddy soils. Nutr Cycl Agroecosys. 81(1), 17-

24.   

Hassink, J., 1994. Effects of soil texture and grassland management on soil organic C and N  

and rates of C and N mineralization. Soil Biol Biochem. 26(9), 1221-1231.  

Hassink, J., 1996. Preservation of plant residues in soils differing in unsaturated protective  

capacity. Soil Sci Soc Am J, 60, 487-491.  

Havlin, John L., Beaton, J.D., Tisdale, S.L., Nelson, W.L., 1999. Soil Fertility and Fertilizers:  

An Introduction to Nutrient Management. Sixth Edition, Prentice Hall, Inc. 86-195. 

Hermle, S., Anken, T., Leifeld, J., Weisskopf, P., 2008.  The effect of the tillage system on  

organic carbon content under moist, cold-temperate conditions. Soil and Tillage 

Research, 98, 94-105.   

Holmén, K., 2000. The Global Carbon Cycle. In: Earth Systems Science: From  

Biogeochemical Cycles to Global Change. Jacobson, J.M, Charlson, R.J., Rodhe, H., 

Orians, G. (eds) Academic Press: New York, pp 282-321.  

Hou, A.X., Chen, G.X., Wang, Z.P., Van Cleemput, O., Patrick, W.H., 2000. Methane and  

Nitrous Oxide Emissions from a Rice Field in Relation to Soil Redox and 

Microbiological Processes. Soil Sci Soc Am J 64:2180-86.  

Hou, H., Peng, S., Xu, J., Yang, S., Mao, Z., 2012. Seasonal variations of CH4 and N2O  



147 
 

emissions in Response to water management of paddy fields located in Southeast 

China. Chemosphere. 89, 884–892.  

Huang, Y., Zou, J.W., Zheng, X.H., Wang, Y.S., Xu, X.K., 2004. Nitrous oxide emissions as  

influenced by amendment of plant residues with different C: N ratios. Soil Biol 

Biochem. 36, 973-81.  

Huang, L.M., Thompson, A., Zhang, G.L., Chen, L.M., Han, G.Z., Gong, Z.T., 2015. The use  

of chronosequences in studies of paddy soil evolution: a review. Geoderma. 237-238, 

199-210. 

Hussain, M., Malik, M.A., Farooq, M., Ashraf, M.Y., Cheema, M.A., 2008. Improving  

Drought tolerance by exogenous application of glycine-betaine and salicylic acid in 

sunflower, J. Agron. Crop Sci. 194, 193–199. 

Hutchinson, J.J., Campbell, C.A., Desjardins, R.L., 2007. Some perspectives on carbon  

sequestration in agriculture. Agric. For. Meteorol. 142, 288-302. 

Heng, L.K., Asseng, S., El Mejahed, K., Rusan, M.M., Keerthisinghe, G., 2005. Optimizing  

wheat productivity under rainfed environments of West Asia and North Africa using 

simulation model. In: International Atomic Energy Agency: Nutrient and water 

management practices for increasing crop production in rainfed arid/semi-arid areas. 

Proceedings of a coordinated research project, October 2005. IAEA-TECDOC-1468. 

Vienna. 

IPCC (Intergovernmental Panel on Climate Change), 2001. Climate Change 2001: The  

Scientific Basis. Contribution of the Working Group I to the Third Assessment Report 

of the Intergovernmental Panel on Climate Change: Cambridge University Press, 

Cambridge, United Kingdom.  

IPCC, 2006. Guidelines for National Greenhouse Gas Inventories,  

[http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.htm.; verified Sep, 2014] 



148 
 

IPCC, 2007. Fourth assessment report on climate change: Climate Change Impacts,  

Adaptation and Vulnerability. Cambridge University Press, Cambridge, UK. 

IPCC, 2013. The Physical Science Basis: Working Group I Contribution to the Fifth  

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 

University Press, Cambridge, United Kingdom and New York, NY, USA. 

Islam, K.K., Anusontpornperm, S., Kheoruenromne, I., Thanachit, S., 2014. Relationship  

between carbon sequestration and physico-chemical properties of soils in salt-affected 

areas, Northeast Thailand. Kasetsart J. (Nat. Sci.) 48:560-576. 

Iwai, C.B., Oo, A.N., Topark-ngarm, B., 2012. Soil property and microbial activity in natural  

salt affected soils in an alternating wet–dry tropical climate. Geoderma, 189-190:144-

152. 

Izaurralde, R.C., Williams, J.R., McGill, W.B., Rosenberg, N.J., 2001. Simulating soil  

carbon dynamics, erosion, and tillage with EPIC. In: Proc. 1st  National Conference on 

Carbon Sequestration. Washington D.C., U.S. Department of Energy – National 

Energy Technology Laboratory, 1–12.  

Izaurralde, R.C., Rosenberg, N.J., Brown, R.A., Thomson, A.M., 2003. Integrated assessment  

of Hadley Centre (HadCM2) climate change projections on agricultural productivity 

and irrigation water supply in the conterminous United States-I. Regional agricultural 

production in 2030 and 2095. Agric. For. Meteorol. 117, 97–122. 

Izaurralde, R.C., Williams, J.R., McGill, W.B., Rosenberg, N.J., Quiroga Jakas, M.C., 2006.  

Simulating soil C dynamics with EPIC: Model description and testing against long-

term data. Ecological Modelling. 192, 362–84.  

Izrael, Yu, A., Nazarov, I.M., Yakovlev, A.F., Anokhin, Yu, A., Boltneva, L.I., Gytarsky,  



149 
 

M.L., Gruza, G.V., Egorov, V.I., Karaban, R.T., Nakhutin, A.I., Artemov, E.M., 2002. 

Third National Communication of the Russian Federation. Inter-agency Commission 

of the Russian Federation of Climate Change, Moscow, 142 pp. 

Jacobs, A., Rauber, R., Ludwig, B., 2009. Impact of reduced tillage on carbon and nitrogen  

storage of two Haplic Luvisols after 40 years. Soil Till. Res. 102, 158-164. 

Jain, N., Pathak, H., Mitra, S., Bhatia, A., 2004. Emission of methane from rice fields - a  

review. J Sci Industrial Res. 63(2), 101-15.  

Jansson, P.E., Svensson, M., Kleja, D.B., Gustafsson, D., 2008. Simulated climate change  

impacts on fluxes of carbon in Norway spruce ecosystems along a climatic transect in 

Sweden. Biogeochemistry, 89, 81-94.  

Jarvis, A., Ramirez-Villegas., J., Campo, B.V.H., Navarro-Racines, C., 2012. Is Cassava the  

Answer to African Climate Change Adaptation?  Tropical Plant Biol. 5, 9-29. 

Jobbágy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic carbon and its  

relation to climate and vegetation. Ecological Applications. 10(2), 423-436.  

Johansson, R., Peters, M., House, R., 2007. Regional Environment and Agriculture  

Programming Model. Economic Research Service/USDA. Technical Bulletin No. 

1916, 118 pp.  

Johnston, A. E., Poulton, P.R., Coleman, K., 2009. Chapter 1 Soil Organic Matter: Its  

Importance in Sustainable Agriculture and Carbon Dioxide Fluxes. Advances in 

Agronomy. 101, 1-57. 

Jones, C., McConnell, C., Coleman, K., Cox, P., Falloon, P., Jenkinson, D., Powlson, D.,  

2005. Global climate change and soil carbon stock; predictions from two contrasting 

models for turnover of organic carbon in soil. Global Change Biology, 11, 154-166. 

Jongdee, B., Pantuwan, G., Fukai, S., Fischer, K., 2006. Improving drought tolerance in  



150 
 

rainfed lowland rice: An example from Thailand. Agricultural Water Management. 

80, 225-240.  

Kaihura, F.B.S., Kullaya, I.K., Kilasara, M., 1999. Soil quality effects of accelerated erosion  

and management systems in three eco-regions of Tanzania. Soil and Tillage Research 

53, 59-70. 

Kang, G.D., Cai, Z.C., Feng, X.Z., 2002. Importance of water regime during the non-rice  

growing period in winter in regional variation of CH4 emissions from rice fields 

during following rice growing period in China. Nutr Cycl Agroecosys. 64, 95–100.  

Kant, S., Seneweera, S., Rodin, J., Materne, M., Burch, D., Rothstein, S. J., Spangenberg, G.,  

2012. Improving yield potential in crops under elevated CO2: Integrating the 

photosynthetic and nitrogen utilization efficiencies. Frontiers in Plant Science, 3, 162.  

Karlen, D.L., 1993. Effects of Soil and Crop Management Practices on Soil Quality. National  

Soil Tilth Laboratory Agricultural Research Service, U.S. Department of Agriculture 

Ames, Iowa, USA.  

Katoh, T., 2003. Carbon accumulation in soils by soil management, mainly by organic matter  

application-Experimental results in Aichi prefecture. Jpn J Soil Sci Plant Nutr, 73, 

193-201. 

Kelly, R.H., Parton, W.J., Crocker, G.J, Grace, P.R., Klír, J., Körschens, M., Poulton, P.R.,  

Richter, D.D., 1997. Simulating trends in soil organic carbon in long-term 

experiments using the Century model. Geoderma. 81, 75-90. 

Khan, T.M.A., Singh, O.P., Sazedurrahman, M.D., 2000. Recent sea level and sea surface  

temperature trends along the Bangladesh coast in relation to the frequency of intense 

cyclones. Marine Geodesy, 23, 103-116.  

Khan, M.H., Ali, S., Razi, A.F., Alam, Z., 2007. Use of fungi for the bioconversion of rice  

straw into cellulase enzyme. J. Envrion. Sci. Health Part B. 42, 381-386.   



151 
 

Khan, S.A., Kumar, S., Hussain, M.Z., Kalra, N., 2009. Chapter 2: Climate Change, Climate  

Variability and Indian Agriculture: Impacts Vulnerability and Adaptation Strategies. 

In: S.N. Singh (ed.), Climate Change and Crops, Environmental Science and 

Engineering.  

Khush, G.S., 1984. Terminology for rice growing environments. Los Baños, IRRI,  

Philippines. 

Kimball, B.A., Kobayashi, K., Bindi, M., 2002. Responses of Agricultural Crops to Free-Air  

CO2 Enrichment. Advances in Agronomy. 77, 293-362.    

Kong, X.B., Zhang, F.R., Wei, Q., Xu, Y., Hui, J.G., 2006. Influence of land use change on  

soil nutrients in an intensive agricultural region of North China. Soil Till. Res. 88, 85-

94. 

Konen, M.E., Burras, C.L., Sandor, J.A., 2003. Organic carbon, texture, and quantitative  

color measurement relationships for cultivated soils in north central Iowa. Soil Sci 

Soc Am J, 67, 1823–1830.  

Knorr, W., Prentice, I.C., House, J.I., Holland, E.A., 2005.  Long-term sensitivity of soil  

carbon turnover to warming. Nature, 433, 298-301.  

Krull, E.S., Baldock, J.A., Skjemstad, J.O., Smernik, R.J., 2009. Characteristics of biochar:  

organo-chemical properties. In: Lehmann J, Joseph S (eds) Biochar for environmental 

management. Earthscan Publications Ltd. ISBN: 9781844076581, pp. 53-65. 

Lal, R., Kimble, J.M., Follet, R.F., Cole, C.V., 1998. The potential of US cropland to  

sequester carbon and mitigate the greenhouse effect. Sleeping Bear Press. Inc. 

Chelsea. 128 pp. 

Lal, R., 2003. Global potential of soil C sequestration to mitigate the greenhouse effect. Crit.  

Rev. Plant Sci. 22, 151-184. 

Lal, R., 2004a. Soil carbon sequestration impacts on global climate change and food security.  



152 
 

Science, 304(5677), 1623-1627.  

Lal, R., 2004b. Soil carbon sequestration impacts to mitigate climate change. Geoderma.  

123, 1-22.  

Lal, R., 2004c. Carbon emission from farm operations. Environ Int. 30(7), 981-990.  

Lal, R., 2006. Enhancing crop yields in the developing countries through restoration of the  

soil organic carbon pool in agricultural lands. Land Degrad. Develop, 17, 197-209.  

Lal, R., 2007. Carbon management in agricultural soils. Mitigation and Adaptation Strategies  

for Global Change. 12, 303-322.   

Lal, R., 2010. Managing soils and ecosystems for mitigating anthropogenic carbon emissions  

and advancing global food security. BioScience. 60, 708-721.  

Laopoolkit, K., Kheoruenromne, I., Suddhiprakarn, A., 2011. Factors Controlling Carbon  

Sequestration of Major Upland Soils in Northeast Plateau, Thailand. Thai Journal of 

Agricultural Science. 44(2), 133-143. 

Land Development Department (LDD), 1991. Distribution of salt affected soil in the  

northeast region 1:100,000 map. Land Development Department, Ministry of 

Agriculture and Cooperatives, Thailand.  

LDD, 2003. Characterization of Established Soil Series in the Northeast Region of Thailand 

Reclassified According to Soil Taxonomy 2003. Land Development Department, 

Ministry of Agriculture and Cooperatives, Thailand.  

LDD, 2011. Strategies of LDD in the 11th National Plan for Economic and Social development  

(2012-2016)-Draft. Ministry of Agriculture and Corporative. Bangkok. (in Thai).  

Lee, J.J., Phillips, D.L., Dodson, R.F., 1996. Sensitivity of the US corn belt to climate change  

and elevated CO2: II. Soil erosion and organic carbon. Agric. Syst. 52, 503-521.  

Lee, D.R., 2005. Agricultural Sustainability and Technology Adoption: Issues and Policies  



153 
 

for Developing Countries. American Journal of Agricultural Economics. 87(5), 1325-

1334. 

Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011.  

Biochar Effects on Soil Biota-A Review. Soil Biology and Biochemistry, 43, 1812-

1836. 

Li, J.T., Zhang, B., 2007. Paddy soil stability and mechanical properties as affected by long- 

term application of chemical fertilizer and animal manure in subtropical China. 

Pedosphere; 17(5), 568–579.  

Li, C., Frolking, S., Xiao, X., Moore, III B., Boles, S., Qiu, J., Huang, Y., Salas, W., Sass, R.,  

2005. Modeling impacts of farming management alternatives on CO2, CH4, and N2O 

emissions: A case study for water management of rice agriculture of China. Global 

Biogeochem. Cy. 19:GB3010.  

Li, Z.P., Liu, M., Wu, X.C., Han, F.X., Zhang, T.L., 2010. Effects of long-term chemical  

fertilization and organic amendments on dynamics of soil organic C and total N in 

paddy soil derived from barren land in subtropical China. Soil Till Res, 106(2), 268-

274. 

Limtong, P., Srikhajon, M., 2002. Soil organic carbon and carbon sequestration. Present  

situation and research needs in Thailand. In: Land Development Department (ed). 

Bangkok, Thailand. 

Lin, E., Xiong, W., Ju, H., Xu, Y., Li, Y., Bai, L., Liyong, X., 2005. Climate change impacts  

on crop yield and quality with CO2 fertilization in China. Philosophical Transactions 

of the Royal Society B 360, 2149-2154.   

Linh, T.B., Cornelis, W., Elsacker, S.V., Khoa, L.V., 2013. Socio-economic evaluation on  



154 
 

how crop rotations on clayey soils affect rice yield and farmers’ income in the 

Mekong Delta, Vietnam. International Journal of Environmental and Rural 

Development, 4-2. 

Linquist, B.A., Phengsouvanna, V., Sengxua, P., 2007. Benefits of organic residues and  

chemical fertilizer to productivity of rain-fed lowland rice and to soil nutrient 

balances. Nutr Cycl Agroecosyst, 79, 59–72.  

Liao, Q., Yan, X., 2011. Statistical analysis of factors influencing N2O emission from paddy  

fields in Asia. Huan Jing Ke Xue. 32(1), 38-45.  

Liang, Q., Chen, H.Q., Gong, Y.S., Fan, M.S., Yang, H.F., Lal, R., Kuzyakov, Y., 2012  

Effects of 15 year of manure and inorganic fertilizers on soil organic carbon fractions 

in a wheat-maize system in the North China Plain. Nutr Cycl Agroecosys. 92, 21-33.  

Liese, B., Isvilanonda, S., Tri, K.N., Ngoc, L.N., Pananurak, P., Pech, R., Shwe, T.M.,  

Sombounkhanh, K., Möllmann, T., Zimmer, Y., 2014. Economics of Southeast Asian 

Rice Production. Agri benchmark. 

Linquist, B., Groenigen, K.J., Adviento-Borbe, M.A., Pittelkow, C., Kessel, C., 2012. An  

agronomic assessment of greenhouse gas emissions from major cereal crops. Glob 

Chang Biol. 18(1), 194-209.  

Liu, J., 2009. A GIS-based tool for modelling large-scale crop-water relations. Environmental  

Modelling & Software. 24, 411-422. 

Liu, C., Wang, K., Zheng, X., 2012. Responses of N2O and CH4 fluxes to fertilizer nitrogen  

addition rates in an irrigated wheat–maize cropping system in northern China. 

Biogeosciences. 9, 839-850.  

Liu, C., Lu, M., Cui, J., Li, B., Fang, C., 2014. Effects of straw carbon input on carbon  

dynamics in agricultural soils: a meta-analysis. Global Change Biology. 20, 1366-

1381. 



155 
 

Liu, M., He, B., Lü, A., Zhou, L., Wu, J., 2014. Parameters sensitivity analysis for a crop  

growth model applied to winter wheat in the Huanghuaihai Plain in China. Geosci. 

Model Dev. Discuss. 7, 3867-3888. 

Liu, X., Herbert, S.J., Hashemi, H.M., Zhang, X., Ding, G., 2006. Effects of agricultural  

management on soil organic matter and carbon transformation – a review. Plant Soil 

Environ. 52(12), 531-543.   

Liu, Y., Zhou, Z., Zhang, X., Xu, X., Chen, H., Xiong, Z., 2015. Net global warming  

potential and greenhouse gas intensity from the double rice system with integrated 

soil-crop system management: A three-year field study. Atmos Environ. 116, 92-101.  

Lobell, D.B., Gourdji, S.M., 2012. The Influence of Climate Change on Global Crop  

Productivity. Plant Physiology. 160, 1686-1697. 

Loveland, P., Webb, J., 2003. Is there a critical level of organic matter in the agricultural soils  

of temperate regions: a review. Soil Till. Res. 70, 1-18.  

Lu, Y., Wassmann, R., Neue, H.U., Huang, C., Bueno, C.S., 2000. Methanogenic responses  

to exogenous substrates in anaerobic rice soils. Soil Biol Biochem. 32, 1683-1690.  

Lu, F., Wang, X., Han, B., Ouyang, Z., Duan, X., Zheng, H., Miao, H., 2009. Soil carbon  

sequestrations by nitrogen fertilizer application, straw return and no-tillage in China’s 

cropland. Glob Change Biol, 15, 281-305. 

Lugato, E., Berti, A., 2008. Potential carbon sequestration in a cultivated soil under different  

climate change scenarios: A modelling approach for evaluating promising management    

practices in north-east Italy. Agriculture, Ecosystems and Environment, 128, 97-103.  

Ma, Y.C., Kong, X.W., Yang, B., Zhang, X.L., Yan, X.Y., Yang, J.C., Xiong, Z.Q., 2013.  

Net global warming potential and greenhouse gas intensity of annual rice-wheat 

rotations with integrated soil-crop system management. Agric Ecosyst Environ. 164, 

209-219.  



156 
 

Mack, M.C., Schuur, E.A.G., Bret-Harte, M.S., Shaver, G.R., Chapin, F.S., 2004. Ecosystem  

carbon storage in arctic tundra reduced by long-term nutrient fertilization. Nature. 

431, 440-443. 

Maat, H., 2011. The history and future of agricultural experiments. NJAS - Wageningen  

Journal of Life Sciences. 57, 187–195.  

Maciel, V.G., Zortea, R.B., Silva, da W.M., Cybis, L.F.A., Einloft, S., Seferin, M., 2015. Life  

Cycle Inventory for the agricultural stages of soybean production in the state of Rio 

Grande do Sul, Brazil. J Clean Prod 93:65-74.   

Maeda, T., Hirai, H. 2002. Effect of continuous application of farmyard manure on physio- 

chemical characteristics of the soil and the root system, nutrient absorption, yield of   

rice cultured with minimal agricultural chemicals. Japanese Journal of Crop Science 

71(4), 506-512.   

Majumdar, B., Mandal, B., Bandhyopadhyay, P.K., Gangopadhyay, A., Mani, P.K., Kundu,  

A.L., Majumder, D., 2008. Organic amendments influence soil organic carbon pools 

and crop productivity in nineteen year old rice-wheat agro-ecosystem.  Soil Science 

Society of America Journal. 72, 1-11. 

Manna, M.C., Swarup, A., Wanjari, R.H., Ravankar, H.N., 2007. Long-term effect of NPK  

fertilizer and manure on soil fertility and a sorghum-wheat farming system. Australian 

Journal of Experimental Agriculture, 47, 700-711. 

Malhi, S.S., Kutcher, H.R., 2007. Small grains stubble burning and tillage effects on soil  

Organic C and N, and aggregation in northeastern Saskatchewan. Soil and Tillage 

Research. 94, 353-361. 

Marschner, H., 2011. Marschner’s Mineral Nutrition of Higher Plants, 3rd ed. Academic  

Press, UK. 

Mathew, R.P., Feng, Y., Githinji, L., Ankumah, R., Balkcom, K.S., 2012, Impact of no- 



157 
 

tillage and conventional tillage systems on soil microbial communities. Appl Environ 

Soil Sci. 1-10. 

Matthews, R.B., Kropff, M.J., Horie, T., Bachelet, D., 1997. Simulating the impact of climate  

change on rice production in Asia and evaluating options for adaption. Agric. Syst. 54, 

399-425. 

McWilliams, D., 2003. Drought Strategies for Cotton, Cooperative Extension Service  

Circular 582, College of Agriculture and Home Economics, New Mexico State 

University, USA. 

Melillo, J.M., Steudler, P.A., Aber, J.D., Newkirk, K., Lux, H., Bowles, F.P., Catricala, C.,  

Magill, A., Ahrens, T., Morrisseau, S., 2002. Soil warming and carbon-cycle feedbacks 

to the climate system. Science, 298, 2173-2176.  

Min, S.K., Kwon, W.T., Park, E.H., Choi, Y., 2003. Spatial and temporal comparisons of  

droughts over Korea with East Asia. Int. J. Climatol., 23, 223-233. 

Ministry of Agriculture and Cooporatives (MOAC) Thailand, 2015. Utilization of Organic  

Fertilizers in Rice Field. Technology and Innovation for rice production (in Thai). 

http://www.moac.go.th/ewt_news.php?nid=438&filename=index 

Mitra, S., Jain, M.C., Kumar, S., Bandyopadhyay, S.K., Kalra, N., 1999. Effect of rice  

cultivars on methane emission. Agric Ecosyst Environ. 73, 177-1783.  

Mitra, S., Wassmann, R., Jain, M.C., Pathak, H., 2002. Properties of rice soil affecting  

methane production potentials: I. Temporal patterns and diagnostic procedures. Nutr 

Cycl Agroecosys. 64, 169-182.  

Mirza, M.Q., 2002. Global warming and changes in the probability of occurrence of floods in  

Bangladesh and implications. Global Environ. Chang. 12, 127-138.  

Mott, K.A., 1988. Do stomata respond to CO2 concentrations other than intercellular? Plant  

Physiology. 86, 200-203.   



158 
 

Motha, R., Baier, W., 2005. Impacts of Present and Future Climate Change and Climate  

Variability on Agriculture in the Temperate Regions: North America. Climatic Change 

70: 137-164.   

Murayama, Y., Sakaida, K., Endo, N., Tamura, T., 2003. Long-term Change and Short-term  

Fluctuation of Production of Wetland Paddy in Java, Indonesia-Precipitation Change 

and Farmers’ Response. Science Report of the Tohoku University, Series 7: Geography 

52(1-2), 1-28. 

Nagarajah, S., Neue, H.U., Alberto, M.C.R., 1989. Effect of Sesbania, Azolla and rice straw  

incorporation on the kinetics of NH4, K, Fe, Mn, Zn and P in some flooded rice soils. 

Plant and Soil. 116(1), 37-48.   

Naklang, K., Harnpichitvitaya, D., Amarante, S., Wade, L., Haefele, S., 2006. Internal  

efficiency, nutrient uptake, and the relation to field water resources in rainfed lowland 

rice of northeast Thailand. Plant Soil. 286 (1-2), 193-208. 

Nakićenović, N., Davidson, O., Davis, G., Grübler, A., Kram, T., La Rovere, E.L., Metz, B.,  

Morita, T., Pepper, W., Pitcher, H., Sankovski, A., Shukla, P., Swart, R., Watson, R., 

Dadi, Z., 2000. Special Report on Emissions Scenarios. (Nakićenović N., and Swart, 

R., eds.). Cambridge University Press, Cambridge, UK. 

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models: 

part I. A discussion of principles. J. Hydrol. 10(3), 282-290.  

National Soil Survey Center, 1996. Soil Survey Laboratory Methods Manual. Soil Survey  

Investigations Report No. 42 Version 3.0. United States Department of Agriculture 

Natural Resources Conservation Service.  

Nelson, S.J., Thompson, G.W., 2009. Barriers perceived by administrators and faculty  



159 
 

regarding the use of  distance  education  technologies  in  pre-service  programs  for  

secondary  agricultural education teachers. Journal of Agriculture and Education. 46, 

36-48. 

Nelson, G.C., Rosegrant, M.W., Koo, J., Robertson, R., Sulser, T., Zhu, T., Ringler, C.,  

Msangi, S., Palazzo, A., Batka, M., Magalhaes, M., Valmonte-Santos, R., Ewing, M., 

Lee, D., 2009. Climate Change Impact on Agriculture and Costs of Adaptation. Food 

Policy Report. Washington, D.C: International Food Policy Research Institute. 

Neue, H.U., Wassmann, R., Lantin, R.S., Alberto, M.C.R., Aduna, J.B., Javellana, A.M.,  

1996. Factors affecting methane emission from rice fields. Atmos Environ. 30, 1751-

1754.  

Neue, H.U, Gaunt, J.L., Wang, Z.P., Becker-Heidmann, P., Quijano, C., 1997. Carbon in 

tropical wetlands. Geoderma, 79, 163-185.  

Nguyen, N.V., 2006. Global climate changes and rice food security. Executive Secretary,  

International Rice Commission, FAO, Rome, Italy. 

Nie, J., Zhou, J.M., Wang, H.Y., Chen, X.Q., Du, C.W., 2007. Effect of long-term rice straw  

return on soil glomalin, carbon and nitrogen. Pedosphere. 17, 295-302.   

Niu, X., Easterling, W., Hays, C.J., Jacobs, A., Mearns, L., 2009. Reliability and input-data  

induced uncertainty of the EPIC model to estimate climate change impact on sorghum 

yields in the U.S. Great Plains. Agric. Ecosyst. Environ. 129, 268-276. 

Nonami H., 1998. Plant water relations and control of cell elongation at low water potentials,  

J. Plant Res. 111, 373-382. 

OAE (Office of Agricultural Economics), 2014. Agricultural Statistics of Thailand; 2014.  

[http://www.oae.go.th/download/download_journal/2558/yearbook57.pdf (in Thai); 

verified Feb, 2015] 

Oo, A.N., Banterng, P., Polthanee, A., Trelo-Ges, V., 2010. The effect of different fertilizers  



160 
 

management strategies on growth and yield of upland black glutinous rice and soil 

property. Asian J Plant Sciences, 9 (7): 414-422.  

Olesen, J.E., Bindi, 2002. Consequences of climate change for European agriculture  

productivity, land use and policy. Eur. J. Agron., 16, 239-262.   

Olk, D.C., Cassman, K.G., Simbahan, G., Cruz, P.C. Sta., Abdulrachman, S., Nagarajan,  

R., Tan, Pham Sy, Satawathananont, S. 1999. Interpreting fertilizer-use efficiency  

in relation to soil nutrient-supplying capacity, factor productivity, and agronomic 

efficiency. Nutr Cycl Agroecosyst. 53, 35-41.  

ONEP (Office of Natural Resources and Environmental Policy and Planning), 2010. 

Thailand’s Second National Communication under the United Nations Framework 

Convention on Climate Change. Ministry of Natural Resources and Environment. 

Bangkok, Thailand. 102 p. 

Pan, G.X., Li, L.Q., Wu, L., Zhang, X.H., 2004. Storage and sequestration potential of topsoil  

organic carbon in China’s paddy soil. Glob Change Biol. 10, 79-92.  

Pan, G.X., Zhou, P., Li, Z.P., Smith, P., Li, L.Q., Qiu, D.S., Zhang, X.H., Xu, X.B., Shen,  

S.Y., Chen, X.M., 2009. Combined inorganic/organic fertilization enhances N 

efficiency and increases rice productivity through organic carbon accumulation in a 

rice paddy from the Tai Lake region, China. Agric Ecosyst Environ, 131(3-4), 274-

280.  

Papendick, R.I., Parr, J.F., 1997. No-till farming: the way of the future for a sustainable  

dryland agriculture. Ann Arid Zone. 36, 193-208. 

Parry, M., Rosenzweig, C., Iglesias, A., Liermore, M., Fischer, G., 2004. Effects of Climate  

Change on Global Food Production under Sres Emissions and Socio-Economic 

Scenarios. Global Environmental Change. 14(1), 53-67.  

Pathak, H., Byjesh, K., Aggarwal, P.K., Chakrabarti, B., 2011 Potential and cost of carbon  



161 
 

sequestration in Indian agriculture: estimates from long-term field experiments. Field 

Crop Res. 120, 102–111. 

Parton, W. J., Ojima, D. S., Cole, C. V., Schimel, D.S., 1994. A general model for soil  

organic matter dynamics: Sensitivity to litter chemistry, texture and management, in: 

Quantitative Modeling of Soil Forming Processes, SSSA Spec. Public. No. 39 SSSA, 

Madison, WI, 147-67. 

Parton, W.J., Schimel, D.S., Cole, C.V., Ojima, D.S., 1987. Analysis of factors controlling  

soil organic matter levels in Great Plains grasslands. Soil Sci. Soc. Am. J. 51, 1173-

1179. 

Parton, W.J., Scurlock, J.M.O., Ojima, D.S., Gilmanov, T.G., Scholes, R.J., Schimel, D.S.,  

Kirchner, T., Menaut, J-C, Seastedt, T., Garcia, E., Moya, Kamnalrut, A., 

Kinyamario, J.I., 1993. Observations and modelling of biomass and soil organic 

matter dynamics for the grassland biome worldwide. Global Biogeochemical Cycles. 

7, 785-809. 

Peng, S., Huang, J., Sheehy, J.E., Laza, R.C., Visperas, R.M., Zhong, X., Centeno, G.S.,  

Khush, G.S., Cassman, K.G., 2004. Rice yields decline with higher night temperature 

from global warming, PNAS July 6, Vol. 101 No. 27: 9971-9975. 

Peng, S., Hou, H., Xu, J., Mao, Z., Abudo, S., Luo, Y., 2011. Nitrous oxide emissions from  

paddy fields under different water managements in southwest China. Paddy Water 

Environ. 9, 403-411.  

Peinetti, H.R., Menezes, R.S.C., Tiessen, H., Marin, A.M.P., 2008. Simulating plant  

productivity under different organic fertilization practices in a maize/native pasture 

rotation system in semi-arid NE Brazil. Comput. Electron. Agri. 62, 204-222. 

Phillips, D.L., Lee, J.J., Dodson. R.F., 1996. Sensitivity of the US Corn Belt to climate  

change and elevated CO2: I. Corn and soybean yields. Agric. Syst. 52, 481-502. 



162 
 

Pittock, A.B., Jones, R.N., Mitchell, C.D., 2001. Probabilities will help us plan for climate  

change. Nature 413, 249. 

Plante, A.F., Fernandez, J.M., Haddix, M.L., Steinweg, J.M., Conant, R.T., 2011. Biological,  

chemical and thermal indices of soil organic matter stability in four grassland soils. 

Soil Biol. Biochem. 43, 1051-1058.  

Polyakov, V., Lal, R., 2004. Modeling soil organic matter dynamics as affected by soil water  

erosion. Environ. Int. 30, 547-56.  

Post, W.M., Emanuel, W.R., Zinke, P.J., Stangenberger, A.G., 1982. Soil Carbon Pools and  

World Life Zones. Nature 298, 156-159. 

Post, W.M., Kwon, K.C., 2000. Soil Carbon Sequestration and Land-Use Change: Processes  

and Potential. Global Change Biology. 6(3), 317-328.  

Potter, C.S., Randerson, J.T., Field, C.B., Matson, P.A., Vitousek, P.M., Mooney, H.A.,  

Klooster, S.A., 1993. Terrestrial ecosystem production: A process model based on 

global satellite and surface data. Global Biogeochemical Cycles 7, 811-841. 

Priya, S., Shibasaki, R., 2001. National spatial crop yield simulation using GIS-based crop  

production model. Ecological Modelling, 136, 113-29. 

Pumijumnong, N., Arunrat, N., 2013. Simulating the rice yield change in Thailand under  

SRES A2 and B2 scenarios with the EPIC model. Journal of Agri-Food and Applied  

Sciences. 1(4), 119-125.  

Putnam, J., Williams, J.R, Sawyer, D., 1988. Using the erosion-productivity impact calculator  

(EPIC) to estimate the impact of soil erosion for the 1985 RCA appraisal. Journal of 

Soil and Water Conservation. 43, 321-26.  

Qin, Y., Liu, S., Guo, Y., Liu, Q., Zou, J., 2010. Methane and nitrous oxide emissions from  

organic and conventional rice cropping systems in Southeast China. Biol Fertil Soils, 

46, 825-34.  



163 
 

Ragland, J., Boonpuckdee, L., 1988. Fertilizer responses in northeast Thailand: 3. Nitrogen  

use and soil acidity. Thai J Soils Fert. 10, 67–76.  

Raich, J.W., Schlesinger, W.H., 1992. The Global Carbon Dioxide Flux in Soil Respiration  

and Its Relationship to Vegetation and Climate. Tellus B. 44(2), 81-99.  

Rao, D.N., Mikkelsen, D.S., 1976.  Effect of Rice Straw Incorporation on Rice Plant Growth  

and Nutrition. Soil Sci. Soc. Am. J. 68(5), 752-756.    

Rath, C.K., Das, S.N., Thakur, R.S., 2000. Methane emission from flooded rice fields.  

Journal of Scientific & Industrial Research. 59, 107-113.  

Reddy, K.S., Singh, M., Tripathi, A.K., Saha, M.N., 2003. Changes in amount of organic and   

inorganic  fractions  of  nitrogen  in  an  Eutrochrept  soil  after long term cropping with 

different fertilizer and organic manure inputs. J. Plant Nutr. Soil Sci. 166, 232-238.  

Reichstein, M., Rey, A., Freibauer, A., Tenhunen, J., Valentini, R., Banza, J., Casals, J.,  

Cheng, Y., Gru¨nzweig, J.M., Irvine, J., Joffre, R., Law, B.E., Loustau, D., Miglietta, 

F., Oechel, W., Ourcival, J.M., Pereira, J.S., Peressotti, A., Ponti, F., Qi, Y., Rambal, 

S., Rayment, M., Romanya, J., Rossi, F., Tedeschi, V., Tirone, G., Xu, M., Yakir, D., 

2003. Modelling temporal and large-scale spatial variability of soil respiration from 

soil water availability, temperature and vegetation productivity indices. Global 

Biogeochim. Cycles 17 pp. 15/11-15/15. 

Reidsma, P., Wert, F., Lansink, O.A., Leemans, R., 2010.  Adaptation to climate change and  

climate variability in European agriculture: The importance of farm level responses.  

European Journal of Agronomy, 32 (1), 91-102. 

Rey, A., Jarvis, P., 2006. Modelling the effect of temperature on carbon mineralization rates  

across a network of European forest sites (FORCAST). Glob. Change Biol. 12, 1894-

1908. 

Rinaldi, M., 2001. Application of EPIC model for irrigation scheduling of sunflower in  



164 
 

Southern Italy. Agr. Water Manage. 49, 185-196.  

Robert, M., 2001. Soil carbon sequestration for improved land management. World Soil  

Resources, 96.  

Robertson, G.P., Paul, E.A., Harwood, R.R., 2000. Greenhouse gases in intensive agriculture:  

Contributions of individual gases to the radiative forcing of the atmosphere. Science. 

289, 1922-1925.  

Robertson, G.P., Grace, P.R., 2004. Greenhouse gas fluxes in tropical and temperate  

agriculture: The Need for a full-cost accounting of global warming potentials. 

Environment, Development and Sustainability. 6, 51-63.  

Rosenzweig, C., Parry, M.L., Fischer, G., Frohberg, K., 1993. Climate change and world food  

supply. Research Report No. 3, University of Oxford, Environmental Change Unit, 

Oxford, UK. 133-138.  

Rosenzweig, C., Iglesis, A., 1994. Implications of climate change for international  

agriculture: Crop modeling study. US Environmental Protection Agency, Climate 

Change Division. Washington DC. 

Rosenzweig, C., Iglesias, A., Yang, X.B., Epstein, P.R., Chivian, E., 2001. Climate Change  

and Extreme Weather Events: Implications for Food Production, Plant Diseases, and 

Pests. Global Change & Human Health. 2(2), 90-104. 

Roxburgh, S.H., Mackey, B.G., Dean, C., Randall, L., Lee, A., Austin, J., 2006. Organic soil    

carbon partitioning in soil and litter in subtropical woodlands and open forests: a case 

study from the Brigalow Belt, Queensland. The Rangeland Journal, 28, 115-125.  

Ruosteenoja, K., Carter, T.R., Jylha, K., Tuomenvirta, H., 2003. Future climate in world  

regions: an intercomparison of model-based projections for the new IPCC emissions    

scenarios. The Finnish Environment 644, Finnish Environment Institute, Helsinki, 83 

pp. 



165 
 

Rustad, L., Campbell, J., Marion, G., Norby, R., Mitchell, M., Hartley, A., Cornelissen, J.,  

Gurevitch, J., 2001. A meta-analysis of the response of soil respiration, net nitrogen 

mineralization, and aboveground plant growth to experimental ecosystem warming. 

Oecologia, 126(4), 543-562.  

Sahrawat, K.L., 2004. Organic matter accumulation in submerged soils. Advances in  

Agronomy, 81, 169-201.  

Salvador Sanchis, M.P., Torri, D., Borselli, L., Poesen, J., 2008. Climate effects on soil  

erodibility. Earth Surf Process Landf 33, 1082-1097. 

Saree, S., Ponphang-nga, P., Sarobol, E., Limtong, P., Chidthaisong, A., 2012. Soil Carbon  

Sequestration Affected by Cropping Changes from Upland Maize to Flooded Rice 

Cultivation. Sustain Energy and Environ, 3, 147-152. 

Sarno, I.M., Lumbanraja, J., Yuliadi, S.E., Izumi, Y., Watanabe, A., 2004. Soil chemical  

properties of an Indonesian red soil as affected by land use and crop management. Soil 

Till. Res. 76, 115-124.  

Santhi, C, Arnold, J.G., Williams, J.R., Dugas, W.A., Srinivasan, R., Hauck, L.M., 2001.  

Validation of the SWAT model on a large river basin with point and nonpoint 

sources. J. American Water Resources Assoc. 37(5), 1169-1188. 

Schaeffer, S.M., Sharp, E., Schimel, J.P., Welker, J.M., 2013. Soil-plant N processes in a High  

Arctic ecosystem, NW Greenland are altered by longterm experimental warming and 

higher rainfall. Global Change Biology 19, 3529-3539. 

Schlesinger, W.H., 1977. Carbon Balance in Terrestrial Detritus. Annual Review of  

Ecological Systems. 8, 51-81.  

Schlesinger, W.H., 1990. Evidence from Chronosequence Studies or a Low Carbon-Storage  

Potential of Soils. Nature. 348, 232-234. 

Schneider, S.H., 1997. Integrated assessment modelling of global climate change:  



166 
 

Transparent rational tool for policy making or opaque screen hiding value-laden 

assumptions? Environ. Model. Assess. 2, 229-249. 

Schmitter, P., Dercon, G., Hilger, T., Thi, Le Ha T., HuuThanh, N., Lam, N., Due Vien T.,  

Cadisch, G., 2010. Sediment induced soil spatial variation in paddy fields of 

Northwest Vietnam. Geoderma. 155, 298-307.  

SEA START RC (Southeast Asia START Regional Center), 2010. Preparation of Climate  

Change Scenarios for Climate Change Impact Assessment in Thailand. Bangkok, 

Thailand. 

Seng, V., Bell, R.W., Willet, I.R., 2004. Amelioration of growth reduction of lowland rice  

caused by a temporary loss of soil-water saturation. Plant Soil, 265, 1–16.  

Shang, Q.Y., Yang, X.X., Gao, C.M., Wu, P.P., Liu, J.J., Xu, Y.C., Shen, Q.R., Zou, J.W.,  

Guo, S.W., 2011.Net annual global warming potential and greenhouse gas intensity in 

Chinese double rice-cropping systems: a 3-year field measurement in long-term 

fertilizer experiments. Global Change Biol. 17(6), 2196-2210.  

Sharpley, A.N., Wiliams, J.R., 1990. EPIC The Erosion Productivity Impact Calculator. 1.  

Model Documentation. U.S. Department of Agriculture, Technical Buletin No. 1768. 

Shen, S.H., Yang, S.B., Zhao, Y.X., Xu, Y.L., Zhao, X.Y., Wang, Z.Y., Liu, J., Zhang,  

W.W., 2011. Simulating the rice yield change in the middle and lower reaches of the 

Yangtze River under SRES B2 scenario, Acta Ecologica Sinica. 31, 40-48. 

Shen, J., Tang, H., Liu, J., Wang, C., Li, Y., Ge, T., Wu, J., 2014. Contrasting effects of straw  

and straw-derived biochar amendments on greenhouse gas emissions within double 

rice cropping systems. Agric Ecosyst Environ. 188, 264-274.   

Shimizu, M., Limin, A., Desyatkin, A.R., Jin, T., Mano, M., Ono, K., Miyata, A., Hata, H.,  

Hatano, R., 2015. Effect of manure application on seasonal carbon fluxes in a 

temperate managed grassland in Southern Hokkaido, Japan. CATENA, 133, 474-485.  



167 
 

Shrestha, A.B., Wake, C.P., Dibb, J.E, Mayewski, P.A., 2000. Precipitation fluctuations in  

the Nepal Himamaya and its vicinity and relationship with some large scale 

climatological parameters. Int. J. Climatol., 20, 317-327. 

Shukla, N.D., Gangwar, B., Rao, A.V.M.S., 1998. Assessment of yield and economics of  

long term integrated nutrient management in rice-rice system in coastal region, Project 

Directorate  for cropping system Research, Modipuram, Mecrut Journal of Anandaman 

Science Association India. 14(2), 1-8.  

Shukla, P.R., Sharma, S.K., Ravindranath, N.H., Garg, A., Bhattacharya, S., 2003. Climate  

Change and India: Vulnerability Assessment and Adaptation. Universities Press (India) 

Private Limited. 

Silva, S.H.S.A., Chandrapala, A.G., Jayalath, H.A.P., 2005. Evaluation of different organic  

manures on soil properties, growth and yield of rice and maize under rice-maize crop   

rotation, Peradeniya, Srilanka, Annals of the Srilanka, Department of Agriculture. 7, 

87-94. 

Sinha, S.K., Swaminathan, M.S., 1991. Deforestation, climate change and sustainable nutrition  

security. Clim Change. 16, 33-45. 

Singh, B.R., Lal, R., 2005. The potential of soil carbon sequestration through improved  

management practices in Norway. Environ. Dev. Sustain. 7, 161-184. 

Singh, R., Singh, S., Prasad, K., 2001. Effect of fertilizer, FYM and row spacing on  

transplanted rice. Crop Res. (Hisar). 22(2), 296-299. 

Singh, Y., Singh, B., 2001. Efficient management of primary nutrition in the rice-wheat system.  

In: Tataki, P. K. (ed) The rice-wheat cropping systems of South Asia: Efficient 

production management. 23-85. Food Products Press. New York, USA. 

Six, J., Paustian, K., Elliott, E.T., Combrink, C., 2000. Soil structure and soil organic matter:  



168 
 

I. Distribution of aggregate size classes and aggregate associated carbon. Soil Sci. Soc. 

Am. J. 64, 681-689. 

Six, J., Frey, S.D., Thiet, R.K., Batten, K.M., 2006. Bacterial and fungal contributions to 

carbon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70, 555-569. 

Smith, J.L., Elliott, L.F., 1990. Tillage and Residue management effects on soil organic  

matter dynamics in semi-arid regions. Adv Soil Sci, 13, 69–87.  

Smith, P., Smith, J.U., Powlson, D.S., McGill, W.B., Arah, J.R.M., Chertov, O.G., 1997. A  

comparison of the performance of nine soil organic matter models using datasets from 

seven long-term experiments. Geoderma. 81, 153–225. 

Smith, P., Powlson, D.S., Glendining, M.J., Smith, J.U., 1998. Preliminary estimates of the  

potential for carbon mitigation in European soils through no-till farming. Global 

Change Biol. 4, 679-685. 

Smith, S.J., Allison, M.J., Norman, J.R., Izaurralde, R.C., Robert, A.B., Tom, M.L.W., 2005.  

Climate Change Impact for the Conterminous USA: Part 1. Scenarios and Context in 

Climate Change Impacts for the Conterminous USA: An Integrated Assessment. 

Norman, J.R. and James A. Edmonds, eds., Springer: Netherlands. 7-27 p. 

Smith, J., Smith, P., Wattenbach, M., Zaehle, S., Hiederer, R., Jones, R.J.A., Montanarella,  

L., Rounsevell, M., Reginster, I., Ewert, F., 2005. Projected changes in mineral soil 

carbon of European croplands and grasslands, 1990-2080. Global Change Biology. 

11, 2141-52. 

Smith, P., D. Martino, Z. Cai, D. Gwary, H. Janzen, P. Kumar, B. McCarl, S. Ogle, F. O’Mara,  

C. Rice, B. Scholes, O. Sirotenko, 2007. Agriculture. In: Climate Change 2007: 

Mitigation. Contribution of Working Group III to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change [B. Metz, O.R. Davidson, P.R. Bosch, R. 



169 
 

Dave, L.A. Meyer (eds)], Cambridge University Press, Cambridge, United Kingdom 

and New York, NY, USA. 

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S.,  

O’Mara, F., Rice, C., Scholes, B., Sirotenko, O., Howden, M., McAllister, T., Pan, 

G.X., Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M., Smith, J., 

2008. Greenhouse gas mitigation in agriculture.  Philos.  Trans.  R.  Soc.  B 2008, 363, 

789-813. 

Snyder, C.S., Bruulsema, T.W., Jensen, T.L., Fixen, P.E., 2009. Review of greenhouse gas  

emissions from crop production systems and fertilizer management effects, Agric 

Ecosyst Environ. 133, 247-266.  

Solomon, S., Plattner, G.K., Knutti, R., Friedlingstein, P., 2009.  Irreversible climate change  

due to carbon dioxide emissions. Proceedings of the National Academy of Sciences, 

106(6), 1704-1709.  

Srinivasarao, C.H., Venkateswarlu, B., Lal, R., Singh, A.K., Vittal, K.P.R., Kundu, S.,  

Gajanan, G.N., Ramachandrappa, B., 2012. Long-term effects of crop residues and 

fertility management on carbon sequestration and agronomic productivity of groundnut 

finger millet rotation on an alfisol in southern India. International Journal of 

Agricultural Sustainability, 10(3), 1–15.  

Stockle, C.O., Williams, J.R., Rosenberg, N.J., Jones, C.A., 1992. A method for estimating  

the direct and climatic effects on rising atmospheric carbon dioxide on growth and 

yield of crops: Part I Modification of the EPIC model for climate change analysis. 

Agricultural Systems. 38, 225-238. 

Subbiah, S., Kumaraswamy, K., 2000. Effect of different manure fertilizer schedules on the  

yield and quality of rice and on soil fertility. Fertiliser News, 45(10), 61-62, 65-67.   

Sumner, M.E., 1999. Handbook of Soil Science. Taylor & Francis: Boca Raton, FL. 



170 
 

Suramaythangkoor, T., Gheewala, S.H., 2008. Potential of practice implementation of rice  

straw based power generation in Thailand. Energy Policy. 36, 3193-3197. 

Surekha, K., Kumari, A.P.P., Reddy, M.N., Satyanarayana, K., Cruz, P.C.S., 2003. Crop  

residue management to sustain soil fertility and irrigated rice yields. Nutr 

Cycl.Agroecosyst, 67, 145–154.  

Suriyakup. P., Polthanee, A., Pannangpetch, K., Katawatin, R., Mouret, J.C., Clermont-  

Dauphin, C., 2007. Introducing mungbean as preceding crop to enhance nitrogen 

uptake and yield of rainfed rice in the northeast of Thailand. Australian Journal of 

Agricultural Research. 58(11), 1059-1067.   

Swarup, A., Singh, K.N., 1994. Effect of gypsum, FYM and nitrogen on amelioration highly  

sodic soil and yields of rice and wheat, International Rice Research Notes (Philippines). 

9(3), 22-23.  

Tao, F., Yokozawa, M., Hayashi, Y., Lin, E., 2003. Future climate change, the agricultural  

water cycle, and agricultural production in China. Agriculture, Ecosystems and 

Environment, 95(1), 203-215. 

Tan, G., Shibasaki, R., 2003. Global estimation of crop productivity and the impacts of  

global warming by GIS and EPIC integration. Ecological Modelling. 168, 57-70.  

The National Technical Committee on Product Carbon Footprinting (Thailand) (2011) The  

National Guideline on Product Carbon Footprint. 3rd edition. Amarin Publishing,  

Bangkok, Thailand. 

Thomas, G.W., 1996. Soil pH and soil acidity, 475-490.  In: Sparks DL, Page AL, Helmke  

PA, Loeppert RH, Soltanpour PN, Tabatabai MA, Johnston CT and Sumner ME, eds. 

Method of Soil Analysis, Part 3: Chemical Methods. SSSA Inc., ASA Inc. Madison, 

WI, USA. 

Thomson, A.M., Izaurralde, R.C., Rosenberg, N.J., He, X., 2006. Climate change impacts on  



171 
 

agriculture and soil carbon sequestration potential in the Huang-Hai Plain of China. 

Agriculture, Ecosystems and Environment, 114,195-209.  

Tian, J., Pausch, J., Fan, M., Li, X., Tang, Q., Kuzyakov, Y., 2013. Allocation and dynamics  

of assimilated carbon in rice-soil system depending on water management. Plant Soil. 

363, 273-285.  

Trenberth, K.E., and Hoar, T.J., 1997. El Niño and climate change. Geophys. Res. Lett., 24,  

3057-3060.   

Triggs, J.M., Kimball, B.A., Pinter, Jr. P.J., Wall, G.W., Conley,  M.M., Brooks, T.J.,  

LaMorte, R.L., Adam, N.R., Ottman, M.J., Matthias, A.D., Leavitt, S.W., Cerveny, 

R.S., 2004. Free-air CO2 enrichment effects on the energy balance and 

evapotranspiration of sorghum. Agricultural and Forest Meteorology. 124, 63-79.  

Trinsoutrot, I., Recous, S., Bentz, B., Line`res, M., Che`neby, D., Nicolardot, B., 2000.  

Biochemical Quality of Crop Residues and Carbon and Nitrogen Mineralization 

Kinetics under Nonlimiting Nitrogen Conditions. Soil Sci. Soc. Am. J. 64(3), 918-926.  

Trumbore, S.E., Chadwick, O.A., Amundson, R., 1996. Rapid exchange between soil carbon  

and atmospheric carbon dioxide driven by temperature change. Science. 272, 393– 

396.  

Tubiello, F.N., Donatelli, M., Rosenzweig, C., Stöckle, C.O., 2000. Effects of climate  

change and elevated CO2 on cropping systems: model predictions at two Italian 

locations. Eur. J. Agron. 13, 179-189.  

United States Department of Agriculture (USDA), 1954. Diagnosis and improvement of  

saline and alkali soils, Agriculture. Handbook No. 60, U.S. Salinity Laboratory, 

Government Printing Office, Washington, DC. 

USDA (United States Department of Agriculture), 2006. Model Simulation of Soil Loss,  



172 
 

Nutrient Loss, and Change in Soil Organic Carbon Associated with Crop Production. 

Natural Resources Conservation Service.  

Unger, P.W., 1990. Conservation tillage systems. Adv. Soil Sci. 13, 27-67. 

Uvarov, A.V., Tiunov, A.V., Scheu, S., 2006. Long-term effects of seasonal and diurnal  

temperature fluctuations on carbon dioxide efflux from a forest soil. Soil Biology & 

Biochemistry, 38, 3387-3397.  

van Hulzen, J.B., Segers, R., van Bodegom, P.M., Leffelaar, P.A., 1999. Temperature effects  

on soil methane production: an explanation for observed variability. Soil Biol 

Biochem. 31(14), 1919-29.  

Vaghefi, N., Nasir Shamsudin, M., Radam, A., Rahim, K.A., 2013. Impact of climate change  

on rice yield in the main rice growing areas of Peninsular Malaysia. Res. J. Environ. 

Sci., 7(2), 59-67.  

Van Camp, L., Bujarrabal, B., Gentile, A.R., Jones, R.J.A., Montanarella, L., Olazabal, C.,  

Selvaradjou, S.K., 2004. Organic Matter and Biodiversity, Reports of the Technical 

Working Groups Established under the Thematic Strategy for Soil Protection. Vol. III. 

OOP EC, EUR 21319 EN/3, Luxembourg. 

Valzano, F., Murphy, B., Koen, T., 2005. The impact of tillage on changes in soil carbon  

density with special emphasis on Australian conditions: National Carbon Accounting 

System Technical Report No. 43. 

Vanlauwe, B., 2009. Integrated soil fertility management in sub-Saharan Africa: Principles  

and practice. UC Davis: Department of Plant Sciences, UC Davis. http:// 

www.escholarship.org/uc/item/050323nb 

Verhulst, N., Govaerts, B., Verachtert, E., Mezzalama, M., Wall, P.C., Chocobar, A., Deckers,  



173 
 

J., Sayre, K.D., 2010. Conservation agriculture, improving soil quality for sustainable 

production systems?  In: Lal, R., Stewart, B.A. (Eds.).  Boca Raton, FL, USA, pp. 137-

208. 

Verma, S., Sharma, P.K., 2008. Long term effects of organic, fertilizers and cropping systems  

on soil physical productivity evaluated using a single value index (NLWR), Soil and 

Tillage Research. 98(1), 1-10.  

Vityakon, P., Meepech, S, Cadisch, G., Toomsan, B., 2000. Soil organic matter and nitrogen  

transformation mediated by plant residues of different qualities in sandy acid upland  

and paddy soils. Netherlands J of Agri Scie. 48, 75-90.  

Vleeshouwers, L.M., Verhagen, A., 2002. Carbon emission and sequestration by agricultural  

land use: a model study for Europe. Global Change Biology, 8(6), 519-530. 

Walkley, A., Black, J.A., 1934. An examination of the dichormate method for determining  

soil organic matter and a proposed modification of the chromic acid titration method. 

Soil Sci. 37, 29-38.  

Wamelink, G.W.W., van Dobben, H.F., Mol-Dijkstra, J.P., Schouwenberg, E.P.A.G., Kros,  

J., Vries de W., Berendse, F., 2009. Effect of nitrogen deposition reduction on 

biodiversity and carbon sequestration. Forest Ecology and Management. 258, 1774-

1779. 

Wang, X.C., Li, J., 2010. Evaluation of crop yield and soil water estimates using the EPIC  

model for the Loess Plateau of China. Mathematical and Computer Modelling, 51, 

1390-1397. 

Wang, X., He, X., Williams, J.R., Izaurralde, R.C., Atwood, J.D., 2005. Sensitivity and  

Uncertainty Analyses of Crop Yields and Soil Organic Carbon Simulated with EPIC. 

Transactions of the ASAE. 48(3), 1041-54. 

Wang, S.F., Wang, X.K., Ouyang, Z.Y., 2012. Effects of land use, climate, topography and  



174 
 

soil properties on region soil organic carbon and total nitrogen in the upstream 

watershed of Miyun reservoir, North China. J Environ Sci. 24 (3), 387-395. 

Wang,  X.,  Williams,  J.R.,  Gassman,  P.W.,  Baffaut,  C.,  Izaurralde,  R.C.,  Jeong,   

J.,Kiniry, J.R., 2012. EPIC and APEX: model use, calibration, and validation. Trans. 

ASABE. 55, 1447-1462. 

Wang, W., Guo, L.P., Li, Y.C., Su, M., Lin, Y.B., Perthuis, de C., Ju, X.T., Lin, E., Moran, D.,  

2015. Greenhouse gas intensity of three main crops and implications for low-carbon 

agriculture in China. Climatic Change. 128, 57-70. 

Wang, Z.Y., Xu, Y.C., Li, Z., Guo, Y.X., Wassmann, R., Neue, H.U., Lantin, R.S., Buendia,  

L.V., Ding, Y.P., Wang, Z.Z., 2000. A Four-Year Record of Methane Emissions from  

Irrigated Rice Fields in the Beijing Region of China. Nutr Cycl Agroecosys. 58, 55-

63.   

Warrick, R.A., Gifford, R.M., Parry, M.L., 1986. CO2, climate change, and agriculture. 393- 

473. In: Bolin, B. Doos, B.R., Jager, J., Warrick, R.A., (eds.), The Greenhouse Effect, 

Climate Change, and Ecosystems (SCOPE 29). New York: John Wiley and Sons. 

Wassmann, R., Dobermann, A., 2007. Climate change adaptation through rice production in  

regions with high poverty levels. J of ICRISAT Agric Res. 4(1), 1-24.  

Wassmann, R., Lantin, R.S., Neue, H.U., Buendia, L.V., Corton, T.M., Lu, Y., 2000  

Characterization of methane emissions from rice fields in Asia. III. Mitigation options 

and future research needs. Nutr Cycl Agroecosys, 58, 23-36.  

Watson, R.T., Zinyowera, M.C., Moss, R.H., 1998. The Regional Impacts of Climate  

Change: An Assessment of Vulnerability. IPCC II Report, Cambridge University Press, 

p 517. 

Watson, R.T., Noble, I.R., Bolin, B., Ravindranath, N.H., Verardo, D.J., Dokken, D. J., 2000.    



175 
 

Land Use, Land-Use Change, and Forestry. Cambridge, UK: Cambridge University 

Press.  

Webb, A., 2002. Pre-clearing soil carbon levels in Australia. National Carbon Accounting  

System Technical Report No. 12. 

West, T.O., Post, W.M., 2002. Soil organic carbon sequestration rates by tillage and crop  

rotation: a global data analysis. Soil Sci. Soc. Am. J. 66, 1930-1946.  

Wigley, T.M.L., Schimel, D.S., 2000. The Carbon Cycle. Cambridge: Cambridge University  

Press.  

Wild, A., 2003. Soil, Land and Food. Managing the land during the twenty-first century.  

Printed in the United Kingdom at the University Press, Cambridge. 

Williams, W.A., Mikkelsen, D.S., Mueller, K.E., Ruckman, J.E., 1968. Nitrogen  

immobilization by rice straw incorporated in lowland rice production. Plant and Soil. 

28(1), 49-60.   

Williams, J.R., 1990. The erosion-productivity impact calculator (EPIC) model: A case  

history. Phil. Trans. Royal Soc. London. 329, 421-28. 

Williams, J.R., 1995. The EPIC model. In: Singh V.P. (ed.): Computer Models of  

Watershed Hydrology.  

Williams, J.R., Jones, C.A., Dyke, P.T., 1984. A modelling approach to determining the  

relationship between erosion and soil productivity. Transactions of the ASAE. 27, 

129-144. 

Williams, J.R., Jones, C.A., Kiniry, J.R., Spanel, D.A., 1989. The EPIC crop growth model.   

Trans ASAE. 32(2), 497–511.  

Williams, J.R., Wang, E., Meinardus, A., Harman, W.L., Siemers, M., Atwood, J.D., 

2006. EPIC-Erosion Productivity Impact Calculator (Version 0509): User Guide.  

Blackland Research and Extension Center. Temple, TX. 



176 
 

Witt, C., Cassman, K.G., Olk, D.C., Biker, U., Liboon, S.P., Samson, M.I., Ottow, J.C.G.,  

2000. Crop rotation and residue management effects on carbon sequestration, nitrogen 

cycling and productivity of irrigated rice system. Plant Soil. 225:263-278.  

Wong, V.N.L., Murphy, B.W., Koen, T.B., Greene, R.S.B., 2008. Soil organic carbon stocks  

in saline and sodic landscapes. Soil Res. 46(4) 378–389.  

Wu, W., Yang, M., Feng, Q., McGrouther, K., Wang, H., Lu, H., Chen, Y., 2012. Chemical  

characterization of rice straw derived-biochar for soil amendment. Biomass and  

Bioenergy. 47, 268-276. 

Wynn, J.G., Harde, J.W., Fries, F., 2006. Stable carbon isotope depth profiles and soil  

organic carbon dynamics in the lower Mississippi Basin. Geoderma, 131, 89-109. 

Xiong, W., Holman, I., Conway, D., Lin, E.D., Li, Y., 2008. A crop model cross calibration  

for use in regional climate impacts studies. Ecol. Model. 213, 365-380. 

Xiong, W., Balkovic, J., Velde, M., Zhang, X.S., Izaurralde, R.C., Skalsky, R., Lin, E.D.,  

Mueller, N., Obersteiner, M., 2014. A calibration procedure to improve global rice 

yield simulations with EPIC, Ecol. Model. 273, 128-139. 

Xu, M., Lou, Y., Sun, X., Wang, W., Baniyamuddin, M., Zhao, K., 2011. Soil organic carbon  

active fractions as early indicators for total carbon change under straw incorporation. 

Biol Fertil Soils, 47, 745-752. 

Xu, L., Myneni, R.B., Chapin III, F.S., Callaghan, T.V., Pinzon, J.E., Tucker, C.J., Zhu, Z., 

Bi, J., Ciais, P., Tømmervik, H., Euskirchen, E.S.,  Forbes, B.C., Piao, S.L., 

Anderson,  B.T., Ganguly, S., Nemani, R.R., Goetz, S.J., Beck, P.S.,  Bunn, A.G., 

Cao, C., Stroeve, J.C., 2013. Temperature and vegetation seasonality diminishment 

over northern lands. Nature Climate Change. 3, 581-586. 

Yan, X., Ohara. T., Akimoto, H., 2003. Development of region-specific emission factors and   



177 
 

estimation  of  methane  emission  from  rice  fields  in  the  East, Southeast and South 

Asian countries. Glob Change Biol. 9, 237-254.  

Yan, X., Zhou, H., Zhu, Q.H., Wang, X.F., Zhang, Y.Z., Yu, X.C., Peng, X., 2013. Carbon  

sequestration efficiency in paddy soil and upland soil under long-term fertilization in 

southern China. Soil and Till Res., 130, 42-51.  

Yang, C., Yang, L., Ouyang, Z., 2005. Organic carbon and its fractions in paddy soils as 

affected by different nutrient and water regimes. Geoderma. 124, 133-142. 

Yang, L.G., Wang, Y.D., 2007. The impact of free-air CO2 enrichment (FACE) and nitrogen  

supply on grain quality of rice. Field Crops Res. 102, 128-40.  

Yang, Z.C., Zhao, N., Huang, F., Lv, Y.Z., 2015. Long-term effects of different organic and  

inorganic fertilizer treatments on soil organic carbon sequestration and crop yields on 

the North China Plain. Soil & Tillage Research. 146, 47-52.  

Yodkhum, S., Sampattagul, S., 2014. Life Cycle Greenhouse Gas Evaluation of Rice  

Production in Thailand. (ENRIC2014) The 1st  Environment and Natural Resources 

International Conference  6 – 7 November, 2014, The Sukosol hotel, Bangkok, 

Thailand. 

Yoneyama, T., Yoshida, T., 1976a. Decomposition of rice residue in tropical soils: I-  

Nitrogen uptake by rice plants from straw incorporated fertilizer (ammonium sulfate) 

and soil. Soil Sci. Plant Nutr. 23(1), 33-40.  

Yoneyama, T., Yoshida, T., 1976b. Decomposition of rice residue in tropical soils: II-  

Immobilization of soil and fertilizer nitrogen by intact rice residue in soil. Soil Sci. 

Plant Nutr. 23(1), 41-48. 

Zaman, S, Hashem, M.A., Mallik, S.A., Shamsuddoha, A.T.M., 2000. Effect of organic and  



178 
 

inorganic sources of nitrogen and potassium on physical and chemical properties of soil 

under rice-rice cropping system, Bangladesh. Journal of Agricultural Science. 27(1), 

71-76.  

Zhai, P., Pan, X., 2003. Trends in temperature extremes during 1951-1999 in China.  

Geophys. Res. Lett. 30, 1913. 

Zhang, H., Xu, M., Zhang, F., 2009. Long-term effects of manure application on grain yield  

under different cropping systems and ecological conditions in China. J of Agric Sci, 

147:31-42.  

Zhang, M.K., He, Z.L., 2004. Long-term changes in organic carbon and nutrients of an 

Ultisol under rice cropping in southeast China. Geoderma. 118, 167–179. 

Zhang, X.C., Nearing, M.A., Garbrecht, J.D., Steiner, J.L., 2004. Downscaling monthly   

forecasts  to  simulate  impacts  of  climate  change  on  soil  erosion and wheat 

production. Soil Science Society of America Journal. 68, 1376-1385.  

Zhang, W.J., Wang, X.J., Xu, M.G., Huang, S.M., Liu, H., Peng, C., 2010. Soil organic  

carbon dynamics under long-term fertilizations in arable land of northern China. 

Biogeosciences, 7, 409-25.  

Zhang, X., Yin, S., Li, Y., Zhuang, H., Li, C., Liu, C., 2014. Comparison of greenhouse gas  

emissions from rice paddy fields under different nitrogen fertilization loads in 

Chongming Island, Eastern China. Sci of the Total Environ. 472, 381-88.  

Zhang, X., Zhou, Z., Liu, Y., Xu, X., Wang, J., Zhang, H., Xiong, Z., 2015. Net global  

warming potential and greenhouse gas intensity in rice agriculture driven by high 

yields and nitrogen use efficiency: a 5 year field study. Biogeosciences. 12, 18883-

18811.  

Zhao, L.P., Sun, Y.J., Zhang, X.P., Yang, X.M., Drury, C.F., 2006. Soil organic carbon in  



179 
 

clay and silt sized particles in Chinese mollisols: Relationship to the predicted 

capacity. Geoderma, 132, 315-23.  

Zhao, X.N., Hu, K.L., Li, K.J., Wang, P., Ma, Y.L., Stahr, K., 2013. Effect of optimal  

irrigation, different fertilization, and reduced tillage on soil organic carbon storage 

and crop yields in the North China Plain. J Plant Nutr Soil Sci. 176, 89-98. 

Zhao, X.N., Hu, K.L., Stahr, K., 2013. Simulation of SOC content and storage under different  

irrigation, fertilization and tillage conditions using EPIC model in the North China 

Plain. Soil & Tillage Research. 130, 128-135.  

Zhang, X.C., 2005. Spatial downscaling of global climate model output for site specific  

assessment of crop production and soil erosion. Agricultural and Forest Meteorology. 

135, 215–229.  

Zheng X, Han S, Huang Y, Wang Y, Wang M (2004) Re-quantifying the emission factors  

based on field measurements and estimating the direct N2O emission from Chinese 

croplands. Global Biogeochem Cy 18(2):GB2018.  

Zou J, Huang Y, Qin Y, Liu S, Shen Q, Pan G, Lu Y, Liu Q (2008) Changes in fertilizer‐ 

induced direct N2O emissions from paddy fields during rice‐growing season in China 

between 1950s and 1990s. Glob Change Biol 15:229-42.  

Zinn, Y.L., Lal, R., Resck, D.V.S., 2007. Edaphic controls on soil organic carbon relation in  

the Brazilian Cerrado: texture and mineralogy. Soil Sci Soc Am J. 71, 1204–1214. 

Ziska, L.H., Blumenthal, D.M., Runion, G.B., Hunt, E.R., Diaz-Soltero, H., 2011. Invasive  

species and climate change: an agronomic perspective. Clim Change. 105, 13-42. 



180 

 

 



181 

 

 



182 

 

 



183 

 

 



184 

 

 



185 

 

 



186 

 

 



187 

 

 



188 

 

 



189 

 

 



190 

 

 



191 

 

 



192 

 

 

 

 

 



193 

 

 

 

 

 



194 

 

 


