
CHAPTER 1 

General Introduction 

1.1 Background  

The increase in atmospheric nitrous oxide (N2O) concentration commenced in the 1750s, and 

is of huge concern as it is a potent greenhouse gas with a global warming potential close to 

300 times greater than carbon dioxide (CO2) (100 year basis) (Denman et al., 2007). Nitrous 

oxide emissions comprise approximately 6% of the total greenhouse gas-induced global 

warming effect (WMO, 2006). In addition, N2O is involved in the depletion of the 

stratospheric ozone layer, which protects the biosphere from the harmful effects of solar 

ultraviolet radiation (Crutzen, 1981). Agriculture is the largest anthropogenic source of N2O, 

accounting for around 70% of total emissions (Denman et al., 2007). In Australia, the 

agriculture sector is reported to be responsible for 86% of net N2O emissions, 74% of which 

were due to N fertilization of soils (Department of Climate Change, 2009).  

In order to boost world food supply, the yearly global fertilizer consumption increased from 

11 Tg nitrogen (N) in 1960 to about 100 Tg in 2008 (Robertson and Vitousek, 2009), 

resulting in a major increase in N2O emissions attributed to agriculture (Stehfest and 

Bouwman, 2006). Therefore, increasing attention has been paid to the effects of fertilizer 

application on the quantities of N2O released from agricultural soils (Kaiser et al., 1998; 

Mosier et al., 2004; Hofstra and Bouwman, 2005; McSwiney and Robertson, 2005; Millar et 

al., 2010; Allen et al., 2010). Usually, N2O is produced as a byproduct of nitrification, the 

aerobic soil biological process that converts ammonium to nitrate, and an intermediate 

product of denitrification, an anaerobic process that sequentially reduces nitrate to nitric 

oxide (NO), N2O, and N2 (Firestone and Davidson, 1989). Nitrous oxide emissions from 

cropped fields are likely to be highest immediately after N inputs from fertilization, with 50–

75% of the total annual N2O loss often occurring at this time (Ellis et al., 1998; Mogge et al., 

1999). Emission rates typically increase with increasing N application rates (McSwiney and 

Robertson, 2005). Besides N inputs from mineral fertilizers, there are other sources of N 

affecting N2O emissions such as crop residues, particularly from N2- fixing legumes (Aulakh 
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et al., 1991b; McKenney et al., 1993; Baggs et al., 2000). Legume residues have received less 

attention relative to the number of studies focused on the mineral fertilizer effect. 

Retention of crop residues after grain harvest has become common practice in many 

agricultural production systems because it helps protect the soil surface from erosion, 

enhances the accumulation of moisture in the soil profile, and contributes to the stocks of 

nutrients and carbon (C) in the soil. Flow-on effects include increased crop productivity and 

improved soil fertility (Wang et al., 2004). Readily-available N and C substrates are also 

added to the soil, substrates that are the basis for N2O production (the C providing the energy 

for microbial activity) and emissions. Thus, residue-derived N and C may enhance 

denitrification more than the addition of mineralized N fertilizers alone (Ellis et al., 1998). 

During the post grain-harvest fallow period, soil moisture can become high following rainfall 

events, creating ideal conditions for nitrification (moderate soil moisture) and denitrification 

(high soil moisture). Nitrogen also becomes more bioavailable due to the lack of competition 

from plants for the use of that N, increasing the potential for N2O production. The coming 

together of the environmental conditions and freshly incorporated residues may provide an 

ideal mix for emissions of N2O. The magnitude of emissions also depends on the quantity 

and quality of the residues and other environmental factors (Aulakh et al., 1991a; Baggs et 

al., 2000; Gomes et al., 2009).  

It is not only the inputs of surface residues that potentially contribute to N2O emissions but 

also the considerable amounts of below-ground N and C derived from roots and nodules (in 

the case of legumes), including that excreted as soluble or partially soluble materials into the 

rhizosphere and surrounding soil (Rochette and Janzen, 2005; Yang and Cai, 2005). Previous 

studies have mainly focused on the above-ground residue (cereal straw and shoots) effect on 

N2O emissions in small-scale incubation systems, rather than on roots and nodules (e.g. 

Aulakh et al., 1991a; Huang et al., 2004). With the few incubation studies (e.g. Lou et al., 

2007) that did include roots and/or nodules, the residues were added to the soil rather than 

generated in-situ. Thus, the contributions of the N (and C) deposited into the surrounding soil 

could not be determined. Therefore, the importance of the below-ground residues to N2O 

emissions has likely been underestimated in the past, primarily due to the technical 

difficulties associated with accurately estimating all the N (and C) including rhizodeposited 
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N (and C) by physical root recovery. Studies (Khan et al., 2002b; Unkovich et al., 2010), 

using isotopic N (
15

N) as a tracer, have shown that below-ground N may represent 30–50% 

of the total plant N; considerably greater than the <15% estimation based on physical 

recovery methods (Toom San et al., 1995; Khan et al., 2002a). The effect of this 

underestimated below-ground N (and C) pools on N2O release during the residue 

decomposition period is yet to be fully understood. 

In Australian agricultural systems, legumes in rotations are grown mainly as a cash crop, a 

break crop for cereals, and as a means of supplying N to the system (Peoples et al., 2001; 

Herridge, 2011). However, there are environmental concerns associated with legumes during 

the growing period as well as during the post-harvest fallow in which their residue 

decompose. The process of biological N2 fixation may result in N2O emissions as some 

strains of rhizobia are capable of denitrification (O’Hara and Daniel, 1985; Asakawa, 1993). 

Legume residues with a lower C:N ratio may break down more readily and provide an easier 

available N source for denitrification compared to grass, corn or wheat residues (McKenney 

et al., 1993; Baggs et al., 2000; Rochette and Janzen, 2005). However, lower denitrification 

rates from legumes relative to cereals have also been observed (Robertson et al., 2000; Drury 

et al., 2008). Therefore, the extent to which N2O is emitted from legume-based systems 

compared to N-fertilized non-legume systems needs to be more fully evaluated in order to 

define the least emitting system leading to abatement of N2O emissions in Australian 

agricultural systems.  

Better understandings of the factors contributing to the variability of N2O emissions are 

important steps in developing mitigation strategies. Both nitrification and denitrification are 

greatly enhanced by increased N availability, and denitrification by C supply as well, but 

water filled pore space (WFPS) through control of gaseous diffusion and soil oxygen content 

remains key (Davidson, 1991; Granli and Bøckman, 1994). Rapid increases in the 

denitrification rate occur when WFPS exceeds 60% because of the increasingly anoxic 

conditions (Davidson, 1991; Granli and Bøckman, 1994; Dobbie and Smith, 2003). Both 

nitrification and denitrification are affected by other chemical and physical factors in the soil, 

such as pH, soil texture and temperature (Firestone and Davidson, 1989).  
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It has been estimated that 40% of Australia’s total land area is covered by acid soils with the 

area predicted to increase, including in the cropping belt of northern NSW (Singh et al., 

2003). Denitrifying microorganisms in the soil are pH sensitive with decreasing pH resulting 

in decreasing denitrification rates but increasing emission of N2O relative to N2 (Simek and 

Cooper, 2002). Thus, acid soils are likely to emit more N2O than alkaline soils. However, the 

effect of low pH on N2O emissions from cropping acid soils is not well understood and more 

research is needed to develop mitigation strategies. Liming of acid soils may have the 

potential to lower N2O emissions (Stevens et al., 1998; Van den Heuvel et al., 2011) but 

some doubts have been raised as to its efficacy on acid pasture soils under field conditions 

(Galbally et al., 2010; Zaman and Nguyen, 2010). 

Due to the complex processes regulating nitrification and denitrification, field emissions of 

N2O show large variation across soils, climates and management practices (Kaiser et al., 

1998), and therefore the estimation of N2O loss from a system is not straightforward. In an 

extensive review, Stehfest and Bouwman (2006) stated that uncertainty in the estimation of 

N2O emission from agricultural systems can be reduced by improving the representation of 

tropical and sub-tropical agricultural systems, and by including more studies on legumes. 

Vertosols are a highly productive and dominant soil group in the cropping zones of northern 

New South Wales (NSW) and southern Queensland, Australia. They are characterized as 

medium to heavy clay soils with high water holding and poor drainage capacity (Isbell, 

1997). Such a soil has a large potential to denitrify and emit N2O (Aulakh et al., 1991b; 

Weier et al., 1991; Rochette et al., 2004; Rochette et al., 2008) in large part due to the 

creation of anoxic sites upon rewetting. Soil anoxia can be further exacerbated by more 

prolonged saturated conditions following heavy rainfall events (Sexstone et al., 1985; Bailey, 

2005). It is important to quantify N2O emissions from Vertosols under different crop/soil 

management and climatic conditions for a better understanding of the factors likely to affect 

N2O emissions from soils in Australia’s northern grain region.  

Such studies need to focus on specific effects such as soil pH which has a large influence on 

whether denitrified N is released to the atmosphere as the greenhouse gas, N2O, or as the 

more benign, non-reactive N2. They also need to focus on the relative effects of the different 



Chapter 1 General Introduction 

5 
 

sources of applied N in these cropping systems, i.e. N fertilizer and N contained in plant 

residues, on emissions of N2O. 

1.2 Research questions  

Thus, the overall objectives of my research were to evaluate effects of added N, as residues 

and fertilizer-N, on N2O emissions from an acidic Black Vertosol. To determine effects in- 

situ (to mimic field conditions), plants were grown in long packed-soil columns in a 

glasshouse fitted with an overhead watering system (rainfall simulator). Monitoring of N2O 

emissions continued after grain harvest during the subsequent fallow. Additional small-scale 

laboratory incubation studies aimed to further examine effects of Vertosol pH and residue 

source (plant species) and quality (%N and C:N ratio) on N2O emissions. 

The following specific research questions were addressed: 

1 To what extent can varying fertilizer-N rates and in-situ residue sources affect N2O 

emissions from an acidic Black Vertosol cropped to wheat and canola? 

2 Are there differences in N2O emissions associated with N2-fixing legumes and N-

fertilized non-legumes? 

 Are there differences in N2O emissions during decomposition of residues of 

N2-fixing legumes and N-fertilized non-legumes? 

 Can we better understand the relative contributions of above- and below-

ground residues to N2O emissions by accurately quantifying below-ground N 

using 
15

N labeling? 

 What are the main factors likely to affect N2O emissions from an acidic Black 

Vertosol? 

3 What is the effect of residue quality (%N, C:N ratio) on N2O emissions and is it 

different for roots and shoots? 

4 Can liming of an acidic Black Vertosol reduce N2O emissions? 

 What mechanisms are responsible for elevated N2O emissions from an acidic 

Black Vertosol? 
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 Is the denitrification potential of an acidic Vertosol different from an alkaline 

Vertosol? 

1.3 Structure of dissertation 

This dissertation contains seven chapters.  

Chapter 1 provides a short introduction to the potential contribution of synthetic mineral 

fertilizer-N, plant residues, and biological N2 fixation to soil-based N2O emissions. This 

chapter also highlights the research questions addressed in this study. 

Chapter 2 is a literature review outlining the importance of N2O as a greenhouse gas and the 

contributions to increasing atmospheric concentrations attributed to agriculture. It also 

explains the dynamics of N transformations in soil-plant systems and reviews research into 

the factors affecting the processes of N2O emissions, the various sources of N inputs in 

cropping soil, and compares their relative influence in releasing N2O to the atmosphere.  

Chapter 3 presents the results of a 12-month study (growing season of wheat and canola and 

the post-crop residue-decomposition period), where I evaluated the effects of fertilizer-N 

rates and crop residues on emissions of N2O from an acidic Black Vertosol in an 

experimental glasshouse system. I related results from this glasshouse experiment to results 

from a parallel field study undertaken by Dr Graeme Schwenke (NSW Department of 

Primary Industries, Tamworth, NSW, Australia).  

Chapter 4 compares the cumulative annual N2O emissions from an acidic Black Vertosol for 

summer-grown soybean (N2-fixing legume) and sorghum (N-fertilized non-legume) plants 

under the same experimental glasshouse system described in Chapter 2. In this study I 

explored the influence of soil mineral N, soil moisture content, dissolved organic carbon 

(DOC), and residue quality on N2O emissions during the residue breakdown period. I also 

attempted to quantify the influence of below-ground N on N2O emissions using a 
15

N shoot-

labeling technique. 

Chapter 5 deals with effects of N concentrations and C:N ratios of shoot and root residues of 

wheat, canola, soybean and sorghum on N2O emissions from an acidic Black Vertosol in a 
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controlled-environment laboratory incubation study. This chapter also reports the association 

between N2O emission and the N and DOC mineralized from these residues.  

Chapter 6 examines the relationship between soil pH, manipulated by liming of an acidic 

Black Vertosol, and N2O emissions in two short-term laboratory incubation studies. One 

experiment compared the denitrification potentials of the acidic Vertosol and an alkaline 

Vertosol using the acetylene inhibition technique.  

Chapter 7 synthesizes the main results of Chapter 3–6 and presents the main conclusions 

along with the implications with respect to the general findings from the research. 



CHAPTER 2 

Review of Literature 

2.1 The Greenhouse effect and the contribution of N2O 

The global mean surface temperature has increased by about 0.6±0.2°C during the 20
th

 

century (IPCC, 2001). This temperature increase is assumed to be associated with the 

increases in the concentrations of greenhouse gases, CO2, CH4, N2O, and halocarbons, in the 

atmosphere due to human activities. For example, the atmospheric N2O concentration has 

increased from 270 ppb in 1750 to 319 ppb at present, and is increasing approximately 

linearly at a rate of 0.8 ppb yr
-1

, corresponding to about 0.25% yr
-1 

for the past few decades 

(IPCC, 2007). Greenhouse gases are important to atmospheric chemistry and the earth’s 

radiative balance as they are transparent to incoming shortwave solar radiation but absorb 

outgoing longwave radiation, thereby trapping heat in the atmosphere (Duxbury et al., 1993). 

The global mean temperature is likely to increase 1.4–5.8°C during the next century if no 

action is taken to mitigate emission rates of the greenhouse gases (IPCC, 2001).  

Nitrous oxide has a high global warming potential. The global warming potential takes into 

account the relative radiative effect of the gas compared to CO2 and the lifetime of the gas in 

the atmosphere. The global mean atmospheric life span of N2O is 114 yr (IPCC, 2007). The 

global warming potential of one ton of N2O-N is about 300 times higher than that of one ton 

of CO2-C, when calculated over a period of 100 years (Denman et al., 2007). In greenhouse 

gas inventories all emissions are converted to CO2 equivalents. On a global scale, N2O has 

been estimated to account for 6% of the present greenhouse effect ascribed to anthropogenic-

derived gases (WMO, 2006).  

Nitrous oxide also contributes to the depletion of stratospheric ozone, which protects the 

biosphere from the harmful effects of solar ultraviolet radiation (Crutzen, 1981). Doubling 

the concentration of N2O in the atmosphere would result in an estimated 10% decrease in the 

ozone layer, thereby increasing the ultraviolet radiation reaching the earth by 20% (Mosier et 

al., 2004). The primary pathway of N2O destruction in the atmosphere is via photochemical 

reactions (Mosier et al., 1996), which leads to the production of nitric oxide (NO). This NO 
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is involved in production and destruction of ozone, and contributes to the acidification and 

eutrophication of ecosystems (Mosier et al, 2004). Currently, N2O is the dominant ozone-

depleting gas, a situation that is projected to continue for the remainder of the 21
st
 century 

(Ravishankara et al., 2009). 

2.2 Nitrogen transformations and processes involved in N2O production in 

soil 

Nitrogen is a polymorphous and dynamic element that is transformed chemically or 

biochemically through a complex web of reactions referred to as the global N cycle. Apart 

from the N in the Earth’s crust, >99% of all N exists in the atmosphere as non-reactive N2, a 

chemical form that is not usable by most organisms. The remainder is distributed among 

many biologically, photochemically, or radiatively reactive forms which include inorganic, 

oxidized and reduced forms of N (e.g. NOx and NH4
+
), and organic compounds (e.g. urea, 

amines, proteins) (Galloway et al., 2003).  

The soil N cycle is an open system in which N can enter via anthropogenic inputs such as 

organic and inorganic fertilizers, crop residues or through microbial symbiotic and non-

symbiotic N2 fixation. These organic and inorganic N forms undergo various biotic (e.g. 

mineralization, nitrification, immobilization, denitrification) and abiotic (e.g. NH3 

volatilization, NH4
+
 fixation and NO3

−
 leaching) processes (Figure 2.1). It is important to 

understand these processes to get insight into the environmental and economic implications 

of N cycling in soils. 
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Figure 2.1. Schematic representation of major N dynamics in cropping soil (adapted from 

Robertson and Groffman, 2007; Herridge, 2011). 

2.2.1 Mineralization 

The mineralization process involves the biotic conversion of organic forms of N in soil into 

inorganic forms, a process mediated by heterotrophic microbes. The organic N may come 

from different sources, such as native soil organic matter, animal manure and crop residues 

which include not only above-ground biomass returned after harvest but also the fallen 

leaves, root-derived N, nodules and rhizodeposits (Figure 2.1). The process includes 

aminisation (the breakdown of the macromolecules of organic N compounds, such as 

proteins, into simple N compounds, such as amines and amino acids) and ammonification 

(conversion of amine and amino acids into NH4
+
) reactions (Booth et al., 2005). The NH4

+
 

ions formed through ammonification or added through ammonium fertilizers are subjected to 

several fates in the soil which include uptake by plants, conversion to nitrite (NO2
−
) and 

NO3
−
 (nitrification), utilization by microorganisms (immobilization), retention onto soil 

particles (ammonium fixation) and loss through NH3 volatilization (Figure 2.1). 
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2.2.2 Nitrification 

Nitrification is commonly referred to as the microbial oxidation of ammonium (NH4
+
) to 

nitrite (NO2
−
)
 
and nitrate (NO3

−
)
 
(Figure 2.2). Two different groups of bacteria are involved 

at the two steps, namely NH3-oxidizers and NO2
−
-oxidizers (Bock et al., 1986). Although the 

true substrate for the NH3-oxidizers is NH3, ammonium (NH4
+
) is often referred to as the 

substrate for nitrification, because NH4
+
 is in equilibrium with NH3. The availability of 

oxygen (O2) is essential, since each step of the oxidation reaction requires O2. Nitrous oxide 

can be formed through the chemical decomposition of hydroxylamine (NH2OH) or NO2
− 

(a 

special type of chemodenitrification) (Wrage et al., 2001) or during the reduction of NO2
−
 

under anaerobic or microaerophilic conditions (Poth and Focht, 1985), which is called 

nitrifier denitrification (Wrage et al., 2001). Nitrifier denitrification is performed by only one 

group of microorganisms, namely autotrophic NH3-oxidizers, when O2 is limiting due to the 

fact that NH4
+ 

oxidizing bacteria utilize NO2
− 

as an electron acceptor instead of O2 and 

produce N2O and N2 (Wrage et al., 2001). Thus, N2O is produced as an intermediate in the 

pathway. 

In most soils, the process of nitrification is dominated by autotrophic organisms that require 

oxidation of NH4
+ 

for energy production and CO2 as a carbon (C) source, but can also be 

performed by heterotrophic nitrifiers that can utilize soil organic substances as a source of 

both C and energy (Davidson and Schimel, 1995; Wrage et al., 2001). Heterotrophic 

nitrification may contribute significantly to nitrification in soil environments that contain 

more fungi than bacteria, such as acidic forest soils (Anderson et al. 1993). Nitrifying 

bacteria are usually considered as weaker competitors for NH4
+
 than heterotrophic 

microorganisms and plant roots. Nitrifiers, though weak, carry out the majority of 

nitrification simply because they are more spatially distributed in the soil (Jackson et al., 

1989). 

Apart from bacteria, recent study has shown Archaea (a monophyletic domain of organisms 

distinct from bacteria and eukarya) are able to catalyze the first step of nitrification, the 

aerobic oxidation of ammonia to nitrite (Cabello et al., 2004; Hatzenpichler, 2012). Archaea 

are found to be predominant microbial populations in extreme environments, such as highly 
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saline water and hot springs (Cabello et al., 2004). Recent study has shown abundance of 

archaeal ammonia oxidizers in acidic, coarse-textured Australian soils (O’Sullivan et al., 

2012). However, the relative importance of ammonia-oxidizing archaea in nitrification, as 

compared to ammonia-oxidizing bacteria, is still an open field of research (Hatzenpichler, 

2012). 

 

 

Figure 2.2. Transformations of mineral N in soil (Wrage et al., 2001) 

2.2.3 Immobilization 

The transformation of plant-available NH4
+ 

and NO3
− 

ions into plant-unavailable organic N 

by microorganisms is a process referred to as immobilization. In the presence of C, e.g. 

associated with recently applied plant residues, more available N can be assimilated and 

immobilized by organisms. As a result, prediction of N mineralization is often inconstant as 

the net mineralization is affected by N immobilization, remineralization and/or loss (Stark 

and Schimel, 2001), which in turn may affect N2O emissions. In the case of plant residues 

and animal manures, the rate of decomposition and the subsequent release of nutrients 

depend on the C:N ratio of the residues. The addition of residues/manures with low C:N 

ratios induce the mineralization of N, resulting in the net release of plant-available soil N 
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(Aulakh et al., 1991a). It has been observed that immobilization exceeds mineralization when 

the C:N ratios are >30 (Heal et al., 1997). 

2.2.4 Denitrification 

Denitrification is the anaerobic, microbiological reduction of nitrate (NO3
−
) or nitrite (NO2

−
) 

to gaseous N, either as molecular N2 or as an oxide of N (Firestone, 1982) (Figure 2.2). 

Nitrous oxide is the intermediate product, which is reduced to N2 in a complete 

denitrification process. Denitrifiers are facultative anaerobes that utilize N oxides as terminal 

electron acceptors and organic C as electron donors when O2 is limiting. Thus, denitrification 

is most likely to occur when NO3
−
 is present in anaerobic microsites developed wherever O2 

diffusion is impeded by water, either at the centers of soil aggregates or in water-saturated 

regions, or wherever local O2 demand is exceptionally high (Arah and Smith, 1989). In 

addition, heterotrophs are the dominant organisms responsible for denitrification; therefore, 

the process is dependent on availability of oxidizable C in the soil (Tiedje, 1988). Oxygen 

seems to inhibit the synthesis and activity of all enzymes involved in denitrification, but the 

expression of the enzymes is differentially affected by O2 sensitivity, which furthermore 

deviates among different species of denitrifiers (Tiedje, 1988).  

Nitrification is a relatively constant process across ecosystems, whereas denitrification rates 

are temporally and spatially variable (FAO, 2001). Nitrification and denitrification processes 

in soil often occur in close proximity, so that a substantial part of the NO3
−
 formed during 

nitrification subsequently diffuses to the anaerobic denitrifying zone and is reduced to N2O 

and N2 (Nielsen et al., 1996). Denitrification is known to be more effective in producing N2O 

than the nitrification process in soil (Khalil and Baggs, 2005). However, N2O production by 

nitrification may sometimes be equally important depending on the soil conditions (Granli 

and Bockman, 1994). In wet soil, denitrification is generally the main source of N2O, while 

in drier soils, nitrification is the main source. 
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2.3 Factors affecting the N2O emissions from soil 

2.3.1 Moisture and aeration 

Soil water content can affect N2O emissions from all types of soil by direct/indirect 

influences on nitrification and denitrification processes through i) provision of suitable 

conditions for microbial growth and activity; ii) restricting supply of O2 to microsites by 

filling soil pores; and iii) providing a diffusion medium, through which substrates and 

products are moved to and away from the nitrifying and denitrifying soil micro-organisms 

(Aulakh et al, 1992). In general, N2O is produced from nitrification at low and moderate soil 

moistures, 35–60% water filled pore space (WFPS). As WFPS exceeds 60%, availability of 

O2 and substrate for nitrifiers declines due to severely restricted diffusion rates (Poth and 

Focht, 1985; Davidson and Schimel, 1995). However, production of N2O by nitrifiers 

increases at low O2 concentrations, thus N2O emissions may still be high despite sub-optimal 

conditions for nitrification (Klemedtsson et al., 1988). When WFPS exceeds 60–70%, an 

increase in water content promotes release of both N2O and N2 as a result of denitrification 

due to a decreased O2 supply (Davidson, 1991; Granli and Bockman, 1994; Bateman and 

Baggs, 2005).  

The threshold for N2O emissions is about 60% WFPS, above which the N2O/N2 ratio 

decreases (Dobbie and Smith, 2003). In a laboratory study, total emissions of N2 and/or N2O 

were higher at 75% WFPS than at 60% WFPS (Liu et al., 2007). Highest N2O emission was 

found at >70% WFPS (Davidson, 1991; Ruser et al., 2006), but gaseous N2 emission from 

denitrification was dominant at 80–90% WFPS (Granli and Bockman, 1994; Ruser et al., 

2006). Thus, the N2O/N2 ratio decreases as the soil water content exceeds 75% WFPS, and 

lowest N2O/N2 ratio was found at 90% WFPS (Weier et al. 1993; Magg and Vinther, 1996). 

Greater N2O emissions from compacted soil were associated with increased WFPS or 

reduced air-filled porosity (Douglas and Crawford, 1993). 

So far, soil moisture has been shown to be a key factor for the great inter-annual variability 

of N2O emission factors found in field studies even if soil management and fertilization were 

nearly unchanged (Weier et al., 1991; Ruser et al., 2006). Dobbie et al. (1999) observed a 

strong positive correlation between the amount of rainfall during the first 4 weeks after N 
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application and the cumulative N2O emission in field measurements. A correlation was found 

between soil moisture and N2O emission during grain-filling of soybean plants (Ciampitti et 

al., 2008). In a field study, about 88% of the variation in N2O emissions was found to be 

associated with monthly rainfall and NO3
− 

concentration (Weier et al., 1991). The effect of 

soil moisture was well demonstrated in three different tropical rainforest sites in Northeast 

Queensland, Australia. At all sites, mean N2O emission rates were significantly higher and 

ranged 80–242 µg N2O-N m
-2

 h
-1

 (19.2–58.1 g N2O-N ha
-1

 day
-1

) in wetter seasons compared 

to <20 µg N2O-N m
-2

 h
-1

 (<4.8 g N2O-N ha
-1

 day
-1

) in dry seasons (Kiese and Butterbach-

Bahl, 2002). The different pattern of N2O emissions rates between the seasons as well as 

between the sites in the wet season was mainly due to the differences in precipitation, soil 

moisture and C:N ratio of soil organic matter (Kiese and Butterbach-Bahl, 2002). 

The O2 status in soil is inversely proportional to soil moisture, which is one of the key factors 

influencing N2O production observed in many studies (Davidson and Schimel, 1995; Burton 

et al., 1997). Maximum N2O is produced when O2 concentrations are low enough to promote 

reduction of NO3
−
, but not so low as to promote reduction of N2O to N2 as O2 is known to 

inhibit nitrous oxide reductase thereby allowing N2O to move away from the site of the 

reduction (Fillery, 1983; Davidson and Schimel, 1995).  

The O2 and moisture status and gas diffusion in agricultural soils depend on soil texture and 

drainage. Fine-textured soils have more capillary pores within aggregates than sandy soils, 

which enable them to hold soil water more tightly. As a result, anaerobic conditions may be 

more easily reached and maintained for longer periods within aggregates in fine-textured 

soils than in coarse-textured soils which may lead to more gaseous N loss from the former 

(FAO, 2001). Between 3.2% and 19.6% of applied N was lost from a fine-textured soil as 

compared to <1% from a coarse-textured soils, with 45–78% appearing as N2O gas (Weier et 

al., 1996). The propensity of NO3
−
 substrate to leach through most soils and the declining O2 

content with depth allows denitrification, but not nitrification, to occur at depth provided 

there is oxidizable C substrate available (Burton et al., 1997). In areas where drainage and 

gaseous diffusion rates are often high, such as through large inter-aggregate pores, an aerobic 

environment conducive to nitrification is likely to exist. Pores within soil aggregates may 
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remain water-logged after inter-aggregate pores have drained, and may continue to support 

denitrification (Davidson and Schimel, 1995).  

2.3.2 Temperature 

Microbial activities, including nitrification and denitrification, generally increase with 

increasing temperature until an optimum temperature is reached. Nitrous oxide emissions 

increase with increasing soil temperature, at least up to 37°C, but N2O/N2 emissions ratio 

declines at temperatures above 37°C (Keeney et al. 1979; Castaldi, 2000). Decreasing 

temperature from 30°C to 5°C slowed the rate of N2O emissions from a Vertosol and an 

Alfisol; but the N2O/N2 ratio increased (Avalakki et al., 1995). Similar observations were 

made by Magg and Vinther, (1996), i.e. that a decrease of temperature increased the N2O/N2 

ratio. Thus, the N2O release from denitrification seems to be enhanced at lower temperatures. 

Very high N2O emissions have been observed at temperatures near freezing due to inhibition 

of nitrous oxide reductase (Holtan-Hartwig et al., 2001).  

The changes in N2O/N2 emissions ratio with decreasing temperature are not due to 

specifically higher activation energies for N2O reductase but due to some unknown 

anomalies at critically low temperatures (Holtan-Hartwig et al., 2001). However, the 

optimum temperature of nitrifying and denitrifying populations varies between different sites 

and populations as a result of adaptation to environmental conditions (Stark and Firestone, 

1996; Godde and Conrad, 1999). Soil temperatures of 20–25°C exhibited the highest 

nitrification activity in the Northern Great Plains (Mahendrappa et al., 1966). The optimum 

temperature of nitrification is reported to be always above the mean annual temperature of a 

specific zone and thus in tropical, temperate and boreal zones it was 35°C, 30°C and 20°C, 

respectively (Malhi et al., 1990). Godde and Conrad (1999) reported that the ability of 

nitrifiers and denitrifiers to adapt to different temperatures seemed to differ between the soils 

and to depend on the incubation conditions. They have also showed relatively higher NO and 

N2O production rates in soil adapted to low temperature. Almost 75% of N2O emissions 

occurred in equal amounts in spring and summer under black gram in subtropical Queensland 

in Australia, implying that temperature effects appear to be less marked in subtropical 

environments (Dalal et al., 2003). 
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2.3.3 Soil pH 

Soil pH influences denitrification via its effects on denitrification enzymes (Knowles, 1982), 

denitrification rates, denitrification end products and denitrifier community composition 

(Cavigelli and Robertson, 2001; Simek and Cooper, 2002). It has been reported by many 

authors that maximum denitrification occurs at pH between 7.0 and 8.2 (Granli and 

Bockman, 1994; Thomas et al., 1994; Simek and Cooper, 2002). In a review from a number 

of laboratory and field studies with a range of soil types (Rochester, 2003), the N2O/N2 ratio 

of emissions was greater (ranging from >20–2.9) from acid soils (pH 4.2–5.5), approximately 

~1.0 from soils of pH 6.0, and 0.024 for alkaline grey clays (pH 8.3–8.5). However, Stevens 

et al. (1998) observed inconsistent effects of pH on N2O flux, with a highest flux at pH 6.5 

and lowest flux at pH 6.0 and 8.0.  

A consistent negative relationship between soil pH and the N2O/N2 emissions ratio of 

denitrification was observed in many studies (Simek and Cooper, 2002; Weslien et al., 2009; 

Liu et al., 2010), which is probably due to the fact that N2O reductase activity is impaired at 

low pH (Farquharson and Baldock, 2008).)Liu et al. (2010) concluded that translation of N2O 

reductase enzyme is more sensitive to low pH than any other reductases involved in 

denitrification. In a recent study, Cuhel and Simek (2011) illustrated that soil pH can control 

the denitrification rate by changing the denitrifying community (an indirect effect, termed 

distal control), and can change in denitrification reductase enzyme activity (a direct effect, 

termed proximal control).  

Liming of an acid soil may enhance denitrification while reducing the N2O/N2 emissions 

ratio (Zaman et al, 2008; Van den Heuvel et al., 2011). However, contradictory results have 

also been reported. Changing the soil pH from 4.0 to 5.5 by liming did not change the N2O 

emissions from an Australian pasture (Galbally et al., 2010). In a short-term field study, 

liming did not affect net N2O emissions in either urine or KNO3 treated soil, however, it did 

lower the N2O/N2 ratios in urine-treated and control soils, but had no effect in KNO3 treated 

soil (Zaman and Nguyen, 2010). Similarly, the N2O/N2 emissions ratio increased with 

decreasing soil pH in soils amended with KOH (alkaline), H2SO4 (acid) and water (natural 

pH soil) over 10 month, while changes in N2O production were not evident (Cuhel et al., 
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2010). No soil pH effect was found on the denitrification potential of soils amended with 

substrate and acetylene (Drury et al., 1991). It was assumed that soil pH can indirectly 

influence the N2O emissions by affecting the substrates availability (mineral N and organic 

C) under acidic conditions, rather than directly affecting the denitrification processes 

(Farquharson and Baldock, 2008). In addition, the pH at microsites can be different to that in 

bulk soil. This phenomenon together with microbial adaptation to shifts in pH complicates 

the conceptualizing of the net effect of low pH on N2O emissions (Farquharson and Baldock, 

2008). Furthermore, the extent to which soil pH and liming affect net N2O emissions varies 

with soil moisture (Cough et al., 2004) and supply of N (Zaman and Nguyen, 2010). 

Besides denitrification, soil pH is also one of the important factors controlling nitrification in 

soil, with optimal pH of 6–8, although there was no clear trend in the product ratio of 

nitrification (N2O:NO3
−
) with changing pH (Granli and Bockman, 1994). However, in forest 

soils, acidic conditions favored N2O production from both autotrophic and heterotrophic 

nitrifiers (Martikainen and De Boer, 1993), although the physiological underlying 

mechanism is not clear (De Boer and Kowalchuk, 2001). 

Thus, optimal pH value for nitrification and denitrification and subsequent N2O production is 

not straightforward. Information is limited on N2O emissions in response to liming of arable 

acid soils, e.g. an acidic Vertosol, and whether liming could be seriously considered as an 

emissions mitigation strategy. 

2.3.4 Soluble and readily decomposable carbon 

Being heterotrophic in nature, denitrifiers require carbonaceous substrate for their growth and 

reduction of NO3
−
. Therefore, denitrification in soil is strongly influenced by the availability 

of organic compounds such as native soil organic matter, root exudates, crop residues and 

manures (Fillery, 1983). A study of 17 soils showed that denitrification capacity was 

correlated with total soil organic C content, but much better correlations existed with water-

soluble or easily decomposable organic C (Burford and Bremner, 1975). One reason for the 

latter may be that O2 was consumed during decomposition of the labile compounds and 

thereby increased the demand for nitrogen oxides as electron acceptors (Tiedje, 1988; Azam 

et al., 2002). Another reason may be that the denitrifying bacteria prefer the easily 
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decomposable organic matter as their energy source, cell C source and electron donor 

(Aulakh et al., 1991b; Jensen, 1997). In line with this, a study conducted at 60–90% WFPS 

demonstrated that the denitrification rate was limited by the supply of easily decomposable C 

at high NO3
−
 availability (Weier et al., 1993). Thus incorporation of crop residues provides a 

source of readily available C and N for denitrification in the soil and subsequently influences 

N2O emissions (Aulakh et al., 1991b; Pu et al., 1999; Lemke et al., 1999). Greater N2O 

emissions have been measured after incorporation of residues with increased soluble organic 

C contents due to rapid mineralization and immediate C availability for denitrification 

(Huang et al., 2004; Millar and Baggs, 2004). Ciampitti et al. (2008) found that soil soluble C 

and moisture were correlated with N2O emissions during the residue decomposition of 

soybean plants.  

2.3.5 Nitrate concentration 

Generally, the NO3
− 

content of the soil strongly influences the rate of N2O emissions. Total 

denitrification fluxes (N2O plus N2) are directly proportional to soil NO3
−
 concentrations, 

when the other important component, a readily metabolizable organic substrate, is also 

present and non rate-limiting. When a lack of metabolizable organic substrate limits potential 

denitrification, N2 plus N2O fluxes do not increase with increasing NO3
− 

concentration 

(Sahrawat and Keeney, 1986). Increasing NO3
−
 concentrations can increase the N2O/N2 

emissions ratio by inhibiting N2O reductase activity (Weier et al., 1993). Nitrate is preferred 

over N2O as a terminal electron acceptor and N2O can accumulate whenever NO3
−
 supply is 

greater than the reducing demand of the denitrifiers (Swerts et al., 1996).  

But the soil with a high NO3
−
 concentration and readily available C source might show a 

decreased N2O/N2 emissions ratio and increased N2. This is because the readily available C 

source supplies electron donors to the denitrifiers and/or increases soil microbial metabolism, 

thereby increasing consumption of O2 and the demand for alternative terminal electron 

acceptors (Beauchamp et al., 1989). Similar results were obtained by Miller et al. (2008). In a 

laboratory study, soil receiving 50 mg KNO3-N kg
-1

 soil and 250 mg C kg
-1

 soil as red clover 

residues became NO3
− 

limited after 72 h of incubation, resulting in increased consumption of 

N2O. In comparison, soil receiving similar amounts of KNO3-N and C as barley straw did not 
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increase consumption of N2O because the C availability from barley straw was not sufficient 

to deplete the soil NO3
− 

resulting in a higher N2O/N2 ratio at the end of the incubation period, 

although the cumulative N2O emissions were similar for both treatments (Miller et al., 2008). 

2.3.6 Tillage 

Microbial stimulation together with an increased mineralization of organic matter following 

tillage may result in increased soil N2O production over several days to weeks (Jansson and 

Persson, 1982). Brief spikes in N2O emissions, lasting a few hours to a few days, have been 

observed following tillage events, particularly in response to wetting or precipitation 

(Kessavalou et al., 1998). The switch from conservation tillage to no-tillage has been a 

feature of farming during the past two decades in an attempt to increase water retention and 

C stocks and further reduce erosion (Griffith et al., 1986; Pekrun et al., 2003). Such a switch 

may favor denitrification (Granli and Bockman, 1994). Higher N2O emissions from no tilled 

than tilled soil have been reported in many studies (MacKenzie et al., 1997; Ball et al., 1999; 

Baggs et al., 2003; Ball et al., 2008). Some of the underlying mechanisms for higher N2O 

emissions in no-till systems are likely due to the increased C availability, greater contribution 

of larger aggregates with anoxic centers, decreased O2 availability associated with increased 

bulk density and WFPS, and greater denitrifying enzyme activity (Linn and Doran, 1984; 

Pekrun et al., 2003; Ball et al., 2008). Conversely, lower N2O emissions from no-till systems 

relative to tilled systems have also been reported (Robertson et al., 2000; Mutegi et al., 

2010), which makes the tillage effect complicated. However, in a longer period of time, e.g. 

the average N2O emissions over 14 years from corn-soybean-wheat rotations showed no 

difference between till and no-till system (Grandy et al., 2006). Furthermore, soil types may 

play an important role. Coarse textured soils with good drainage capacity may show little 

difference in soil N2O emissions between tilled and no-till systems, whereas, no-till doubled 

the emissions in heavy clay soil compared to that from a tilled system (Rochette et al., 2008). 

2.4 Anthropogenic sources of N2O emissions in agriculture 

Agriculture is the largest anthropogenic source of N2O, accounting for about 70% of the total 

emissions (Denman et al., 2007). In agricultural soils, N input from sources such as N 

fertilizer, animal manure, crop residues, and biological N2 fixation are associated with N2O 
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fluxes. It has been estimated that industrially-fixed N (production of synthetic N fertilizers by 

the Haber-Bosch process which converts N2 to NH3) is likely to contribute to about 40% of 

the global N input (Galloway et al., 2003).  

Australian agricultural activities produced an estimated 88.1 Mt CO2-e emissions and 

contributed 16.3% of net national greenhouse gas emissions in 2007 (Department of Climate 

Change, 2009). Emissions from agriculture increased by 1.5% annually between 1990 and 

2007 and this sector was the dominant national source of N2O – accounting for 86% of the 

net national emissions (Department of Climate Change, 2009). Agricultural soil was the 

source of 75% of the agricultural N2O emissions, which include fertilizer-N use (17%), N2 

fixation by crops (3.6%), crop residues (5.2%), manure from grazing animals (27%), 

atmospheric deposition of N compounds e.g. ammonia (24%), and leaching and runoff (18%) 

(Department of Climate Change, 2009).  

2.4.1 Fertilizer-N inputs and N2O emissions 

The adoption of synthetic N fertilizers became widespread around the world in the second 

half of the 20
th

 century, which was reflected in global fertilizer consumption that increased 

from 11 Tg N in 1960 to around 100 Tg in 2008 (Robertson and Vitousek, 2009). 

Application of synthetic fertilizer directly increases the pool of mineral N available for 

nitrification and denitrification. The exponential increase in the use of N fertilizers in 

Australia from 1990 to 1999 has resulted in an almost 90% increase in N2O emissions 

attributed to agriculture (Dalal et al., 2003). Nitrogen fertilizer use for cereal crops increased 

by 314% from 1987 to 1996 and, since 1996, cereals have accounted for 70% of the total N 

fertilizer use (Dalal et al., 2003). Some of the reasons for the increase in N fertilizer use for 

cereals in recent years are decreases in pasture areas, thereby reducing legume-derived N 

supply to the following cereal crops, increased premiums paid for higher wheat grain protein 

content and introduction of higher N demanding crops such as canola as a disease break crop 

(Dalal et al., 2003). As the use of N fertilizer is needed to meet food demands for the 

projected world population, the N2O emissions from agricultural soils are also projected to 

continue to increase during the next 100 years (World Development report, 1992). 
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Nitrogen fertilizer (NH4
+
 and NO3

−
) applications have been reported to increase soil N2O 

emissions in numerous studies (Eichner, 1990; Granli and Bøckman, 1994; Aulakh et al., 

2001; Dobbie and Smith, 2003; Meng et al., 2005; Chirinda et al., 2010). Nitrous oxide 

emission following fertilization typically remains high for several weeks before returning to 

background levels (Granli and Bøckman, 1994; Bowman, 1996). Emissions following 

fertilization frequently constitute the majority of cropping systems annual emissions of N2O 

(Granli and Bøckman, 1994; Lemke et al., 2002). The amount of applied N emitted as N2O is 

usually greater when N application rates and timing produce soil nitrate concentrations 

substantially in excess of plant demand (Eichner, 1990). Generally, emissions of N2O 

increase with application rates (McSwiney and Robertson, 2005; Millar et al., 2010; Hoben et 

al., 2011). Besides the fertilizer rates, the magnitude of emissions depend on the timing of 

fertilizer in relation to rainfall and temperature, fertilizer formulation and soil type (Dobbie et 

al., 1999). In a study of a grassland (Dobbie and Smith, 2003), the WFPS was the main 

driving factor for N2O emissions after fertilizer application in accordance with rainfall 

events. High N input together with poor soil drainage give rise to higher denitrification 

activity (Hofstra and Bouwman, 2005). Field studies have shown differences in N2O 

emission rates across climatic and agricultural management zones with losses increasing in 

regions with higher precipitation and soil organic matter (Li et al., 2001).  

Application of urea- or ammonium-based fertilizers has been associated with elevated N2O 

emissions under conditions favoring nitrification and denitrification, such as moist, well-

aerated soils (Granli and Bøckman, 1994). Nitrate-N fertilizer sources may exacerbate 

emissions where denitrification is favored, such as in waterlogged soils. About 70% of 

applied fertilizer N was lost in a short period (nearly 10 days) under flooded conditions in an 

incubation study (Aulakh et al., 2001). Lab studies by Tenuta and Beauchamp (2000) with a 

calcareous soil found that N2O emission activity from urea was greater when the fertilizer 

material was applied as a large granule or prill compared with a powder.  

According to the IPCC guidelines, inventories for N2O emissions from agricultural soils 

should be based on the assumption that 1.25% of added N is emitted as N2O. This emission 

factor is used as a standard for mineral fertilizer, manure and biologically-fixed N2, although 

the factor relies on experiments with mineral fertilizer and manure only (Bouwman, 1996). 
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The method recommended by the IPCC does not, however, account for the numerous 

physical, chemical, and biological processes that influence N2O production and thus ignores 

regional agro-ecosystem characteristics (Li et al., 2001). Experimental work on the 

application of fertilizers to different crop types has shown large variations from the IPCC 

default emission factor (1.25%) across different crop and pasture systems in Australia. Using 

different fertilizer rates e.g. 100, 200, 300 kg N ha
-1

 in an irrigated wheat-cotton sequence at 

Narrabri, northern NSW, emission factors of 0.39%, 0.51% and 2.47%, respectively, were 

reported (Galbally et al., 2005). An emission factor of 2.1% was reported for irrigated maize 

with typical fertilizer rate 300 kg N ha
-1 

in another irrigated crop study
 
at Griffith in southern 

NSW (Galbally et al., 2005). However, the majority of Australian grain production is from 

rain-fed, rather than irrigated, cultivation where denitrification potential is much lower due to 

the generally drier soils (Galbally et al., 2005). Thus, the proportion of applied fertilizer-N 

nitrified and/or denitrified in crop fields leading to emissions of N2O largely depends on 

fertilizer N rates, timing of application and types of fertilizers, rainfall, whether or not the 

crop is irrigated and soil type.  

2.4.2 Biologically fixed N2 and N2O emission 

Nodulated legumes such as soybean (Glycine max L.), field pea (Pisum sativum), faba bean 

(Vicia faba), alfalfa (Medicago sativa) etc. have a symbiotic relationship with a soil bacteria, 

Rhizobium, which are capable of fixing atmospheric N2 (Frame et al., 1998). The bacteria are 

localized in root nodules in the legume plant, where they have differentiated into bacteroids. 

The amount of N2 fixed via biological N2 fixation in agricultural systems is variable (Mosier 

et al., 1998). Measurements of N2 fixation undertaken for different pulse crops at various 

locations in Australia indicate that the average proportion of N derived from atmospheric N2 

(%Ndfa) for most legumes ranges 60–90% and the amounts of shoot-N fixed were closely 

related to the amount of biomass production, with around 20-25 kg of shoot-N being fixed 

for every additional tonne of shoot dry matter produced (Peoples et al., 2009). The average 

amounts of N derived from biological N2 fixation in harvested shoots of grain legumes at 

different locations in Australia have been reported as 56–128 kg N ha
-1

 yr
-1

 for faba bean, 

97–160 kg N ha
-1

 yr
-1

 for field pea, 20–104 kg N ha
-1

 yr
-1

 for chickpea (Cicer arietinum) and 

106–283 kg N ha
-1

 yr
-1

 for lupin (Lupinus consentinii) (Armstrong et al., 1997; Rochester et 
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al., 1998a; Schwenke et al., 1998; Peoples et al., 2009). The variability in the range of %Ndfa 

values for the various legume species/locations were generally associated with experimental 

treatments, e.g. N fertilizer rates, year-to-year fluctuations in growing season rainfall and/or 

the wide range of soil mineral-N levels at sowing (Schwenke et al., 1998). 

Legumes contribute to N2O emission in a number of ways. Atmospheric N2 fixed by legumes 

is chemically bound in the plant and the plant’s debris that is mineralized to increase the size 

of mineral N pools in soils and provide substrate for nitrification and denitrification 

(Rochette et al., 2004). Additional N is added not only via above- and below-ground residues 

but also by rhizodeposition (McNeill et al., 1997), as evidenced from a pot study indicating 

rhizodeposited N accounted for 13% of fixed N2 of faba bean (Mayer et al., 2003). De 

Neergaard and Gorissen (2004) found in a grass-clover mixture that C released into the soil 

via rhizodeposition passed through the soil microbial biomass faster than it did in a pure 

ryegrass stand. The authors suggested that this difference was caused by a high N availability 

in the rhizosphere of white clover, which made the conditions more favorable for microbial 

utilization of the grass-clover rhizodeposits.  

Furthermore, denitrification by several Rhizobium species, in the free-living form, in legume 

root nodules or as isolated bacteroids, can be another source of N2O in legume systems 

(O’Hara and Daniel, 1985). Free-living cells of soybean rhizobia (Bradyrhizobium 

japonicum) can denitrify nitrate under anaerobic conditions as observed by Breitenbeck and 

Bremner (1989). But they concluded that the population of these bacteria is likely too small 

to influence the overall rate of denitrification in soils. However, the emissions from legumes 

during N2 fixation remains uncertain and unproven (Rochette and Janzen, 2005). 

Season of the year and developmental stage of legumes could potentially be important factors 

affecting emissions of N2O derived from biological N2 fixation. McNeill et al. (1997) found 

that rhizodeposition of nitrogenous compounds from subterranean clover decreased at 

flowering compared to the vegetative stage, since seed production is a strong sink for N. In 

autumn, higher N2O emissions were reported from a clover-pasture system which was 

explained by a number of factors including the decomposition of the clover leaves, stolons, 

roots and nodules (Goodman, 1991). In a pot experiment, no significant differences were 



Chapter 2 Review of literature 

25 
 

found in N2O fluxes between soybean planted pots and unplanted pots until the grain-filling 

stage and thereafter fluxes were significantly higher from soybean pots (Yang and Cai, 

2005). From this study it was concluded that the process of symbiotic N2 fixation per se does 

not stimulate N2O production, rather senescence and decomposition of the roots and nodules 

were likely the contributing factors for increased emissions during grain-filling and into 

maturity.  

Similar patterns of N2O fluxes with crop phenological stages of soybean has also been 

reported by Ciampitti et al. (2008), who observed that N2O emissions were low and stable at 

the early stages of growth, increased during grain-filling and were highest at maturity. In 

another 
15

N-tracer experiment in pots, Thyme and Ambus (2004) reported that only a small 

fraction of the fixed N2 of grass-clover was lost as N2O during the course of a few weeks and 

contributed only 0–2% of the total N2O emissions. The long-term mineralization of dead 

clover tissues was more likely the important source of N2O emission than recently fixed N2. 

In field sites across the globe, mean annual N2O emissions from non N-fertilized legume 

systems were highest in pure legume forage crops (1.8 kg N ha
-1

), intermediate in annual 

crops (1.0 kg N ha
-1

) and lowest in grass-legume forages mixes (0.4 kg N ha
-1

) (Rochette and 

Janzen, 2005). In this review, annual N2O emissions for faba bean, lentil (Lens culinaris), 

peas (Pisum sativum) and chickpea were 0.41, 0.04–0.11, 0.38–0.74 and 0.03–0.16 kg N ha
-1

, 

respectively. Emissions from soybean fields were comparatively higher at 0.34-2.31 kg N ha
-

1
 (USA), 0.6–0.9 kg N ha

-1
 (China) and 0.46–1.44 kg N ha

-1
 (Canada). However, these 

measured values of N2O emissions from legume crops are considerably lower than those 

predicted using the IPCC emission coefficient (1.25% of fixed N2), and this difference 

between measured and IPCC-derived N2O emissions would be even greater if N2O from the 

turnover of soil organic matter and crop residues were included in the field measurements 

(Rochette and Janzen, 2005).  

Rather than focusing solely on emissions during legume growth, examining N2O emissions 

in all phases of legume systems may provide better understanding of the effect of legumes on 

N2O emission (Helgason et al., 2005). In Australia, annual N2O emissions associated with a 

grain legume (lupin) growing in a semiarid climate was similar to that of the unplanted 
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control (Barton et al., 2011). In this study, the contribution of the biological N2 fixation 

process to N2O emissions was estimated to be negligible and the emissions from legume 

residue decomposition were 50% less than that predicted using the current IPCC 

methodology. However, the influence of crop residue decomposition was only investigated 

for a short period (about two months) in this study.  

2.4.3 Nitrous oxide emissions from crop residues 

Crop residues in soil are important sources of N2O emissions (Lemeke et al., 1999; Baggs et 

al., 2000; Velthof et al., 2002) through i) supply of N, for both nitrifiers and denitrifiers ii) 

supply of easily mineralizable C, a substrate for denitrifier activity, and iii) creating optimal 

conditions for N2O producing processes (nitrification and denitrification) by increasing 

oxygen consumption in the soil locally (Velthof et al., 2002). The decomposition of mulched 

crop residues, together with the reduced availability of O2 in mulched systems are likely to 

increase N2O emission by favoring anaerobic processes such as denitrification (Baggs et al., 

2003). Increased denitrification rates are also likely to be mediated by an increased denitrifier 

biomass. Baudoin et al. (2009) evaluated the impact of direct seeding with mulched crop 

residues versus tillage without incorporation of crop residues on denitrification activity and 

sizes of denitrifier communities for annual soybean/rice crop rotations in the Highlands of 

Madagascar. This study showed that denitrification potential was higher as a result of 

increased denitrifier densities and potential activities in the direct seeding/mulched crop 

residues system compared with the conventional tillage system. Furthermore, denitrification 

enzyme activity was more closely correlated with C content than with N content in the soil 

and denitrification gene densities. 

The pattern and magnitude of N2O emissions depend on the quantity and quality of the 

residues incorporated. The quality components, controlling degradability of plant materials 

added to soil, include C:N ratio, N content, lignin content, lignin:N ratio, polyphenol:N ratio 

and polyphenol+lignin:N ratio (Aulakh et al., 1991a; Giller and Cadisch, 1997; Huang et al., 

2004; Millar et al., 2004; Abiven et al., 2005; Frimpong and Baggs, 2010). Plant residues 

with high C:N ratio and high lignin and polyphenol contents decompose and release nutrients 

slowly (Fox et al., 1990; Tian et al., 1992). Plant materials with low (<20) and intermediate 
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(25–75) C:N ratio may decompose rapidly, but N mineralization activity is often reduced by 

increased microbial immobilization with the intermediate ratios (Heal et al., 1997). 

Incorporation or surface-placed wheat (Triticum aestivum), corn (Zea mays L.) and soybean 

residues with C:N ratios of 82, 39 and, 43, respectively, resulted in N immobilization, 

whereas, vetch (Vicia villosa Roth.) with a ratio of 8 resulted in net N mineralization (Aulakh 

et al., 1991a).  

Plant materials with a C:N ratio of >75 are much more difficult to break down and are 

generally characterized by greater amounts of lignin, condensed tannins, as well as low 

available N for decomposer organisms (Heal et al., 1997). However, the quality of 

components controlling net N mineralization changes during decomposition, with water 

soluble phenolic content significantly correlated with net mineralization at early stages, and 

water soluble N, followed by cellulose at later stages (Bending et al., 1998). Abiven et al. 

(2005) found a linear relationship between the amount of N from various plant residues 

mineralized after 60 days and their initial organic N content and the correlation varied with 

the plant parts. Roots had a lower correlation than for leaves and stems, which was attributed 

to the slower decomposition of roots due to its high lignin and suberin contents. They also 

observed a good correlation between water soluble organic C contents of the residues and C 

mineralization after two days of incubation, implying the residues with higher water soluble 

C decompose faster than those containing lower water soluble C. 

Baggs et al. (2000) have reported that low emissions of N2O from soil incorporated with 

oilseed rape stubble were probably a result of slow decomposition rates. A negative 

relationship between N2O emission and C:N ratios of plant residues has been observed in 

several studies (Baggs et al., 2000; Huang et al., 2004; Millar and Baggs, 2004). In a 

laboratory incubation study, high N2O emissions were reported from brussels sprout 

(Brassica oleracea var. gemmifera), mustard (Brassica campestriss) and broccoli (Brassica 

oleracea var. botrytis) residues containing high amounts of mineralizable N (>60% of total 

N) and low C:N ratios (<20), while emissions from wheat, maize and barley (Hordeum 

vulgare L.) residues (with <10% mineralizable N and >60 C:N ratios) were not significantly 

different than that of the control (Velthof et al., 2002).  
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Higher N2O emissions from soil have been measured following addition of legume residues 

than from additions of non-legume residues (Baggs et al., 2000; Millar et al., 2004). In a 

study of legume residue effects on subsequent sugarcane (Saccharum officinarum L.) crop, 

Hemwong et al. (2009) found that soybean residues of higher C:N ratio (33:1) and lignin 

content (13%) compared to groundnut (Arachis hypogaea) residues (21:1 C:N, 5% lignin) 

decomposed slower, which led to lower gaseous or leaching N loss (15–17% for soybean 

versus 50–57% for groundnut). Long-term effects of legume residue decomposition were 

observed by Wagner-Riddle and Thurtell (1998), who reported elevated N2O emissions for 2 

years after incorporating an alfalfa crop. Similarly, winter season N2O emissions were greater 

following N-rich sugar beet (Beta vulgaris) than after cereal and oilseed cultivation (Kaiser 

et al., 1998). Harris et al. (1994) observed a 43–51% lower N loss from labeled legume 

residue-N compared with losses of labeled fertilizer-N at the end of a corn-growing season. 

However, the losses of legume N had increased to 82–84% of the N losses measured from 

the fertilizer plots following a winter fallow and a subsequent barley crop. The authors 

indicated that N loss from a legume-based system appears to be higher when a fallow period 

follows a legume plow-down or crop harvest.  

In contrast, Rochester et al. (2001) reported much smaller N losses from 
15

N-labeled residues 

of soybean and faba bean than from fertilizer-N during a 5–9 month fallow period between 

legume cropping and cotton (Gossypium hirsutum L.) sowing. Further losses of legume N 

during the subsequent cotton growing period were minor. More substantial N2O emissions 

occurred in a sub-tropical climate in Brazil from legume based crop rotations, which were 

linked to the N content and lignin:N ratio of the cover crop residues (Gomes et al., 2009). 

Information on the fate of N from crop residues, applied to agricultural lands, is still limited 

(Mosier and Kroeze, 1998). The N2O emission factor for residues of oats (Avena sativa), 

peas and sugar beet, estimated from quantities of N measured in the incorporated plant 

residues, were lower than the IPCC default value of 1.25% (Harrison et al., 2002). However, 

other authors reported an emission factor higher than the IPCC value (Vinther et al., 2003; 

Millar et al., 2004). Emission factors of 0.13–14.6% of the N added from brussels sprouts, 

mustard, sugar beet and broccoli residues were reported and the magnitude of emissions was 

higher with additional nitrate (Velthof et al., 2002). The emissions factor of N applied in crop 
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residues is a variable coefficient that does not depend only on the types of residues and 

biochemical qualities of the residues but also management and environmental factors, such 

as, tillage, temperature, rainfall, soil moisture, pH, texture and season of the year (Novoa and 

Tejeda, 2006).  

Soil water regimes largely control the N loss after residue application. Total denitrification 

losses from hairy vetch residue-incorporated three soils of varying texture ranged from 51.1 

to 99.5 mg N kg
-1

 at 90% WFPS over a 30-day incubation period, but were considerably 

lower at 60% WFPS (Aulakh et al., 1991b). A strong influence of rainfall on applied 
15

N loss 

through denitrification was observed in a semi-arid climate in Australia during the transition 

fallow phase following a legume-grass pasture before cereal cropping. It was assumed that 

the available C and nitrate from the soil organic matter and pasture legumes were also 

contributing factors for these N losses along with the rainfall (Pu et al., 2001). About 1% of 

the N added from sugar beet residues was lost as N2O under water logged conditions, while 

only 0.37% of residue N was lost when the soils were well drained (Flessa and Beese, 1995). 

Higher post-harvest N2O emissions were observed in a clay soil compared with a coarse-

textured soil, both of which were cropped to soybean (Rochette et al., 2004). However, little 

information is available from experiments with different types of crop residues, soil types, 

and environmental conditions which might be useful to improve the current IPCC default 

emission factors for various groups of residues. At the same time, it is also important to 

understand the residue effect and their interaction with other soil and environmental variables 

in order to minimize N2O emissions from a particular cropping soil and climate. 

2.4.4 Below-ground residue-N 

Most of the studies evaluating effects of crop residues on N2O emission used above-ground 

residues (shoots, straw etc) in small-scale incubation systems, rather than on roots and 

nodules (Aulakh et al., 1991a; Huang et al., 2004). The below-ground residues contain N 

from decomposing roots, nodules, rhizodeposits (exudates, mucilage, root necrosis products), 

and fallen senescing leaves. Studies (e.g. Toomsan et al., 1995; Khan et al., 2002a) that 

quantified below-ground N (BGN) of legumes using physical recovery of roots substantially 

underestimated BGN (usually a value of <15% of total plant N) because of incomplete 
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recovery of all root material and root-derived material in the soil. For example, the 

rhizodeposited N values for pea and barley (Hordeum vulgare L.) at maturity were 48% and 

71% of the BGN, respectively, based on a continuous split-root 
15

N labeling technique 

(Jensen, 1996). The value was 80% of the total BGN for lupin using an in-situ 
15

N labeling 

technique (Mayer et al., 2003). Rhizodeposition of N by wheat plant was as much as 20% of 

total plant N (Janzen, 1990). The rhizodeposited N may mineralize faster than that from root 

N (Jensen, 1996), which can influence the subsequent N2O emissions.  

Direct labeling of legume N, with a tracer such as 
15

N, provides a means to quantify N 

partitioned below-ground during legume growth and BGN directly taken up by a following 

cereal crop (Russell and Fillery, 1996b; McNeill et al., 1998; Khan et al., 2002a). Using in-

situ 
15

N-labeling of grain legumes under glasshouse conditions, the BGN as percent of total 

plant N were 30% for faba bean, 48% for chickpea, 28% for mungbean (Vigna radiata), and 

43% for pigeonpea (Cajanus cajan) (Khan et al., 2002a), and 35% for lupin estimated in the 

field (McNeill and Fillery, 2008). Poth et al. (1986) found 58% of pigeonpea total N was 

BGN using 
15

N labeled soil. Among all the isotopic method, 
15

N shoot labeling method 

proved to be the best for quantifying BGN (Khan et al., 2002b; Yasmin et al., 2006). A recent 

study (Yasmin et al., 2010), using a 
15

N leaf feeding technique, showed that 32% of total 

plant N of nodulating chickpea was below-ground, of which only 50% N was in the clean 

root fraction. Thus, indicating the importance of rhizosphere soil when estimating below-

ground N. 

Evidence suggests that mineralization of organic matter of root origin and senescent leaves 

can provide large amounts of nitrate and C for denitrification at maturity of legumes (Velthof 

et al., 2002; Young and Cai, 2005). The field study of McNeill and Fillery (2008) indicated 

that a large portion (50%) of BGN of lupin may have been lost through denitrification from a 

shallow, sand-over-clay duplex soil, which could not be accounted for. In field studies 

(Baggs et al., 2000; Rochette et al., 2004; Gomes et al., 2009), even though in-situ residue 

effects on N2O emissions were evaluated, all calculations were done based on the N content 

of the above-ground residues. Thus, the contribution of BGN to N2O emissions has been 

masked, while the contribution from above-ground N of residues to total N2O emissions may 

be overestimated. As reviewed above, many studies have attempted to quantify the BGN; 
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however, the contribution of BGN to N2O emission from cropping soil has yet to be 

investigated. Furthermore, even though some studies have evaluated the N contributions 

from shoot and root residues to the N economies of subsequent cereal crops (Glasener et al., 

2002), very few studies have assessed their effect on N2O emissions (Lou et al., 2007). This 

needs to be understood for accurate greenhouse gas emissions from different sources of N. 

2.5 Comparison of N2O emissions between legume and non-legume systems 

As legume crops are grown with little or no fertilizer-N, emissions of N2O are usually 

expected to be less in a legume crop than those in a fertilized cereal crop even though legume 

root exudates may contribute substantially to emissions (Lupwaye and Kennedy, 2007). It is 

documented that growing season N2O emissions from legume crops are significantly lower 

than from fertilized cereal crop (Lemke et al., 2002; Parkin and Kasper, 2006) or similar to 

emissions from a non N-fertilized reference crop (Rochette et al., 2004). Emissions from 

wheat grown on pulse stubble (lentil or pea) were comparable or lower than that from 

fertilized monoculture wheat or from wheat grown on wheat stubble (Lemke et al., 2002). In 

contrast, N2O fluxes were reported to be significantly greater during the corn phase of a corn-

soybean rotation compared to a continuous corn plot (Mosier et al., 2006) and usually lower 

from a perennial non-legume grass than from an actively growing legume crop, soybean 

(Rochette et al., 2004).  

In a field study, Drury et al. (2008) monitored N2O emissions from monoculture and 

rotational cropping of corn, soybean and winter wheat. They found that annual N2O (an 

average of three growing seasons) emissions were about 3–5 times greater in monoculture 

corn (2.62 kg N ha
-1

) when compared with either monoculture soybean (0.84 kg N ha
-1

) or 

monoculture winter wheat (0.51 kg N ha
-1

). This extent of N2O emission was explained by 

the higher N application rate with corn (170 kg N ha
-1

) than winter wheat (83 kg N ha
-1

) or 

soybean (no N applied) and the influence of previous crop. The average N2O emissions from 

the corn-corn system were two-fold higher than that of the corn-soybean rotation and 

exceeded that from the corn-wheat rotation by 60%. 

During a 10-yr period, higher N2O emissions were reported from a pulse (field pea)-cereal 

rotation than from non-legume systems even though the non-legume plots received 
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substantially more N fertilizer than did the legume system (Helgason et al., 2005). However, 

in the same review, when emissions were compared in paired legume (0 or 5 kg N fertilizer 

ha
-1

 yr
-1

) and non-legume (0–190 kg N fertilizer ha
-1

 yr
-1

) crops, greater N2O emissions were 

found under the fertilized non-legume crops than under the non-fertilized legume crops. In 

the semiarid Northern Great Plains, Lemke et al. (1999) found N2O emissions following 

surface applications of pea residue to be greater than control treatments and similar to 

emissions from urea-N fertilized plots. 

Comparisons of N2O emissions suggest little difference between legume- and fertilized-based 

agricultures. Robertson et al. (2000) reported that in the USA, annual N2O emissions were 

not significantly different between fertilized and legume-based cropping systems although 

their nitrate levels in legume-based soils were, on average, lower. Similarly, Lemke et al. 

(2007) suggested that rotations that include a pulse crop will likely have lower overall N2O 

emissions compared with rotations that do not include a pulse crop in Northern Great Plains 

of North America. Furthermore, overall greenhouse gas emissions (CO2e) in legume-based 

cropping systems are usually less than those in fertilized monoculture cereals because of 

reduced use of fertilizer-N in the former (Lupwayi and Kennedy, 2007). However, few 

studies have carefully compared N2O fluxes between legume-based and fertilizer-based 

systems, which need to be evaluated for a particular soil and climate especially, where 

fallowing after legume is a common practice. 

 

 

 

 

 

 

 



CHAPTER 3 

Assessing N2O emissions from an acidic Black Vertosol during a growing 

season and post-crop fallow for wheat and canola: An experimental 

glasshouse system 

3.1 Introduction 

Nitrous oxide (N2O) is a significant greenhouse gas with a global warming potential of about 

300 times that of carbon dioxide (CO2) per molecule (Denman et al., 2007). It also 

contributes to the depletion of the stratospheric ozone layer, which protects the biosphere 

from the harmful effects of solar ultraviolet radiation (Crutzen, 1981). In Australia, the 

agriculture sector was the dominant source of N2O in 2007, accounting for 86% of the net 

national N2O emissions (Department of Climate Change, 2009). Use of fertilizer-N in the 

agriculture sector, of which 70% is applied to cereals, accounts for 32% of Australia’s N2O 

emissions (Dalal et al., 2003). If the fertilizer-N rate can be reduced without compromising 

crop productivity, this constitutes a significant potential management strategy for N2O 

emissions mitigation.  

Incorporation of crop residues in soil is also a potentially important source of N2O emissions 

through the supply of easily mineralizable N and C (Kaiser et al., 1998; Lemeke et al., 1999; 

Baggs et al., 2000; Velthof et al., 2002). However, the magnitude of emissions will depend 

on the environmental and soil conditions (Firestone and Davidson, 1989; Bouwman, 1990; 

Arah et al., 1991; Rochette et al., 2004). 

The production and emissions of N2O from the soil are reported to be significantly affected 

by soil moisture content (Beuchamp, 1997; Liu et al., 2007; Ciampitti et al., 2008). 

Nitrification is an aerobic process, and N2O is derived from nitrification when the soil 

moisture is moderate to low, while denitrification, as a heterotrophic anaerobic process, 

becomes more important under high soil moisture contents due to decreased oxygen supply 

(Davidson et al., 1986; Davidson and Schimel, 1995). Several studies observed greatest N2O 

emissions following rainfall events (Baggs et al., 2000; Barker-Reid et al., 2005; Barton et 

al., 2011), especially during the residue decomposition period (Schwenke et al., 2010), where 

denitrification was believed to be the major process contributing to the emission of N2O. 
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During this period, the presence of dissolved organic C derived from residue breakdown can 

strongly influence the N2O emissions (Huang et al., 2004; Ciampitti et al., 2008) as it is a 

major electron donor for denitrification and stimulates creation of anaerobic microsites by 

increasing oxygen consumption locally (Burford and Bremner, 1975; Tiedje, 1988). 

Studies conducted to predict the influence of crop residues on N2O emissions have been 

mainly conducted under controlled laboratory conditions in which small quantities of 

residues and soil are together incubated for defined periods of time during which emissions 

are monitored (e.g. Baggs et al., 2000; Huang et al., 2004; Miller et al., 2008; Gillam et al., 

2008). Most of these studies have only considered above-ground residues, e.g. Aulakh et al., 

(1991a), and ignored the large contributions of below-ground residues which includes not 

only roots, but also rhizodeposition to soil N and C pools, such as root exudation, root 

turnover, and decaying nodules (Unkovich et al., 1994; Mayer et al., 2003; Wichern et al., 

2007). About 30–50% of the total plant N of grain crops may be below-ground and 

constitutes a large proportion of the total residues of that crop (Russel and Fillery, 1996b; 

McNeill et al., 1997; Khan et al., 2002a; McNeill et al., 2008). These residues may also 

contribute a substantial fraction of the total gaseous N loss from soils and are therefore 

central to the N2O budget.  

Identifying the sources of N2O emissions is important in understanding and developing 

mitigation strategies. Therefore, rather than focusing solely on emissions during the crop 

growing season, examining N2O emissions in all phases of cropping systems may improve 

understanding of the effect of fertilizer N rate as well as crop residual effect on N2O 

emissions (Helgason et al., 2005).  

Vertosols (cracking clay soils) are an important agricultural soil in Australia, especially in 

northern New South Wales (NSW) and southern Queensland. In the north eastern part of the 

northern grain region of NSW, >70% crops are grown on these soils (Isbell et al., 1997). 

Vertosols with fine texture, high water holding capacity and slow drainage properties have 

been shown to have a large potential to denitrify and emit N2O (Weier et al., 1991). 

However, N2O emissions from these soils and the underlying factors have still not been fully 

investigated.  
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In an attempt to mimic field conditions and to capture the contribution of both above-ground 

(shoots, straw, fallen leaves) and below-ground (roots and root exudates) residues to total 

N2O emissions, a plant culture system with detachable static chambers was devised for 

monitoring N2O emissions during plant growth and the post-crop fallow period (residue 

breakdown period). Wheat (Triticum aestivum) and canola (Brassica napus) were grown in a 

70-cm long core containing a soil profile which had its structure reconstructed through 

several wet-dry cycles. Natural rainfall patterns were applied using overhead irrigation. The 

objectives of this study were to determine effects of fertilizer-N on N2O emissions 

throughout the growth and post-harvest residue decomposition periods of wheat and canola.  

3.2 Experimental details 

The soil used in this experiment was an acidic Black Vertosol (sand 26%, silt 12% and clay 

62%) collected from the surface 20 cm of an arable field located 2 km north of the University 

of New England (UNE), Armidale, NSW, Australia. The soil contained total C and N 

concentrations of 2.35% and 0.19%, respectively, had a pH (1:5 soil: water) of 5.5 and NO3
−
-

N and NH4
+
-N concentrations of 35 and 43 µg g

-1
, respectively. 

The pot experiment was conducted during a winter (June–October, 2010) growing season 

and subsequent summer (November 2010–May 2011) fallow period. The trial was a 

completely randomized design consisting of 4 treatments replicated 3 times. Wheat (Wh) and 

canola (Ca) plants were grown under high N (HN) (fertilized at a rate of 150 kg N ha
-1

) and 

low N (LN) (fertilized at a rate of 50 kg N ha
-1

) conditions in a glasshouse at the UNE with 

day/night temperatures of 18/12ºC and natural lighting. The temperature in the glasshouse 

was maintained at 25/15ºC during the post-crop fallow, reflecting summer temperatures in 

that region. Nitrogen was added as urea. The 4 treatments are subsequently referred to as Wh 

+ LN, Wh + HN, Ca + LN and Ca + HN.  

The plants were grown in pots made from a rigid polyvinyl chloride (PVC) tube (75-cm long 

and 30-cm internal diameter), a tin sheet was used as a base ( the 4 corners of the tin were 

bent and screwed into the tube) to hold the soil and the sides were left unsealed to allow free 

drainage. Approximately 50 kg of field-moist soil, collected from field plots that had recently 

grown a 10 t/ha triticale (× Triticosecale) crop in an attempt to deplete soil of available N, 
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was placed directly into each pot. The soil column was about 68 cm high, leaving a 

headspace of 7 cm (volume 4.95 L). The soil was wetted to saturation 3 times during a 3-

week period to ensure similar moisture content for all pots and to reconstitute natural 

structure.  

Wheat and canola seeds were sown in two rows, 15 cm apart, at a rate of 14 and 6 seeds per 

pot, respectively, which were later thinned to 7 and 2 plants per pot, respectively. Fertilizer 

was added between the rows at 7–8 cm depth during seeding. Watering of the high clay-

content Vertosol with rapid inundation can cause dispersion, crusting and sealing of the soil 

surface (Isbell et al., 1997). Instead, a rain simulator was used, comprised of overhead 

irrigation sprinklers that applied water at a rate of 30 mm h
-1

 (Green-Mist nozzle, 

Naandanjain Irrigation, NSW, Australia). The episodic nature of rainfall was patterned off 

that observed in Tamworth, about 100 km from Armidale and also in the northern grain 

region of NSW, in 2007 with respect to timing and volume (Figure 3.2). Soil moisture as 

volumetric soil water content (%) was monitored using an MPM160 Moisture Probe Meter 

(ICT International Pty Ltd, NSW, Australia) in one replicate of each treatment through the 

growing and fallow periods. 

Plants were harvested at maturity, 148 days after sowing (DAS) for wheat and 165 DAS for 

canola. After harvesting the aerial parts, the grains were removed and a small subsample (3–5 

g) of above-ground residues collected for N and C analysis. All remaining crop residues were 

chopped into 10–15 cm lengths and returned to the surface of their respective pot. At the end 

of the fallow (May, 2011), the potting soil was sampled at two depths, 0–30 and 30–60 cm. 

The soil was mixed, and then sub-sampled for determining the gravimetric moisture contents, 

NO3
−
-N and NH4

+
-N contents and total N and C. 

3.3 Nitrous oxide measurement 

Gas samples were collected using a closed chamber method. Plastic cylindrical chambers 

(with an open bottom and closed top) were set on PVC channels temporarily fixed in the pot 

(see Appendix 2, Picture 1). A water seal as a gas diffusion barrier was used throughout the 

sampling period at the chamber-channel junction. The chambers used were 30 cm in diameter 
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and 6 different heights (15, 45, 65, 75, 95 and 115 cm) to match the crop’s height during the 

growing season.  

On each sampling date, the gas was sampled from the headspace in each pot at 30 minutes 

(t30) and again at 60 minutes (t60), following sealing of the chamber head space (t0). Samples 

were extracted from the sealed chamber through a rubber septum in the lid using a 25 ml gas-

tight syringe attached with a hypodermic needle (26 gauge). Collected gas (18 ml) was 

transferred to pre-evacuated 12-ml vials (Exetainers, Labco Inc., UK). Four ambient air 

samples were collected at random at the beginning of each sampling event (t0). The mean of 

these samples was used as the t0 concentration for calculations for all pots. All gas samples 

were analyzed using a gas chromatograph (Model Varian 450-GC, Varian Australia Pty Ltd. 

2008) with a 
63

Ni- electron capture detector (ECD) (5% methane and 95% Argon carrier gas) 

equipped with an auto injector (Combi Pal, Varian Australia Pty Ltd.). The column (oven) 

temperature was 350°C. Nitrous oxide fluxes (µg N2O-N m
-2

 h
-1

) from the soil-plant systems 

were calculated from the slope of the linear/non-linear (best fit used) increase in N2O 

concentration during the chamber-closure period and corrected for chamber air temperature, 

air pressure and the ratio of cover volume to surface area, using the following equation 

(Kiese et al., 2003): 

  
 

 
   

   

  
  

             

                   

where F is the N2O flux (µg N2O-N m
-2

 h
-1

),
 
V is the measuring chamber volume (m

3
), A is 

the surface area of the measuring chamber (m
2
), ∆c/∆t is the change in headspace N2O 

concentration during the chamber-closure period (ppb min
-1

), Mw is molar weight of N2O-N 

(28 g mol
-1

), 60 is conversion from minutes to hours, 10
-6

 converts g to µg, MVcorr is the 

temperature and pressure corrected mole volume (Equation 2) and 10
-9

 converts ppb to µL m
-

3
.  

                  
            

      
   

  

  
       

Where 0.02241 m
3
 is 22.41 L mol volume, temp is chamber temperature (Kelvin), p0 is the 

air pressure at sea level and p1 is the air pressure at the experimental site.  
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The change in N2O concentration over time (∆c/∆t) was mostly non-linear in nature but when 

that was not the case, linear regression was used in determining the slope according to the 

method described by Zhong et al. (2009).  

Total N2O emissions were estimated from measured flux rates that were assumed to be 

constant for an entire day, which is a reasonable assumption given there was no temperature 

variation in the glasshouse (although it might have been lower at night when the temperature 

changed). Cumulative N2O emissions were calculated by summing the product obtained by 

multiplying the mean emission values of two sequential samplings by the time interval 

(Zhong et al., 2009). By doing that, the total emissions during the period between two 

consecutive sampling events might have been underestimated by up to 10−15% during the 

period of high flux rate and overestimated by 12-14% during the period of low flux rate (see 

Appendix 1). 

Monitoring of N2O fluxes was initiated following the fertilizer application and continued 

through the growing season (June–October 2010) and for 6 months after plant harvest during 

the fallow/residue decomposition period (November 2010–May 2011). Gas samples were 

taken weekly during the growing season and fortnightly during the post-crop fallow. Samples 

were collected on the day after each major rainfall event as the potential for N2O losses is 

high at that time (Barton et al., 2011). 

3.4 Soil analysis 

Soil and plant samples were air-dried, ground and passed through 0.5 mm sieve before they 

were analyzed for total C and N using the TrueSpec CN combustion analyzer (LECO 

Corporation, St. Joseph, Michigan, USA). A 4-g portion of fresh soil was extracted in 2 M 

KCl (1:10, w:v), and stirred on a horizontal shaker for one hour. The extracts were filtered 

through Whatman No. 40 filter paper and kept at −20°C until NH4
+
-N and NO3

−
-N were 

analyzed colorimetrically on an autoanalyzer (Skalar SAN
plus

 Analyzer, The Netherlands, 

2007). Soil pH was measured in 1:5 soil:H2O suspensions using a glass electrode. 



Chapter 3 Assessing N2O emissions from an acidic Black Vertosol during a growing season 

and post-crop fallow for wheat and canola 

39 
 

3.5 Statistical analysis 

Analyses of variance (ANOVA) and repeated measures tests of data were done using the 

statistical package R (2.7.0) to test the significance of the N rates and crop types on N2O flux 

for each sampling date as well as on yield, soil mineral N and moisture content. The data 

were checked for normal distribution and equal variances using normality test, residual 

versus fitted plots and Cook’s distance test to identify outliers. Nitrous oxide fluxes were 

logarithmically (natural logarithm) transformed where required to satisfy the normal 

distribution assumption of ANOVA. Least significant difference (LSD0.05) was used to 

determine significant differences between means following a significant F-test. Regression 

analysis was performed using Sigmaplot (v7.0 Systat Software) to explore the relationships 

between gas emissions and variables.  

3.6 Results 

3.6.1 Crop yield, N uptake by plants, N concentration and C:N ratio of residues 

For each species, the rate of N fertilization did not influence either the biomass or N yields in 

grain or above-ground residues (AGR) (Table 3.1), indicating the soil was not N-limited 

during the growing season. The grain yield of wheat was higher than canola, while the 

opposite was true for AGR. The grain yield of wheat and canola ranged from 42.6 to 70.4 g 

pot
-1

 and from 0.7 to 12.8 g pot
-1

, respectively. Wheat had a higher harvest index than canola. 

Nitrogen concentrations (%) of grain and AGR were around 80% higher for canola compared 

to wheat. 

In the case of N uptake by plants, wheat took up about 75% more N in grain than canola, 

whereas canola had 70% more N in AGR compared to wheat (Table 3.1). However, there 

was no difference in total N uptake between the crops. The C:N ratio of the AGR did not 

differ significantly among treatments but differed slightly between crop types with a lower 

ratio for canola than wheat (Table 3.1).  
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Table 3.1 Dry matter yield, N concentration and total N of grain and above-ground 

residues (AGR), C:N ratio of AGR, and harvest index (HI) from pots growing wheat 

and canola at two N rates in an acidic Black Vertosol (LN = 50 kg N ha
-1

 and HN = 

150 kg N ha
-1

). 

Treat-

ment 

Yield 

(g pot
-1

) 

 

% N 

 

 

N uptake 

(g pot
-1

) 

 

HI C:N 

ratio  

of 

AGR Grain AGR Grain AGR Grain AGR 

Wh-LN 51.0 63.1 2.53 0.90 1.29 0.56 80.6 42.6 

Wh-HN 59.8 68.1 2.55 0.75 1.51 0.49 89.2 51.3 

Ca-LN 6.12 129 4.52 1.46 0.28 1.68 4.56 36.8 

Ca-HN 8.99 143 4.56 1.64 0.41 1.93 6.23 29.7 

LSD0.05 12.2*** 30.8*** 0.16*** 0.50· 0.29*** 0.55*** 9.0*** 13.4· 

Values are mean, n = 3 

·, *** and ns refer to significant crop effect in ANOVA at p<0.10, p<0.001 and not significant, 

respectively 

3.6.2 Soil moisture content 

Measurements of volumetric moisture content made in one replicate pot from each treatment 

showed that the soil moisture at 40-cm depth was high during early growth (from June to the 

first half of July), decreased sharply afterwards and remained low until harvest, irrespective 

of crop type (Figure 3.1b). A higher soil moisture level was observed in wheat pots 

immediately after the harvest, which remained high throughout the fallow period, whereas 

canola pots took two months after the harvest to reach similar moisture content (Figure 3.1b). 

However, this difference between the crops was not observed at 15-cm depth, although the 

general trend was similar to that at 40-cm depth (Figure 3.1a). At the end of the experiment 

after destructive sampling, the gravimetric moisture content measured at 0–30 cm soil depth 

(Table 3.2) also showed that the average soil moisture in canola pots (LN + HN) was lower 

than that of wheat pots (LN + HN). At 30–60 cm depth, only canola pots under low N rate 

had lower (p=0.04) moisture content than any other treatment pots. In general, the deeper soil 

(30–60 cm) was wetter than the top soil (0–30 cm depth) at the end of the experiment (Table 

3.2). 

3.6.3 Soil mineral N 

Soil NO3
−
-N concentration in all pots showed significant differences between crops at both 

depths, with a lower concentration in canola pots than observed in wheat pots (Table 3.2). 
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Overall, NO3
−
-N concentration was high at both depths, higher levels at 30–60 cm compared 

to 0–30 cm depth (Table 3.2), suggesting that NO3
−
-N was leached downwards from the 

surface to the deeper soil. No treatment or sampling depth effects were observed in measures 

of NH4
+
-N concentration. 

Table 3.2 Soil mineral N (NO3
−
-N and NH4

+
-N) concentration and gravimetric moisture 

content collected at 0–30 and 30–60 cm depth from pots after a full growing season and a 6-

month residue decomposition period (at the end of experiment) of wheat and canola grown at 

two N rates (LN = 50 kg N ha
-1

 and HN = 150 kg N ha
-1

). 

Treat- 

ment 

NO3
−
-N  

(µg g
-1

dry soil)

 

NH4
+
-N  

(µg g
-1

dry soil) 

 

 Gravimetric moisture 

content (%) 

 

 

 0–30 cm 30–60 cm  0–30 cm 30–60 cm  0–30 cm 30–60 cm 

Wh-LN 49.7  60.5  3.33  4.48  43.7  47.7 

Wh-HN 51.5  56.9  4.96  2.40  45.1  47.2  

Ca-LN 37.5  38.3  7.25  5.24  32.9  35.5  

Ca-HN 43.3  51.5  2.61  2.25  41.6  47.6  

LSD0.05 7.9* 13.2· ns ns 5.7· 5.1· 

Values are mean, n = 3 

·, * and ns refer to significant crop effect in ANOVA at p<0.10, p<0.05 and not significant, 

respectively 

3.6.4 Nitrous oxide flux during the growing season and post-harvest period 

Emissions of soil N2O from all treatments were generally high in the first month (June) 

following the fertilizer application at sowing, then decreased and remained at zero or close to 

zero after September until grain harvest (Figure 3.1c).  

There was no difference in the N2O flux between LN and HN treatment in the first 3 weeks 

after fertilization/sowing, after which the N2O flux from HN pots was significantly higher 

than LN for the following two months (July-August) (Figure 3.1c). Emissions peaked at 374 

and 324 µg N2O-N m
-2

 h
-1

, from
 
Ca-HN and Wh-HN pots, respectively on the 6

th
 of July, 

which were nearly twice the emissions from respective LN pots on the same day. During the 

growing season, N2O flux differences (p<0.05) between crops were only observed during 

July, when canola exhibited a higher flux than wheat, and during August, when emissions 

from wheat were higher than canola (Figure 3.1c).  
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Figure 3.1 Volumetric soil moisture content at (a) 15 cm and (b) 40 cm depth, and (c) nitrous 

oxide fluxes from pots (n = 3) growing wheat (Wh) and canola (Ca) at two N rates (LN = 50 

kg N ha
-1

 and HN = 150 kg N ha
-1

), during growing season and a 6-month fallow period. 

Bars represent the LSD (p=0.05) used for comparison of treatments at each sampling date 

where a significant treatment effect occurred. Arrows indicate wheat (bold) and canola 

harvest. 
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Totals of 190, 359, 206 and 363 mg N2O-N m
-2

 were emitted from Wh-LN, Wh-HN, Ca-LN 

and Ca-HN pots, respectively, during the growing season (June–October, 2010). About 80% 

of these totals occurred within the first one month and two months following fertilizer 

application from LN and HN pots, respectively (Figure 3.1c). 

After the harvest (November 2010) to the middle of January 2011, there was no emissions of 

N2O (Figure 3.1c). Thereafter, N2O fluxes increased rapidly and remained high until March 

before declining in all treatments except Ca-LN. The emissions from Wh-LN and Wh-HN 

pots peaked at 452 and 633 µg N2O-N m
-2

 h
-1

,
 
respectively in the middle of March, whereas 

the highest flux (583 µg N2O-N m
-2

 h
-1

) for Ca-HN was observed in April (Figure 3.1c). 

Unlike the other treatments, canola pots fertilized with LN rate exhibited consistently very 

low emissions at this time (Figure 3.1c). The average (HN and LN) post-crop N2O fluxes 

from wheat pots were significantly higher (p≤0.05) than canola at the beginning (13 and 18 

December 2010) and end (20 April and 06 May 2011). 

The cumulative emissions calculated from individual N2O fluxes showed a clear fertilizer-N 

rate effect (p<0.05) on the emissions starting from one month after fertilization and 

continuing up to two months after the harvest (Figure 3.2a). Thus, total in-crop N2O 

emissions were significantly higher (p=0.001) from the treatments fertilized with HN 

compared to that fertilized with LN.  

The total emissions observed during the post-crop fallow from the Wh-LN, Wh-HN, Ca-LN 

and Ca-HN pots were 78%, 75%, 35%, and 62%, respectively, of the total cumulative 

emissions during the entire experimental period (growing season plus fallow) (Figures 3.1 

and 3.2). The higher N2O efflux during the fallow compared to the growing season was 

probably linked to higher soil moisture and mineralization of N and C from the above-ground 

and in-situ below-ground residues. The total annual emissions were 874, 1420, 318 and 944 

mg N2O-N m
-2

 from the Wh-LN, Wh-HN, Ca-LN and Ca-HN pots, respectively (Figure 

3.2a).  
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3.6.5 Rainfall 

Simulated rainfall during the winter growing season was 524 mm (Figure 3.2b), of which 434 

mm occurred during August to October, when the crop water requirement was very high. A 

total of 355 mm rainfall was applied during the post-crop summer fallow (Figure 3.2b).  
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Figure 3.2 (a) Cumulative N2O emissions from pots growing wheat (Wh) and canola (Ca) at 

two N rates (LN = 50 kg N ha
-1

 and HN = 150 kg N ha
-1

), and (b) amount of rainfall 

simulated with the overhead irrigation system during growing season and subsequent 6-

month fallow period. Error bars are means ± standard error (n = 3). 
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3.6.6 Relationships between N2O emissions and other measured variables 

There was a highly significant positive exponential relationship between cumulative rainfall 

and N2O emissions for the entire fallow period, which varied with crops and fertilizer-N rates 

(Figure 3.3).  
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Figure 3.3 Relationship between cumulative rainfall and N2O emissions over the 6-month 

fallow period from the pots growing wheat (Wh) and canola (Ca) at two N rates (LN = 50 kg 

N ha
-1

 and HN = 150 kg N ha
-1

). Trend line shows positive exponential (y = ae
bx

) fits for Wh-

LN (r
2 

= 0.97***), Wh-HN (r
2 

= 0.98***), and Ca-HN (r
2 

= 0.94***), and linear (y = a + bx) 

fit for Ca-LN (r
2 

= 0.91***). 

The exponential response from Wh-HN was more pronounced than that from Wh-LN and 

Ca-HN, while Ca-LN did not respond exponentially. Although it was not significant, there 

was a clear trend for a greater response to HN for both crops compared to that from LN 

treatments. Nitrous oxide emissions during the fallow were likely to be influenced by the soil 

moisture contents as well as the available N and C, most likely mineralized from residues. 

During the fallow, there were no plants in the pots to reduce water (or mineral N) contents, 

whereas during plant growth water and nitrate would have been maintained at low 

concentrations. 
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The association between the volumetric soil moisture content at 15-cm depth (recorded from 

one replicate pot of each treatment) and N2O flux from those pots throughout the growing 

season and fallow period showed that N2O flux from wheat pots increased exponentially and 

significantly with a slight increase in soil moisture content (Figure 3.4). A similar 

relationship was established between N2O flux and moisture content at 40-cm depth except 

for Wh-LN (Figure 3.5).  
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Figure 3.4 Relationship between volumetric soil moisture content at 15-cm depth recorded 

from one replicate pot of each treatment and N2O emitted from those pots throughout the 

growing season and the subsequent 6-month fallow period. Wh and Ca refer to wheat and 

canola, respectively, and LN and HN refer to low (50 kg N ha
-1

) and high nitrogen (150 kg N 

ha
-1

) rate, respectively. The trend lines shows positive exponential (y = ae
bx

) fits for Wh-LN 

and Wh-HN, and positive linear regression (y = a + bx) for Ca-LN and Ca-HN. ‘b’ is the 

slope for both regression coefficient ± standard error . *, **, *** and ns refer to significant at 

p<0.05, p<0.01, p<0.001 and not significant, respectively. 

 

 

b*** = 0.56 ± 0.08 b** = 0.37 ± 0.10 

b* = 5.09 ± 2.28 b** = 11.78 ± 3.99 
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At 15-cm depth, the slope of regression coefficient for Wh-LN was greater than for Wh-HN. 

In general, there was an exponential increase in N2O flux for each unit increase of soil 

moisture. However, the soil moisture effect for canola was not as dramatic as wheat. The 

exponential regression coefficients were not significant for either canola treatments. 

Therefore, linear regression was used (Figures 3.4 and 3.5). At both depths (i.e. 15- and 40- 

cm), there were significant linear correlations between N2O flux and soil moisture content for 

both canola treatments, with the slopes of Ca-HN greater than those of Ca-LN.  
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Figure 3.5 Relationship between volumetric soil moisture content at 40-cm depth recorded 

from one replicate pot of each treatment and N2O emitted from those pots throughout the 

growing season and the subsequent 6-month fallow period. Wh and Ca refer to wheat and 

canola, respectively, and LN and HN refer to low (50 kg N ha
-1

) and high nitrogen (150 kg N 

ha
-1

) rate, respectively. The trend lines shows positive exponential (y = ae
bx

) fits for Wh-LN 

and Wh-HN, and positive linear regression (y = a + bx) for Ca-LN and Ca-HN. ‘b’ is the 

slope for both regression coefficient ± standard error . *, **,*** and ns refer to significant at 

p < 0.05, p<0.01, p<0.001 and not significant, respectively. 

 

b
ns

 = 0.22 ± 0.15 b*** = 0.27 ± 0.05 

b*** = 3.53 ± 0.61 b** = 8.12 ± 2.42 
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There were no significant relationships between cumulative N2O emissions during the fallow 

and soil mineral N concentrations at 0–30 and 30–60 cm depths at the end of the experiment 

(not shown). Also no significant correlations were found between N2O fluxes during the 

fallow and the quantity (biomass) and the C:N ratios of the AGR returned to the soil after 

grain harvest (not shown). 

3.7 Discussion 

The high fluxes of N2O during the early stage of the plant growth (the first two months after 

seed sowing and fertilization) compared to the rest of the growing season can be attributed to 

factors like soil disturbance during packing of the soil columns, soil wetting and drying, and 

N-fertilization. In this study, the pots were subjected to three wet-dry cycles in order to 

ensure profile moisture was high and soil structure repaired in the acidic Black Vertosol prior 

to seed sowing.  

Microbial activities and release of soluble C and N were likely to be stimulated by the dry-

wet cycles and soil disturbance, leading to high N2O fluxes (Mosier et al., 2004; Ruser et al., 

2006). Nitrous oxide peaks following the mineral fertilizer application have also been 

observed in earlier studies (Dobbie and Smith, 2003; Meng et al., 2005; Chirinda et al., 

2010). Higher surface soil moisture during early season growth compared to later season 

growth was associated with the initial soil saturation and low crop water consumption, both 

factors contributing to conditions likely to increase N2O emissions. High soil moisture 

(WFPS values >60%) is widely reported to increase N2O emission by reducing oxygen 

availability and enhancing denitrification (Bateman and Baggs, 2005; Khalil and Baggs, 

2005; Ruser et al., 2006; Ciarlo et al., 2007).  

The effect of fertilizer-N rate on N2O fluxes, irrespective of the crops, following fertilization 

is in agreement with other studies reporting increases in N2O emissions with increasing 

fertilizer-N rates (McSwiney and Robertson, 2005; Millar et al., 2010; Hoben et al., 2011). 

Crop water and N requirement increase as the plants grow, which depletes nitrate and 

moisture as the growing season progresses. This is likely why N2O emissions were very low 

during late plant growth compared to the early growing season (first two and half months). 
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Greatest N2O emissions occurred during the post-harvest fallow period, almost 3 times 

greater in magnitude than those observed during the growing season. During the fallow, high 

soil water contents coinciding with high soil nitrates and soluble C from residue 

decomposition likely resulted in denitrification and consequently high N2O emissions (Baggs 

et al., 2000; Huang et al., 2004; Ciampitti et al., 2008). Higher post-harvest emissions 

compared to growing season were also reported by other studies (Smith et al., 1998; Gomes 

et al., 2009).  

The strong influence of rainfall on N2O emissions during residue decomposition observed in 

the present study has also been observed elsewhere (Baggs et al., 2000; Schwenke et al., 

2010; Barton et al., 2011). In a study conducted in the field on the same soil type, i.e. Black 

Vertosol, Schwenke et al. (2010) reported that most of the fallow emissions from canola and 

chickpea plots occurred during a week of continued heavy rainfall. Emissions were most 

likely due to the soil moisture retention in absence of plants following the rainfall events 

(Dobbie and Smith, 2003), The very strong influence of soil moisture on N2O emissions is 

clearly highlighted by this study in Figures 3.4 and 3.5. There were dramatic increases in 

N2O fluxes with slight increases in soil moisture contents.  

Thus, soil moisture content appeared to be the key factor influencing N2O emissions from 

this Black Vertosol particularly during the residue decomposition period following grain 

harvest. The heavy-textured Vertosols, common throughout northern NSW and southern 

Queensland, are known to be prone to denitrification producing higher N2O emissions than 

other soils, such as loams (Weier et al., 1991). In addition, the high NO3
−
-N concentrations of 

the soil observed after the 6-month fallow period (38–60 µg NO3
−
-N g

-1
) may have inhibited 

the conversion of N2O to N2, as the denitrifiers prefer NO3
−
-N over N2O as a final electron 

acceptor at NO3
− 

concentrations ≥10 µg NO3
−
-N g

-1
 (Chapuis-Lardy et al., 2007). 

The relationship between soil mineral N and N2O emissions was not monitored during this 

12-month study due to the excessive disturbance involved in sampling from pots that are 

continuing to be monitored. The shrink-swell properties and strong cohesion of soil 

aggregates resulted in surface soil disruption to an area 20 cm in diameter whilst attempting 

to extract a 2-cm diameter soil core. Disruption of soil conditions of this magnitude would 
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have compromised pore continuity and vapor diffusion of N2O from the surface 10 cm. 

Therefore, NO3
−
-N concentrations in the soil were only measured at the end of the 

experiment after destructive sampling. In contrast to other studies (Jones et al., 2007; Gomes 

et al., 2009), no relationship was found between N2O flux and mineral N concentration at the 

end of the fallow, although there were considerable amounts of NO3
−
-N present in the soil. 

Probably, the prevalence of anaerobic microsites resulting from high soil moisture content 

had greater control on N2O flux, when NO3
−
-N was not limiting (Dobbie and Smith, 2003). 

Rochette et al. (2004) also indicated that soil mineral N alone was a poor indicator of the 

intensity of N2O production.  

Wheat plants reached maturity earlier and were harvested earlier (148 DAS) than canola (165 

DAS). This could explain why the N2O flux peaked earlier in the fallow period and was 

slightly higher on average from wheat pots than that after canola. The early maturity of wheat 

would have led to earlier residue breakdown and higher soil moisture levels in the early 

fallow season, compared to canola as reflected in the volumetric soil moisture content 

recorded at 40-cm depth. This observation along with the relationship between soil moisture 

and N2O emissions at different depths implies that subsoil denitrification might be important 

in this clay soil. Previous studies have also indicated the possibility of subsoil N2O 

production from a heavy clay soil because of close correlations between N2O emissions and 

N2O concentrations in soil air at both 15- and 30-cm depths (Simojoki and Jaakkola, 2000).  

Contrary to the results of earlier studies (Baggs et al., 2000; Huang et al., 2004), the surface 

addition of AGR of canola, with its higher amount of total N and slightly lower C:N ratio 

than wheat, did not result in higher N2O emission during the fallow. Despite earlier residue 

breakdown of wheat, the small difference in the C:N ratios of the wheat and canola residues 

(Table 3.1) might not have been sufficient to influence N2O emissions from this non-N-

limited soil. Furthermore, the consistently low emissions throughout the residue breakdown 

period from the low-N canola pots in combination with low soil moisture and mineral N, as 

observed at the end of the study for that treatment, would have lowered the mean flux from 

canola under both treatments. Thus, N2O emissions may not necessarily be influenced by the 

quantity and quality (C:N ratio) of the residues where soil and environmental conditions are 

not controlled. 
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The cumulative emissions for the winter crop and summer fallow periods combined were 

874, 1420, 318 and 944 mg N2O-N m
-2

 for the Wh-LN, Wh-HN, Ca-LN and Ca-HN 

treatments, respectively. There was a large variability in emissions among replications 

particularly during the fallow, which could partly be attributed to the soil moisture. The soil 

moisture variability amongst the soil columns at this time may have arisen due to interception 

of side-spray water by adjacent, randomly-distributed soybean and sorghum plants growing 

in similar soil columns as part of the summer experiment (Chapter 4). High variability in 

emissions of N2O is common where conditions are favorable for N2O production, compared 

with periods of lower activity (Rochette et al., 2004).  

A parallel field study in the same region (Schwenke et al., 2010) also on a Black Vertosol but 

with different pH (8.5), revealed that the intensity of the annual soil N2O fluxes were nearly 

10 times greater in this pot study, although the patterns were similar. This difference may 

have resulted i) the low pH (5.5) of the soil in this pot study reflecting effects of low pH to 

increase N2O product relative to N2 (Simek and Cooper, 2002), ii) the soil used in pot study 

was top soil (collected from the field) and rich in N throughout the 70-cm profile in the pot, 

which resulted in high concentrations of mineral N (in normal field soils used for cropping, 

total and mineral N concentrations tend to decline with depth), and iii) different water 

infiltration and drainage patterns in the glasshouse system than under field conditions. Thus, 

suggesting that any small differences in soil and environmental conditions (e.g. soil pH, 

moisture, N concentration) that favor N2O flux are likely to be magnified in controlled 

glasshouse system. 

3.8 Conclusion 

Increasing the fertilizer-N rate increased the soil N2O emissions only during the early 

growing season when crop water and N requirements were low, but did not affect the yield or 

plant N uptake as the soil column system was N-rich. Greater N2O emissions (70% of the 

annual emissions) were observed during the residue breakdown period, which was associated 

with higher soil moisture contents. Soil moisture seemed to be the key driver for N2O 

emissions from this Black Vertosol under the conditions of this experiment.  
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Soil acidity may have been an additional contributor to the higher-than-expected emissions 

from this Black Vertosol. Alkaline Vertosols are far more common in the region (e.g. 

Schwenke et al., 2010) and the high pH facilitates a more complete reduction of NO3
−
-N 

through to N2O and N2. Effects of pH on this Black Vertosol are explored in more detail in 

Chapter 6. 

Finally, I attempted with only partial success to mimic field conditions of plant growth and 

subsequent residue breakdown using packed soil cores in a glasshouse. In the following 

Chapter, I present details of a similar, i.e. soil cores coupled with detachable static chambers 

for gas measurements, summer crop experiment in which I also use 
15

N labeling to quantify 

the below-ground N contained in root residues and organic and inorganic materials in the 

root-zone soil that originated from the growing plant. Those data are combined with 

measurements of N2O to gain a clearer understanding of the role of below-ground residues in 

N2O emissions from the soils.  



CHAPTER 4 

Nitrous oxide emissions from an acidic Black Vertosol growing either N2-

fixing soybean or N-fertilized sorghum in a glasshouse 

4.1 Introduction 

Grain legumes constitute an increasing component of Australian cereal production systems, 

especially in the grains belt of north-eastern Australia (Hayman and Alston, 1999; Peoples et 

al., 2001). Legumes are grown to improve nitrogen (N) supply through biological N2 fixation 

thereby reducing reliance on fertilizer-N, and to break up disease cycles of the cereals 

(Chalk, 1998; Peoples et al., 2001). Crop residue retention has also increased to become a 

common practice for protecting the soil surface and enhancing soil carbon (C) levels (Wang 

et al., 2004). Although it is well established that nitrous oxide (N2O), a powerful 

anthropogenic greenhouse gas (Galloway, 2003) emitted from cropping soils, is greatly 

influenced by N fertilizer application (Kaiser et al., 1998; Barton et al., 1999; Aulakh et al., 

2001), there is limited information on emissions of N2O from soil used to grow grain 

legumes, either during legume growth or subsequently during residue decomposition.  

Some studies reported lower or equal N2O emissions from legume compared to non-legume 

fertilized systems (Robertson et al., 2000; Dick et al., 2008; Drury et al., 2008) while others 

reported higher N2O emissions from the former (Rochette et al., 2004; Rochette and Janzen, 

2005; Gomes et al., 2009). Although N2O emissions from the biological N2 fixation process 

per se appears to be insignificant (Rochette and Janzen, 2005), the N-rich legume residues, 

including both above-ground and below-ground, may contribute substantially to emissions 

from soils during the post-harvest residue decomposition period (Baggs et al., 2000; Rochette 

et al., 2004; Young and Cai, 2005; Rochette and Janzen, 2005; Ciampitti et al., 2008). 

Previous studies have mainly focused on the above-ground residue (shoots) effect on N2O 

emissions in small-scale incubation systems (e.g. Aulakh et al., 1991a; Huang et al., 2004) 

and ignored the potential contribution of below-ground N (BGN) and C derived from roots 

and nodules (Rochette and Janzen, 2005). Below-ground N is reported to be 30–50% of the 

total plant N in grain legumes (Rochester et al., 1998b; Khan et al., 2002a; McNeill et al., 

2008). 



Chapter 4 Nitrous oxide emissions from an acidic Black Vertosol growing either N2-fixing 

soybean or N-fertilized sorghum in a glasshouse  

54 
 

Our understanding of the potential contribution of below-ground residues to soil N processes 

such as denitrification and N2O emissions, is limited by the technical difficulties associated 

with root recovery and quantification. Estimation of root biomass based on excavation and 

sieving underestimates the actual BGN inputs because it does not account for the 

contribution of rhizodeposition to soil N pools from root exudation, root turnover, or 

decaying nodules (Unkovich et al., 1994; Mayer et al., 2003; Wichern et al., 2007). In recent 

years, stable isotope (
15

N) labeling has been used to more accurately quantify BGN by 

eliminating the errors associated with physical recovery of roots (Russel and Fillery, 1996b; 

Khan et al., 2002a; Yasmin et al., 2006). Although data has been published describing BGN 

as a percent of total plant N and its recovery by the following crops (McNeill et al., 1997; 

Russell and Fillery, 1996a; Khan et al., 2003; McNeill et al., 2008), the relative importance 

and contributions of these residual N pools on N2O emissions have not been fully 

investigated. 

Factors influencing nitrification and denitrification processes such as soil water content, 

aeration, soil type, soil temperature, climate and management (Firestone and Davidson, 1989; 

Bouwman, 1990; Arah et al., 1991; Dobbie et al., 1999; Rochette et al., 2004), further 

complicate the legume-derived N effect on N2O emissions (Huth et al., 2010). A more 

fundamental understanding of the microbial decomposition of residues in-situ and effects on 

N2O emissions is required. For Vertosols in the summer-dominant rainfall zone of north-

eastern Australia, the magnitude with which N2O is emitted from legumes compared to non-

legumes during cropping and the post-crop period as residues decompose needs to be 

elucidated (Dalal et al., 2003; Schwenke et al., 2010). 

In the previous experiment with the winter growing wheat and canola, described in Chapter 

3, I showed that the moisture content of an acidic Black Vertosol may have been the key 

driver of N2O emissions through both the crop phase and the post-harvest fallow. I used long 

cylinders, packed with about 70-cm depth of soil, coupled with an overhead watering system, 

in an attempt to mimic field conditions. Plants were grown in the cores of soil and the 

residues remained in-situ following grain harvest. The main objective of this experiment was 

to continue to examine the magnitude of N2O emissions from an acidic Black Vertosol 

during crop growth and subsequent in-situ residue decomposition for summer-growing N2-
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fixing soybean (Glycine max L.) (no fertilizer-N), and the non-legume sorghum (Sorghum 

bicolor) (fertilizer-N applied), in the same glasshouse system used in the Chapter 3 

experiment. The second objective was to quantify below-ground residue-N of the soybean 

and sorghum using a 
15

N labeling technique and to try to relate N2O emissions with the total 

returned residues, including estimated BGN. 

4.2 Materials and methods 

4.2.1 Experimental details 

The controlled-environment glasshouse study used an acidic Black Vertosol (sand 26%, silt 

12% and clay 62%), collected from the surface 20 cm of an arable field, located 2 km north 

of the University of New England (UNE), Armidale, NSW, Australia. The soil contained 

total C and N of 2.35% and 0.19%, respectively, had a pH of 5.5 (1:5 soil:water) and NO3
− 

-

N and NH4
+
-N contents of 35.0 and 3.66 µg g

-1
, respectively. Experimental units (cylindrical 

soil cores) were completely randomized within the glasshouse and there were 4 treatments: 

soybean + 0N (no fertilizer added), sorghum (Sgm) + HN (fertilized at a rate of 150 kg N ha
-

1
), Sgm + LN (fertilized at a rate of 50 kg N ha

-1
) and an unplanted control pot (no fertilizer 

added). Nitrogen was added as urea at sowing. Each treatment was replicated 6 times from 

which 3 replicates were used for isotopic shoot labeling with 
15

N-urea (98 atom% 
15

N excess) 

for determination of BGN (Khan et al., 2002b) and the remaining 3 replicates were used for 

N2O flux measurements.  

The pot experiment was conducted during summer (December 2010 to April 2011) and the 

following winter fallow period (May to September 2011). The plants were grown in cores 

(pots) made from a rigid polyvinyl chloride (PVC) tube (75-cm long and 30-cm internal 

diameter). A tin sheet was used as a base (the 4 corners of the tin were bent and screwed into 

the tube) to hold the soil and the sides were left unsealed to allow free drainage. 

Approximately 50 kg of field-moist soil, collected from plots that had recently grown a 10 

t/ha triticale (× Triticosecale) crop in an attempt to deplete soil of available N, was placed 

directly into each pot. The soil column was about 68-cm high, leaving a headspace of 7 cm 

(volume 4.95 L). The soil was wetted to saturation 3 times during a 3-week period to ensure 

similar moisture content for all pots and to reconstitute natural structure.  
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Soybean and sorghum seeds were sown in two rows, 15 cm apart, at a rate of 6 and 4 seeds 

per pot, respectively and later thinned to 2 and 1 plants per pot, respectively. Fertilizer was 

added between the rows at 7–8 cm depth during seeding. For soybean, each pot was 

inoculated with 100 ml of a 5% suspension of commercial rhizobial inoculants.  

All pots were kept in a glasshouse at the UNE and the conditions, e.g. natural lighting, 

temperature and rainfall (using a rain simulator) during summer and winter, were the same as 

they were in the previous experiment (Chapter 3), except the growing season and fallow in 

this experiment were in summer and winter, respectively. 

4.2.2
 
Labeling of plants with 

15
N 

A 
15

N shoot-feeding technique was used to estimate the BGN of soybean and sorghum as 

described by Khan et al. (2002b). Plants in three replicate pots of each species were shoot 

labeled with 
15

N-urea on three occasions prior to flowering using leaf-flap feeding for both 

species as described by Palta et al. (1991). On each occasion, only one leaf was fed for each 

plant. For soybean, young fully expanded leaves were used and for sorghum, it was either the 

second, third or fourth leaf below the flag leaf on the main stem. The selected attached 

leaflet/leaf was first placed in a petri-dish containing water so that it was fully submerged. At 

first, the leaf tip was removed about 5 mm from the tip and then downwards a narrow “V”, 

with the end of the “V” centered on the mid vein was then cut out to form a flap. The flap 

was immediately inserted into a small plastic tube containing 0.2 mL of 
15

N-urea solution, 

and kept in place with Blu-Tack (Bostik Thomastown, Victoria, Australia) which was 

attached to a small wooden stake placed next to the leaf (see Appendix 2, Picture 2 and 3). 

The Blu-Tack also sealed the top of the tube to prevent evaporative losses from the solution.  

The 
15

N-solution was generally taken up within 3–4 hours for soybean, but took more than 24 

hours for sorghum. If the 
15

N-solution remained in the vial overnight, the procedure was 

repeated using another leaflet. For both species, the first feeding commenced 37 days after 

sowing (DAS), the 2
nd

 and 3
rd

 feeding occurred at 45 DAS. The 2
nd

 and 3
rd

 feeding were 

done at the same time due to the faster growth rate of the plants. Each plant was fed a total of 

0.6 ml of 0.33% urea (98 atom% 
15

N excess). Thus, total amounts of 
15

N applied to each pot 

were 1.78 and 0.89 mg for soybean and sorghum, respectively. The fed leaves and petioles 
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were removed 2 weeks after the final 
15

N-feeding. These fed leaves were oven dried and 

finely ground for total N and 
15

N analysis. Fallen leaves were collected and retained for total 

N and 
15

N analysis twice in a week to avoid any contamination of the soil by above-ground 

material. 

4.2.3 Harvesting 
15

N labeled plants and soil 

Plants were harvested at maximum biomass (late reproductive growth/pod-fill stage), 84 

DAS for sorghum and 98 DAS for soybean. Once the shoots had been detached, the pot 

contents (soil + roots) were tipped onto plastic sheets. The soil (also containing the roots that 

were not recovered) was then sectioned into 2 depths (0–30 and 30–60 cm) from top to 

bottom and weighed separately. As much of the root fraction (mainly root crown, tap root, 

major lateral roots) from both sections was recovered and bagged for weighing and drying. 

The soils were crushed and mixed thoroughly before 4 sub-samples of 100 g each were taken 

and bagged from each section. All plant and soil samples were then weighed fresh, oven 

dried (70–80ºC for 4–5 days), weighed again, and finely ground for total N and 
15

N analysis. 

Thus, 6 samples (fed leaves, fallen leaves, shoot, root and two soil depths) for each pot were 

analyzed. The potting soil of control pots (unplanted, unlabeled with 
15

N-enriched urea) was 

also sub sampled and analyzed in the same manner in order to determine natural 
15

N 

abundance values for calculating 
15

N excess. In addition, one replicate from the N2O set was 

also harvested following the same procedure described above for natural 
15

N abundance 

values from unlabeled plants. 

4.2.4 Harvesting plants involved in N2O measurements 

The plants were harvested at maturity (107 DAS for sorghum and 120 DAS for soybean). 

After harvesting the aerial parts, the grains were removed and a small amount (3–5 g) of 

subsample of above-ground residues was collected for N and C analysis. All remaining crop 

residues were chopped into 10–15 cm length and returned to the surface of the pot from 

which they were harvested. Nitrous oxide emissions were monitored throughout the growing 

season and during a subsequent 5-month fallow. On the same days of gas sampling, soil 

samples (0–15 cm) were collected on four occasions during the 5-month fallow at the 

beginning (April), middle (one in June and one in August) and end (October) of the fallow. 
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Fresh (pot-moist) soils were used for determining the gravimetric moisture content, NO3
−
-N, 

NH4
+
-N contents and dissolved organic carbon (DOC).  

4.2.5 Nitrous oxide measurement 

Monitoring of N2O fluxes throughout the growing season and the 5-month fallow period, gas 

sample collection, analysis and calculation were done as described in Chapter 3. 

4.2.6 Soil and plant sample analysis 

For the labeled materials, the total N content and 
15

N enrichment of the dried, ground, sieved 

(0.5-mm sieve) samples were determined by combustion using an automatic N and C 

analyzer interfaced with a 20–22 stable isotope mass spectrometer (SerCon Ltd, UK).  

For the N2O monitored plants, soil and plant samples were air-dried, ground and passed 

through 0.5-mm sieve before being analyzed for total C and N using a TrueSpec CN 

combustion analyzer (LECO Corporation, St. Joseph, Michigan, USA). A 4-g portion of 

fresh soil was extracted in 2 M KCl (1:10, w:v) and stirred on a horizontal shaker for 1 h. 

The extracts were filtered through Whatman 40 filters and kept at −20°C until NH4
+
 and 

NO3
− 

were analyzed colorimetrically on an autoanalyzer (Skalar SAN
plus

 Analyzer, The 

Netherlands, 2007). Soil pH was measured in 1:5 soil:H2O suspensions using a glass 

electrode. 

Dissolved organic carbon was extracted by shaking soil suspensions (12 g in 36 ml 0.5M 

K2SO4) for 15 min on a horizontal shaker and centrifuging for 20 min at 2700 rpm. The 

supernatant was vacuum-filtered through 0.45 µm nylon filters before being analyzed with a 

GE Sievers Innovox TOC analyzer fitted with a GE auto sampler and stirring plate (Amscorp 

Scientific, Panania, Australia). 

4.2.7 Calculation of BGN 

The values of atom% excess 
15

N (
15

N enrichment above natural abundance) was calculated 

by subtracting the 
15

N composition of the unenriched control material.  

15
N in plants parts or soil per pot was calculated as follows: 
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mg 
15

N plant part
-1

(or soil
-1

) = (Total N in that plant part or soil × atom% excess 
15

N)/100  

The amount of root-derived (below-ground) N in soil (BGNsoil) was calculated from the 

relationship between 
15

N excess and total N (i.e. mg 
15

N excess/g root N) of recovered roots 

(
15

NRR /g) and the measured 
15

N excess of the soil (
15

Nsoil) as per following equation.  

BGNsoil = (
15

Nsoil / 
15

NRR /g)     

Total BGN (BGNtotal) was then calculated as the sum of N in recovered roots (NRR), and 

estimated root-derived N (BGNsoil) in soil (after Russell and Fillery 1996b), thus: 

BGNtotal = NRR + BGNsoil     

These calculations assume that: 

 All 
15

N excess detected in soil originated from 
15

N-enriched root material, 

 The value of mg
15

N excess/g root N of recovered roots was representative of the 

relationship of N concentration and 
15

N enrichment of all root-derived N in soil. 

4.2.8 Statistical analysis 

Results were statistically analyzed using the statistical package R (2.7.0). Analysis of 

variance (ANOVA) tested the significance of the treatment effects and crop types on N2O 

emissions for each sampling date. The data were checked for normal distribution and equal 

variances using normality test, residual versus fitted plots and Cook’s distance test to identify 

outliers. Nitrous oxide fluxes were logarithmically (natural logarithm) transformed where 

required to satisfy the normal distribution assumption of ANOVA. Least significant 

difference (LSD0.05) was used to determine significant differences between means following 

a significant F-test. Regression analysis was performed using Sigmaplot (v7.0 Systat 

Software) to explore the relationships between gas emissions and variables.  
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4.3 Results 

4.3.1 Nitrous oxide emissions from biologically-fixed N2 and fertilizer-N 

A total of 672 mm simulated rainfall was applied during the summer growing season and 6-

month fallow (winter) period (Figure 4.1a). The majority, 83%, was applied over summer to 

match plant requirements. Nitrous oxide fluxes were high following seed sowing and 

fertilization for all treatment pots during the first month of the study and accounted for 50% 

of the total emissions from planted pots, and 20% of total emissions from control pots. 

Thereafter, the emissions from planted pots decreased and remained low throughout the rest 

of the growth period and into the first three months of residue decomposition (Figure 4.1b), 

after which they increased again to a much smaller extent following post-harvest rainfall 

(peaks not visible in the graph due to the magnitude of scale). The unplanted control pots 

showed different patterns of N2O emissions to the planted pots. Emissions from control pots 

were higher throughout growth, and began to rise with rainfall late in the fallow (Figure 

4.1b).  

In general, the magnitude of N2O flux was not different between the two sources of N used in 

this study, i.e. biologically-fixed N2 and synthetic fertilizer-N. Also no difference was 

observed between sorghum N rates (Figure 4.1b). However, the N2O flux between the 

planted pots differed (p<0.10) during the month before the end of the experiment with a 

higher (about 3 times) flux from soybean and Sgm-HN than from Sgm-LN. 

Hourly N2O fluxes ranged up to 2358 µg N2O-N m
-2

 h
-2 

for planted pots and 2815 µg N2O-N 

m
-2

 h
-2

 for unplanted control pots during plant growth, but only up to 38 µg N2O-N m
-2

 h
-2

 in 

planted and 400 µg N2O-N m
-2

 h
-2

 in control pots at post-crop fallow periods (Figure 4.1b).  

The amount of N emitted as N2O during the fallow period was lower than that from the in-

crop period for all treatments, representing only about 5% of total emissions for soybean, 

Sgm-LN and Sgm-HN, while it was around 24% of total emissions for the control pots 

(Figure 4.1b). Total cumulative emissions during plant growth and post-harvest fallow were 

1180, 947, 1086 and 3622 mg N2O-N m
-2

 for soybean, Sgm-LN, Sgm-HN and control pots, 

respectively.  
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Figure 4.1 Graphs showing (a) simulated rainfall during the periods of plant growth and post-

harvest residue decomposition and (b) nitrous oxide emissions from control (no plants), 

soybean (no fertilizer-N), sorghum (Sgm)-LN (+50 kg N ha
-1

) and sorghum (Sgm)-HN (+150 

kg N ha
-1

) pots containing an acidic Black Vertosol. Points are means of three replicates. 

Bars represent the LSD (p=0.05); LSDs are only presented when the ANOVA indicated a 

significant (p<0.05) effect of treatments. The arrow indicates harvest time. 
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4.3.2 Cumulative N2O emissions, soil moisture and soil mineral N during the post-

harvest fallow period 

In general, there were no differences in cumulative N2O emissions, soil moisture or NO3
−
-N 

amongst the planted pots, whilst the unplanted pots had higher moisture, NO3
−
-N and N2O 

emissions for essentially the whole post-crop fallow period (Figure 4.2).  
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Figure 4.2 (a) Cumulative N2O emissions, (b) soil moisture (0-15 cm), (c) soil NO3
−
-N and 

(d) NH4
+
-N for control (unplanted pots), soybean (no fertilizer-N), sorghum (Sgm)-LN (+50 

kg N ha
-1

) and sorghum (Sgm)-HN (+150 kg N ha
-1

) pots during the post-harvest period of 

residue decomposition. Bars represent the LSD (p=0.05); LSDs are only presented when the 

ANOVA indicated a significant (p<0.05) effect of treatments. 
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Although there was not a huge difference, the soil NO3
−
-N concentrations of soybean and 

Sgm-HN pots tended to be higher (p<0.05) than Sgm-LN at the end of the fallow. As 

expected, NH4
+
-N decreased with fallow length, whilst moisture generally increased (Figure 

4.2b and 4.2d). The concentration of soil NH4
+
-N only varied significantly between Sgm-LN 

and soybean with a higher concentration of the former at the beginning of the post-harvest 

period and between Sgm-HN and Sgm-LN in the middle of June (Figure 4.2d). 

4.3.3 Yields and N contents of harvested grain and residues 

The grain yields of soybean, Sgm-LN and Sgm-HN were equivalent to 5.4, 15.8 and 13.2 t 

ha
-1

, respectively and there was no yield response to the higher N application in sorghum 

(Table 4.1). There were also no differences in dry matter yields of above-ground residues, 

either between crops or between N rates. The N concentration of soybean grain was more 

than three times higher than sorghum grain. The C:N ratio of above-ground residues of Sgm-

LN was higher than that from Sgm-HN and soybean, probably, due to the difference in N 

concentration (Table 4.1).  

Table 4.1 Dry matter yields and total N concentration of grain and above-ground residues 

(AGR), and C:N ratio of AGR from soybean pots (no fertilizer-N), sorghum (Sgm)-LN (+50 

kg N ha
-1

) and sorghum (Sgm-LN)-HN (+150 kg N ha
-1

). 

 

Treatment Yield 

(g pot
-1

) 

 

% N 

 

 

C:N ratio of AGR 

Grain AGR Grain AGR  

Soybean 38.5 81.9 6.87 1.51 25 

Sgm-LN 112 104 1.79 0.97 48 

Sgm-HN 93.7 103 2.06 1.43 28 

LSD0.05 50.1*  0.59***  16.4* 

Values are means, n = 3 

*, and *** refer to significant crop effect in ANOVA at p<0.05 and p<0.001, respectively 

 

4.3.4 Biomass yields and 
15

N enrichments of fractions of 
15

N-labeled plants 

Sorghum produced higher total above-ground biomass and clean recovered root dry matter 

yield than soybean (Table 4.2). However, there was no difference in dry matter yield 

obtained between sorghum grown under low N or high N supply. The 
15

N enrichments of fed 
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leaves was highest followed by shoots, roots, and fallen leaves for all species (Table 4.2) 

with enrichment of soybean higher than that of sorghum. The 
15

N enrichments of shoot and 

root fractions were more or less homogenous and similar irrespective the plant species and N 

rate. 

Table 4.2 Dry weight, total N contents and 
15

N enrichments (atom% excess 
15

N) at peak 

biomass of different plant fractions for labeled soybean, sorghum (Sgm)-LN and sorghum 

(Sgm)-HN grown in an acidic Black vertosol in pots in a glasshouse.  

 

 Dry weight (g pot
-1

) Total N (g pot
-1

) 
15

N enrichment 

(atom% 

excess 
15

N) 

Soybean    

 Fed leaves 7.22 (0.51) 0.34 (0.05) 0.250 (0.058) 

 Fallen leaves 1.89 (0.64) 0.06 (0.01) 0.002 (0.001) 

 Shoots 97.0 (7.67) 3.01 (0.28) 0.022 (0.002) 

 Roots 8.76 (1.62) 0.16 (0.05) 0.016 (0.002) 

Sgm-LN  `  

 Fed leaves 7.51 (0.51) 0.20 (0.04) 0.080 (0.014) 

 Fallen leaves 1.57 (1.68) 0.03 (0.03) 0.001 (0.001) 

 Shoots 162 (30.1) 2.13 (0.20) 0.025 (0.001) 

 Roots 24.1 (3.53) 0.13 (0.02) 0.023 (0.006) 

Sgm-HN    

 Fed leaves 7.93 (0.80) 0.23 (0.05) 0.050 (0.016) 

 Fallen leaves 0.72 (0.42) 0.01 (0.01) −0.001 (0.002) 

 Shoots 154 (59.8) 2.51 (0.20) 0.018 (0.002) 

 Roots 23.5 (7.33) 0.25 (0.10) 0.021 (0.003) 

Values are means with standard deviations in parenthesis 

 ‘LN’ and ‘HN’ refer to the N rates (LN = 50 kg N ha
-1

 and HN = 150 kg N ha
-1

) for sorghum plants 
 

4.3.5 Recovery and distribution of 
15

N within the plant fractions and soil 

Recovery of applied 
15

N was 99% for soybean, whereas it was 80% and 70% for Sgm-LN 

and Sgm-HN, respectively (Table 4.3). In general, a greater proportion of applied 
15

N (84% 

for soybean, 77% for Sgm-LN and 64% for Sgm-HN) was recovered in fed leaves and shoot 

fractions. In soybean, 47% of recovered 
15

N was retained in the fed leaves followed by 
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shoots (37%), soil (14%), roots (1.5%) and fallen leaves (0.07%) (Table 4.3). In contrast, for 

sorghum 50–60% of applied 
15

N was recovered in the shoot fraction leaving only 13–18% in 

the fed leaves. The enrichment in the soil was very low and for sorghum it was equivalent to 

or below the natural abundance value. Therefore, atom% excess 
15

N in soil for sorghum was 

negative. However, for soybean almost twice as much 
15

N was recovered from the surface 

soil (0–30 cm depth) than was recovered at 30–60 cm depth (Table 4.3). 

Table 4.3 Recovery and distribution of applied 
15

N for shoot-labeled soybean, sorghum 

(Sgm)-LN and sorghum (Sgm)-HN grown in an acidic Black vertosol in pots in a glasshouse 

(peak biomass harvest) 

All plants (2, 1 and 1 plant pot
-1

 for soybean, Sgm-LN and Sgm-HN, respectively) were fed 

three times 0.2 ml of 
15

N-labeled urea (0.33% solution, 98% enrichment) 

Species 
15

N (mg pot
-1

) in - % 

 Shoots Roots soil 0–30 

cm depth  

soil 30–60 

cm depth  

Fallen 

leaves 

Fed 

leaves 

Total recovered 

Soybean 

 

 

0.67 

(0.09) 

 

0.03 

(0.01) 

 

0.18 

(0.01) 

 

0.07 

(0.04) 

 

0.0013 

(<0.001) 

 

0.83 

(0.23) 

 

1.77 

(0.12) 

 

99 

(6.54) 

 

Sgm-LN 0.53  

(0.04) 

 

0.03 

(0.01) 

 

−0.10 

(0.03) 

 

−0.12 

 (0.04) 

0.0002 

(<0.001) 

 

0.16 

(0.06) 

 

0.72 

(0.10) 

 

80 

(10.6) 

 

 Sgm-HN 0.46  

(0.08) 

0.05 

(0.03) 

−0.19 

(0.08) 

 

−0.26 

 (0.08) 

 

0.0004 

(<0.001) 

0.12 

(0.06) 

0.63 

(0.03) 

70 

(3.07) 

Values are means with standard deviations in parenthesis 

 ‘LN’ and ‘HN’ refer to the N rates (LN = 50 kg N ha
-1

 and HN = 150 kg N ha
-1

) for sorghum plants 

4.3.6 Total plant N and estimated BGN 

The majority of the total plant N was detected in the shoots for both species (Table 4.2) and 

the N assimilated in the above-ground parts was slightly higher for soybean than sorghum 

(Table 4.4). The amount of BGN (a sum of recovered root N and root-derived N in soil) 

accounted for 28% of the total plant N in soybean and 4.2% and 6.8% for Sgm-LN and Sgm-

HN, respectively, without the amount of root-derived N in soil. The amount of root-derived 
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N in soil for sorghum could not be detected because of the negative enrichment of sorghum 

grown soil (Table 4.4). 

Table 4.4 Below-ground N as a percentage of total plant-derived N for 
15

N-shoot labeled 

soybean, sorghum (Sgm)-LN and sorghum (Sgm)-HN grown in an acidic Black vertosol in 

pots in a glasshouse (Peak biomass harvest) 

All plants (2, 1 and 1 plant pot
-1

 for soybean, Sgm-LN and Sgm-HN, respectively) were fed 

three times with 0.2 ml of 
15

N-labeled urea (0.33% solution, 98% enrichment).  

Species Above-

ground N  

(g pot
-1

)
 

Recovered 

root N (g 

pot
-1

) 

Root N 

equivalent in 

soil (g pot
-1

) 

Total plant N 

(g pot
-1

) 

Below-

ground N  

(% of total) 

Soybean
 

Sgm-LN  

Sgm-HN 

3.40 (0.24) 

2.35 (0.23) 

2.75 (0.16) 

0.16 (0.05) 

0.13 (0.02) 

0.25 (0.10) 

1.55 (0.45) 

nd 

nd 

6.30 (2.96) 

3.30 (1.54) 

3.97 (1.70) 

28 (4.04) 

4.2 (1.35) 

6.8 (3.85) 

Values are means with standard deviations in parenthesis 

‘nd’ refers to ‘not detected’ (when the enrichment was equal or below the natural abundance value) 

‘LN’ and ‘HN’ refer to the N rates (LN = 50 kg N ha
-1

 and HN = 150 kg N ha
-1

) for sorghum plants 

 

4.3.7 Influence of environmental and soil variables on N2O emissions 

During the post-harvest fallow period, N2O fluxes from pots with residues generally 

increased with the increase of cumulative rainfall fallen during the days before N2O 

measurement. This relationship was highly significant for soybean (R
2
=0.59, p<0.001) and 

Sgm-HN (R
2
=0.78, p<0.001) treatments but not for Sgm-LN (R

2
=0.25, p>0.05). A poor 

correlation for the Sgm-LN pots suggests that other factors such as soil nitrate rather than 

moisture might have been the rate limiting factor for N2O emissions from these pots. No such 

relationship existed for control pots either (R
2
=0.13ns) because of the higher initial soil 

moisture and emissions compared to the planted pots at the beginning of the post-harvest 

period which masked the effect of cumulative rainfall. However, after a time when the 

moisture from the control pots declined due to the low (absence of) rainfall during that 

period, emissions also declined. Thereafter from July to the end of the experiment, a 

significant positive correlation (R
2
=0.73, p<0.05) was obtained between N2O emissions for 

control pots and cumulative rainfall.  
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The simulated rainfall affected N2O flux through effects on soil moisture as the soil 

moistures from all treatment pots were strongly and significantly correlated with the log-

transformed N2O fluxes during the post-harvest period (Figure 4.3a). Similar to the soil 

moisture effect, N2O flux was also significantly and positively influenced by soil NO3
−
-N 

concentration during that residue decomposition period (Figure 4.3b).  
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Figure 4.3 Relationships between log-transformed N2O fluxes during the post-harvest fallow 

(period of residue decomposition) and (a) soil moisture, (b) soil NO3
−
-N concentration where 

values for all treatments (unplanted pots and pots planted with soybean and sorghum) were 

included, and (c) and (d) the same relationships for soil moisture and soil NO3
−
-N but 

excluding the unplanted control pots. (c) and (d) for moisture and NO3
−
-N , respectively 

during the period of residue decomposition. Trend lines show linear fit (y = a + bx) for (a), 

(c) and (d), and best power fit (y = ax
b
) for (b). 

When the soil NO3
−
-N concentration was <50 µg g

-1
, variation in N2O flux was greater than 

when nitrate was >50 µg g
-1

. The relationship between N2O flux and soil NO3
−
-N and 
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moisture was stronger when all treatments were included, but still present within the residue-

treated pots alone (Figure 4.3).  

Nitrous oxide emissions were highest when nitrate and moisture was highest (Figure 4.4). 

This graph also shows that a high NO3
−
-N concentration did not always lead to high 

emissions, especially when soil moisture was low. However, a high soil moisture with 

comparatively low NO3
−
-N led to high emissions (Figure 4.4).  

 

Figure 4.4 Combined effect of soil NO3
−
-N concentration and soil moisture on log 

transformed N2O fluxes during the post-harvest fallow (period of residue decomposition) for 

all treatments, i.e. unplanted pots and pots planted with non-fertilized soybean and sorghum 

with high and low rates of fertilizer-N.  

Nitrous oxide emissions were also found to be significantly and positively correlated with the 

DOC extracted from pots with residues at the two samplings in the middle of the residue 

decomposition period (Figure 4.5). Emissions could not be analyzed against the BGN of 



Chapter 4 Nitrous oxide emissions from an acidic Black Vertosol growing either N2-fixing 

soybean or N-fertilized sorghum in a glasshouse  

69 
 

plants during the residue decomposition period because of the failure to quantify BGN of 

sorghum using the 
15

N labeling technique. 
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Figure 4.5 Relationships between dissolved organic carbon (DOC) extracted from an acidic 

Black Vertosol in pots planted to soybean (no fertilizer-N), Sgm-LN (+50 kg N ha
-1

) and 

Sgm-HN (+150 kg N ha
-1

) and N2O emissions from the pots during the period of residue 

decomposition. Solid and empty symbols refer to two different samplings in the middle of 

the residue breakdown period. 

A significant negative relationship between NO3
−
-N concentrations and C:N ratio of the 

residues was also observed in the middle (R
2
=0.54, p=0.09) and at the end (R

2
=0.86, p<0.01) 

of the residue breakdown period suggesting residues with lower ratios released more N than 

the residues with higher ratios (Figure 4.6).  
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Figure 4.6 Relationship between C:N ratio of the above-ground residues of soybean (no 

fertilizer-N), Sgm-LN (+50 kg N ha
-1

) and Sgm-HN (+150 kg N ha
-1

) and soil NO3
−
-N 

extracted from these during the period of residue decomposition. Different symbols represent 

different sampling dates (closed circle for the beginning, open circle for the middle and 

triangle symbol for the end of the residue decomposition period, respectively). 

4.4 Discussion 

In general, N2O emissions did not vary between legume (soybean) and non-legume 

(sorghum, fertilized with either low or high fertilizer-N) pots containing an acidic Black 

Vertosol during plant growth and the subsequent fallow (residue decomposition) period. 

However, N2O fluxes in the planted pots during the fallow (residue breakdown) period were 

positively correlated with soil nitrate levels and dissolved organic carbon and negatively 

correlated with the C:N ratio of above-ground residues. The results of this experiment are in 

agreement with those of Zhong et al. (2009), who found that inoculated lentil and field pea 

did not increase N2O emissions compared to N-fertilized wheat in a pot study. In contrast, 

field studies of Drury et al. (2008) and Gregorich et al. (2008) found higher emission from 

continuous corn compared to monoculture soybean. Taken together, my results partly support 

the conclusions of Rochette and Janzen (2005) and Yang and Cai (2005) that it is not the 

biological N2 fixation process of legumes per se that influence N2O emissions, rather the N 

release from root exudates in the late growth stage and decomposition of shoot and root 

residues after grain harvest. 
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Crop residues with a low C:N ratio have been shown to decompose faster with a subsequent 

release of soluble C and mineral N (Aulakh et al., 1991a; Heal et al., 1997; Baggs et al., 

2000; Hadas et al., 2004; Thomson et al., 2007), which in turn stimulates further microbial 

activity due to increased substrates. This residue quality effect on mineralized-N was also 

shown in the present study. Lower C:N ratio of soybean and sorghum (HN) was associated 

with higher soil NO3
−
-N

 
(Figure 4.6). The additional NO3

−
-N

 
was likely to have increased 

N2O emissions as evidenced by the positive correlation between N2O emissions and soil 

NO3
−
-N

 
during the residue

 
decomposition period (Figure 4.3)

 
(see also Barker-Reid et al., 

2005; Gomes et al., 2009; Muhammad et al., 2011). The results from sorghum (LN) and 

sorghum (HN) also suggest that high fertilizer-N rate can influence N2O emissions indirectly 

through effects on the C:N ratio of residues. At this period, N2O emissions were also 

positively correlated with DOC (Figure 4.5), which was consistent with the other studies 

(Huang et al., 2004; Ciampitti et al., 2008). However, it is possible that the higher soil NO3
−
-

N
 
contents of soybean and sorghum (HN) than sorghum (LN) were due to a combination of 

both, the increased N mineralized from the above-ground residues as well as the increased N 

from decomposition of nodules, rhizodeposits and roots (BGN) in the case of soybean, and 

from the residual effect of fertilizer-N in the case of sorghum (HN).  

An attempt was made to quantify the BGN of soybean and sorghum using a 
15

N leaf feeding 

technique (e.g. Rochester et al., 1998b; Khan et al., 2002a) and to use the estimates in 

interpreting the magnitude of emissions during the post-harvest residue decomposition 

period. The technique provided an estimate for soybean of 28% of total plant N being below-

ground, which was comparable to previous estimates of 24% for faba bean (Khan et al., 

2002a), 32% for chickpea (Yasmin et al., 2010), 33% for pea estimated in outdoor soil 

columns (Wichern et al., 2007), 39 and 41% for faba bean and soybean in field microplots 

(Rochester et al., 1998a) and 35% for lupin estimated also in field microplots (McNeill and 

Fillery, 2008).  

However, BGN of sorghum of 6–8% was substantially underestimated because enrichment of 

the soil in which the plants grew was at natural abundance levels, i.e. there appeared to be no 

root-derived 
15

N in the soil. One reason for this could be that recovery of 
15

N in sorghum was 

lower (70–80%) than for soybean (99%) possibly due to losses of 
15

N during 
15

N feeding. 
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Sorghum was much slower (2–5 days) in taking up the labeled urea than soybean (1–2 days). 

The differences in taking up solution could be attributed to the differences in the leaf area 

and anatomical characteristics (Zebarth et al., 1991) and growth stage of the plants (Hogh-

Jensen and Schjoerring, 2001). The more likely cause, however, was that, the amount of 
15

N 

that was fed to each pot of sorghum was half of the amount that was fed to soybean (Table 

4.3), and it was not enough for enrichment of the root-derived soil N. By comparison, 

enrichments of plants in the studies of Khan et al. (2002a) were 10 fold higher than in the 

present study. The lack of data from this study on amounts of below-ground residue-N does 

not detract from the contention that the below-ground residues constitute a substantial 

proportion of total plant residues and are likely to be substantial contributors to total N2O 

emissions associated with nitrification and denitrification. 

The N2O emissions from unplanted control pots were almost three times greater than the 

planted pots and were shown during the post-crop fallow period to be associated with higher 

soil moisture and NO3
−
-N contents. Although these variables were not recorded during the 

growing season because of destructive effect of soil sampling on the experiment, it is obvious 

that high moisture of these control pots from soil saturation before starting the experiment 

was sustained for a long time. Soil moisture was constantly replenished by the simulated 

rainfall, which in the planted pots was used by the growing plants. In the unplanted pots, the 

soil remained very wet. The higher emissions from control pots also suggest that this Black 

Vertosol was not N-limited (see Figure 4.3), because of its high natural fertility and possibly 

accelerated mineralization of N during the potting up stage. This is supported by the fact that 

there were no differences in N2O emissions between LN and HN sorghum pots. Rochette et 

al. (2008) also observed high annual N2O emissions from heavy clay soils that were not 

associated with fertilizer N inputs but with mineralization of organic matter and reduced 

aeration following rainfall. The effect of rainfall on N2O emissions through soil moisture 

change was also evidenced by the strong correlation between soil moisture and N2O flux 

irrespective of the planted or unplanted control pots (Figure 4.3). The strong influence of soil 

moisture on N2O emissions, especially in fine textured soils such as this Black Vertosol, is 

not surprising (Aulakh et al., 1991b; Rochette et al., 2004). Furthermore, 62% of the total 

post-harvest rainfall occurred at the later part, after which N2O from planted pots started to 
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emit above the atmospheric level. Otherwise, the post-harvest emissions accounted only for 

5% of total emissions, which was mainly due to low soil moisture in connection with low 

simulated rainfall during the fallow. Similarly, Kiese et al. (2003) reported 10 times greater 

N2O emission rates in the wet season compared to dry season at a tropical rain forest site in 

Australia. 

4.5 Conclusion 

Overall N2O emissions from the N2-fixing soybean were of similar magnitude to those of 

sorghum fertilized with synthetic fertilizer-N. The acidic Black Vertosol used in this study, 

and indeed in all experiments reported in this thesis, was naturally high in NO3
−
-N which 

may have masked potential differences between the soybean and sorghum treatments. The 

question remains about the relative N2O emissions from plants that are dependent on inputs 

of fertilizer-N and those relying on biologically-fixed N2, particularly when grown in 

Vertosols. As was the case in the winter glasshouse experiment (Chapter 3), soil moisture 

and NO3
−
-N were the key drivers of N2O emissions from this Black Vertosol under the 

conditions of this experiment. Although the data were inconclusive, this study highlighted the 

potential importance of BGN in contributing to N2O emissions from agricultural systems. In 

the following Chapter 5, I examine under controlled laboratory conditions N2O emissions 

from the same Black Vertosol, amended with above- and below-ground residues from 

different plant species and with different C:N ratios.  

 

 

 



CHAPTER 5 

Nitrous oxide emissions from an acidic Black Vertosol amended with shoot 

and root residues of different crops 

5.1 Introduction 

Carbon dioxide (CO2) and nitrous oxide (N2O) are two significant greenhouse gases 

increasing rapidly due to anthropogenic activities (Mosier et al., 1998). Globally, the 

agriculture sector is estimated to contribute 70% of the total anthropogenic N2O emissions 

(Denman et al., 2007). Nitrous oxide is mainly produced by microbial processes of 

nitrification and denitrification in the soil, depending on the aeration status of the soil and 

substrate supply of inorganic nitrogen (N) and organic carbon (C) (Firestone and Davidson, 

1989). Carbon dioxide may arise from various sources, including microbial respiration 

associated with the decomposition of native soil organic matter and residues, root respiration 

and the burning of plant materials in land clearing and crop residue management.  

To help mitigate increasing atmospheric CO2, retention of crop residues is advocated as a 

strategy for C sequestration in cropping soils, and also helps sustain soil fertility (Wang et al., 

2004). However, additions of plant residues may increase N2O emissions from cropped soil 

to the atmosphere by providing a source of readily available C and N in the soil and 

increasing microbial activity (Aulakh et al., 2001; Velthof et al., 2002; Huang et al., 2004). 

The magnitude of emissions can be influenced by the quality of the residues, particularly the 

C:N ratio, which is often used as an indicator for net N mineralization and immobilization 

processes during residue decomposition (Aulakh et al., 1991a; Hadas et al., 2004; Huang et 

al., 2004). Applying residues with a low C:N ratio and high N content can increase N2O 

emissions through the production and release of nitrate-N (NO3
−
-N) and subsequent 

denitrification (McKenney et al., 1993; Baggs et al., 2000; Gomes et al., 2009).  

Generally, the NO3
− 

content of the soil positively influences the rate of N2O emissions. Total 

denitrification fluxes (N2O plus N2) are directly proportional to soil NO3
−
 concentrations, 

when the other important component, a readily metabolizable organic substrate, is also 

present and non rate-limiting. When a lack of metabolizable organic substrate limits potential 

denitrification, N2 plus N2O fluxes do not increase with increasing NO3
−
 concentration 
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(Sahrawat and Keeney, 1986). Increasing NO3
−
 concentrations can increase the N2O:N2 

emissions ratio by inhibiting N2O reductase activity (Weier et al., 1993). Nitrate is preferred 

over N2O as a terminal electron acceptor and N2O can accumulate whenever NO3
−
 supply is 

greater than the reducing demand of the denitrifiers (Swerts et al., 1996).  

Thus, the residue C:N ratio alone often does not explain all observed differences in net N 

mineralization or immobilization and, more importantly, in N2O emissions (Millar and 

Baggs, 2004; Henderson et al., 2010). Soil mineral N concentration can interact with 

microbial decomposition (Mary et al., 1996), which in turn may affect N2O emissions. In 

addition, the residue quality factors influencing net N mineralization change over time. 

Bending et al. (1998) reported N mineralization rates to be associated with water soluble 

phenolic content and N content during the early stage of residue decomposition, whereas C:N 

ratios and total N contents affected later decomposition. In another study, Millar and Baggs 

(2005) observed that N2O flux was negatively correlated with the C:N ratio during the early 

stage of residue decomposition but not at later stages.  

Enhanced denitrification due to the creation of anaerobic microsites where CO2 production is 

higher following residue incorporation may increase N2O efflux (Granli and Bockman, 1994; 

Lou et al., 2007; Alluvione et al., 2010). In contrast, Garcia-Ruiz and Baggs (2007) did not 

observe any correlation between CO2 and N2O emissions. Furthermore, factors that influence 

CO2 efflux may not influence N2O emissions at the same time (Millar and Baggs, 2005; 

Alluvione et al., 2010).  

Many studies have addressed the influence of residue quality on N2O emissions mainly 

through application of shoot residues (Huang et al., 2004; Millar and Baggs, 2005; Garcia-

Ruiz and Baggs, 2007; Muhammad et al., 2011), while few studies have examined both shoot 

and root residues (Lou et al., 2007). Root residues are as important as shoot residues in terms 

of their total N and C contents but their different biochemical composition may influence 

patterns of decomposition (Puget and Drinkwater, 2001) and N2O emissions (Lou et al., 

2007). Therefore, the relative contributions of shoot and root residues on N2O and CO2 

emissions and effects of residue quality and associated interacting factors during residue 

decomposition need to be investigated. 
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The objectives of this incubation study of an acidic Black Vertosol under controlled 

laboratory conditions were to (a) monitor for 56 days N2O and CO2 emissions, levels of soil 

mineral N and dissolved organic C (DOC) following incorporation of different shoot and root 

residues that varied in %N and C:N ratios and, (b) assess the influence of residue N 

concentration and C:N ratio on N2O and CO2 emissions. 

5.2 Materials and methods 

5.2.1 Soil 

The soil was an acidic Black Vertosol (Isbell et al., 1997), collected from the surface 20 cm 

of an arable field 2 km north of the University of New England (UNE), Armidale, NSW, 

Australia. The fresh soil was air-dried (moisture content of 11% upon drying) for 2 days, 

sieved (<2 mm) and stored at 4°C before the experiment commenced. Some physical and 

chemical properties of the soil are presented in Table 5.1.  

Table 5.1 Selected physical and chemical properties of the 0–20 cm top soil layer of a Black 

Vertosol, collected from an arable field near Armidale, NSW 

 pH 

(1:5 H2O) 

EC 

(µs cm
-1

) 

Total C 

(%) 

Total N 

(%) 

NO3
−
-N 

(µg g
-1

) 

NH4
+
-N 

(µg g
-1

) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

 5.5 93 2.3 0.2 50 30 62 12 26 

 

5.2.2 Incubations 

Incubations were conducted in 250 mL plastic jars containing either 50 g of air-dried soil + 

residues or 50 g of air-dried soil alone (control). Shoot (Sh) and root (Rt) residues of wheat 

(Wh), canola (Ca), soybean (Soy) and sorghum (Sgm), which were generated during the 

previous winter and summer glasshouse experiments (See Chapter 3 and 4), were used in this 

experiment. The residues were dried at 70º C to a constant weight and ground and sieved to 

<1 mm. All plant residues (Table 5.2) were applied at a rate of 4.0 g residue kg
-1

 air dry soil, 

i.e. 0.4%. The soil was mixed with the required amount of ground residue (0.20 g per jar) 

thoroughly before being moistened to a water filled pore space (WFPS) of 70%. The WFPS 

was calculated based on soil bulk density, gravimetric water content and particle density 
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(Aulakh et al., 1991b). The moisture content was maintained throughout the experimental 

period by reweighing the soil containers every two days and replacing any lost water with 

distilled water.  

Incubations were conducted over 56 days in the laboratory with a constant air temperature of 

25°C. Jars were stored in the dark when not being measured. All treatments were replicated 3 

times and the jars were loosely capped during the incubation period to minimize evaporative 

loss. Another identical 4 sets of soil jars, treated in the same way as those used for gas 

sampling, but with 20 g soil per jar, were also incubated for destructive soil sampling and 

measurement of mineral N and DOC, so as not to affect the containers used for gas flux 

measurements.  

Table 5.2 The N concentrations, C:N ratios and the amounts of N and C of incorporated plant 

residues  

Plant residues 
N concentration 

(%) 
C/N ratio 

Total residue-N 

incorporated 

(mg kg
-1

 soil) 

Total residue-C 

incorporated 

(g kg
-1

 soil) 

Wheat shoot 0.81 47 32 1.51 

Canola shoot 1.16 34 46 1.58 

Soybean shoot 2.90 15 116 1.75 

Sorghum shoot 0.97 40 39 1.56 

Wheat root 0.81 50 32 1.63 

Canola root 1.06 38 42 1.62 

Soybean root 1.90 23 76 1.76 

Sorghum root 0.59 61 24 1.44 

 

5.2.3 Gas sampling and analysis 

Gas samples were taken on Day 2 (D-2), D-9, D-17, D-22, D-30, D-37, D-48 and D-56 of the 

incubation period. During sampling, the jars were capped and kept air-tight for 4 h. For each 

sampling, head space gas samples were collected from the jars through a rubber septum fitted 

in the middle of the cap using a 25-ml gas-tight syringe attached to a 26 gauge hypodermic 

needle at 0 and 4 h after sealing. Collected gas (18 ml) was transferred to pre-evacuated 12-

ml vials (Exetainers, Labco Inc., UK). Prior to sampling, the jars were kept open for 20 min 
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for flushing with ambient air, and after the sampling, kept loosely capped before the next 

measurement.  

The samples were analyzed for N2O and CO2 using a gas chromatoghaph (Model GC450, 

Varian Australia Pty Ltd) equipped with an auto injector (Combi Pal, Varian Australia Pty 

Ltd), a 
63

Ni-electron capture detector (ECD) (5% methane and 95% Argon carrier gas) with 

the column (oven) temperature at 350°C for N2O and a flame ionization detector with a 

methanizer (Helium carrier gas) for CO2. Fluxes of N2O and CO2 were calculated as the 

product of the increase in concentration between 0 and 4 h and volume of the headspace in 

the soil jars, divided by the number of hours between samples (4) and the dry weight of the 

soil, then corrected for air temperature and pressure. Cumulative gas emissions were 

calculated by summing the product obtained by multiplying the mean emission values of two 

sequential samplings by the time interval (Zhong et al., 2009). 

5.2.4 Soil and plant sample analysis 

The soil and plant samples were air-dried, ground and passed through 0.5-mm sieve before 

analysis for total C and N using the TrueSpec CN combustion analyzer (LECO Corporation, 

St. Joseph, Michigan, USA). Soil pH was measured in 1:5 soil:H2O suspensions using a glass 

electrode. 

Soil was sampled on D-2, D-9, D-22 and D-37 from the additional sets of soil jars and at the 

end of the study on D-57 from the main gas sampling set for mineral N and DOC analysis. A 

4-g portion of fresh soil was added to 2 M KCl (1:10, w:v) and stirred on a horizontal shaker 

for 1 h. The extracts were filtered through Whatman 40 filter papers and kept at −20°C until 

NH4
+
-N and NO3

−
-N

 
were analyzed colorimetrically with an autoanalyzer (Skalar SAN

plus
 

Analyzer, The Netherlands, 2007). Dissolved organic carbon (DOC) was extracted by 

shaking soil suspensions (12 g in 36 ml 0.5M K2SO4) for 15 min on a horizontal shaker then 

centrifuging for 20 min at 2700 rpm. The supernatant was then vacuum-filtered through a 

0.45 µm nylon filter before analysis in a GE Sievers Innovox TOC analyzer fitted with GE 

auto sampler and stirring plate (Amscorp Scientific, Panania, Australia). 
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5.2.5 Statistical analysis 

Analysis of variance (ANOVA) and repeated measures tests of data was done using the 

statistical package R (2.7.0) to test the significance of the treatment effects on N2O and CO2 

emissions for each sampling date. The data were explored to check for normal distribution 

and equal variances using normality testing, residual versus fitted plots and Cook’s distance 

test to identify outliers. Least significant differences (LSD0.05) were used to determine 

significant differences between means following a significant F-test. Regression analyses 

were done using Sigmaplot (v7.0 Systat Software) to explore the relationships between gas 

emissions and variables.  

5.3 Results 

5.3.1 Nitrous oxide emissions 

In general, the N2O fluxes were an order of magnitude higher during the initial 10 days of 

incubation (24–1016 ng N2ON kg
-1

 h
-1

) than the next 46 days (3–57 ng N2O-N kg
-1

 h
-1

) for 

all residues (Figures 5.1a, b). Small increases in N2O flux were observed in the final week of 

incubation for shoot residues. Highly significant (p<0.05) differences in N2O fluxes between 

the treatments were observed on D-2, D-9, D-22, D-47 and D-56. On D-2, the N2O fluxes 

from the residue control, Sgm-Rt, Sgm-Sh and Soy-Rt were significantly higher than those 

from Soy-Sh, Wh-Sh, Ca-Sh and Ca-Rt. Highest fluxes were observed for the control soil 

only on D-2. In comparison to the residue treatments, the fluxes from the control soil 

remained consistently low (most of the time ranking the second lowest) for the rest of the 56-

day incubation period (Figures 5.1a, b).  

The pattern of N2O fluxes was not consistent amongst the residues. On D-2, the N2O 

emissions associated with shoot and root residues were mixed. After D-2 and until D-22, the 

highest fluxes were mainly observed for the Sgm-Rt, Wh-Rt and Ca-Rt residues (Figures 

5.1a, b). From D-30, the differences between shoot and root residues became insignificant 

but the highest fluxes for Soy-Sh were consistent until the end of the experiment (Figure 

5.1b). At the final sampling (D-56), Soy-Sh followed by Sgm-Sh, Soy-Rt, and Wh-Sh 

exhibited significantly higher fluxes than those from Wh-Rt and control, whereas, no 

differences were observed between Sgm-Rt, Ca-Sh, Ca-Rt, Wh-Rt and control (Figure 1b).  
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Figure 5.1 Changes of N2O and CO2 emissions during (a and c) the first 10 days and (b and 

d) last 46 days of incubation of an acidic Black Vertosol without any amendment (control) 

and amended with shoot (Sh) and root (Rt) residues of wheat (Wh), canola (Ca), soybean 

(Soy) and sorghum (Sgm). Values are the means of three replicates. Bars represent the LSD 

(p= 0.05) values for the comparison of treatments at each sampling date; LSD values are only 

presented when the ANOVA indicated a significant (p<0.05) effect of treatments.  

In general, the cereal roots (Sgm-Rt and Wh-Rt) released the most N2O during the first 22 

days of incubation (Figure 5.2a). Subsequently, during the 23–56 days period, N2O emissions 

showed a different pattern, with a higher loss from the Soy-Sh amended soil than from the 

Sgm-Sh, Wh-Rt and control, while no differences were observed between Soy-Sh, Ca-Rt, 

Soy-Rt, Wh-Sh, Ca-Sh and Sgm-Rt. The total N2O emissions for the whole 56 days from 

Sgm-Rt, Wh-Rt, Sgm-Sh and Soy-Sh amended soils were 70%, 57%, 12% and 3% greater 

than the control, respectively. In contrast, total emissions from Ca-Sh, Ca-Rt and Soy-Rt 

were 50%, 32% and 5% less than the control, respectively (Figure 5.2a).  
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Figure 5.2 Cumulative (a) N2O and (b) CO2 emissions during the first 22 days and last 34 

days of incubation of an acidic Black Vertosol without any amendment (control) and 

amended with shoot (Sh) and root (Rt) residues of wheat (Wh), canola (Ca), soybean (Soy) 

and sorghum (Sgm). Values are the means of three replicates.  

5.3.2 Carbon dioxide emissions 

There was a high CO2 flux for all residue-incorporated treatments on D-2 (Figure 5.1c), 

which decreased markedly by D-9 and stayed low until the end of the experiment (Figure 
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5.1d). The total estimated CO2 emissions from residue-amended soils during the 56 days 

were 200−300% higher than the control soil (Figure 5.2b). The amount of CO2-C respired 

from the non-residue control soils were consistently lowest throughout the incubation study 

(Figures 5.1c, d). 

Overall, C emissions associated with decomposition of shoot residues were greater than for 

root residues, but only at the very early stage (initial 10 days) of decomposition (Figure 5.1c). 

During this period, shoot residues showed significantly higher CO2 fluxes than those from 

root residues except canola root. On D-2, canola roots had the highest respiration rates 

(Figure 5.1c). The cereal roots (Sgm-Rt and Wh-Rt) exhibited significantly higher CO2 

fluxes than those from Soy-Sh, Soy-Rt and control on D-30, but did not differ from the 

remainder (Wh-Sh, Ca-Sh, Ca-Rt and Sgm-Sh) (Figure 5.1d). Afterwards, the CO2 loss did 

not show any distinct pattern between shoot and root residues (Figure 5.1d).  

The cumulative CO2 emissions during the first 22 days of incubation from Ca-Rt, Ca-Sh and 

Soy-Sh were significantly higher than the other residues (Figure 5.2b). During later stages of 

the incubation (23−56 days), highest emissions were observed from Sgm-Rt followed by 

Wh-Sh, Wh-Rt, Sgm-Sh, Ca-Sh, Soy-Rt, Ca-Rt and control (Figure 5.2b).  

5.3.3 Changes of mineral N and DOC concentrations and their relationships with 

residue quality 

Soil NO3
−
-N concentrations increased with time (Figure 5.3a). The soil NO3

−
-N 

concentrations did not vary amongst the treatments at the beginning of the incubation (D-2), 

but afterwards significant variation was observed for each sampling event. Throughout the 

incubation period, the most distinguishing pattern was consistently and significantly 

(p<0.001) higher NO3
−
-N concentrations from soybean shoots followed by control and Soy-

Rt amended soil, compared to the rest of the treatments (Figure 5.3a). NO3
−
-N was lower for 

all residue-amended soils (except Soy-Sh) compared to the unamended control, suggesting 

that N immobilization and/or denitrification was occurring for these treatments (Figure 5.4).  

Net N mineralization (mineral N in residue-amended soil minus mineral N in the control soil) 

occurred only with the Soy-Sh treatment (for almost the entire study) and from Soy-Rt (end 



Chapter 5 Nitrous oxide emissions from an acidic Black Vertosol amended with shoot and 

root residues of different crops  

83 
 

of the study only). For other residues, net negative mineralization (assumed to be 

immobilization) occurred throughout the study (Figure 5.4). On D-9, the soil NO3
−
-N 

concentrations were in the order Soy-Sh>control>Soy-Rt>Wh-Rt>Sgm-Rt>Wh-Sh>Sgm-

Sh>Ca-Rt>Ca-Sh (Figure 5.3a). On this day, the negative values of net N mineralization for 

the residue treatments except for Soy-Sh and Soy-Rt were significantly and positively 

correlated with microbial respiration measured on D-2 (R
2
=0.91**), suggesting a link 

between the respiration and N immobilization at the very early stage. Immobilization was 

more pronounced with Ca-Sh and Ca-Rt. The highest CO2 fluxes from the canola residue 

treatments occurred without an increase in N2O flux on D-2, but were accompanied by a 50% 

depletion of soil NO3
−
-N (Figure 5.1c and Figure 5.3a). This confirms that there was a strong 

N immobilization.  
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Figure 5.3 Changes in (a) NO3
− 

-N, (b) NH4
+
-N and (c) dissolved organic carbon (DOC) (C) 

contents during 56 days of incubation period of an acidic Black Vertosol without any 

amendment (control) and amended with shoot (Sh) and root (Rt) residues of wheat (Wh), 

canola (Ca), soybean (Soy) and sorghum (Sgm). Values are the means of three replicates. 

Bars represent the LSD (p=0.05) values for the comparison of treatments at each sampling 

date; LSD values are only presented when the ANOVA indicated a significant (p<0.05) 

effect of treatments. 
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Figure 5.4 N mineralized from the residue-amended acidic Black Vertosol, calculated by 

subtracting mineral N of the control soil from that of a treatment. Amendments were shoot 

(Sh) and root (Rt) residues of wheat (Wh), canola (Ca), soybean (Soy) and sorghum (Sgm). 

Values are the mean of three replicates.  

A significant positive correlation between NO3
−
-N extracted from residue-amended soil and 

the N contents of the residues prior to incubation was observed during most of the 56-day 

study and the correlation became stronger with time (Table 5.3). The higher NO3
−
-N 

mineralized from Soy-Sh and Soy-Rt residues (Figure 5.4) was associated with their higher 

initial N concentrations (Table 5.2). The NO3
−
-N extracted from residue amended soil 

showed a significant negative correlation with the initial C:N ratios of those residues during 

the period from D-30 to the end of the experiment, but failed to be significant at p=0.05 at 

early stage of decomposition (Table 5.3). In contrast to variations in soil NO3
−
-N 

concentrations, soil NH4
+
-N showed a gradual decreasing trend with length of incubation. 

Only low NH4
+
-N (<10 µg g

-1
) concentrations were detected towards the end of the 

experiment (Figure 5.3b). Only on D-2 did the treatments differ significantly in soil NH4
+
-N, 

with a higher concentration for the Soy-Sh treatment compared to the other treatments 

(Figure 5.3b).  
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Table 5.3 Correlation coefficient (r) between %N and C:N ratios of plant residues and 

residue N mineralized in an acidic Black Vertosol amended with shoot (Sh) and root (Rt) 

residues of wheat (Wh), canola (Ca), soybean (Soy) and sorghum (Sgm) at 2, (D-2), 9 (Day-

9), 22 (Day-22), 37 (Day-37) and 56 (Day-56) days of incubation. The N mineralized from 

residue-amended soil was calculated by deducting the mineral N of the control soil from that 

of the residue-amended soil. 

Residue 

quality 

Residue-N mineralized 

D-2 D-9 D-22 D-37 D-56 

% N 0.61· 0.73* 0.87** 0.94*** 0.98*** 

C:N ratio -0.58ns -0.45ns -0.66· -0.79* -0.88** 

·, *, **, *** and ns refer to significant at p< 0.10, p< 0.05, p<0.01, p<0.001 and not significant, 

respectively 

The changes in DOC during the incubations followed a similar pattern to soil NH4
+
-N with 

the difference between treatments significant for each sampling except D-37 (Figure 5.3c). 

The highest DOC concentrations in the residue-amended soils were observed on D-2, ranging 

87–398 µg g
-1

, which declined to 49–88 µg g
-1

 by D-9, then decreased gradually until the end 

of the experiment (Figure 5.3c). On D-2, the DOC extracted from Ca-Rt, Sgm-Sh and Soy-Sh 

amended soils were significantly higher than those from the non-residue control soil, Wh-Rt 

and Wh-Sh amended soils but did not vary significantly from Soy-Rt, Sgm-Rt and Ca-Sh 

(Figure 5.3c). On D-9, the DOC concentrations were in the order Soy-St>Ca-Sh>Wh-Sh>Ca-

Rt>Sgm-Sh>Soy-Rt>Wh-Rt>Control>Sgm-Rt. The DOC levels did not show a consistent 

pattern during the incubation period, although Soy-Sh was always above the average value of 

all treatments. There were no significant correlations between DOC and the C:N ratios of the 

residues or between DOC and residue %N (not shown). 

5.3.4 The influence of C:N ratios of the residues, soil mineral N and DOC on N2O and 

CO2 emissions 

The cumulative N2O emissions were not associated with residue C:N ratios at the early stage 

of the incubation period (0–22 days), but were negatively correlated at the later stage (23–56 

days) (Table 5.4). Thus, different relationships between N2O and C:N ratios at different 

stages of incubation suggest that N2O emissions were influenced by different factors during 

residue decomposition. 
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Microbial soil respiration, measured as CO2 emissions, as an indicator of organic matter 

decomposition was not significantly correlated with residue C:N ratio at the early stages of 

incubation (Table 5.4). However, there was a positive and significant correlation between 

C:N ratio and microbial respiration towards the end of the incubation period, which 

combined with the negative, but non-significant correlation for the 0–22 day period, 

suggested that residues with the higher C:N ratios decomposed later (Table 5.4).  

Table 5.4 Correlation coefficient (r) between the C:N ratio of plant residues and cumulative 

N2O and CO2 emissions during the early stage (first 22 days) and later stage (last 23−56 

days) of incubation from an acidic Black Vertosol amended with shoot (Sh) and root (Rt) 

residues of wheat (Wh), canola (Ca), soybean (Soy) and sorghum (Sgm).  

 Cumulative N2O emissions   Cumulative CO2 emissions 

 0−22 days 23−56 days   0−22 days 23−56 days 

C:N ratio 0.63ns - 0.68*   -0.52ns 0.92** 

 *, ** and ns refer to significant at p <0.05, p<0.01 and not significant, respectively 

The decomposition of residues, measured as CO2 emissions, was positively correlated with 

soluble C (DOC) during the early stage (0–22 days) of decomposition (Figure 5.5). 
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Figure 5.5 Relationship between DOC and CO2 fluxes during the early stage (first 22 days) 

of incubation for an acidic Black Vertosol amended with shoot (Sh) and root (Rt) residues of 

wheat (Wh), canola (Ca), soybean (Soy) and sorghum (Sgm). *** significant at p<0.001. 
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Figure 5.6 Relationship between total CO2 and N2O emissions during the early stage (first 22 

days) of incubation for an acidic Black Vertosol amended with shoot (Sh) and root (Rt) 

residues of wheat (Wh), canola (Ca), soybean (Soy) and sorghum (Sgm). ** significant at 

p<0.01. 

Cumulative emissions of N2ON from the residue-amended soils were negatively correlated 

with CO2-C respired during the early stage (0–22 days) of incubation (Figure 5.6).  

In general, at the very early stage (the first two weeks of incubation), the N2O fluxes were 

not significantly correlated either with NO3
−
-N or DOC. However, there was an interaction 

amongst the residue types. The N2O flux on D-9 and D-17 was found to be positively 

correlated with soil NO3
−
-N extracted on D-9 (D-9, R

2 
= 0.86** and D-17, R

2
 = 0.72*), but 

only when the values from the soybean treatments were excluded (not shown). During this 

period of the incubation, there was strong N immobilization for all residues (except soybean), 

but in particular the canola residues (Figure 5.4). It was the canola residues that also had the 

lowest N2O fluxes and amongst the highest CO2 fluxes during this period (Figure 5.2). The 

latter indicates microbial activity and suggests immobilization. Taken together, this implies 

that during the early stage of decomposition, available soil NO3
−
-N, together with microbial 

activity, did influence N2O fluxes as a result of both strong immobilization lowering 

emission rates (canola residues) and weaker immobilization (sorghum and wheat residues) 

leaving more of the existing soil NO3
−
-N prone to denitrification. This effect was not only 
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observed at the early stage as N2O fluxes were positively correlated with NO3
−
-N extracted 

from the residue-amended soils at later stage of decomposition as well (Figure 5.7).  
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Figure 5.7 Relationship between N2O flux and NO3
–
-N at the later stage of decomposition 

(D-37 and D-56) for an acidic Black Vertosol amended with shoot (Sh) and root (Rt) residues 

of wheat (Wh), canola (Ca), Soybean (Soy-Sh) and sorghum (Sgm). *** significant at 

p<0.001. 

 

5.4 Discussion 

In this study, I monitored N2O and CO2 emissions from an incubated acidic Black Vertosol to 

which shoot and root residues from different crop plants and with different C:N ratios had 

been added. It was expected there would be a positive relationship between residue quality 

(%N) and N2O emissions, reflecting the degree and speed with which NO3
−
-N 

(denitrification substrate) was either released from the decomposing residues (net 

mineralization) or existing soil NO3
−
-N immobilized (e.g. Aulakh et al., 1991a; Baggs et al., 

2000). Expected also were patterns of CO2 evolution for the different residues that would be 

similar to the patterns of N2O emission (Aulakh et al., 1991a). All transformation processes – 

residue decomposition, nitrification, denitrification – are mediated by the soil microbes and 

CO2 evolution provides a useful indicator of their general levels of activity. More uncertain 
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was the effect of the type of residue, i.e. shoot versus root, on these processes, and 

particularly on N2O emissions.  

The results of this experiment were almost the opposite of the above. Largest emissions of 

N2O were associated with the lowest quality (low %N, high C:N ratio) residues and the 

lowest levels of CO2 evolution and DOC (measure of available C in the soil). Conversely, the 

lowest emissions of N2O were generally associated with the higher quality (medium-high 

%N, medium-low C:N ratio) residues and the highest levels of CO2 evolution and DOC. The 

key factor here was likely to be the high NO3
−
-N and NH4

+
-N contents of the incubated soil 

at the start of the experiment (50 and 30 µg g
-1

, respectively; see Table 5.1) and the speed 

with which the added residues were processes by the soil microbes and either released 

additional NO3
−
-N or immobilized some of the existing soil NO3

−
-N. The resultant variations 

in soil NO3
−
-N had an impact on N2O emissions (see Figures 5.2a and 5.3a), particularly 

during the initial part of the incubation (0–22 days) when >80% of total emissions occurred.  

5.4.1 Residue source, quality and N2O emissions  

Nitrous oxide emissions were highest from the cereal root incubations (Wh-Rt and Sgm-Rt) 

during the early stage of residue decomposition. These two root sources had the highest C:N 

ratios of the added residues (Table 5.2), hence not likely to decompose rapidly (Heal et al., 

1997). A positive and significant correlation between C:N ratio and microbial respiration 

towards the end of the incubation period, which combined with the negative, but non-

significant correlation for the early stage, suggested that residues with the higher C:N ratios 

decomposed later (Table 5.4). The slow decomposition of Wh-Rt and Sgm-Rt residues likely 

meant little N immobilization, which was partly supported by the positive correlation 

(R
2
=0.91**) between initial microbial respiration (D-2) and depletion of existing soil NO3

−
-

N for the residue treatments except for Soy-Sh and Soy-Rt (Figures 5.3a, 5.4). Therefore, the 

already existing soil NO3
−
-N remained high during early incubation and was denitrified. This 

hypothesis was partly supported by the positive correlation (R
2
 = 0.86**) between N2O flux 

and soil NO3
−
-N during this period (except soybean residues).  

On the other hand, canola shoot and root residues showed the lowest N2O flux during early 

incubation despite the greater decomposition as indicated by higher microbial respiration 
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(Figure 5.2). The earlier decomposition of residues with relatively low C:N ratios was not 

entirely surprising (Heal et al., 1997; Aulakh et al., 1991a). The low N2O emissions from 

these residues can best be explained by the strong N immobilization rather than N 

mineralization. The high respiration and low N2O flux from the canola residue incubations on 

D-2 were accompanied by an about 50% depletion of soil NO3
−
-N measured after one week. 

This supports strong N immobilization. The consumption of labile C, evidenced by the 

positive correlation between CO2 and DOC (Hadas et al., 2004; Huang et al., 2004; Lou et 

al., 2007), might have resulted in increased microbial N demand and immobilization of 

available N (Schaeffer and Evans, 2005), which subsequently influenced the N2O emissions. 

Baggs et al. (2003) also reported low N2O emissions following additions of rye residues, 

which was associated with strong N immobilization.  

Relatively low N2O flux from the control soil in spite of the high NO3
−
-N suggests that it 

lacked the necessary supply of available C for denitrification that was present in the residue 

amended treatments (Aulakh et al., 1991b).  

The facts that were discussed above together with a strong and negative correlation (R
2
 = 

0.73**) between N2O and CO2 emissions during early incubation (Figure 5.6) suggests that 

the decomposition of residues did not enhance N2O emissions at this stage possibly due to 

the immobilization of available N and consumption of available C. However, at the later 

stage of incubation, Soy-Sh and Ca-Rt exhibited higher N2O emissions compared to other 

residues (Figure 5.2). At this stage, N2O emissions were negatively correlated with C:N ratio 

of the amended residues (Khalil et al., 2002; Baggs et al., 2000; Huang et al., 2004), and 

positively correlated with the NO3
−
-N extracted from residue-amended soil.  

5.4.2 Shoot and root residue effects on N2O and CO2 emissions  

A key part of this study was to examine effects of the type of plant residue, i.e. shoot versus 

root, on N2O emissions. Most incubation studies have focused on shoot residues and 

essentially ignored the roots (Aulakh et al., 1991a; Hunag et al., 2004), even though root and 

root-derived residues of crop plants may constitute a much greater source of residue N and C 

than the shoots (e.g. Russell and Fillery, 1996b; McNeill et al., 1998). Results of this 

experiment suggested similar relationships between residue quality, i.e. %N, C:N, and N2O 
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emissions for both types of residue (Table 5.2 and Figure 5.2). This is in agreement with 

Baggs et al. (2000) and Huang et al. (2004).  

The addition of residues to soil typically increases microbial respiration compared to a soil 

not amended with residues (Huang et al., 2004; Millar and Baggs, 2005; Toma and Hatano, 

2007; Garcia-Ruiz and Baggs, 2007). In this experiment, there was a 200–300% increase in 

CO2 emissions from the residue treatments, compared with the non-residue control. With 

most of the treatments, the majority of the total CO2 flux occurred during the first 22 days 

(Figure 5.2). This is not surprising as the ground residues were incorporated into the soil and 

decomposition could be expected to start immediately (Malpassi et al., 2000). Overall, the 

CO2 emissions were higher for the shoot residues than the root residues during the first 10 

days of incubation, except Ca-Rt on D-2. Bending et al. (1998) and Lu et al. (2003) also 

reported faster decomposition rates of shoot compared to the root residues, which was 

attributed to the lower lignin and higher cellulose content of the former (Puget and 

Drinkwater, 2001). After D-17 and until the end of the study, differences in CO2 flux 

between shoot and root residues were insignificant.  

5.5 Conclusion 

Under the conditions of this experiment in which the incubated Black Vertosol had initially 

high levels of NO3
−
-N (Table 5.1), residue decomposition (CO2 release) had a negative effect 

on N2O emissions during early stages, likely due to the immobilization of N and C. The soil 

with incorporated cereal roots (Sgm-Rt and Wh-Rt) with the highest C:N ratios emitted the 

most N2O and the soils with the medium-low C:N canola residues (Ca-Sh and Ca-Rt) emitted 

the least N2O during early incubation. The resultant levels of NO3
−
-N reflected the degrees to 

which the various residues were decomposing and immobilizing. Subsequently, the residues 

with low C:N ratio and high %N were associated with increased N2O emissions. This study 

demonstrates that the root residues may contribute substantially to N2O emissions provided 

conditions for decomposition and denitrification are established. To more fully understand 

the relationship between residue source and quality, residue decomposition and microbial 

activity and N2O emissions, more incubation studies are required, particularly when initial 

NO3
−
-N concentrations are low. 



CHAPTER 6 

Increasing pH of an acidic Black Vertosol through liming lowers  

N2O emissions 

6.1 Introduction 

Vertosols may be prone to high levels of denitrification and emissions of nitrous oxide (N2O) 

because of their fine texture, high water holding capacity, poor aeration and drainage 

properties (Weier et al., 1991). To enhance N2O mitigation efforts from agricultural soils, a 

better understanding of factors affecting denitrification in Vertosols is required. Several 

studies reported that soil pH influences denitrification via its effects on denitrification rates, 

denitrification end products, i.e. N2 or N2O (Beauchamp et al., 1989; Firestone and Davidson, 

1989; Bandibas et al., 1994; Simek and Cooper, 2002), and denitrification enzymes 

(Knowels, 1982).  

Denitrification rates increase with increasing soil pH, but the N2O mole fraction relative to 

N2, the final (end) product of denitrification, decreases (Scholefield et al., 1997; Simek and 

Cooper, 2002; Liu et al., 2010).) A high N2O:N2 ratio is usually observed with soils at low 

pH (Stevens et al., 1998; Simek and Cooper, 2002; Van den Heuvel et al., 2011) likely due to 

impairment of N2O reductase activity (Farquharson and Baldock, 2008). Liu et al. (2010) 

concluded that translation of N2O reductase enzyme is more sensitive to low pH than any 

other reductases involved in denitrification. In a recent study, Cuhel and Simek (2011) 

illustrated that soil pH can control the denitrification rate by changing the denitrifying 

community (an indirect effect, termed distal control), and can change denitrification 

reductase enzyme activity (a direct effect, termed proximal control). Thus, high pH or liming 

of acid soils to reduce acidity may reduce overall N2O emission as reported by many 

researchers (Stevens et al., 1998; Van der Weerden et al., 1999; Zaman et al., 2008; Van den 

Heuvel et al., 2011).  

However, effects of soil pH on emissions of N2O are rather inconsistent, compared to the 

consistent effect of pH on the N2O:N2 ratio (Drury et al., 1991; Stevens et al., 1998; Cuhel et 

al., 2010; Zaman and Nguyen, 2010; Galbally et al., 2010). Soil pH influences the process of 
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denitrification with a number of studies showing that maximum rates occur at neutral to 

slightly alkaline pH (Granli and Bockman, 1994; Thomas et al., 1994; Simek and Cooper, 

2002). Thus, although the N2O:N2 ratio might be high at low soil pH, overall emissions of 

N2O could still be low because of low denitrification rates.  

Moisture is probably the most important driver of the denitrification and nitrification 

processes mainly responsible for N2O emissions from agricultural soil (Dobbie and Smith 

2001; Azam et al., 2002; Godde and Conrad, 2000). Most of the N2O is thought to originate 

from nitrification when the soil is below 60% water filled pore space (WFPS), while 

denitrification dominates at soil moisture contents exceeding 60% WFPS (Linn and Doran 

1984, Davidson, 1991; Bateman and Baggs, 2005). Soil moisture and pH can interact in 

affecting N2O emissions from soil. Liming-induced pH changes reduced N2O from urine 

patches where soil moisture was at field capacity but not when higher than field capacity 

(Cough et al., 2004). Liming also lowered the N2O:N2 ratio in urine-treated soils and in the 

control, where no N was applied, but not in the KNO3 treated soil (Zaman and Nguyen, 

2010). Thus, the extent to which soil pH affects net N2O emissions is complicated and varies 

with soil type, substrate concentrations, moisture content and the conditions and duration 

under which the experiment was conducted (Simek and Cooper, 2002). 

Nitrous oxide emissions from Vertosols have been studied in the past with the majority 

involving alkaline Vertosols (e.g. Schwenke et al., 2010). Acidic Vertosols, although 

uncommon in the northern grains region of NSW, also do occur. One such Vertosol, with a 

pH of 5.5 (1:5 H2O) has been my main focus of study (see Chapters 3, 4 and 5). Liming may 

be an option for soils like these for N2O emissions mitigation, provided amelioration of the 

acidity can be readily and economically achieved and provided the practice has a consistent 

and measurable effect on emissions. 

In this Chapter, I report two laboratory-based incubation studies to assess (i) effects of pH of 

a naturally-acidic Black Vertosol, amended with different amounts of lime to generate a 

range of pH levels, on N2O emissions and (ii) effects of pH, through liming, of a naturally-

acidic Black Vertosol on N2O emissions and the N2O:N2 emissions ratio using the acetylene 
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inhibition technique at two moisture levels. A naturally-alkaline Black Vertosol was also 

used in this experiment as a reference. 

6.2 Materials and methods 

6.2.1 Soils 

The soil used in Experiment 1 was an acidic Black Vertosol, collected from the surface 20 

cm of an arable field (Laureldale Farm), located 2 km north of the University of New 

England (UNE), Armidale, NSW. It was the same soil used in the experiments reported in 

Chapters 3, 4 and 5. In Experiment 2, there were two soils. One was the acidic Black 

Vertosol from Experiment 1, the other an alkaline Black Vertosol, sampled from an arable 

field located at the Tamworth Agricultural Institute, Tamworth, NSW (about 110 km from 

the source of the first soil). This alkaline Vertosol is typical of the majority of soils used for 

dry land cropping in the northern grains region of eastern Australia. Fresh (field-moist) soil 

was air-dried (moisture content of 11% upon drying) for 2 days, sieved (2 mm) and stored at 

4°C before the experiment started. Some physical and chemical properties of the soils are 

presented in Table 6.1. 

Table 6.1 Physical and chemical properties of the two Black Vertosols used in this study. 

 pH 

(1:5 H2O) 

EC 

(µs cm
-1

) 

Total C 

(%) 

Total N 

(%) 

NO3
−
-N 

(µg g
-1

) 

NH4
+
-N 

(µg g
-1

) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

Soil I 5.5 93 2.35 0.19 31 1 62 12 26 

Soil II 8.5 144 1.82 0.15 8 11 66 15 19 

 

6.2.2 Experiment 1 

The short-term effect of soil pH on N2O emissions was studied in incubations of soil I 

amended with different amounts of lime to generate a range of pH levels. The original pH of 

the soil was 5.5; pH levels of 6.5, 7.4 and 7.7 were produced by adding lime at 0.3%, 0.8% 

and 2% w/w, respectively. Amounts of 20 g of air-dried soil were placed in 250 ml plastic 

jars (Nalgene®, USA) and pre-incubated with lime for 3 days in the laboratory in order to 

minimize the effect of increase in temperature from 4° C to 25° C on microbial activity and 
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to equilibrate the lime with soil. After this period, soil samples were wetted to obtain the 70% 

WFPS (the moisture content was equivalent to 55% soil moisture content (w/w)) required for 

the experiment. The WFPS was calculated based on soil bulk density, gravimetric water 

content and particle density (Aulakh et al., 1991b). The WFPS was maintained by replacing 

weight losses with distilled water every day.  

In order to stimulate microbial activity, the following treatments were applied to each of the 

treatment soils: i) control without any added N or C; ii) KNO3 (100 µg N g
-1

 dry soil) plus 

glucose (300 µg C g
-1

 dry soil); iii) KNO3 (100 µg N g
-1

 dry soil) only. Both, mineral N and 

glucose were applied to soil dissolved in the distilled water which was added to generate the 

desired WFPS. All treatments were replicated 3 times. Another identical set of soil jars, 

treated in the same way as those used for the gas sampling, were also incubated in order to 

measure soil pH after 24 h of incubation. The soils were incubated under laboratory 

conditions with a constant air temperature 25° C in a dark place for 72 h. An additional 3 jars 

without soils were also incubated and served as blank to account for N2O in the atmosphere. 

6.2.2.1 Gas sampling and analysis 

The jars were capped immediately after the treatment addition and kept air-tight during the 

entire incubation period (72 h) except one hour after each gas sampling time when left open 

for flushing. Head-space gas samples were collected using a 25 ml gas-tight syringe attached 

with a hypodermic needle (26 gauge) from the jars after 24, 48 and 72 h of incubation 

through a rubber septum in the lid. Collected gas (18 ml) was transferred to pre-evacuated 

12-ml vials (Exetainers, Labco Inc., UK). The samples were analyzed for N2O using a gas 

chromatograph (Model GC450, Varian Australia Pty Ltd) equipped with an auto injector 

(Combi Pal, Varian Australia Pty Ltd), a 
63

Ni- electron capture detector (ECD) (5% methane 

and 95% Argon carrier gas) with the column (oven) temperature at 350°C for N2O.  

Ambient room air was collected from the jars without soil at the beginning of each sample 

set. Fluxes of N2O were calculated as the product of the increase in concentration above 

ambient laboratory air and volume of the headspace in the soil jars, divided by the time the 

jars were sealed and the dry weight of the soil, and corrected for air temperature and air 

pressure. 
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6.2.3 Experiment 2 

The aim of this experiment was to determine effects of pH, through liming, of a naturally-

acidic Black Vertosol on N2O emissions and the N2O:N2 emissions ratio using the acetylene 

inhibition technique at two moisture levels. A naturally-alkaline Black Vertosol was included 

in this experiment to compare the denitrification potentials between a naturally-alkaline 

Vertosol (soil II) and an artificially-alkaline Vertosol for which pH had been increased 

through liming (soil I). The experiment was conducted under two soil moisture conditions, 

60% and 80% WFPS, and four soil pH levels, pH 5.5, 6.5, 7.7 and 8.5. The pH levels of 6.5 

and 7.7 were generated by adding lime at the rate of 0.3% and 2% (w/w), respectively, to soil 

I (pH of 5.5). Soil II had the pH of 8.5. All treatments were amended with KNO3 (100 µg N 

g
-1

 dry soil) and glucose (500 µg C g
-1

 dry soil) and replicated three times. Soil preparation, 

pre-incubation with lime, addition of water to obtain 80% and 60% WFPS and KNO3 and 

glucose amendment were as described in Experiment 1. The jars were sealed immediately 

after adding the KNO3 and glucose solution with the required amount of water.  

Denitrification rates were measured as described by Groffman and Tiedje (1989). According 

to the theory of this technique, C2H2 blocks the enzymatic reduction of N2O to N2 and total 

denitrification is measured as production of N2O (Yoshinari et al., 1977). Each treatment was 

incubated with (+C2H2) and without addition of C2H2 (−C2H2). Acetylene was added to 

displace a 10% volume of the headspace of each jar immediately upon sealing. The jars were 

then incubated at a constant air temperature 25° C in a dark place for 6 h and gas samples 

taken at 2 and 6 h for both (+C2H2 and −C2H2) sets. The jars were then incubated overnight 

with caps off. The following day, which was 24 h after the incubation started, the moisture 

was adjusted by weighing the jars before being resealed for C2H2 addition and gas sampling 

as already described. The same procedure was followed for the next day. Thus, the jars were 

incubated in total for 54 h and N2O fluxes measured three times, between 2 and 6 h, 26 and 

30 h and 50 and 54 h.  

Gas samples were analyzed as described in Experiment 1 (section 6.2.2.1). Fluxes of N2O 

were calculated as the product of the increase in concentration between 2 and 6 h, 26 and 30 

h and 50 and 54 h and volume of the headspace in the soil jars, divided by the number of 
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hours between samples (4 h) and the dry weight of the soil. The derived values were 

corrected for air temperature and air pressure. The N2O fluxes from the +C2H2 set were the 

estimates of N2O and N2 emitted during denitrification and from the −C2H2 set were the 

estimates of N2O emissions alone. 

6.2.4 Soil analysis  

Soil pH was measured in 1:5 soil-H2O suspensions using a glass electrode after 24 h and at 

the end of the 72 h incubation period. Mineral N was also extracted and analyzed in the 

samples obtained at the end of the 72 h incubation. Mineral N (NH4
+
 and NO3

−
) was 

measured using 2 M KCl extraction (soil:KCl ratio of 1:10). The extracts were analyzed for 

NH4
+
 and NO3

−
 using a colorimetric autoanalyzer (Skalar SAN

plus
 Analyzer, The 

Netherlands, 2007). Total C and N were determined using the Leco CNS combustion 

analyzer (Leco CNS-2000 elemental analyzer, St. Joseph, Michigan, USA). 

6.2.5 Statistical analysis 

Analysis of variance (ANOVA) and repeated measures tests of data were done using the 

statistical package R (2.7.0) to test the significance of the treatment effects on N2O 

emissions. The data were explored to check for normal distribution and equal variances using 

normality test, residual versus fitted plots and Cook’s distance test to identify outliers. Least 

significant difference (LSD0.05) was used to determine significant differences between means 

following a significant F-test. Regression analysis was performed using Sigmaplot (v7.0 

Systat Software) to explore the relationships between gas emissions and variables.  

6.3 Results 

6.3.1 Experiment 1 

6.3.1.1 Liming effect on pH 

Amendment of the soil with N and C had a very slightly negative effect on pH, reducing it by 

an average of 0.1–0.3 units (Table 6.2). The pH values were almost identical after 24 h and at 

the end of the incubation period (72 h). The addition of lime shifted the original soil pH 

significantly from 5.3–5.5 (non-limed soil) to 6.3–6.7, 7.2–7.4 and 7.6–7.9 for the 0.3%, 
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0.8% and 2% lime treatments, respectively. Hereafter, the soil pH values are assumed to be 

5.5, 6.5, 7.4 and 7.7 for the 4 treatments.  

Table 6.2 The effect of lime on pH after 24 h and at the end (72 h) of the incubation period 

for an acidic Black Vertosol, either un-amended (control) or amended with added N (+N, 

−C) or added N and C (+N, +C). 

 Soil pH 

Lime 

added (%) 

After 24 h of incubation  After 72 h of incubation 

Control +N, −C +N, +C  Control +N, −C + N, +C 

0 5.50 (0.00) 5.29 (0.00) 5.27 (0.02)  5.51 (0.01) 5.32 (0.01) 5.37 (0.01) 

0.3 6.67 (0.04) 6.34 (0.04) 6.35 (0.02)  6.68 (0.04) 6.35 (0.01) 6.37 (0.01) 

0.8 7.40 (0.01) 7.28 (0.02) 7.20 (0.01)  7.42 (0.03) 7.25 (0.02) 7.18 (0.02) 

2.0 7.80 (0.01) 7.63 (0.01) 7.60 (0.01)  7.86 (0.01) 7.68 (0.01) 7.60 (0.03) 

All numbers in parentheses are standard errors of the means (n = 3). 

6.3.1.2 Effect of pH on N2O emissions 

The first 24 h incubation resulted in high initial fluxes of N2O, which declined substantially 

during the next 24 h (Figure 6.1). The most acidic soil (unlimed soil with pH of 5.5) 

produced the highest emissions of N2O, with consistent trends across the three substrate 

treatments (control, +N, −C and +N, +C) for reductions in emissions with each incremental 

increase in soil pH. 

Nitrous oxide fluxes ranged 0.3–31.1 µg N2ON kg-
1 

dry soil d
-1

 for samples treated with N 

and C or N only and 0.2–16.5 µg N2O-N kg-
1 

dry soil d
-1

 for the control. Each increase in soil 

pH led to a significant reduction in N2O flux regardless of the N or C addition (Figure 6.1). 

After 24 h of incubation, the N2O flux for soil at pH 5.5 was significantly (p<0.001) higher 

than from the fluxes for soils at pH 6.5, 7.4, and 7.7 when N and C was added, at pH 7.4 and 

7.7 when treated with N only, and at pH 7.7 for the control soil (Figure 6.1). In contrast, the 

fluxes from soils at pH 6.5, 7.4 and 7.7 were not significantly different (p<0.05) from each 

other irrespective of the treatments (Figure 6.1).  
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Figure 6.1 Emissions of N2O during 72 h of incubation from an acidic Black Vertosol, either 

unlimed or limed at different rates to produce a range of soil pHs (5.5, 6.5, 7.4 and 7.7) for 

(a) control (without any added N and C), (b) after addition of N only (100 µg KNO3 N g
-1

 

dry soil) and (c) after addition of N and C. Bars represent the LSD (p=0.05) used for 

comparison of treatments at each sampling time where a significant pH effect occurred. 
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Table 6.3 Linear regressions between soil pH and cumulative N2O emissions during 

72 h of incubation for an acidic Black Vertosol, either unlimed or limed at different 

rates to produce a range of soil pHs (5.5, 6.5, 7.4 and 7.7) for control (without any 

added N and C), +N, -C (after addition of N only) and +N, +C (after addition of N 

and C). ‘a’ and ‘b’ denote intercept and slope of the linear regressions, respectively.  

 Cumulative N2O (µg N kg
-1

 dry soil) 

 Control  +N, -C  +N, +C 

 a b r
2
  a b r

2
  a b r

2
 

Soil pH 54.9 -6.5 0.97*  71.7 -8.3 0.98**  81.2 -8.6 0.95* 

* and ** refer to p<0.05, p<0.01, respectively. 

There was a significant (p<0.001) effect of pH on cumulative N2O emissions for all added C 

and N substrate treatments. A significant negative correlation was observed when cumulative 

N2O emissions after 72 h of incubation were plotted against pH (Table 6.3). Compared with 

the unlimed soil at pH 5.5, emissions were reduced by 35–41% at pH 6.5, by 44–62% at pH 

7.4 and by 60–80% at pH 7.7. The addition of N and C to the soil significantly (p<0.001) 

increased cumulative N2O emissions (almost by a factor of 2), compared to the control soil. 

The addition of N alone to the soil significantly (p<0.001) increased cumulative N2O 

emissions by a factor of about 1.5.  

6.3.1.3 Mineral N concentrations  

A significant amount of NO3
−
N remained at the end of the incubation in the soils with added 

N, compared with the control soils (Table 6.4). The NO3
−
N concentrations were slightly 

higher in the +N, −C soils than the +N, +C soils. A significant (p<0.05) effect of soil pH on 

NO3
−
N concentration was observed only when the soils were amended with both N and C. 

In these treatments, NO3
−
N tended to increase with increasing pH although the differences 

were small. In contrast, no such trend was observed for the soils treated with N only or 

control soils.  

Concentrations of NH4
+
N were substantially lower than those of NO3

−
N in all treatments 

(Table 6.4). More specifically, concentrations of NH4
+
N were lower in the +N, +C soil 

compared to the control and +N, −C soil. The NH4
+
N concentrations were also found to 
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slightly increase with increasing pH for the control soil with a greater NH4
+
N concentration 

at pH 7.4 than at pH 5.5 (Table 6.4).  

Table 6.4 Soil NO3
−
N (µg g

-1
 soil) and NH4

+
N (µg g

-1
 soil) concentrations for an acidic 

Black Vertosol, either unlimed or limed to produce a range of pH levels (5.5–7.7) and 

incubated for 72 h without any added N and C (control), with added N only and with added 

N and C. 

pH NO3
−
N  NH4

+
N 

Control +N, −C +N, +C  Control +N, −C + N, +C 

5.5 36 (1.1) 129 (1.9) 122 (1.6)  8 (0.9) 12 (1.4) 5 (1.3) 

6.5 35 (1.3) 133 (2.4) 121(0.9)  11 (0.9) 11 (2.1) 2 (0.5) 

7.4 36 (0.8) 133 (1.4) 125 (1.4)  16 (1.2) 14 (0.9) 5 (0.5) 

7.7 35 (0.5) 133 (2.5) 126 (1.0)  13 (0.8) 14 (0.4) 8 (1.0) 

LSD0.05 ns ns 3.5*  6.5** ns ns 

All numbers in parentheses are standard error (n = 3). 

 *, ** and ns refer to significant pH effect in ANOVA at p<0.05, p<0.01 and not significant, 

respectively 

6.3.2 Experiment 2  

I used the C2H2 inhibition technique, in which the Black Vertosols were incubated in the 

presence and absence of C2H2, to assess pH effects on total denitrification. Emissions of N2O 

in the presence of C2H2 are assumed to include the N2O that, in the absence of C2H2, would 

be converted to N2 as the final transformation of N in the process of denitrification. Thus, the 

fluxes of N2O emissions in the presence of C2H2 in theory equate to denitrification rates, 

whilst fluxes of N2O emissions in the absence of C2H2 are just that, N2O emissions.  

6.3.2.1 Effect of Vertosol pH on denitrification (+C2H2 treatments)  

Nitrous oxide emissions generally increased with increases in pH, although effects were not 

significant (p>0.05) due to the high variability amongst the replicates (Figure 6.3a). Fluxes in 

individual replicates ranged 1.4–16, 4.2–13, 6.1–39 and 2.2–68 µg kg
-1

 h
-1

 at pH 5.5, 6.5 7.7 

and 8.5, respectively. Emission patterns were somewhat similar for the period of incubation 

with fluxes peaking on D-2, then either falling slightly (pH 5.5, 6.5 and 7.7) or sharply (pH 

8.5) thereafter.  

Unlike the patterns of N2O fluxes at 80% WFPS, fluxes at 60% WFPS were very low and 

almost zero during the period of incubation (Figure 6.3b). Average N2O fluxes across all pH 
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treatments at 60% WFPS were considerably and significantly (p<0.001) lower compared to 

the rates at 80% WFPS despite the fact that all soils received similar amounts of C and N
 
at 

both moisture levels.  

6.3.2.2 Effect of Vertosol pH on N2O emissions (−C2H2 treatments)  

The emission of N2O from the Vertosols incubated without C2H2 at 80% WFPS were 

significantly (p<0.01) reduced at the higher pH levels on D-1 (Figure 6.2a). Highest 

emissions were observed at pH 5.5 and lowest at pH 8.5. The similar trend was obtained on 

D-2 across the pHs of 5.5, 6.5 and 7.7, but not at pH 8.5. Surprisingly, the highest N2O flux 

was observed at pH 8.5 on D-2, which was similar to the N2O flux in the presence of C2H2. 

Thus, an inverse relationship between soil pH and N2O flux was only observed for the acidic 

Vertosol and its limed versions (pH 5.5, 6.5 and 7.7) but not for the naturally-alkaline 

Vertosol (pH 8.5). 

The patterns of N2O fluxes at 60% WFPS again were very low and were completely different 

to those at 80% WFPS (Figure 6.2b). At 60% WFPS, N2O emissions were highest on D-1 for 

all pH treatments with a sudden decrease on D-2 followed by a gradual decrease on D-3. 

There was an interaction (p<0.05) between soil pH and WFPS treatments. Overall, highest 

N2O fluxes occurred at pH 8.5 with a WFPS of 80%, whereas highest fluxes at 60% WFPS 

occurred at a pH value of 5.5. Similar to the effect at 80% WFPS, N2O flux was significantly 

(p<0.001) influenced by pH in all treatments only on D-1 (Figure 6.2). The average N2O flux 

on this occasion at pH 5.5 and 6.5 was 3.1 µg kg
-1

 h
-1

, whereas this rate was 60% and 90% 

lower at pH 7.7 and 8.5, respectively. However, no differences in N2O flux between pH 

values were observed on D-2 and D-3. Similar to the denitrification rates, average N2O fluxes 

were significantly (p<0.001) lower at 60% WFPS than at 80% WFPS for the soils at pH 

values 5.5, 6.5 and 8.5 (Figure 6.2).  
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Figure 6.2 Fluxes of N2O in the presence (+) and absence (−) of C2H2 from naturally-acidic 

Black Vertosols, either unlimed or limed at different rates to produce a range of soil pHs 

(5.5, 6.5 and 7.7) and from naturally-alkaline Black Vertosol of soil pH 8.5, amended with 

added N and C and incubated at (a) 80% WFPS and (b) 60% WFPS for 3 days. The vertical 

bars indicate standard errors of the means (n = 3). D-1, D-2 and D-3 refer to the 

measurements taken between 2–6 h, 26–30 h and 50–54 h, respectively.  
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6.3.2.3 Cumulative N2O emissions and effect of pH on the N2O:(N2O+N2) ratio 

Cumulative N2O emissions for the 3 days of incubation were much greater, i.e. 10–20 fold, 

for the wetter Vertosols at 80% WFPS than for the soils at 60% WFPS (Figure 6.3). 

Responses to C2H2 and pH were almost the opposite at the two moisture contents. For the 

naturally-acidic Vertosols at 80% WFPS, cumulative N2O emissions increased in the 

presence of C2H2 and generally increased with increasing pH.  
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Figure 6.3 Effect of soil pH on the cumulative emissions of N2O in the presence (+) and 

absence (−) of C2H2 from naturally-acidic Black Vertosols, either unlimed or limed at 

different rates to produce a range of soil pHs (5.5, 6.5 and 7.7) and from naturally-alkaline 

Black Vertosol of soil pH 8.5, amended with N and C, and incubated at 80% WFPS and 60% 

WFPS for 3 days. The vertical bars indicate standard errors of the means (n = 3). 
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Cumulative N2O emissions as total denitrification products (in presence of C2H2) in 

naturally-alkaline Vertosol (pH 8.5) at 80% WFPS did not vary with that observed from 

naturally-acidic Vertosol either limed or unlimed. However, in the absence of C2H2, 

cumulative N2O emissions from naturally-alkaline Vertosol at 80% WFPS were higher than 

limed naturally-acidic Vertosol (pH=7.7) only (Figure 6.4). For the Vertosols at 60% WFPS, 

cumulative N2O emissions decreased in the absence of C2H2 and generally decreased with 

increasing pH.  

The N2O:(N2O+N2) emissions ratios, using the −C2H2 values for N2O and the +C2H2 values 

for N2O+N2, were calculated for the wetter soils (80% WFPS) only. Ratios for the unlimed 

and limed acidic Vertosols (pHs of 5.5, 6.5 and 7.7) declined with increasing pH (Figure 

6.4).  
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Figure 6.4 Effect of soil pH on the molar ratio of N2O:(N2O +N2) of cumulative emissions 

from naturally-acidic Black Vertosols, either unlimed or limed at different rates to produce a 

range of soil pHs (5.5, 6.5 and 7.7), amended with N and C and incubated in the presence or 

absence of C2H2 at 80% WFPS for 3 days. The vertical bars indicate standard errors of the 

means (n = 3). 



Chapter 6 Increasing pH of an acidic Black Vertosol through liming lowers N2O emissions  

107 
 

The N2O:(N2O+N2) emissions ratios for the naturally-alkaline Vertosol (pH 8.5) was 0.69 

(±0.03), which was similar to that for the unlimed acidic Vertosol (pH 5.5). The high 

emissions ratio at pH 8.5 reflected the high emissions of N2O in the absence of C2H2 (see 

Figure 6.2a).  

6.3.2.4 Mineral N concentrations  

A three-way ANOVA showed significant differences in NO3
−
-N concentrations, after 

subtracting the initial concentrations from the final concentrations in the soils at the end of 

the incubation, as influenced by WFPS (p<0.001), C2H2 addition (p<0.001) and pH (p<0.05) 

(Table 6.5). 

Table 6.5 Soil NO3
−
N (µg g

-1
 soil) concentrations in naturally-acidic Black Vertosols, either 

unlimed or limed at different rates to produce a range of soil pHs (5.5, 6.5 and 7.7) and in 

naturally-alkaline Black Vertosol of soil pH 8.5, amended with N and C, and incubated for 

54 h at 60% and 80% WFPS in the presence (+) or absence (−) of C2H2. Initial soil NO3
−
-N 

concentrations before addition of KNO3N at 0 h were 30 and 8 µg g
-1

 soil for the naturally-

acidic (pH 5.5) and naturally-alkaline (pH 8.5) Vertosols, respectively.  

Soil pH NO3
−
N (µg g 

-1
 soil) 

60% WFPS 80% WFPS 

+C2H2 −C2H2 +C2H2 −C2H2 

5.5 110 (2.0) 109 (0.6) 104 (4.2) 109 (0.6) 

6.5 109 (1.7) 115 (0.7) 108 (0.8) 107 (0.9) 

7.7 109 (1.6) 116 (2.2) 106 (1.7) 109 (0.7) 

8.5 84 (1.7) 96 (1.9) 79.2 (1.1) 80 (0.7) 

All numbers in parentheses are standard errors of the means (n = 3). 

The average NO3
−
N concentrations were slightly higher at 60% WFPS than at 80% WFPS, 

suggesting higher N losses from the latter. At 80% WFPS, 0.4–1.0% of the total NO3
−
N 

(applied + initial) was denitrified as N2O + N2 (see also cumulative emissions in Figure 6.3), 

whereas, the corresponding figure at 60% WFPS was <0.01%. 

At 60% WFPS, NO3
−
N concentration significantly (p<0.001) differed between the soils 

incubated in presence or absence of C2H2, although the differences were not large (Table 6.5). 

In contrast, this difference was not observed at 80% WFPS which implies that the conditions 

favored denitrification over nitrification at the wetter moisture content (Table 6.5). There was 

a significant (p<0.05) pH effect on NO3
−
N concentration only at 80% WFPS. This effect 
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was due to the lowest NO3
−
N concentration at pH 8.5. For all treatments, the NH4

+
-N 

concentration was below the detection limit which shows that all available NH4
+
-N was 

either immobilized or nitrified in the presence of a readily available C source. 

6.4 Discussion 

The objectives of the two experiments reported here were to investigate the effects of pH of 

Black Vertosols on N2O emissions, both in absolute terms and relative to emissions of the 

end-product denitrification gas, N2. Understanding pH effects on emissions may open up 

management options for mitigation, and knowing the relationship between soil pH and the 

ratio of N2O:(N2O +N2) provides an insight into total denitrification activity and N loss. The 

latter is particularly important in the management and economics of N fertilizer additions. As 

stated in the introduction, Vertosols are likely to be prone to high levels of denitrification and 

emissions of N2O because of their fine texture, high water holding capacity, poor aeration 

and slow drainage properties during wet conditions. If emissions are reduced at high pH 

levels, liming to modify pH may be an option in greenhouse gas emissions mitigation, 

particularly if its effect on N2O emissions is negative.  

The results of the first incubation experiment at 70% WFPS showed a negative linear 

relationship between pH and N2O flux both with or without C and N substrate addition. The 

pH effect on N2O fluxes was confirmed in a second incubation experiment at 80% and 60% 

WFPS. Results are in agreement with Van den Heuvel et al. (2011) who found decreased 

N2O emissions with increasing pH from 5.0 to 7.0. However, Stevens et al. (1998) observed 

maximum N2O fluxes at pH 6.5 and 8.0 from a clay loam soil under laboratory conditions 

and no pH effect on emissions from a sandy loam soil was observed by Cuhel et al. (2010).  

Many researchers have investigated the underlying mechanism of high N2O production at 

low soil pH. Generally, denitrification rates increase with increasing pH (Simek et al., 2002; 

Simek and Cooper, 2002; Van den Heuvel et al., 2011) but the N2O:(N2O+ N2) emissions 

ratio decreases (Liu et al., 2010; Cuhel et al., 2010; Van den Heuvel et al., 2011). However, 

the mechanisms responsible for these trends are not entirely clear (Liu et al., 2010; Cuhel et 

al., 2010). Some researchers suggest that N2O reductase activity, used in converting N2O to 
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N2, is relatively low at low pH which may be responsible for the accumulation and high-level 

emission of N2O (Simek et al., 2002; Liu et al., 2010).  

In Experiment 2 of this study, denitrification rates at 80% WFPS, estimated as N2O 

emissions in the presence of C2H2, tended to increase with increasing pH (Figure 6.3), 

consistent with the report of Liu et al. (2010). Effects of increasing pH on the N2O:(N2O+ 

N2) emissions ratio were clear if data for the naturally-alkaline Vertosol were ignored. As the 

pH of the naturally-acidic Vertosol increased from 5.5 to 7.7 with liming, the N2O:(N2O+ N2) 

ratio declined (Figure 6.4) (Liu et al., 2010; Cuhel et al., 2010; Van den Heuvel et al., 2011).  

Cumulative N2O emissions as total denitrification products (in presence of C2H2) in 

naturally-alkaline Vertosol (pH 8.5) at 80% WFPS did not vary with that observed from 

naturally-acidic Vertosol either limed or unlimed. The N2O:(N2O+N2) ratio (0.69) from 

naturally-alkaline Vertosol (pH=8.5) was also similar to the ratio (0.72) obtained from 

naturally-acidic Vertosol (pH=5.5) despite the differences in soil pH. These results support 

the observation of Drury et al. (1991), who did not find any relationship between 

denitrification potential and soil pH of 13 different soils which varied in physical and 

chemical properties. Nitrous oxide emissions from flood-irrigated acidic red clay also did not 

vary with that from flood-irrigated alkaline grey clay (Reviewed by Rochester, 2003). This is 

probably due to the fact that microbial communities are likely to be different in different 

micro ecosystems (influenced by paddock histories, climates, vegetation management) but 

adapted to original soil pH, which may denitrify equally provided substrates and conditions 

conducive for denitrification despite the pH differences (Farquharson and Baldock, 2008).  

The pattern of N2O flux was similar to the observations made by Goodroad and Keeney 

(1984) and Miller et al. (2008) with highest N2O fluxes on the first day of incubation, 

particularly at 70% WFPS (Experiment 1). These high fluxes could have been the result of 

the microbial flush after rewetting the dry soil as the flux declined the following day even 

though considerable amounts of NO3
−
N were present in the soil and sufficient C was also 

supplied (Experiment 2). Thus, the low flux from this clay soil was not due to a limitation, in 

N and C availability. These findings are consistent with the observations of Crashwell and 

Martin (1974) with a similar clay soil who did not find any significant loss of added 
15

N at 
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the same moisture content used in Experiment 1 but 
15

N loss was rapid at a moisture content 

>100%.  

At 60% WFPS, N2O emission was considerably lower in the soils incubated with C2H2 than 

the soils not incubated with C2H2 (Figure 6.2). Higher N2O in the absence of C2H2 is likely to 

be associated with nitrification, rather than denitrification (Pihlatie et al., 2004; Linn and 

Doran, 1984). High concentrations (i.e.1–10%) of C2H2 not only block the reduction of N2O 

to N2 in denitrification but also the autotrophic ammonium oxidation in nitrification 

(Davidson et al., 1986). This phenomenon was also evidenced by the higher nitrate 

concentrations at the end of the incubation period of soils not incubated with C2H2 compared 

to those incubated with C2H2 at 60% WFPS, but not at 80% WFPS (see Table 6.5). Thus, this 

study highlighted the possible contribution of nitrification to N2O emissions from Black 

Vertosols. These results also suggest that the conditions at 80% WFPS were favorable for 

denitrification and support the generally accepted observation that higher N2O emissions 

associated with denitrification occur at 80% WFPS than at 60% WFPS (Dobbie and Smith, 

2001; Dobbie et al, 1999; Linn and Doran, 1984).  

In conclusion and similar to the observations of Clough et al. (2003), Van den Heuvel et al. 

(2011) and Borken and Brumme (1997), this short-term incubation study illustrated the 

potential of lowering N2O emissions by 40–70% through liming of an acidic Black Vertosol. 

Results were consistent across various substrate and moisture conditions. This effect was a 

combination of changes in denitrification rates and also the N2O:(N2O+ N2) emissions 

product ratio. More investigations are needed to confirm the liming effect on lowering N2O 

emission in long-term laboratory as well as field experiment.  

 



CHAPTER 7 

General discussion, conclusions and perspectives 

Vertosols are the major soil type throughout much of the grain-growing areas of northern 

NSW and southern Qld. There has been a long-term interest in the region in denitrification 

losses of N, particularly applied fertilizer-N, from cropped Vertosols because of the 

economic impacts (e.g. Strong et al., 1992). Now, with increasing awareness of the potential 

contributions of greenhouse gases such as N2O on global warming and climate change, the 

focus of denitrification impacts has switched to some degree from the economics of N loss to 

the environmental implications of N loss (emissions). Much of the N emitted during the 

process of denitrification is in the form of benign, unreactive N2. Under certain conditions, N 

is also emitted as N2O, a potent greenhouse gas with about 300 times the global warming 

potential of CO2.  

In the five experiments reported in this thesis, I examined the relative effects of biologically-

fixed N2 and fertilizer-N at different rates on N2O emissions from an acidic Black Vertosol 

and further examined effects of residue sources and soil pH on emissions. The relevance and 

importance of below-ground residues was featured throughout the experiments, particularly 

in those reported in Chapters 4 and 5. Because of the difficult nature of Vertosols, they have 

not been subjected to the same degree of study as other soil types, e.g. clay-loams, sandy-

loams etc. They are very fine-textured and prone to sealing at the soil surface if watered from 

above using relatively large volumes of water and nutrients. This makes it difficult to manage 

them in normal, controlled-environment (glasshouse) pot experiments. Thus, in the first two 

experiments, I attempted to mimic field conditions of plant growth and residue 

decomposition by growing both winter and summer crop plants in long cylindrical cores, 

repacked with soil from a nearby field, in a glasshouse. Watering was facilitated by an 

automated overhead watering system to simulate natural rainfall. The pattern of rainfall was 

loosely based on meteorological records for Tamworth for a particular 12-month period. The 

questions that I sought to address in this study (see Chapter 1) are discussed as follows: 

1. To what extent do fertilizer-N applied at sowing and in-situ residue sources affect 

N2O emissions from an acidic Black Vertosol cropped to wheat and canola? 
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Increasing the fertilizer-N rate from 50 to 150 kg N ha
-1

 resulted in a 70% increase in N2O 

emissions from wheat and 118% from canola pots during the two months following fertilizer 

application (Chapter 3). However, the amount of N2O-N emitted (1.2−1.7 kg N ha
-1

) due to 

increasing the fertilizer-N rate during the early growing season was quite low compared to 

the total N2O-N emitted (1−11 kg N ha
-1

) during post-crop fallow from this soil. The large 

N2O emissions (70% of the total in-crop plus post-crop fallow emissions) during the fallow 

were associated with cumulative rainfall and higher soil moisture contents (as indicated by 

the exponential relationship) compared to the in-crop situation. However, the increased 

availability of substrates (N and C) to microbes in the absence of plants during the fallow 

might also have contributed to the increased emissions. The generally higher N2O emissions 

from wheat pots compared to canola during the fallow was presumably in part due to the 

higher soil moisture contents of the former resulting from earlier maturity, and possibly also 

to earlier residue decomposition. Small differences in C:N ratio of residues and possible 

effects on N2O emissions in this experiment (slightly lower C:N ratios for canola over wheat) 

may have been masked by the strong overriding effect of soil moisture.  

2. Are there differences in N2O emissions associated with N2-fixing legumes and 

fertilized non-legumes? 

The overall N2O emissions from a legume system (non-fertilized soybean) were of similar 

magnitude to sorghum fertilized with synthetic fertilizer-N (Chapter 4). Even though there 

was an indication for three times higher N2O-N emissions from soybean and sorghum (HN) 

than sorghum (LN) at the end of the residue breakdown (fallow) period, it had little impact 

on total emissions for the whole crop + fallow period.  

2.1 Are there differences in N2O emissions during decomposition of residues of N2-

fixing legumes and N-fertilized non-legumes? 

The results of Chapter 4 did show that N2O emissions from soybean and sorghum (HN), with 

lower C:N ratio residues, were tended to be slightly higher than that for sorghum (LN) with 

higher C:N residues. This indicated that the residues with low C:N ratios mineralized more 

NO3
−
-N than those with higher C:N ratio (supported by the negative correlation (R

2
=0.86, 
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p<0.01) between soil NO3
−
-N and the C:N ratios of above-ground residues). The additional 

NO3
−
-N was likely to have increased N2O emissions as evidenced by the positive correlation 

(R
2
=0.65, p<0.001) between N2O emissions and soil NO3

−
-N during the fallow. The results 

also suggest that high fertilizer-N rates can influence N2O emissions indirectly through 

effects on the C:N ratio of the residues.  

2.2 Can we better understand the relative contributions of above- and below-ground 

residues to N2O emissions by accurately quantifying below-ground N using 
15

N 

labeling? 

Previous studies (Rochester et al., 1998; Khan et al., 2002; Yasmin et al., 2010; McNeill and 

Fillery, 2008) indicated that a significant amount of N (30-50% of total plant N) remained 

below-ground after the crop harvest, which constitutes a major portion of residue N and C 

and which could be an important factor affecting N2O emissions during residue 

decomposition. To test this hypothesis, I attempted to quantify the below-ground N of 

soybean and sorghum using a 
15

N leaf feeding technique (Chapter 4). Unfortunately, the 

results were inconclusive (see details in the discussion, Chapter 4), principally because the 

methodology did not work for sorghum. The estimate for below-ground N for soybean, at 

28% of the total plant N, appeared valid and closely paralleled estimates from other studies. 

2.3 What are the main factors likely to affect N2O emissions from an acidic Black 

Vertosol? 

The strong relationship between soil moisture and N2O emissions in the winter crop 

experiment (Chapter 3) was confirmed in the following summer crop experiment (Chapter 4). 

In the latter, a three fold increase in N2O emissions was observed for the unplanted control 

pots compared to the planted pots (Chapter 4), which was mainly associated with higher soil 

moisture and NO3
−
-N contents of the control pots. The response of N2O emissions to soil 

moisture in Chapters 3 and 4 indicate that soil moisture was the key driver of emissions from 

the acidic Black Vertosol under the conditions of these experiments. The secondary driver of 

emissions was likely to be NO3
−
-N levels in the soil.  
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3. What is the effect of residue quality (%N, C:N ratio) on N2O emissions and is it  

different for roots and shoots? 

Results of the first of the incubation studies (Chapter 5) showed that residue quality, 

measured as %N and C:N ratios, affected N2O emissions while the source of those residues, 

i.e. whether roots or shoots, did not. Paradoxically, highest emissions in this experiment were 

associated with the high C:N residues (wheat and sorghum roots) and, to some extent, lowest 

emissions were associated with low C:N ratio residues during the early stages of incubation 

(0–22 days). This disjunction between residue quality and N2O emissions was likely due to a 

combination of high background levels of NO3
−
-N that were denitrifying and emitting N2O 

and different degrees of immobilization (see Chapter 5 for details).  

4. Can liming of an acidic Black Vertosol reduce N2O emissions? 

4.1 What mechanisms are responsible for elevated N2O emissions from an acidic 

Vertosol? 

4.2 Is the denitrification potential of an acidic Vertosol different from an alkaline 

Vertosol? 

Previous studies have demonstrated strong effects of pH on both denitrification rates 

(increasing with increasing pH) and the proportion of total denitrification emissions as N2O 

(decreasing with increasing pH). The annual soil N2O emissions in the glasshouse studies 

(Chapters 3 and 4) were high, nearly 10 times higher than those observed in a parallel field 

study undertaken by Graeme Schwenke at Tamworth, NSW. Although, the soils used in the 

glasshouse studies and in the field at Tamworth were both Vertosols, they have very different 

pHs. My soil had a pH of 5.5, whilst the Tamworth field soil had a pH of 8.5. Therefore 

short-term incubation studies were conducted under controlled laboratory conditions to see 

whether N2O emissions from the two soils were different in their natural pH states and 

whether liming of the naturally-acidic Black Vertosol had an effect of both N2O emissions 

and on the ratio of N2O: N2 emissions, the latter using C2H2 inhibition (Chapter 6).  
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Results illustrated rates of denitrification increased with increasing pH and the potential of 

lowering N2O emissions by 40–70% through liming of an acidic Black Vertosol, with trends 

consistent across various substrate and moisture conditions. This effect was a combination of 

changes in denitrification rates coupled with N2O:(N2O+N2) emissions product ratio. 

However, denitrification potential in the naturally-alkaline Vertosol did not vary with that 

from naturally-acidic Vertosol either unlimed or limed at the higher moisture content. These 

results suggest that two soils (naturally-acidic and naturally-alkaline Vertosols) with different 

pHs may denitrify equally provided substrates and conditions conducive for denitrification, 

likely due to different species composition of denitrifiers adapted to original soil pH.  

To conclude, although fertilizer-N rates, residue sources and soil pH all influenced N2O 

emissions, soil moisture appeared to be the dominant factor controlling the magnitude of N2O 

emissions from this acidic Black Vertosol, which was inherently rich in both total and 

mineral-N. 

Implications and future research 

Results of this study suggest that large areas of Vertosols in Australia are at risk of increasing 

N2O emissions particularly if more extreme climatic conditions of wet and hot periods, 

leading to water logging conditions, materialize through climate change. I conclude that 

management practices to minimize N2O emissions from Vertosols should optimize fertilizer 

N rate to match supply with crop demand, maximize the presence of plants throughout the 

year and avoid as much as possible plant-free fallow periods, particularly in the wet season.  

Further investigation on N2O emissions from Vertosols should focus, using 
15

N and 
13

C 

labeled residues, on elucidating the contribution of residue-derived N and C together with the 

identification of different chemical properties of the residues that affect decomposition at 

multiple soil moisture levels. In order to quantify the below-ground plant N and its relative 

contribution to N2O emissions, more of the 
15

N-labeling studies are needed for different plant 

species and under different conditions. The interactions, threshold and relative importance of 

the major factors (such as, soil moisture, NO3
−
-N, and decomposable organic C) in driving 

N2O flux need to be dissociated; this will require a complex multi-factorial design. Any 
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investigations should be done using more than one type of soil to confirm whether there is 

any masking effect coming from the soil itself. More investigations are needed to confirm the 

liming effect on lowering N2O emissions of acidic Vertosols in long-term laboratory as well 

as field experiments. 

 



Appendices 

Appendix 1 

Comparison between measured and estimated cumulative N2O emissions  

In the glasshouse pot study (Chapter 3 and 4), manual N2O gas sample measurements from 

soil chambers were made on a regular schedule at weekly (during the growing season), or 

biweekly (during the post-crop fallow period) intervals. Cumulative N2O emissions were 

calculated by summing the product obtained by multiplying the mean emission values of two 

sequential samplings by the time interval (Zhong et al., 2009). To evaluate the precision of 

the estimated cumulative N2O emissions, a continuous 8-day measurement during the period 

of high flux rate (early growing season) and low flux rate (late growing season) of sorghum 

were made in the glasshouse pot study, where summer crops were grown (Chapter 4) (Figure 

8.1).  
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Figure 8.1 Daily N2O flux from a continuous 8-day measurement during the period of (a) 

high flux rate at early growing season and (b) low flux rate at late growing season of 

sorghum (Sgm)-LN (N rate 50 kg N ha
-1

) and sorghum (Sgm)-HN (N rate 150 kg N ha
-1

) in a 

glasshouse pot study (Chapter 4).  

The measured cumulative N2O emissions were calculated by summing up the daily flux from 

Day-1 to Day-8. Estimated cumulative emissions were calculated as follows: 

Daily flux on Day-1+ (mean daily flux between Day-1 and Day-8) *6 + daily flux on Day-8  
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Comparison of these results revealed that the estimated N2O emissions were underestimated 

by 10-15% during the period of high flux rate and overestimated by 12-14% during the 

period of low flux rate (Figure 8.2). 
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Figure 8.2 Measured and estimated cumulative N2O flux from a continuous 8-day 

measurement during the period of (a) high flux rate at early growing season and (b) low flux 

rate at late growing season of sorghum (Sgm)-LN (N rate 50 kg N ha
-1

) and sorghum (Sgm)-

HN (N rate 150 kg N ha
-1

) in a glasshouse pot study (Chapter 4).  
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Appendix 2 

 

 

 

Picture 1. Detachable gas sampling device used in glasshouse experiments 
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Picture 2. Leaf-flap feeding of 
15

N-enrihed urea to sorghum 

 

 

Picture 3. Leaf-flap feeding of 
15

N-enrihed urea to soybean 
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