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Abstract 

Agricultural manipulation of the soil nitrogen (N) cycle has caused a significant 

increase in nitrous oxide (N2O) emissions during the past five decades. Nitrous oxide is 

one of the major greenhouse gases with potent and long-lasting global warming effects 

[298 times higher than carbon dioxide (CO2) over a time period of 100 years]. The 

major biogenic processes responsible for N2O production in agricultural soils are 

identified as nitrification which is the oxidation of ammonium (NH4
+
) to nitrite (NO2

-
) 

and nitrate (NO3
-
) and denitrification that is the anaerobic reduction of NO2

-
 and NO3

-
 to 

gaseous nitric oxide (NO), N2O or N2. Although the current concentration of N2O in the 

atmosphere is relatively lower than other greenhouse gases, it is annually increasing at a 

rate of 0.25%. Vegetable cropping systems, a major agricultural activity worldwide, 

generally comprise intensive cultivation and high rates of N application. However, the 

N recovery from intensively cultivated vegetable fields is reported to be only 20 - 50% 

of the applied N fertiliser, suggesting large amounts of N loss from these fields. In 

Australia, horticulture represents less than 1% of land used for agriculture, but accounts 

for 6-12% of N fertiliser use in agriculture and its contribution to national N2O 

emissions is significant. However, little is known about the regulating factors, 

underlying mechanisms and effective mitigation strategies of N2O emission from these 

intensive cropping systems. Therefore the main objectives of this study were to: 1) 

identify the main regulating factors of N2O emission in vegetable fields, 2) compare 

different fertiliser and vegetable residue management strategies in relation to N2O 

emission and N use efficiency and 3) evaluate the effect of combined application of 

chemical N fertiliser and vegetable residues with various biochemical characteristics on 

soil mineral N dynamics and N2O emission. In order to achieve these aims a 

combination of field, laboratory incubation and glasshouse pot experiments were 
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conducted. The application of advanced techniques such as 
13

C nuclear magnetic 

resonance (NMR) spectroscopy and 
15

N tracing assisted to bring new insights into the 

fate of applied fertilisers and crop residues to vegetable soils and their single and 

combined effects on N2O emissions. 

In a field study, nitrous oxide fluxes from an irrigated lettuce cropping system in      

sub-tropical Queensland, Australia, were measured using manual sampling chambers. 

Four treatments were included: Control (no fertiliser), U100 (100 kg N ha
-1

 as urea), 

U200 (200 kg N ha
-1

 as urea) and N100 (100 kg N ha
-1

 as nitrate-based fertilisers). The 

N fertilisers were applied in three split applications and irrigation was delivered 

sparingly and frequently over the whole 68-day cropping season. The cumulative N2O 

emissions from the control, U100, U200 and N100 treatments were 30, 151, 206 and 68 

g N2O-N ha
-1

, respectively. Using N2O emission from the control treatment as the 

background emission, direct emission factors for U100, U200 and N100 treatments 

were found to be 0.12%, 0.09% and 0.04% of applied fertilisers, respectively. Unlike 

soil NO3
-
, NH4

+
 concentrations displayed a significant correlation with N2O emissions. 

Soil temperature rather than the water content was the main regulating factor of N2O 

fluxes in fertilised treatments when soil NH4
+
 concentration was not a limiting factor. 

The fertiliser type and application rates had no significant effect on yield parameters 

such as total fresh yield and fresh lettuce head yield. Partial N balance analysis 

indicated that approximately 80% and 52% of fertiliser N was recovered in plant and 

soil in the treatments receiving 100 kg N ha
-1

 and 200 kg N ha
-1

, respectively. 

Therefore, in this cropping system with frequent and low intensity irrigation and split 

application of N fertiliser, reduction in fertiliser application rate and substitution of 

NO3
-
-based fertilisers for urea were considered the most promising mitigation strategies 

to maintain yield and minimise N2O emissions during the low rainfall winter season. 
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In a laboratory incubation study, ten typical vegetable and/or vegetable farming rotation 

plant materials were finely ground, incorporated into soil and incubated at 25 °C under 

fluctuating moisture conditions of 55 - 85% water-filled pore space (WFPS) without 

nitrogen (-N) or with nitrogen (+N) addition (100 mg N kg
-1

 soil as urea). The initial 

characteristics of applied plant materials were determined using NMR and wet-chemical 

analysis and the dynamics of N release and N2O emissions were monitored over 169 

days. Under the -N treatment, plant materials with C:N ratios ≤14 produced 

significantly higher cumulative N2O emissions than those with C:N ratios >14 in the 

first 105 days of incubation, but no such difference was detected overall at the end of 

the experiment. Stepwise regression analysis according to total N application indicated 

a positive correlation between cumulative N2O emissions and C:N ratio, cellulose, 

lignin, O-aryl C and carbonyl C contents of the plant materials. The O-aryl and carbonyl 

C contents were the dominant regulating factors of cumulative N2O emissions among 

all chemical and biochemical indices. Inorganic N fertiliser application significantly 

increased cumulative N2O emissions in the early stages of incubation, but at the end of 

experiment only residues with C:N ratios ≤ 22 showed significant increase in 

cumulative N2O emissions relative to -N treatments. At the end of the 169 day 

incubation, plant materials with C:N ratio ≤ 11 and ≥ 48, respectively increased and 

decreased total N2O emissions from the applied N fertiliser, while no significant 

differences were observed in other treatments. The stepwise regression analysis 

indicated that the variation in cumulative N2O emissions was positively related to TN 

content of applied plant materials. 

In a glasshouse pot study, the effect of combined application of two vegetable plant 

residues (cauliflower and sweet corn) and chemical 
15

N fertiliser on N dynamics and 

N2O emission was monitored. This experiment was conducted under two residue 
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managements of soil incorporation and surface mulching over the 98 days growing 

season of basil plant. We also assessed the efficiency of 3,4-dimethylpyrazole 

phosphate (DMPP), a nitrification inhibitor, for reducing N loss and mitigating N2O 

emissions from soil incorporation of residues. Combined application of residues and N 

fertiliser resulted in net N mineralisation and increased cumulative total N2O emission 

under both application management methods compared to the application of N fertiliser 

alone. Soil incorporation of sweet corn increased total and residue-induced cumulative 

N2O emission compared to the surface mulching method, while this was not the case for 

cauliflower residue. The application of DMPP with sweet corn residue reduced total, 

residue and fertiliser induced N2O emissions, however its application with cauliflower 

residue did not show any mitigating effect on the N2O emissions. Residue application 

methods and the use of DMPP did not significantly affect 
15

N recovery by basil plant 

tissues. In contrast, soil incorporation of these tissues doubled the microbial 

immobilisation of applied 
15

N. Linear regression analysis of N2O emission during the 

experimental period indicated that in the treatments without DMPP application, soil 

NO3
-
-N concentration was the most important factor controlling the magnitude of N2O 

emissions, while using DMPP changed the dominant regulating factor from NO3
-
-N to 

NH4
+
-N concentration. 

In summary, using NO3
-
-based fertiliser in combination with split application and light 

irrigation provides an effective N2O mitigation strategy in sub-tropical vegetable fields 

of Queensland during low rainfall seasons. Vegetable residues with higher C:N ratios 

produce lower total N2O emissions but higher ratios of emitted N2O to applied N. 

Carbon characteristics of vegetable resides have a significant effect on N2O production 

and emission rates. The application of commercial nitrification inhibitors like DMPP 

does not effectively mitigate N2O emission from applied vegetable residues. Further 
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studies are required to extend the findings of this study and improve the understanding 

of chemical and biological mechanisms driving the changes in soil N dynamics and N2O 

emissions from intensive vegetable cropping systems. 
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Chapter 1 

Introduction 

1.1 Background 

Nitrogen (N) is a major limiting factor for plant growth and primary productivity. 

Agricultural activities have greatly altered the N cycle in the environment. In order to 

increase agricultural production to meet the needs of a rapidly growing human 

population, increasing amounts of N fertilisers are being applied to cropping lands and 

this leads to emissions of nitrogenous gases including nitrous oxide (N2O) (Bouwman et 

al., 2002a). Nitrous oxide is a potent greenhouse gas with a long lifetime (150 yr) and 

high global warming potential [298 times greater than CO2 over a time horizon of 100 

years] (IPCC, 2007; Ravishankara et al., 2009; Rustad et al., 2000)]. The atmospheric 

concentration of N2O has increased from about 273 ppb in 1750 to 324 ppb in 2011. 

Although the current concentration of N2O is relatively lower than other greenhouse 

gases in the atmosphere, it is annually increasing at a rate of 0.25% (IPCC, 2007). 

The global budget of N2O emission has been estimated at 17.7 Tg N yr
−1

 and about one 

third of that comes from anthropogenic sources (IPCC, 2007). The terrestrial sources of 

N2O from natural and agricultural ecosystems contribute 9.8 to 11.1 Tg N yr
−1 

(IPCC, 

2013). The major agricultural sources of N2O are derived from manure application and 

management, synthetic fertilisers, crop residue application and burning, and cultivated 

organic soils (FAOSTAT, 2014). Soil is a significant emission source and global N2O 

emissions from agricultural soils are estimated at 3.9 Tg N yr
−1

 (FAOSTAT, 2014). 

However, some studies have shown that soil is not only the major source, but also a sink 

for N2O (Meijide et al., 2009; Vilain et al., 2010). The balance of concurrent production 
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and consumption mechanisms in soil determines the net N2O flux between soil and the 

atmosphere. The mechanisms and factors controlling N2O consumption are not yet well 

understood (Chapuis-lardy et al., 2007; Vieten et al., 2008). Due to the lack of 

knowledge of the sources and sinks, the estimates of global N2O emissions from 

agricultural soils still carry large uncertainties. 

Synthetic N fertilisers are the main source of N2O emissions in agricultural soils 

(Bouwman et al., 2002b). Direct N2O emission from agricultural fields increased 2.6 

times from 1960 to 1994, mainly due to increased application of synthetic fertilisers 

(Mosier et al., 1999). Application of N fertiliser has been reported to have increased 

annually at a rate of 1.4% during the 2000s and is expected to continue to increase at the 

same rate to meet the demand of food production by the growing world population 

(FAO, 2008). Yan et al. (2003b) indicated that global application of N fertilisers 

increased rapidly from 32 Tg in 1970 to 82 Tg in 2000 and is expected to increase to 

130-150 Tg yr
-1

 by 2050. 

Emission of N2O from arable soils and its long term impacts on the environment remain 

a major concern. In order to have an accurate quantification of greenhouse gas 

emissions from agro- ecosystems, various factors should be considered, including soil 

properties, climatic conditions, agricultural management and vegetation effects (Ball et 

al., 1999; Koponen and Martikainen, 2004). Soil management, irrigation and N inputs 

are usually more intensive in vegetable production in comparison with other crops, and 

there has been speculation that N2O emissions from vegetable fields may be higher than 

from other cropping systems. Better understanding of the characteristics and magnitude 

of N2O emissions in vegetable fields will help improve the global inventory of N2O 

emissions and establish mitigation options. In recent years, the number of papers on 
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N2O emissions from vegetable cropping systems has increased rapidly, across different 

climatic conditions, soil types and agricultural management practices. Several papers 

have reviewed N2O emissions from natural and agricultural soils in general (e.g. 

Bouwman et al., 2002a, 1993; Bremner, 1997; Dalal et al., 2003; Firestone and 

Davidson, 1989; Freney, 1997; Mosier et al., 1998; Stehfest and Bouwman, 2006); we 

aim to extend this previous work by focusing on N2O emissions from vegetable 

cropping systems, including investigations that have been undertaken in recent years. 

1.2 Main processes involved in N2O production in soil 

The major biogenic processes responsible for N-cycling and N2O production in 

agricultural soils are identified as nitrification and denitrification (Zhang et al., 2011). 

The huge uncertainties in the estimates of N2O emission are a result of the large 

temporal and spatial variability associated with these processes (Leip et al., 2011). It is 

well demonstrated that since aerobic and anaerobic microsites both exist inside soil 

aggregates (Kremen et al., 2005), nitrification and denitrification can occur 

simultaneously in different microsites of the same soil. 

1.2.1 Nitrification 

The nitrification process is the microbial oxidation of ammonium (NH4
+
) to nitrate 

(NO3
-
) and for over 100 years it has been considered to be carried out only by 

autotrophic soil bacteria which use NH4
+
 as their basic energy substrate (Hooper and 

Terry, 1979; Kowalchuk and Stephen, 2001). Recent investigations discovered that 

ammonia-oxidizing archaea (AOA) are also responsible for aerobic ammonia oxidation, 

especially in acidic soil conditions (Hu et al., 2014; Prosser and Nicol, 2008). The 

stronger adaptation of AOA to energetically stressful conditions could be attributed to 

their tetra-ether-based lipid membrane. However, there is still not enough information to 
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link the microbial function of ammonia oxidisers to N2O production under field 

conditions (Santoro et al., 2008). Anderson and Levine (1986) found that the 

competition between nitrite (NO2
-
) and oxygen for electrons from NH4

+
 controls N2O 

emissions from soil during nitrification, with more N2O production via NO2
-
 reduction. 

At lower soil water-filled pore space values (aerobic condition), the majority of the N2O 

flux is a by-product of nitrification (Bateman and Baggs, 2005) and contributes greatly 

to N2O emissions in well-aerated soils with sufficient available NH4
+
 and/or high 

mineralisation rates (Booth et al., 2005). 

1.2.2 Denitrification 

Denitrification is the reduction of NO2
-
 and/or NO3

-
 to nitrogen gas (N2), mediated 

mainly by anaerobic heterotrophic soil bacteria which utilise these forms of N as 

alternative electron acceptors during respiration in the absence or shortage of molecular 

O2. In most soils this situation occurs mainly following substantial rainfall/irrigation, as 

soil pores are water-saturated and the diffusion of O2 to microsites becomes extremely 

slow (Robertson and Groffman, 2007). Nitrous oxide is an intermediate product and can 

be partly consumed by various processes. De Bruijn et al. (2009) reported that the 

nitrous oxide reductase enzyme that is responsible for the reduction of N2O to N2 during 

denitrification is more sensitive to low temperatures than other enzymes, so N2O 

becomes the main end-product of denitrification at low temperatures. The discovery of 

the anammox process and identification of the bacteria mediating this process in 

terrestrial ecosystems has provided new insight into the mechanism of anaerobic 

ammonia oxidation (Fig. 1.1), in addition to the conventionally considered 

denitrification as the only pathway leading to N loss (Jetten et al., 1998). Anammox 

bacteria were reported to be the main group of microorganisms mediating the anaerobic 
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oxidation of ammonium to N2 (Strous et al., 1999). Detailed investigations of this 

process in different soil types and environmental conditions are still limited (Wang and 

Gu, 2013). 

 
Fig. 1.1: The major biological transformation pathways involved in the N cycling 

process with their associated enzymes and functional genes (adapted from Canfield et 

al., 2010). 

 

Denitrification is considered the main producer of N2O in agro-ecosystems and high 

N2O flux rates are usually associated with this process (Johnson et al., 2005). To 

accurately quantify N2O emissions, multiple factors must be taken into account, 

including soil inorganic N content, temperature, vegetation cover, soil moisture and soil 

properties such as texture, structure (Yanai et al., 2003), pH (Weier et al., 1993), 
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organic C and N contents (Weier and Gilliam, 1986a), as well as the type and 

application rate of N fertiliser (Eichner, 1990). Similar to most particles in soil, 

aggregates are surrounded by a thin water film that prevents gas exchange. Modelling 

suggests that the centres of these aggregates could be anaerobic even in unsaturated 

soils, because respiratory demand of O2 in the aggregate centre cannot be satisfied by 

O2 diffusion from the soil atmosphere (Robertson and Groffman, 2007). Clayton et al. 

(1994) reported that emissions of N2O in the denitrification process are more spatially 

variable than those in the aerobic process of nitrification, and this can be attributed to 

hot-spots with localised high concentrations of organic matter and high NO3
-
 levels. 

1.3 Factors controlling N2O production in soil 

Nitrous oxide is produced during N transformation in soils mostly by nitrification and 

denitrification processes, so any factor affecting the equilibrium between these N 

transformation processes could change its emission rates. The time pattern of N2O 

emissions from agricultural soils is characterised by short periods of high fluxes, which 

produce a considerable amount of the total annual emissions. Climatic factors, soil 

properties, agricultural practices and the impacts of vegetation are prominent drivers 

regulating N2O fluxes from agro-ecosystems, although their interactions are complex 

(Freibauer and Kaltschmitt, 2003; Stehfest and Bouwman, 2006). Although abundant 

existing data demonstrate that N2O emissions are dependent on many factors, usually 

the emission rate is dominantly under the control of just one variable. This masking of 

variables at a particular point in time, location, or study, is to some extent responsible 

for the often conflicting literature referring to the importance of a particular variable in 

controlling N-oxides emissions (Wang et al., 2011).  

 



 Chapter 1                                                                                                                         7 
__________________________________________________________________________________________________________ 

 
 

1.3.1 Soil temperature 

Soil temperature plays a major role in N2O emissions from soil. Many researchers 

report that N2O flux significantly correlates with surface soil temperature (Laville et al., 

2011; Lin et al., 2010). In general, the relationship between soil temperature and N2O 

emission, when other factors are not limiting, can be illustrated (Fig. 1.2) by the data of 

Zheng et al. (2000). Temperature regulates the N2O emission of soils by influencing the 

activity of nitrifiers and denitrifiers (Dobbie and Smith, 2003; Yan et al., 2008). When 

soil temperature is below 10°C, denitrification and N2O emissions are low even if other 

conditions are favorable (Buchkina et al., 2010; Ding et al., 2007a). De Klein and Van 

Logtestijn (1996) reported that when the temperature increased from 10°C to 20°C, 

denitrification rates increased about 10-fold in non-irrigated plots, and 3-fold in 

irrigated plots. The steep increase of emission with temperature can be attributed partly 

to the enhancement of soil respiration, which increases the anaerobic volume in the soil 

that is favorable for denitrification (Flessa et al., 2002). 

Koponen et al. (2004) and Singurindy et al. (2009) stated that N2O production in soils is 

still active under 0°C. Maag and Vinther (1996) observed that the N2O/N2 ratio in 

denitrification increased with a decrease of temperature. Christensen and Tiedje (1990) 

and Christensen and Christensen (1991) demonstrated that freeze-thaw cycles during the 

growing season are able to significantly increase denitrification by releasing organic 

carbon (OC) due to the death of soil organisms and breakdown of soil aggregates with 

thawing of the frozen soil. Creation of an ice layer during the freezing process strongly 

limits the diffusion of oxygen from the atmosphere to the unfrozen soil water and boosts 

the formation of anoxic microsites which increase N2O production through 
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denitrification. Subsequently, thawing promotes the release of N2O produced and 

trapped below the frozen soil layer (Burton and Beauchamp, 1994). 

 

 

Fig. 1.2: Relationship between N2O emission flux and top soil (5 cm) temperature in a 

wheat field (Zheng et al., 2000). 

 

Results of experiments on different land uses showed that N2O fluxes were significantly 

reduced during cool–dry seasons as compared to those during hot–humid seasons (Lin 

et al., 2010). However, this situation is not likely to be encountered for field 

experiments in all climates, as soil water content and soil temperature often show a 

negative relationship (De Klein and Van Logtestijn, 1994). 

1.3.2 Soil moisture 

The relative amount of N2O produced from nitrification and denitrification depends 

strongly on soil moisture, which controls soil aeration and its O2 content (Smith et al., 

2003). Many researchers reported that N2O flux significantly correlates with soil WFPS 

as shown in Fig. 1.3 (Tang et al., 2006; Vilain et al., 2010). The emissions generally 
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peak between 60-90% WFPS from denitrification (Sehy et al., 2003; Simojoki and 

Jaakkola, 2000) and at 45-60% from nitrification (Ding et al., 2007a; Ruser et al., 

2006). At WFPS > 70%, N2O emissions may decrease because limited O2 diffusion 

allows complete denitrification (Veldkamp et al., 1998; Wolf and Russow, 2000) with 

N2O itself being used as an electron acceptor and reduced to N2. High WFPS also 

prevents N2O exchange between the soil and the atmosphere (Pathak et al., 2002; Ruser 

et al., 2006).  

 

 

Fig. 1.3: Relationship between soil N2O fluxes and soil WFPS. Dashed line is a 

Gaussian curve indicating the shape of N2O fluxes scattered in accordance with WFPS. 

White diamonds indicate 4/112 values are out of the cover (Vilain et al., 2010). 

 

The positive relationship between denitrification rate and precipitation (especially in the 

days following fertiliser application) has been reported by many studies (Dobbie et al., 

1999; Flessa et al., 1995). The seasonal changes in soil N2O flux usually follow the 

seasonal weather pattern, with high N2O emission rates in the rainy season and low rates 

in the dry season (Liu et al., 2008; Wang et al., 2011). Wang et al. (2011) demonstrated 

that soil WFPS and temperature interacted positively in regulating N2O emissions from 
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a rainfed cropping system. Ellis et al. (1998) also reported that N2O fluxes from soil are 

considerably higher in hot–humid seasons in comparison to cool-dry seasons, as organic 

N mineralisation in the warmer summer months seems to contribute significantly to the 

N2O emissions by both nitrification and denitrification processes. Previous studies 

showed large N2O emissions from dry soils just after wetting. In fact, the wetting of dry 

soil has the potential to promote soil microbial nitrification and denitrification by 

increasing the availability of soil carbon (C) and N (Sehy et al., 2003). Scholes et al. 

(1997) also suggested that the increase in N2O emissions after re-wetting of dry soil is 

mostly because of the accumulation of a substrate pool during the dry period. 

De Klein and Van Logtestijn (1996) and Yan et al. (2001) showed the existence of a soil 

water threshold above which denitrification rate was sharply enhanced by increasing 

soil water content. When soil moisture was expressed as WFPS, the critical threshold 

decreased when soil texture became finer. However, when the value was expressed as 

soil water tension, the threshold for all soil types was similar at 1/3 bar (-33 KPa) which 

is close to field capacity. These results indicate that field capacity is close to the 

threshold water content below which denitrification rates are strongly limited. As 

vegetable fields are commonly irrigated during the growing season, soil moisture is less 

likely to be a limiting factor for N2O emissions and can possibly act as a key driver to 

alter the pattern of N2O emission fluxes. 

1.3.3 Soil texture 

Soil texture has an indirect effect on denitrification by stimulating the soil moisture 

effect on N2O emission. Field measurements on soils with different clay contents 

indicated that denitrification rates increased sharply in sandy, loamy and peat soils when 

soil water contents were above 30, 40 and 55% (v/v), respectively (De Klein and Van 
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Logtestijn, 1994). In general, water thresholds for denitrification decrease when soil 

textures become finer. Groffman and Tiedje (1991) related this difference between soil 

types to the effect of soil texture on oxygen availability. Despite the fact that 

nitrification occurs under aerobic conditions and denitrification is dominant in anaerobic 

conditions, highest N2O emissions are observed for both processes at intermediate 

aeration levels (Granli and Bøckman, 1995). In a fine-textured soil with small pores, a 

small increase in WFPS can partly saturate the soil aggregates, thus resulting in an 

increase in denitrification rate. Sexstone et al. (1988) showed a greater effect of soil 

water content on denitrification rates in a clay loam, compared to a sandy loam soil. 

 

1.3.4 Fertilisers and soil mineral nitrogen 

Synthetic N fertilisation is one of the dominant factors controlling N2O emissions from 

agricultural lands, especially vegetable fields where N rates may be higher than those 

required for maximum yield (McSwiney and Robertson, 2005). The intensity of the 

processes causing these emissions from cultivated lands is closely linked to fertilisation 

rates (Mosier and Kroeze, 2000; Wagner-Riddle et al., 2007). Many researchers have 

found a positive relationship between the rates of fertiliser application, nitrification and 

denitrification (Colbourn, 1993; Weier et al., 1991). The significant elevation of N2O 

emissions usually occurs just after N fertiliser application (Fang and Mu, 2006; He et 

al., 2009). At fertilisation rates less than or equal to the amounts required for maximum 

yields, N2O emissions tend to have a positive linear response to N fertiliser applications, 

(Gregorich et al., 2005; Halvorson et al., 2008). In the case of N fertilisation exceeding 

crop requirement, N2O emissions often increase exponentially with increased 

fertilisation rates (Snyder et al., 2009; Van Groenigen et al., 2010); this seems to be the 



 Chapter 1                                                                                                                         12 
__________________________________________________________________________________________________________ 

 
 

main reason for high N2O emissions from vegetable cropping systems (He et al., 2009). 

Bouwman et al. (2002b) summarised N2O emissions across various sites, years, sources, 

and cropping systems (Fig. 1.4), and reported that emissions tended to remain relatively 

stable across a wide range of N fertiliser application rates below or near the crop 

demand levels and increased with higher rates of applied N thereafter. In agricultural 

fields, increases in N2O emission typically follow N fertilisation for a short period of 

time (~30 days). After this, the emission rate decreases, with some fluctuation around a 

base line depending on soil moisture, until the next fertilisation event which is 

independent of the amount of fertiliser applied (Dobbie et al., 1999; Mosier, 1998). 

Thus, Del Grosso et al. (2009) recommended that modifying the method of fertilisation 

such as using nitrification inhibitors and split application of N fertilisers, may be 

effective in reducing N2O emissions without negative effects on yield. 

 

 

Fig. 1.4: Balanced median N2O emission rates as a function of applied N (Bouwman et 

al., 2002a). 

 

Among the factors controlling N2O emissions from agricultural lands, soil mineral N 

(NH4
+
 and NO3

-
) content (Fig. 1.5) is certainly important (Laville et al., 2011; Pelster et 

al., 2011). The application of N fertilisers can increase N2O emission by increasing soil 
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NH4
+
-N and NO3

-
-N concentrations and stimulating soil bacteria to nitrify or denitrify 

the mineral N to produce N2O more quickly (Bouwman et al., 2002b). In the presence 

of available C, increasing soil NO3
-
 concentration may shift the balance between N2O 

and N2 production toward higher N2O/N2 emission rates. This can be attributed to the 

sensitivity of N reductase enzymes (particularly N2O-reductase) to high NO3
-
 

concentration due to the competitive impact of NO3
-
 and N2O as terminal electron 

acceptors during denitrification (Cai et al., 2002; Khalil et al., 2002). The relationship 

between N2O fluxes and soil NO3
-
 contents is strongly affected by soil temperature and 

moisture (Fig. 1.6; Lin et al., 2010). 

 

 

 

Fig. 1.5: N2O emission rates as a function of soil mineral N concentrations in 

logarithmic scales for the top 20 cm of a soil under 2-year maize-soybean rotation 

(Pelster et al., 2011). 
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Fig. 1.6: Regression analysis between N2O flux and NO3
-
 content in the top 20 cm of 

soil for different categories of soil temperature (Tsoil) and WFPS (Lin et al., 2010). 

 

1.3.5 Land use and soil management 

Land management plays a significant role in regulating N2O emissions from soil and 

should be taken into account when estimating the contribution of agriculture to the 

overall greenhouse gas budget (Buchkina et al., 2010). Effective N management 

practices that promote plant uptake of available N can decrease N2O emission from 

vegetable fields. Variations in N2O emissions from different land uses are probably due 

to different management practices, environmental conditions and soil chemical 

properties (Lin et al., 2010). Field measurement of N2O emissions from cropped and 

fallow fields with the same treatments of chemical fertilisers and irrigation, indicated 

that there was more emission of N2O from vegetated than non-vegetated surfaces 

(Verma et al., 2006). 
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Soil management strategies aiming to increase soil OC sequestration such as no-tillage 

management have been reported to either increase or decrease N2O emissions. Although 

some modelling and field investigations reported higher N2O emissions from no-tilled 

than tilled fields, the opposite effect has been found in other studies (Li et al., 2005; Lin 

et al., 2010; Six et al., 2004; Wang et al., 2011). A significant part of the increased N2O 

emission under no-till may be linked to the direct impact of this method of soil 

management on soil bulk density, OC content and water content, and their indirect 

impacts on oxygen levels, gas diffusion, and aeration (Gregorich et al., 2005; 

Singurindy et al., 2009). Tillage can also cause immediate changes in the microbial 

community structure of soils by releasing organically bound C and N and consequently 

producing large N2O emissions (Pinto et al., 2004; Xiong et al., 2006). In contrast, 

Grant et al. (2004) mentioned the faster decomposition of soil organic matter in tilled 

management as the main reason for its higher N2O emissions. Wang et al. (2011) also 

related the higher N2O emissions in tilled soil to the effect of mechanical disturbance of 

soil structure, resulting in an increased proportion of fine pores, lower percolation and 

poor aeration. 

Matching soil N supply with crop demand is a major nutrient management strategy 

(Heckman et al., 2002). Some studies demonstrate that controlled-release fertilisers (e.g. 

coated urea), by adjusting the fertiliser N release in synchrony with plant N uptake 

during the whole growing season, can effectively decrease N2O emissions in 

comparison with unmodified N fertilisers (Delgado and Mosier, 1996; Mosier et al., 

1998). In contrast, other investigations indicate that controlled-release fertilisers are not 

capable of decreasing total N2O emission when the observation period is long enough 

(Akiyama et al., 2000; Hou and Tsuruta, 2003). Fertiliser application method can also 

affect N2O emissions (Hou and Tsuruta, 2003). Managements such as split applications 
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of N fertilisers and modifying fertiliser application times according to rainfall events 

and irrigation pattern may also reduce N2O emissions. Despite the fact that many 

studies have investigated the effect of different soil management practices on N2O 

emissions, reports for the south-eastern United States (Franzluebbers, 2005), eastern 

Canada (Gregorich et al., 2005) and Australia (Rochester, 2003) have all indicated that 

information available on changes in N2O emissions in response to land management is 

inadequate. 

 

1.3.6 Soil pH 

Soil pH has a significant negative correlation with soil N2O fluxes (Lee et al., 2006; 

Ullah et al., 2008) and plays a critical role among the major known factors controlling 

N2O emissions. It affects N2O-reductase and hence the production of N2O and N2 in 

denitrification. Soil pH values (1:2.5 H2O) from 4.5 to 6.5 have been reported to inhibit 

N2O-reductase (Weier and Gilliam, 1986b). Stevens and Laughlin (1998) observed a 

large increase in N2 emission when soil pH was increased from 6.5 to 8. Rochester 

(2003) summarised the results of various laboratory and field experiments (Fig. 1.7) and 

showed that the N2O/N2 mole ratio is negatively related to soil pH, and acidic soils tend 

to produce more N2O relative to N2 during denitrification in comparison with alkaline 

soils. Intensive application of NH4
+
-based fertilisers usually leads to soil acidification 

due to production of H
+
 during the nitrification process (Lou et al., 2012). Ju et al. 

(2007) reported that soil pH has a significant and negative correlation with soil nitrate 

concentration following application of NH4
+
-based fertiliser. Van der Weerden et al. 

(1999) suggested that maintaining soil pH around 6.5–7.0 may present a cheap and 

effective mitigation option for reducing N2O emissions. 
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Fig. 1.7: Relationship between soil pH and the composition of the nitrogenous gases 

(N2O/N2 mole fraction) emitted from soil (Rochester, 2003). 

 

1.3.7 Soil organic carbon and organic matter content 

Soil organic matter is a heterogeneous mixture of organic compounds with different 

characteristics, varying in age, molecular structure, stability, nutrient content, and 

biological availability (Wander, 2004). Several studies have reported that total soil OC 

content is an indication of the amount of easily available C for microbial growth and 

biological decomposition (Huang et al., 2004). Li et al. (2005) and Leip et al. (2011) 

showed that soil OC strongly influences N2O fluxes and the incorporation of organic 

materials in soil increases N2O emissions. 

Nitrogen mineralisation is also positively correlated with the size of organic matter 

pools in the soil, so an increase in total or extractable organic matter is generally 

associated with an enhancement in mineralisable N (Ros et al., 2011; Sharifi et al., 

2007). However, the quality of the soil organic matter is also important. Riffaldi et al. 

(1996) reported that an increase in soil C:N ratio is associated with a decrease in the 
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amount of N mineralisation. At C:N ratios greater than 25, the soil shows net N 

immobilisation while at C:N ratios less than 25, net N mineralisation takes place. 

Therefore, the C:N ratio can approximately indicate whether a soil exhibits net N 

mineralisation or immobilisation (Tian et al., 2010). Hofman et al. (2004) reported that 

soil microbial characteristics such as basal and potential respiration show strong 

positive correlations with soil organic matter concentration, but not with other soil 

characteristics such as clay content, CEC, and pH. 

The availability of soil OC frequently limits denitrification. Readily available OC 

usually supports N2O production by providing donor electrons for the denitrification 

process, and expansion of anoxic microsites as a result of stimulating O2 consumption 

via microbial activities (Flessa and Beese, 1995; Robertson and Groffman, 2007). In 

wet soils with high amounts of OC, it is the availability of N that normally controls N2O 

production (Leip et al., 2011). In comparison with high harvest index grain crops, 

vegetable fields have low potential to increase soil OC because the main part of the 

vegetable crop biomass is usually removed from the fields at harvest (Li et al., 2003). 

 

1.4 Greenhouse gas emissions from vegetable fields 

The great variation in N2O emissions from different crops can be ascribed to N 

requirement and management, soil water uptake by crops, moisture regime, root 

quantity/type/exudates, soil type, pH, and redox potential (Skiba and Smith, 2000). 

Despite numerous field experiments investigating N2O exchange between agricultural 

fields and the atmosphere, detailed information on N2O dynamics in vegetable cropped 

soils is limited. 
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Globally, vegetable fields account for approximately 7% of the total cropping land, and 

the percentages are usually higher in developed countries (Li and Wang, 2007). The 

main features of vegetable fields are high N application rates, intensive production and 

comprehensive management practices, such as frequent irrigation and tillage and 

multiple planting-harvest cycles during the year. As a result, large amounts of N2O 

emissions may be produced from these fields (Diao et al., 2013; Xiong et al., 2006). For 

instance, the N application rate in each growing season is usually 300 to 700 kg N ha
-1

 

for vegetables in China (Li and Wang, 2007), but only 150 to 300 kg N ha
-1

 for non-

vegetable crops (Ju et al., 2004; Zheng et al., 2004). It is estimated that vegetable 

cropping land has the highest N2O emission fluxes at the rate of 6.5–8.4 kg N2O-N ha
-1

 

year
-1 

under different soil management practices in the US (Mummey et al., 1998). 

As vegetable fields have potentially high N2O emissions and seem to be one of the 

major sources of N2O emissions from cropping land, it is important to understand the 

characteristics and quantify the significance of N2O emissions from vegetable 

production systems (open-ground or protected fields) in various climate zones to 

provide a scientific basis for developing mitigation options. 

 

1.5 Emission factor as a criterion for fertiliser management efficiency 

Nitrous oxide emissions from N fertiliser in a specific cropping system are composed of 

direct and background emissions. Direct emissions come from fertiliser application, but 

background emissions come from native soil N sources other than applied fertilisers. 

The current Intergovernmental Panel on Climate Change (IPCC) methodology for 

estimating the amounts of direct fertiliser N2O emissions from agricultural soils is to 

multiply the total N inputs by a specific emission factor (He et al., 2009). The Emission 
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Factor (EF) is defined as the ratio of the difference between N2O emissions from 

fertilised and unfertilised plots to the amount of N inputs in each growing year or 

season, and is expressed as a percentage of the N applied. It has been widely used to 

elucidate the effects of fertilisers on N2O emissions (Bouwman et al., 2002b; Mei et al., 

2009). The Emission Factor is an important parameter for estimating regional N2O 

emissions and determination of EF values in vegetable fields is critical to develop N2O 

mitigation options due to the high seasonal or annual fertiliser application rates in these 

cropping systems (Mei et al., 2009; Stehfest and Bouwman, 2006). Previous studies 

have shown that EF is a variable parameter ranging from 0.01% to 10% or more (Barton 

et al., 2008; Dong et al., 2001; Velthof et al., 2002). This variability shows that the EF 

should be considered as a fluctuating value that is dependent on climate, soil conditions, 

and site-specific management practices. Velthof et al. (1997) and Ding et al. (2007) 

reported that the EF of N2O increased with increasing rate of N-fertiliser application, in 

grassland and maize fields, respectively. In contrast, Sehy et al. (2003) observed that 

different fertiliser application rates did not change EF in a maize field. However, the 

spatial and temporal variability of the EF in field experiments is not yet clearly 

understood. 

Several papers show that N2O emissions are not affected by previous N fertilisation in 

vegetable fields, and they are limited to the year of application (Pelster et al., 2011; 

Wagner-Riddle et al., 2007). The IPCC Guidelines estimate direct emissions of N2O 

from agricultural soils as a fixed percentage of 1% of the fertiliser N inputs (IPCC, 

2007). This default emission factor for N2O can calculate emissions on the basis of the 

amount of N fertiliser applied in a country or geographic region. Any reduction in EF in 

agricultural systems through appropriate N management practices could make a major 

contribution to the mitigation of global N2O emissions. 
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1.6 Meta-analysis of driving factors of seasonal N2O emissions and EFs in 

vegetable cropping systems 

In order to analyse the relationship between N2O EFs of fertiliser N and various soil 

properties, climatic factors and different application rates of N fertilisers a meta-analysis 

approach was undertaken. The results of reported field investigations are summarised in 

Table 1.1. Nitrous oxide emissions from soil columns, pot experiments or incubation 

experiments were not considered in this study. Multiple stepwise regression (SPSS 

version 18) was used to study the relationships. To minimise the inconsistency of the 

excerpted data, all the reported data were standardised to the consistent units as follows:   

 (1) Soil organic Carbon (g kg
-1

) = soil organic matter (g kg
-1

) / 1.724  

(2) Daily mean air temperature = daily mean soil temperature (in situations where air 

temperature was not reported).  

(3) WFPS% = [Volumetric soil water content / (1 – (Soil bulk density / 2.65))] × 100%  

Volumetric soil water content = Gravimetric soil water content × Soil bulk density 

Soil bulk density (g cm
-3

) = 1.398 – 0.0047(% Clay) – 0.042(% OC) in situations where 

soil bulk density was not reported (Bernoux et al., 1998) and 2.65 g cm
-3

 is the assumed 

soil particle density. 

Nitrous oxide emissions hereafter refer to the net emissions from fertiliser N, i.e. the 

differences between the fertilised and unfertilised treatments. 
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Table 1.1: Measurements of soil properties (0-10 cm), climatic factors and fertiliser-

induced N2O emissions from vegetable fields 

No Crop 

Air 

Temp. 
°C 

OC   
g kg-1 

Total      

N 
g kg-1 

WFPS 
% 

N Appl. 
kg N ha-1 

Soil 
pH 

Days 

of 
season 

seasonal 

N2O 
emission 

kg N ha-1 

EF % Reference 

1 Potato 13 14.8 1.6 55 50 6.10 152 2.26 4.52 
Ruser et al., 

2001 

2 Potato 13 14.8 1.6 55 150 6.10 152 4.01 2.67 
Ruser et al., 

2001 

3 Cabbage 17 46.0 3.8 55 200 6.50 81 0.54 0.27 
Cheng et al., 

2002 

4 Cabbage 17 46.0 3.8 55 250 6.50 81 0.73 0.29 
Cheng et al., 

2002 

5 Potato 17 14.3 1.3 47 75 5.90 145 1.60 2.13 
Flessa et al., 

2002 

6 Carrot 32 38.7 2.8 - 150 6.00 92 0.11 0.07 
  Li et al., 

2002 

7 Carrot 32 38.7 2.8 - 300 6.00 92 0.21 0.07 
  Li et al., 

2002 

8 Cabbage 20 26.7 3.8 - 250 5.60 192 0.40 0.16 
Hou and 

Tsuruta, 2003 

9 Cabbage 20 14.7 1.5 60 300 7.69 93 3.26 1.09 
Cao et al., 

2006 

10 Cabbage 20 14.7 1.5 60 600 7.69 93 9.33 1.55 
Cao et al., 

2006 

11 Cabbage 16 46.0 3.8 - 250 6.50 82 0.44 0.18 
Cheng et al., 

2006 

12 Potato 17 8.2 0.8 70 175 7.90 152 3.62 2.07 
Vallejo et al., 

2006 

13 Lettuce 27 18.5 2.7 69 129 6.85 47 2.90 2.24 
Xiong et al., 

2006 

14 
Bok 

Choy 
20 18.5 2.7 57 142 6.85 33 1.00 0.72 

Xiong et al., 

2006 

15 Radish 10 18.5 2.7 85 323 6.85 144 1.30 0.39 
Xiong et al., 

2006 

16 Celery 10 18.5 2.7 69 796 6.85 81 5.80 0.73 
Xiong et al., 

2006 

17 
Bok 

Choy 
23 25.7 3.4 64 246 4.55 33 0.96 0.39 

Xiong et al., 

2006 

18 Onion 21 - 2.8 45 242 5.80 202 4.34 1.79 
Toma et al., 

2007 

19 Onion 15 - 2.8 50 242 5.80 224 3.71 1.53 
Toma et al., 

2007 

20 Onion 18 - 2.8 45 242 5.80 219 9.36 3.87 
Toma et al., 

2007 

21 Onion 18 - 2.8 45 237 5.80 214 1.20 0.51 
Toma et al., 

2007 

22 Onion 21 - 2.8 55 284 5.80 211 1.02 0.36 
Toma et al., 

2007 

23 Potato 17 16.3 1.1 - 200 6.20 199 0.46 0.23 
Burton et al., 

2008 

24 Potato 17 20.9 1.7 - 200 6.50 198 1.58 0.79 
Burton et al., 

2008 

25 
Sweet 

Corn 
22 - - 56 112 6.60 90 0.55 0.49 

Haile-Mariam 

et al., 2008 

26 Potato 22 - - 56 224 6.60 90 0.59 0.26 
Haile-Mariam 

et al., 2008 

27 Melon 21 8.2 - 74 175 7.30 97 2.28 1.30 
Sanchez-

Martin et al., 

2008 

28 Radish 22 20.3 1.9 46 264 6.12 97 0.36 0.14 
Pang et al., 

2009 

29 Garlic 22 20.3 1.9 46 267 6.12 97 0.73 0.27 
Pang et al., 

2009 

30 Cabbage 22 20.3 1.9 50 271 6.12 97 0.48 0.18 
Pang et al., 

2009 

31 Potato 14 21.0 - 31 120 - 118 1.25 1.04 
Buchkina et 

al., 2010 
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Table 1.1: Measurements of soil properties (0-10 cm), climatic factors and fertiliser-

induced N2O emissions from vegetable fields 

No Crop 

Air 

Temp. 
°C 

OC   
g kg-1 

Total      

N 
g kg-1 

WFPS 
% 

N Appl. 
kg N ha-1 

Soil 
pH 

Days 

of 
season 

seasonal 

N2O 
emission 

kg N ha-1 

EF % Reference 

32 Potato 14 19.0 - 38 120 - 162 1.13 0.94 
Buchkina et 

al., 2010 

33 Potato 14 21.0 - 40 120 - 118 1.83 1.52 
Buchkina et 

al., 2010 

34 Potato 14 19.0 - 58 120 - 162 1.51 1.26 
Buchkina et 

al., 2010 

35 Potato 18 11.6 - 23 270 6.20 140 1.31 0.49 
Hyatt et al., 

2010 

36 Potato 18 13.9 - 24 270 4.90 146 0.68 0.25 
Hyatt et al., 

2010 

37 Onion 24 8.2 - 60 110 7.30 132 0.67 0.61 
Sanchez-

Martin et al., 

2010 

38 Amaranth 25 15.6 1.6 57 201 7.90 86 1.46 0.73 
Mei et al., 

2011 

39 Garlic 10 15.6 1.6 54 394 7.90 194 2.68 0.68 
Mei et al., 

2011 

40 
Vegetable 

rape 
7 15.6 1.6 56 534 7.90 119 0.30 0.06 

Mei et al., 

2011 

41 
Vegetable 

rape 
9 15.6 1.6 61 412 7.90 174 0.74 0.18 

Mei et al., 

2011 

42 Radish 21 15.6 1.6 65 548 7.90 85 46.16 8.43 
Mei et al., 

2011 

43 Radish 23 15.6 1.6 55 396 7.90 85 9.86 2.49 
Mei et al., 

2011 

44 Garlic 8 15.6 1.6 56 385 7.90 209 1.72 0.45 
Mei et al., 

2011 

45 Amaranth 25 15.6 1.6 65 118 7.90 62 1.85 1.57 
Mei et al., 

2011 

46 Radish 20 15.6 1.6 66 418 7.90 82 10.72 2.56 
Mei et al., 

2011 

47 Lettuce 16 18.0 - 72 105 5.50 54 1.60 1.52 
Pfab et al., 

2011 

48 Lettuce 16 18.0 - 72 135 5.50 54 2.80 2.07 
Pfab et 
al.,2011 

49 Lettuce 16 18.0 - 72 180 5.50 54 3.70 2.06 
Pfab et al., 

2011 

50 Cauliflower 13 18.0 - 68 214 5.50 107 0.50 0.23 
Pfab et al., 

2011 

51 Cauliflower 13 18.0 - 68 266 5.50 107 0.80 0.30 
Pfab et al., 

2011 

52 Cauliflower 13 18.0 - 68 348 5.50 107 1.00 0.29 
Pfab et al., 

2011 

53 
Chinese 

Cabbage 
26 12.0 1.5 50 232 6.20 53 1.26 0.54 

Deng et al., 

2012 

54 
Green 

vegetables 
20 12.0 1.5 40 193 6.20 40 0.28 0.15 

Deng et al., 

2012 

55 
Green 

vegetables 
16 12.0 1.5 50 232 6.20 31 0.59 0.25 

Deng et al., 

2012 

56 Tomato 24 13.8 1.1 60 410 7.84 130 4.98 1.21 
Guo et al., 

2012 

57 Tomato 17 14.1 1.5 90 300 6.52 140 5.46 1.82 
Lou et al., 

2012 

58 Tomato 17 14.1 1.5 90 600 6.52 140 14.18 2.36 
Lou et al., 

2012 

59 Tomato 23 14.4 1.0 - 180 5.58 103 0.20 0.11 
Min et al., 

2012 

60 Tomato 23 14.4 1.0 - 240 5.58 103 1.00 0.42 
Min et al., 

2012 

61 Tomato 23 14.4 1.0 - 300 5.58 103 2.00 0.67 
Min et al., 

2012 

62 Cucumber 20 14.4 1.0 - 162 5.58 82 0.80 0.49 
Min et al., 

2012 

63 Cucumber 20 14.4 1.0 - 216 5.58 82 0.80 0.37 
Min et al., 

2012 
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Table 1.1: Measurements of soil properties (0-10 cm), climatic factors and fertiliser-

induced N2O emissions from vegetable fields 

No Crop 

Air 

Temp. 

°C 

OC   
g kg-1 

Total      

N 

g kg-1 

WFPS 
% 

N Appl. 
kg N ha-1 

Soil 
pH 

Days 

of 

season 

seasonal 

N2O 
emission 

kg N ha-1 

EF % Reference 

64 Cucumber 20 14.4 1.0 - 270 5.58 82 1.60 0.59 
Min et al., 

2012 

65 Celery 10 14.4 1.0 - 180 5.58 139 0.90 0.50 
Min et al., 

2012 

66 Celery 10 14.4 1.0 - 240 5.58 139 1.40 0.58 
Min et al., 

2012 

67 Celery 10 14.4 1.0 - 300 5.58 139 1.40 0.47 
Min et al., 

2012 

68 Potato 16 19.2 1.7 - 193 6.20 154 0.30 0.16 
Zebarth et al., 

2012 

69 Potato 16 19.2 1.7 - 193 6.20 149 0.40 0.21 
Zebarth et al., 

2012 

70 Potato 17 19.2 1.7 - 193 6.20 133 0.49 0.25 
Zebarth et al., 

2012 

71 Potato 13 37.2 - - 80 5.90 157 0.08 0.10 
Gao et al., 

2013 

72 Potato 13 37.2 - - 160 5.90 157 1.10 0.69 
Gao et al., 

2013 

73 Potato 13 37.2 - - 240 5.90 157 1.99 0.83 
Gao et al., 

2013 

74 Potato 13 31.4 - - 80 6.20 159 0.80 1.00 
Gao et al., 

2013 

75 Potato 13 31.4 - - 160 6.20 159 1.13 0.71 
Gao et al., 

2013 

76 Potato 13 31.4 - - 240 6.20 159 2.45 1.02 
Gao et al., 

2013 

77 
Potato 

 
15 - 2.4 - 64 6.40 138 0.04 0.06  Koga, 2013 

78 
Sweet 

Corn 
15 - 2.4 - 120 6.40 138 0.22 0.18  Koga, 2013 

79 Cabbage 17 8.8 1.5 54 220 5.64 117 6.00 2.72 
Mu et al., 

2013 

80 Cabbage 23 8.8 1.5 43 96 5.64 87 0.90 0.94 
Mu et al., 

2013 

81 Cabbage 12 8.8 1.5 55 231 5.64 148 2.60 1.12 
Mu et al., 

2013 

82 Cabbage 16 8.8 1.5 41 125 5.64 112 1.00 0.80 
Mu et al., 

2013 

83 Radish 25 8.8 1.5 26 174 5.64 98 0.60 0.34 
Mu et al., 

2013 

84 Lettuce 22 14.1 1.3 55 146 5.65 68 4.40 3.01 
Mu et al., 

2013 

85 Lettuce 14 14.1 1.3 56 202 5.65 185 1.60 0.79 
Mu et al., 

2013 

86 Pepper 27 14.1 1.3 31 174 5.65 129 8.90 5.11 
Mu et al., 

2013 

87 Potato 16 19.2 1.7 48 193 6.20 139 0.27 0.14 
Snowdon et 

al., 2013 

88 Potato 17 19.2 1.7 53 193 6.20 145 0.36 0.19 
Snowdon et 

al., 2013 

89 Lettuce 15 - 1.1 57 100 7.69 68 0.12 0.12 
Unpublished  

data(Author) 

90 Lettuce 15 - 1.1 57 200 7.69 68 0.18 0.09 
Unpublished  
data(Author) 

 

Only a few studies have attempted to measure N2O emissions in vegetable fields for a 

whole year. Even in these studies, there were large differences between the EFs in 

different seasons. Most researchers normally report EFs in only one or two consecutive 

vegetable seasons and compare them with the IPCC EF that was calculated according to 
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experiments of more than one year duration. Because intensive vegetable production 

usually comprises three to four individual cropping seasons, we believe that using 

seasonal EF instead of yearly EF is more effective in predicting N2O emissions for each 

crop and also assists in demonstrating the effect of individual environmental factors on 

changes of EF in different seasons. 

The collected data in this meta-analysis showed that there was a significant relationship 

between seasonal N2O emission from fertiliser N and the amounts of fertiliser 

application in the vegetable fields (Fig. 1.8). The result was non-linear, in agreement 

with findings of Bouwman et al. (2002b), who reported that for different cropping 

systems, N2O emission remained relatively low for N fertiliser application lower than 

crop demand but increased with higher amounts of applied N after that point. 

 

 

Fig. 1.8: Relationship between seasonal N2O emission and N fertiliser application in 

vegetable fields. In white circles, 3/90 values are not included in the regression.  

 

The results of the meta-analysis showed no significant relationships between seasonal 

EF% and N fertiliser application rates (Fig. 1.9). Considering the scale of the available 
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data collected in this paper, the global average of seasonal EF for vegetable fields is 

estimated to be around 0.94% of applied N fertiliser (SE: 0.50 and average season 

length:121 days), which is similar to the IPCC EF of 1%. Therefore, vegetable cropping 

did not appear to result in higher N2O emissions in terms of the EFs of fertiliser N, 

although vegetable farms are generally located on relatively fertile cropping land and 

are often irrigated. 

The global N fertiliser use for vegetable cropping in 2010 was approximately 1.01×10
10

 

kg N yr
-1

 (Heffer, 2013; corrected for incomplete statistics), accounting for 9.1% of the 

world N fertiliser consumption. Assuming the EF reported in this paper is representative 

of vegetable cropping systems, the global annual N2O emissions from vegetable fields 

were estimated to be 9.5×10
7
 kg N2O-N yr

-1
. This amount is about 9.0% of the global 

direct N2O emissions from synthetic fertilisers in 2010 (1.06×10
9
 kg N2O-N yr

-1
; 

FAOSTAT, 2014). 

The available dataset showed a positive relationship between seasonal mean air 

temperature from 7°C to 14°C and EF in vegetable crop lands (Fig. 1.10). However, this 

relationship was not significant at air temperature >14°C. This implies that the effect of 

increasing air temperature on enhancing N2O emissions from vegetable fields is more 

prominent in colder seasons of the year and in colder regions in the world. 
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Fig. 1.9: Relationship between seasonal EF% and N fertiliser application in vegetable 

fields for fertiliser application of 50-600 kg ha
-1

. Three of the 90 values were excluded 

from the regression analysis (white circles). 

 

 
Fig. 1.10: regression analysis between seasonal EF% and Mean air temperature           

(7-14 °C) in vegetable fields. 

Stepwise multiple regression analyses between soil properties, climatic factors, 

application rates of N fertilisers and seasonal N2O emission from fertiliser N (kg N ha
-1

) 
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indicated a significant relationship of seasonal N2O emission with soil OC and total 

amount of N fertiliser application (Eq. 1).  

N2O emission (kg N ha
-1) = 0.897 + 0.010 N Application (kg N ha

-1) – 0.062 OC (g kg
-1) (1) 

n = 78,     R
2
 = 0.30,     P ≤ 0.05 

The same regression for seasonal N2O EFs only showed a relationship with soil OC  

(Eq. 2).  

EF = 1.528 – 0.030 OC (g kg
-1)                                                                                        (2) 

n = 78,     R
2
 = 0.08,     P ≤ 0.05 

These results indicate that the application rate of N fertilisers is the main regulator of 

N2O emission from an individual vegetable field with relatively constant OC content, 

but across soils, seasonal EF is dominated by the OC content. The negative relationship 

between soil OC and emissions was probably due to the fact that emissions were 

calculated as the difference between fertilised plots and control plots. The soils with 

higher OC tended to have higher N2O emissions from control plots, but lower 

contribution of applied N fertiliser to the total amounts of emissions because of the high 

N-supplying capacity of the soils. 

In the vegetable fields receiving ≥ 250 kg N ha
-1 

of fertiliser, the seasonal mean air 

temperature was the dominant factor affecting seasonal emissions, where 67% of the 

variation in seasonal emissions could be explained by the combined effects of N 

application, mean WFPS and mean air temperature (Eq. 3). 

N2O emission (kg N ha
-1) = -15.305 + 0.398 Air T (°C) + 0.019 N Application + 0.083 

WFPS (%)                                                                                                                        (3) 

n = 23,     R
2
 = 0.67,     P ≤ 0.01         (N application ≥ 250 kg ha

-1
) 
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The results show soil pH as the main factor controlling EF at the same sites; 59% of the 

variation could be explained by the combined effects of soil pH, mean WFPS and mean 

air temperature (Eq. 4). 

EF = -4.445 + 0.371 pH + 0.083 Air T (°C) + 0.023 WFPS (%)                                     (4) 

n = 23,     R
2
 = 0.59,     P ≤ 0.01            (N application ≥ 250 kg ha

-1
) 

These equations clearly indicate that increasing air temperature and WFPS increase total 

N2O emissions and EF if N application rate is ≥ 250 kg N ha-1 in the vegetable fields; 

however whereas increasing fertiliser application promotes N2O emissions, N rate has 

no significant effect on the values of EF. Similar results were reported by Kim et al. 

(2013) in a meta-analysis investigating the effect of N fertiliser application on emission 

factors. The results are also in agreement with the general perception that N2O 

emissions are positively correlated with air temperature and WFPS during the cropping 

season. 

In vegetable fields with mean seasonal air temperature higher than 14°C, a stronger 

relationship of seasonal N2O emissions to soil OC and N fertiliser application was found 

(Eq. 5), although there was little change in the relationship between EF and OC (Eq. 6). 

N2O emission (kg N ha
-1)= -0.504 - 0.092 OC (g kg

-1) + 0.020 N Application (kg N ha
-1) (5) 

n = 52,     R
2
 = 0.51,     P ≤ 0.01                   (Mean Air Temperature > 14 °C) 

 

EF = 1.631 – 0.036 OC (g kg
-1)                                                                                        (6) 

n = 52,     R
2
 = 0.10,     P ≤ 0.05                   (Mean Air Temperature > 14 °C) 

These outcomes suggest that even at favourable air temperatures, increasing fertiliser 

application increased only the total amounts of N2O emission and seasonal EF was more 

related to the soil properties (e.g., OC) than fertiliser application rate. 
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At favourable soil moistures for denitrification (55-70% WFPS), seasonal N2O emission 

showed a significant positive correlation with fertiliser application rate and air 

temperature (Eq. 7). 

 

N2O emission (kg N ha
-1)= -4.107 + 0.216 Air T (°C) + 0.011 N Application (kg N ha

-1) (7) 

n = 32,     R
2
 = 0.40,     P ≤ 0.01                   (Mean WFPS 55-70%) 

 

This relationship suggests that at favourable soil moisture contents for N2O production 

in vegetable fields, air temperature is the main factor regulating total soil N2O emissions 

at the same N application rates. This agrees with the general understanding that 

increasing temperature boosts microbial activity and consequently increases N2O 

emissions.  

 

1.7 Conclusions 

The meta-data analysis indicates that in order to predict N2O emissions from agro-

ecosystems, including vegetable cropping land, multiple factors must be taken into 

account, including air and soil temperature, soil moisture, soil pH, soil OC, soil mineral 

N, soil management and application rate of N fertilisers; however their relationships and 

interactions are complex. The multiple stepwise regression analysis indicated that N 

fertiliser application rate is the major factor controlling seasonal variation in N2O 

emissions in a vegetable field, and N2O emissions from fertiliser N decrease with 

increasing soil N-supplying capacity. In fields receiving ≥ 250 kg ha
-1

 N fertiliser, air 

temperature, soil moisture and N application rate are the dominant factors affecting 

seasonal emissions for a specific soil, although soil pH, temperature and soil moisture 

are the main factors controlling the EF of fertiliser N. When mean seasonal air 
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temperature is higher than 14°C, there is a significant positive relationship between N 

fertiliser application rates and seasonal N2O emissions; however seasonal EF is 

negatively related to soil N-supplying capacity as indicated by OC content. Based on 

available data, the global average seasonal EF of fertiliser N is around 0.94% for 

vegetable fields. 

The present study highlights a major gap in knowledge about N2O emissions from 

vegetable cropping systems, due to relatively few available data from different climatic, 

soil and field management conditions. Further in situ extended seasonal measurements 

of N2O in relation to vegetable management practices, including different plant types, 

irrigation systems and N fertilization methods, on N2O emissions from vegetable crop 

lands would strengthen the findings of this study. 

 

1.8 Research objectives and hypotheses 

The main objectives of this PhD work were to: 

1) Identify the main regulating factors of N2O emission in vegetable fields of South East 

Queensland (Chapter 3). 

2) Evaluate the effect of combined application of chemical N fertiliser and vegetable 

residues, with various biochemical characteristics, on soil mineral N dynamics and N2O 

emission (Chapter 4).  

3) Compare different fertiliser and vegetable residue management strategies in relation 

to N2O emission and N use efficiency (Chapters 3 and 5). 
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A combination of field, glasshouse pot trial and incubation experiments were designed 

to test the following hypotheses: 

1) Avoiding excessive N application and changing the fertiliser type from urea to 

nitrate-based products, in combination with controlled irrigation, would reduce N2O 

emissions during the dry cropping season. 

2) the incorporation of vegetable plant residues would result in greater N2O emissions 

than from unamended soil, and the extent of interaction between soil and these residues 

(under N limited and non-limited conditions)  is strongly dependent on plant materials’ 

chemical compositions and soil moisture levels. 

3) The application techniques of vegetable residues would affect soil N dynamic and 

N2O emissions.  

4) The addition of nitrification inhibitors to soil-incorporated vegetable residues may 

increase N use efficiency and consequently reduce N2O emissions. 
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Chapter 2 

Materials and Methods 

2.1 Introduction 

The three experimental chapters (3, 4 and 5) of this thesis have all been prepared as 

stand-alone journal papers with their own specific “Materials and Methods” sections. 

This chapter provides information on the experimental sites and general methods and 

materials used in this study. 

 

2.2 Experimental site 

The experimental site was located at Gatton Horticultural Research Station (27° 32' S, 

152° 19' E, 94 m above sea level) in the Lockyer Valley approximately 80 km west of 

Brisbane; this area is one of the key horticultural regions in north-east Australia (Fig. 

2.1). The soil at this site is a black Vertisol (IUSS, 2014) and the clay mineralogy of the 

soil is dominated by smectite (~60%; Dalal and Mayer, 1986). The climate is            

sub-tropical with predominantly summer rainfall and mean annual rainfall of 772 mm. 

The mean daily minimum and maximum temperatures of the area are 18.7°C and 

31.2°C in the summer, and 6.8°C and 21.4°C in winter, with a mean annual air 

temperature of 20°C. The soil texture, pH, cation exchange capacity, bulk density, total 

organic carbon (OC) and total nitrogen (N) for the top 30 cm of the soil are summarised 

in Table 2.1. 
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Fig. 2.1: Location of Gatton Horticulture Research Station in Queensland 
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Table 2.1: The physico-chemical characteristics of soil at Gatton Horticultural Research 

Station 

Soil 

Depth 
(cm) 

Bulk 

Density   
(g cm

-3
) 

pH 
(1:5 water) 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

CEC 
(cmol kg

-1
) 

Organic C 
(%) 

Total N 
(%) 

0-10 1.17 7.69 41 24 35 37.9 1.54 0.11 

10-30 1.32 7.79 43 23 34 37.2 1.53 0.11 

 

2.3 Soil sample processing and analysis 

All soil samples (from field, incubation and pot experiments) were well mixed, sieved 

(< 2 mm) with fine roots removed. Samples were then separated into air-dried and fresh 

sub-samples. The air-dried samples were finely ground (< 150 μm) for analysis of soil 

total C, total N and 
15

N abundance (δ
15

N). Fresh samples were kept at 4°C until the 

extraction for chemical and biochemical analyses (within 48 h). The detailed soil 

sampling plan of each experiment is described in Chapters 3, 4 and 5 respectively. 

 

2.3.1 Determination of soil texture, total C and N, cation exchange capacity and pH  

Particle size distribution was conducted using the hydrometer method described by Day 

(1965). Soil total C and total N as well as 
15

N abundance (δ
15

N) were analysed using an 

Isotope Ratio Mass Spectrometer (Sercon Hydra 20-22, Sercon Europa EA-GSL). 

Cation exchange capacity was measured by 0.01 M silver-thiourea (AgTU
+
) using the 

method described by Blakemore et al. (1987). Soil pH was measured in a 1:5 volumetric 

suspension of soil in distilled water (Rayment and Lyons, 2011). 
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2.3.2 Soil mineral N 

The fresh soil samples were extracted with 2 M KCl at a soil to solution ratio of 1:5 

using an end-over-end shaker for 1 h and filtering through Whatman 42 paper (Rayment 

and Lyons, 2011). The NO3
-
-N and NH4

+
-N concentrations in the extracts were 

determined by SEAL ANALYTICAL QUAATRO segmented flow auto-analyser (Fig. 

2.2). Total extractable mineral N was calculated as the sum of NO3
-
-N and NH4

+
-N 

concentrations. All results were expressed on an oven-dry basis. 

 

 

Fig. 2.2: SEAL ANALYTICAL QUAATRO segmented flow auto-analyser used for 

analysis of mineral N 

 

2.3.3 Microbial biomass C and water soluble organic carbon 

The microbial biomass C was determined using the chloroform fumigation-extraction 

method described by Vance et al. (1987) on fresh soil samples. In brief, fumigated and 
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non-fumigated soils (10 g dry weight equivalent) were extracted with 40 mL of 0.5 M 

K2SO4. Samples were shaken for 30 min and filtered through a Whatman 42 filter 

paper. The microbial biomass C was calculated as the difference in soluble OC between 

non-fumigated and chloroform-fumigated samples after wet digestion with potassium 

dichromate. 

The water soluble OC was determined using a colorimetric method (Burford and 

Bremner, 1975) on fresh soil samples by titration with 33.3 mM ferrous ammonium 

sulphate, using 1,10-phenanthroline-ferrous sulphate complex solution as an indicator. 

 

2.4 Biochemical analysis of plant materials 

Total C (TC) and N (TN) contents of plant materials were determined by dry 

combustion using a LECO CN analyser (TruMac NO. 830-300-400). Lignin and 

cellulose contents were determined sequentially with the acid detergent pre-treatment 

method (Wang et al., 2004a). Total polyphenol contents in residue samples were 

determined using 50% methanol extractant followed by the Folin Ciocalteau 

colorimetric method calibrated with gallic acid (Waterman and Mole, 1994). 

The chemistry of each plant material was also assessed with solid-state 
13

C-cross-

poralization magic angle spinning (CPMAS) nuclear magnetic resonance (NMR) 

spectra using a Varian Unity Inova 400 spectrometer (Varian Inc., Palo Alto, CA), 

operating at a frequency of 100.6 MHz. The 
13

C CPMAS NMR spectra were divided 

into seven major chemical shift regions: alkyl C (45 to -50 ppm), N-alkyl/methoxyl C 

(60 to 45 ppm), O-alkyl C (95-60 ppm), O2-alkyl C (110-95 ppm), aryl C (145-110 

ppm), O-aryl C (165-145), and carbonyl C (210-165 ppm). 
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2.5 Gas sampling and analysis 

Gas samples in field, incubation and pot experiments were collected from the chamber 

headspace one to eight hours after chamber closure, depending on the experiment 

design and the expected gas fluxes, using a 25 mL gas-tight syringe and immediately 

transferred to pre-evacuated 12 mL glass vials (Exetainer, Labco Ltd, High Wycombe, 

UK). Gas samples were analysed for N2O, CH4 and CO2 concentrations (Wang et al. 

2011) within 5 days of sampling using a gas chromatograph (Varian CP-3800, Varian 

Inc., Middleburgh, the Netherlands). The emissions for the days without gas sampling 

were estimated using the arithmetic mean of the two closest measurements either side of 

the missing day. 

 

 

Fig. 2.3: Varian CP-3800 gas chromatograph used for gas analysis 

 



 Chapter 2                                                                                                                         39 
__________________________________________________________________________________________________________ 

 
 

2.6 The 
15

N abundance analysis of soil, plant, extracted solution and gas samples 

The 
15

N abundance of NH4
+
 and NO3

-
 in soil KCl extracts was measured using a 

diffusion technique followed by direct combustion spectrometry as described by Stark 

and Hart (1996) and Bedard-Haughn et al. (2004). The diffused 
15

N from the KCl 

extracted samples along with 
15

N abundance in soil and plant tissues were determined 

with direct combustion using an Isotope Ratio Mass Spectrometer (Sercon Hydra 20-22, 

Sercon Europa EA-GSL).  The 
15

N abundance in the gas samples was detected using a 

SERCON 20-22 Isotope Ratio Mass Spectrometer with a CryoPrep Trace Gas Module.
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Chapter 3 

Strategies to mitigate greenhouse gas emissions in intensively managed 

vegetable cropping systems in sub-tropical Australia 

3.1 Introduction 

Agricultural manipulation of the soil nitrogen (N) cycle during past decades has caused 

a significant increase in N2O emissions (Dong et al., 2007; Yan et al., 2003a). 

Agricultural soils are the primary source of anthropogenic N2O emissions, and global 

N2O emissions from this source are approximately 3.9 Tg N yr
−1

 (FAOSTAT, 2014). 

Nitrous oxide production in soil is mainly through the microbial processes of 

nitrification (oxidation of NH4
+
 to NO2

-
 and NO3

-
) and denitrification (anaerobic 

reduction of NO2
-
 and NO3

-
 to gaseous NO, N2O or N2). The most important factors 

controlling these processes are soil available carbon (C) and N, temperature, moisture 

and pH, as well as the rate and type of applied N fertiliser (Dalal et al., 2003). 

Due to continuous decline in soil fertility in agricultural production systems (Dalal and 

Mayer, 1986) and in order to increase productivity to meet the needs of a rapidly 

increasing human population (Vallejo et al., 2005), N fertiliser applications have 

become essential for sustaining crop production systems. However, the tendency to 

apply N fertilisers in excess of crop requirements to reach maximum yield often results 

in high mineral N concentrations near the soil surface (He et al., 2009, 2007; Wagner-

Riddle et al., 2007), which intensifies N2O emissions from cultivated soils (Arvin 

Mosier and Kroeze, 2000). 

Vegetable cropping systems are associated with high N fertiliser application rates and 

intensive cultivation. However, the N recovery from intensively cultivated vegetable 
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fields is reported to be only 20% to 50% of the applied N fertiliser (Huang et al., 2006), 

suggesting large amounts of N surplus to crop requirements can be lost by nitrate 

leaching, runoff and/or emissions of gases including N2O. Synchronizing the soil N 

supply with crop requirements during the growing season and improving fertiliser and 

irrigation management practices would increase the N use efficiency in soil-plant 

systems and consequently reduce N losses (Dalal et al., 2003; Vanlauwe et al., 2001). 

Although N2O emissions from soil mainly occur through molecular diffusion, the effect 

and contribution of different plant types in transporting N2O from soil to the ambient 

atmosphere is also an important factor that is not fully understood (Yan et al., 2000). 

The production and consumption of CH4 in soil is mainly driven by the biological 

decomposition of organic materials in anoxic conditions, and biological oxidization in 

dry environments (Mosier et al., 1998). The atmospheric concentration of CH4 has 

increased rapidly in recent years with a concentration of around 1774 ppb in 2005 

(IPCC, 2007). Agriculture, including animal production, is responsible for about 52% of 

total anthropogenic CH4 emissions (Smith et al., 2008), and it has been reported that 

well-irrigated vegetable fields could emit CH4 during wet periods and consume CH4 

during dry periods of the growing season (Jia et al., 2012). Striegl (1993) demonstrated 

that diffusion of atmospheric CH4 into well-drained agricultural soils is the main factor 

limiting its biological oxidation rate. 

Field measurements of N2O and CH4 emissions conducted in vegetable production 

systems under different climatic and soil conditions are limited. Although sub-tropical 

farms of Queensland contribute more than 30% of the Australian gross vegetable value, 

there is a lack of knowledge about greenhouse gas production and mitigation options in 

these intensive cropping systems. The main objectives of this study were therefore to: 
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(1) compare different fertiliser management practices (nitrate vs. urea application at 

different rates) in relation to greenhouse gas emissions, crop yield and fertiliser use 

efficiency; (2) examine the effect of a controlled irrigation regime on N2O emissions 

from intensively cultivated vegetable systems; and (3) identify the factors regulating 

N2O emissions during the cropping season. The underlying hypothesis was that 

avoiding excessive N application and changing the fertiliser type from urea to nitrate-

based products in combination with controlled irrigation would reduce N2O emissions 

during the dry cropping season. 

3.2 Materials and methods 

3.2.1 Study site and experimental design 

The experimental site was located at Gatton Horticultural Research Station (27° 32' 39" 

S, 152° 19' 38" E) in the Lockyer Valley, one of the key horticultural regions in north-

east Australia (Fig. 3.1). The soil at this site is a black Vertisol (Udic Haplustert, USDA 

1975) and the clay mineralogy of the soil is dominated by smectite (~60%; Dalal and 

Mayer, 1986). The experimental area has a mean annual air temperature of 20°C and a 

mean annual precipitation of 772 mm. Soil texture, pH, cation exchange capacity, plant 

available P and K, bulk density, total OC and total N for the top 90 cm of the soil are 

summarised in Table 3.1. 

Table 3.1: Initial physico-chemical characteristics of the experimental soil 

Soil 

Depth 
(cm) 

Bulk 

Density 
(g cm

-3
) 

pH 
(1:5 

water) 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

CEC 
(cmol 

kg
-1

) 

Exchange-

able
a K 

(mg kg
-1

) 

Colwell
b 

P        
(mg kg

-1
) 

Total 

OC 
(%) 

Total 

N 
(%) 

0-10 1.17 7.69 41 24 35 37.9 312 136 1.54 0.11 

10-30 1.32 7.79 43 23 34 37.2 207 115 1.53 0.11 

30-60 1.41 7.77 55 15 30 41.2 -----
b
 ----- ----- ----- 

60-90 1.51 7.84 47 15 38 40.1 ----- ----- ----- ----- 
a
 Exchangeable K extracted with NH4Cl at pH = 7

 
; 

b 
Extractable P with 0.5M NaHCO3; 

b 
Not determined 
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The field experiment was conducted in an intensively managed vegetable cropping 

system typical of the sub-tropical climatic zone and consisted of four treatments: (1) no 

fertiliser application (Control); (2) urea applied at 100 kg N ha
-1 

(U100); (3) urea 

applied at 200 kg N ha
-1 

(U200); and (4) predominantly NO3
-
-based fertilisers applied at 

100 kg N ha
-1 

(N100, Table 3.2). The U200 treatment represents approximately the 

highest N application rate in the region. The fertilised treatments received three splits of 

N applications during the growing season to better match N supply with plant demand 

during the growing season (Table 3.2). The fertilisers were applied by broadcasting on 

the surface immediately before irrigation. The experiment was arranged using a 

randomized block design with four replicates (7.0m × 1.5m plots). Iceberg lettuce 

(Lactuca sativa, var. capitata cv. Kong) was transplanted on 9th May 2012 and 

harvested on 16th July 2012. 

Table 3.2: Date, type and application rates (kg N ha
-1

) of N fertilisers  

Treatment 
                                      Application Date 
_____________________________________________________________________________________________________________________________________________________ 

Total N 

Rate    

(kg ha
-1

) 9/05/2012 4/06/2012 18/06/2012 

Control 0 0 0 0 

U100 50 kg N as urea 25 kg N as urea 
25 kg N as 

urea 
100 

U200 50 kg N as urea 50 kg N as urea 
100 kg N as 

urea 
200 

N100 
27 kg NH4-N + 23 kg 

NO3-N as Nitrophoska
a
 

25 kg N as 

Ca(NO3)2 

25 kg N as 

KNO3 
100 

a
 Nitrophoska Blue Special: Incitec Pivot, Australia; containing 6.5% NH4

+-N and 5.5% NO3
—N 

 

The irrigation regime aimed to keep the soil moisture content close to field capacity 

using a sprinkler irrigation system, as this was considered to be optimal for growth and 

less inductive to N losses. Therefore, several light irrigations were applied throughout 
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the lettuce growing season according to soil moisture content, except for the 4th of June 

when heavy rainfall was received just after the irrigation (Fig. 3.2a). 

3.2.2 Soil sampling and analysis 

Prior to fertiliser application, soil samples were collected to a depth of 90 cm in four 

depth increments of 0-10 cm, 10-30 cm, 30-60 cm and 60-90 cm to determine the 

physicochemical properties of the experimental site (Table 3.1). This sampling was also 

repeated after harvest for each treatment to provide information about potential leaching 

and the N budget for different treatments. During the growing season, soil samples were 

taken once every two weeks at two depths (0-10 cm and 10-30 cm) from all plots (4 

treatment × 4 replications). The sampling location was marked to avoid re-sampling the 

same spots. 

Field-moist samples were transported to the laboratory and kept at 4°C until mineral N 

extraction (within 48 h). The soil samples were extracted with 2 M KCl at a soil to 

solution ratio of 1:5. The NO3
-
-N and NH4

+
-N concentrations in the extractant were 

determined using colorimetric techniques (Rayment and Lyons, 2011). Total extractable 

mineral N was calculated as the sum of NO3
-
-N and NH4

+
-N concentrations. All results 

were expressed on an oven-dry basis. Soil pH was measured in a 1:5 volumetric 

suspension of soil in distilled water (Rayment and Lyons, 2011). 

Before planting, and one week prior to the harvest, three replicate undisturbed soil cores 

were collected using stainless steel cylinders (10 cm in diameter and 10 cm in length) to 

measure surface soil bulk density. The cores were dried for 48 h at 105°C and weighed. 

Bulk density was calculated from the oven dry soil weight divided by the core volume. 

Field capacity (FC%) was determined using the method described by Cassel and 

Nielsen (1986). 
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Fig. 3.1: the snapshot of field study site, soil and gas sampling during the lettuce 

growing season 

 

3.2.3 Measurement of N2O and CH4 fluxes 

In order to investigate the effect of the crop on gas fluxes, two different types of manual 

gas sampling chamber were used: a) cylindrical polyethylene chambers (23.5 cm 

diameter and 12 cm height) installed between plants; and b) cubic chambers (50×50×50 

cm) with stainless steel frames, opaque PVC panels and a circulating fan (Wang et al., 

2011) installed over a growing lettuce plant. Each treatment was instrumented with 
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eight cylindrical and four cubic chambers. The chambers were relocated every 3 weeks 

to minimise spatial variability in fluxes and to minimise the impact of crop root 

exclusion in the chambers during the growing season. 

Gas fluxes were measured 3 times per week between 9:00 and 11:00am local time to 

minimize the effect of diurnal variation on flux patterns. This schedule is reported to be 

the optimum timing for intermittent manual flux measurements in the field with lowest 

deviation in the seasonal cumulative emissions (Deng et al., 2012; Liu et al., 2010; 

Wang et al., 2011). Gas samples were collected from the chamber headspace one hour 

after chamber closure using a 25 mL gas-tight syringe and immediately transferred to 

pre-evacuated 12 mL glass vials (Exetainer, Labco Ltd, High Wycombe, UK).  

Gas samples were analysed for N2O and CH4 concentrations within 5 days of sampling 

using a gas chromatograph (Varian CP-3800, Varian Inc., Middleburgh, the 

Netherlands) as described by Wang et al. (2011).  Standards were injected after every 

ten samples to monitor instrument precision. Gas fluxes were calculated from the 

increases in the N2O and CH4 concentrations during the sampling time. Linearity tests 

on gas concentration increases were performed on a subset of sampling occasions 

during the growing season for all treatments by taking samples after chamber closure 

every 30 min for 1.5 hours. In general, N2O and CH4 fluxes showed a linear trend over 

the measurement period. The emissions for the days without gas sampling were 

estimated using the arithmetic mean of the two closest measurements either side of the 

missing day. The cumulative seasonal emissions were calculated by summing up the 

daily flux measurements. 
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3.2.4 Measurements of environmental factors 

Climate parameters including daily rainfall and hourly air temperature during the entire 

monitoring period were obtained from an on-site automatic weather station. 

Immediately after planting, soil moisture and temperature were logged hourly using 

moisture probes (Theta Probe, Delta-T Devices Ltd, Cambridge, UK) installed at 7-13 

cm depth and temperature probes (Measurement Engineering Australia, SA, Australia) 

installed at 5-7 cm depth inside and outside a cylindrical and a cubic chamber. Moisture 

probe readings were calibrated against simultaneous measurements of soil water 

contents using the oven-drying method. The calibrated volumetric moisture content was 

then converted to water-filled pore space (WFPS) using the following equations: 

WFPS (%) = Volumetric soil water content (%) / (1 – Soil bulk density (g cm
-3

) / 2.65) 

× 100%                                                                                                                            (1) 

Volumetric soil water content = Gravimetric soil water content (%) × Soil bulk density 

(g cm
-3

)                                                                                                                                                     (2) 

where 2.65 g cm
-3

 was assumed to be soil particle density. 

 

3.2.5 Nitrogen balance 

To aid understanding of the N use efficiency of applied fertilisers, the N balance for 

each treatment was calculated using equation (3), as described by Patil et al. (2001).    

Nbalance = (Ncrop + Nmin harvest) - (Nmin planting + Nfer + Nirri)                                                (3) 

where Ncrop= total N uptake in the lettuce biomass (kg N ha
-1

), Nmin harvest= soil mineral 

N in the 0–90 cm depth after harvest (kg N ha
-1

), Nmin planting= soil mineral N at 0–90 cm 
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depth before planting (kg N ha
-1

), Nfer= total N from applied fertiliser (kg N ha
-1

), and 

Nirri= total N from irrigation (kg N ha
-1

). 

Lettuce yield was determined by manually harvesting and weighing 12 lettuce heads per 

replicate and multiplying by the plant population (60,000 plants ha
-1

). The lettuce sub-

samples for each of the four replicate plots were dried at 65°C for 72 hours to measure 

dry matter content and then ground (<1 mm) before analysing for total N content using 

an Isotope Ratio Mass Spectrometer (Sercon Hydra 20-22, Sercon Europa EA-GSL). 

Lettuce heads and wrappers were analysed separately. 

 

3.2.6 Statistical analysis 

Statistical analysis was performed by SPSS (PASW) 19 software package. Differences 

at P ≤ 0.05 were considered statistically significant and variables were tested for 

normality of distribution. Soil ammonium concentration data had a square root 

transformation to meet the normal distribution requirement for statistical analysis. 

Stepwise multiple linear regression analysis was used to identify relationships between 

soil/environmental factors and N2O emission fluxes. 

 

3.3 Results 

3.3.1 Seasonal pattern of environmental conditions and mineral N dynamics 

Total rainfall and irrigation were 127 and 137 mm respectively during the 68-day 

cropping season. The WFPS of the soil at field capacity was 57% (Fig. 3.2a). The mean 

daily WFPS ranged from 50% to 64%, with a seasonal mean of 57% (equal to field 
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capacity) in the 7-13 cm depth. The mean daily soil temperature at 5-7 cm depth ranged 

from 11.3°C to 18.1°C and air temperature from 11.1°C to 19.6°C during the growing 

season, with an average of 14.6°C for soil and 14.9°C for air temperature. The results 

showed a similar temporal pattern for air and soil temperatures during the investigation 

period (Fig. 3.2b). 

 

 

 
Fig. 3.2: Rainfall, irrigation and soil moisture (WFPS) at 7-13 cm depth (a) and daily air 

and soil temperature at 5-7 cm depth (b) during the lettuce growing season. 
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The concentrations of NO3
-
-N and NH4

+
-N in the top 0-10 cm and the 10-30 cm layers 

indicated moderate mineral N leaching from the surface soil (Fig. 3.3). There were 

distinctive differences in mineral N patterns following the application of nitrate-based 

and urea-based fertilisers, especially in the top 0-10 cm soil. Soil NH4
+
-N 

concentrations increased sharply after fertilization with urea (Figs 3.3a and 3.3b) and 

then decreased rapidly. The concentrations of NH4
+
-N

 
in the N100 treatment (including 

27 kg NH4
+
-N ha

-1
 in the first application) were consistently lower compared to those in 

the urea treatments. Mineral N levels in all fertilised treatments at the end of the 

experiment declined to a low level similar to those in the control treatment, regardless 

of the amount of fertiliser applied. 
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Fig. 3.3: Soil NH4

+
-N and NO3

-
-N concentrations in the 0-10 cm (a and c) and 10-30 cm 

(b and d) depth intervals in all treatments. The black arrows indicate the timing of 

fertiliser application. U100 = 100 kg N ha
-1

 as urea; U200 = 200 kg N ha
-1

 as urea; 

N100 = 100 kg N ha
-1

 mainly as nitrate-based fertilisers 
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3.3.2 Temporal pattern of N2O and CH4 fluxes 

The daily and cumulative N2O emissions during the lettuce growing period are 

summarised in Fig. 3.4. Several emission peaks from the fertilised treatments occurred 

following irrigation or rainfall events at 14, 30, 51 and 65 days after the start of 

experiment. The results showed different patterns of N2O fluxes for U100, U200 and 

N100 treatments. After the first N fertiliser application, the N2O fluxes from the 

fertilised plots quickly increased to maximum levels, and then gradually decreased to 

the pre-fertilisation level. The magnitude of these fluxes was higher in the U100 

treatment than in the N100 treatment after each split application of N fertilisers, 

although the concentrations of NO3
-
-N were high in the later. 

Unlike Mosier et al. (1990), who observed higher N2O fluxes when a chamber was 

placed over rice plants rather than between them, our results showed no significant 

difference between the chambers placed between lettuce plants and the chambers that 

contained a lettuce plant inside for the whole experimental period. Thus, the lettuce 

plants did not have any significant effect on N2O transport from soil to the atmosphere. 

The Control, U100, U200 and N100 treatments, respectively, had the cumulative N2O 

emissions of 30, 150, 210 and 70 g N2O-N ha
-1

 during the experimental season. There 

were significant differences (P< 0.01) in the cumulative N2O emissions between 

fertilised and control treatments. During the growing season, the N100 treatment 

reduced total N2O emission compared to the U100 treatment by 55% (P < 0.01). The 

U100 treatment also reduced the total N2O emission by 27% in comparison to the U200 

treatment (P < 0.05). 
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Fig. 3.4: Daily (a) and cumulative (b) N2O emission from different fertiliser treatments 

in the lettuce field. The black arrows indicate the timing of fertiliser application. U100 = 

100 kg N ha
-1

 as urea; U200 = 200 kg N ha
-1

 as urea; N100 = 100 kg N ha
-1

 mainly as 

nitrate-based fertilisers. 

 

The CH4 fluxes were dominated by uptake during the early growing stages and 

emissions near the end of the growing season (Fig. 3.5). The Control, U100, U200 and 

N100 treatments respectively emitted 20.5, 6.2, 6.8 and 16.8 g CH4 ha
-1

 during the 

experiment’s season, which were not significantly different at P = 0.05. Similar to N2O 

emissions, the results from different chamber types (encompassing soil or plant and 

soil) did not show any significant difference in CH4 fluxes during the experimental 

period. 
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Fig. 3.5: Daily (a) and cumulative (b) CH4 emission from different fertiliser treatments 

in the lettuce field. U100 = 100 kg N ha
-1

 as urea; U200 = 200 kg N ha
-1

 as urea; N100 

= 100 kg N ha
-1

 mainly as nitrate-based fertilisers. 

 

3.3.3 Relationships of N2O fluxes with environmental factors and soil mineral 

nitrogen contents 

For each treatment, stepwise linear regression was used to model N2O fluxes using soil 

NO3
-
-N and NH4

+
-N concentrations, WFPS and soil temperature as variables. The 

stepwise regressions indicated that the seasonal variations in N2O emissions from the 

control were positively correlated with soil moisture: 

N2O flux for Control (g N2O-N ha-1 d-1) = -7.112 + 0.126 WFPS (%)                                 (4) 

n = 48, r = 0.30, P < 0.05.            
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In the urea treatments, soil NH4
+
-N concentration and soil temperature were the most 

important factors controlling the magnitude of N2O emissions: 

N2O flux under U100 (g N2O-N ha-1 d-1) = -5.170 + 0.444 Soil T (°C) + 0.244 (NH4
+) 1/2 

(mg N kg-1)                                                                                                                            (5) 

n = 48, r = 0.61, P < 0.05 

N2O flux under U200 (g N2O-N ha-1 d-1) = -4.018 + 0.361 Soil T (°C) + 0.303 (NH4
+) 1/2 

(mg N kg-1);                                                                                                                           (6) 

n = 48, r = 0.54, P < 0.05 

In the N100 treatment, soil NH4
+
-N concentration appeared to be the only dominant 

factor regulating N2O fluxes and there was no significant effect of any environmental 

factors: 

N2O flux under N100 (g N2O-N ha-1 d-1) = 0.012 + 0.269 (NH4
+) 1/2 (mg N kg-1);              (7) 

n = 48, r = 0.48, P < 0.01 

3.3.4 Direct N2O emission factors 

Using the N2O emission from the control treatment as the background emission, the 

proportion of the N2O emissions attributable to N fertiliser application was calculated to 

be 80%, 86% and 57% for U100, U200 and N100 treatments, respectively. The direct 

emission factors [(N2O-N from fertilised treatment - N2O-N from control)/fertiliser-

N*100%] for U100, U200 and N100 treatments were 0.12%, 0.09% and 0.04% 

respectively. These emission factors over 68 days are substantially lower than the IPCC 

default emission factor of 1%. The results indicate that the nitrate fertiliser form had the 

lowest direct emission factor and the higher urea application rate decreased the direct 

emission factor. 
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3.3.5 Lettuce yield  

Total fresh yield of lettuce increased by more than two-fold with N fertiliser application 

(P<0.05; Table 3.3). There was no difference in yield between the nitrate-based fertiliser 

and urea. Reducing urea application from 200 kg N ha
-1

 to 100 kg N ha
-1

 did not have 

any significant negative impact on lettuce yield. 

Table 3.3: Yield components of lettuce in response to the different N treatments   

Treatments 
TFY      

(t ha
-1

) 

TDY    

(t ha
-1

) 

FHY     

(t ha
-1

) 

HDMY    

(t ha
-1

) 

HDM 

(%) 

FWY    

(t ha
-1

) 

WDMY     

(t ha
-1

) 

WDM 

(%) 

Control 34.8(a)
a
 1.8 (a) 26.7 (a) 1.4 (a) 5.0 (a) 8.1 (a) 0.4 (a) 5.5 (a) 

U100 77.0(b) 3.1 (b) 64.7(b) 2.5 (b) 3.9 (b) 12.3(ab) 0.6 (a) 4.9 (a) 

U200 81.5(b) 3.2 (b) 67.7(b) 2.6 (b) 3.8 (b) 13.8 (b) 0.6 (a) 4.8 (a) 

N100 80.9(b) 3.3 (b) 68.5(b) 2.7 (b) 3.9 (b) 12.4(ab) 0.6 (a) 5.2 (a) 
a 

The different letters in parentheses within a column indicate significant differences between the 

treatments (P< 0.05)  Abbreviations: TFY, total fresh yield; TDY, total dry yield; FHY, fresh head yield; 

HDMY, head dry matter yield; HDM, head dry matter; FWY, fresh wrapper yield; WDMY, wrapper dry 

matter yield; WDM, wrapper dry matter; Control, no fertiliser; U100, 100 kg N ha
-1

 as urea; U200, 200 

kg N ha
-1

 as urea; N100, 100 kg N ha
-1

 mainly as nitrate-based fertilisers.  

 

3.3.6 Nitrogen balance 

Mineral N concentrations in the soil profiles at the start and the end of the experiment 

are shown in Table 3.4. The post-harvest mineral N concentrations in the soil profiles 

showed no significant increase in the 100 kg N ha
-1

 treatments (U100 and N100) 

compared with the Control, but moderate increases in NO3
-
 concentrations in the U200 

treatment (P< 0.05) were observed. In this latter treatment there was a movement of 

NO3
-
-N to the 60-90 cm layer, indicating N leaching out of the lettuce rooting depth in 

the presence of excessive available mineral N. The similar mineral N concentrations in 

the U100 and N100 treatments down to 90 cm confirmed that fertiliser type did not 
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appear to have any significant effect on mineral N leaching in this controlled irrigation 

system. 

Assuming N uptake in the above-ground biomass accounted for 88% of the total crop N 

uptake (Gallardo et al., 1996; Jackson et al., 1994), the amount of N in the below-

ground biomass was estimated to be 5.3, 14.0, 15.5 and 14.1 kg N ha
-1

 for the Control, 

U100, U200 and N100 treatments, respectively. The value of calculated N balance for 

the control treatment (Table 3.5) was positive, with (Ncrop + Nmin harvest) exceeding (Nmin 

planting + Nfer + Nirri) by 18.7 kg N ha
-1

. This extra amount of N was attributed to the 

mineralisation of soil organic N. The crop N uptake was significantly enhanced by N 

fertiliser application and was higher for the U200 treatment than the U100 treatment but 

not significantly different between different fertiliser types applied at 100 kg N ha
-1

. The 

N balances for the fertilised treatments were all negative and the higher negative N 

balance in the U200 treatment showed a substantially greater N loss compared to the 

other fertilised treatments. 

Table 3.4: Mineral N concentration (mg kg
-1

) in different soil layers at the start and end 

of the lettuce growing season.    

Soil 

Depth 

(cm) 

NH4
+
 

______________________________ 

NO3
-
 

_______________________________ 

Start 

______ 

End 

________________________ Start 

______ 

End 

_________________________ 

Control U100 U200 N100 Control U100 U200 N100 

0-10 0.9(a)
a
 0.7(a) 0.5(a) 1.3(a) 0.6(a) 4.9(a) 1.0(a) 2.5(a) 4.0(a) 3.0(a) 

10-30 0.6(a) 0.3(a) 0.8(a) 0.2(a) 0.3(a) 7.5(a) 0.8(b) 1.1(bc) 2.3(c) 1.1(bc) 

30-60 1.1(a) 0.5(a) 0.4(a) 0.5(a) 0.5(a) 0.6(a) 0.6(a) 1.0(a) 2.0(a) 0.9(a) 

60-90 1.2(a) 0.9(a) 0.9(a) 1.2(a) 0.9(a) 0.2(a) 0.7(a) 1.4(b) 1.8(b) 1.3(b) 

a 
The different letters in parentheses within a row (separate for NH4

+
-N and NO3

-
-N) indicate significant 

differences between the treatments (P< 0.05). U100 = 100 kg N ha
-1

 as urea; U200 = 200 kg N ha
-1

 as 

urea; N100 = 100 kg N ha
-1

 mainly as nitrate-based fertilisers 
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Table 3.5: Effect of different N treatments on N balance in the crop-soil system            

(kg N ha
-1).    

Treatments 

Soil 

0-90 cm Nmin 

transplanting 

N 

fertiliser 

N 

irrigation 

crop 

N uptake 

Soil 

0-90 cm Nmin 

harvest 

N  

balance
a
 

Control
b
 41.5 0 1.2 44.4(a)

c
 17.0(a) 18.7(a) 

U100 41.5 100 1.2 116.6(b) 25.0(a) -1.1(b) 

U200 41.5 200 1.2 129.5(c) 36.7(b) -76.5(c) 

N100 41.5 100 1.2 117.2(b) 23.9(a) -1.6(b) 

a 
Nbalance = (Ncrop + Nmin harvest) - (Nmin planting + Nfer + Nirri); 

b 
Control = no fertiliser; U100 = 100 kg N ha

-1
 as 

urea; U200 = 200 kg N ha
-1

 as urea; N100 = 100 kg N ha
-1

 mainly as nitrate-based fertilisers; 
c 

The 

different letters in parentheses within a column indicate significant differences between the treatments 

(P< 0.05) 

 

3.4 Discussion  

3.4.1 CH4 emissions 

Unlike the finding by Jia et al. (2012) that vegetable cropping soils normally show high 

CH4 emissions due to more frequent irrigation compared to other crops, the results of 

the current experiment in winter lettuce production on a sub-tropical Vertisol showed 

net CH4 uptake under low-intensity and high-frequency irrigation management. High 

CH4 uptakes were generally observed under high soil temperature and relatively low 

soil moisture conditions (Ambus and Christensen, 1995; Dobbie and Smith, 1996; Ruser 

et al., 1998). Castro et al. (1995) reported that soil moisture contents higher than 60% 

exert a limiting effect on CH4 uptake. Previous studies on aerated soils also indicated 

that CH4 diffusion into the soil profile is one of the main limiting factors controlling 

CH4 uptake rates (Ball et al., 1997; Striegl, 1993). 

In the current experiment, N fertiliser type and application rate did not significantly 

increase CH4 uptake compared to the Control treatment. These results are in agreement 

with findings of Ruser et al. (1998) and Wang et al. (2011) who reported that 
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application of N fertilisers did not change CH4 uptake rates in soils under long-term 

experiments. 

 

3.4.2 Factors regulating N2O emissions 

It is essential to identify and understand the factors regulating agricultural soil N2O 

emissions so that improved mitigation techniques can be developed. Vegetable 

production systems are especially important for agricultural N2O mitigation as they are 

usually under multiple planting-harvest cycles during the year and receive high N 

application rates. Any factor that affects the soil N cycle is likely to alter N2O emission 

(Xiong et al., 2006). 

The present study showed that almost two thirds of the recorded N2O emission peaks 

occurred after an increase in daily soil temperature (Figs. 3.2b and 3.4a). The only 

exceptions were two peaks in N2O emission (8/06/2012 and 22/06/2012), which 

occurred just after fertiliser topdressings and without a significant increase in soil 

temperature. Soil temperature is one of the main controlling parameters of N2O 

emission from fertilised agricultural soils when N2O production in the soil is not limited 

by other factors such as WFPS and soil available N (Dobbie et al., 1999). Soil 

temperature influences N2O emissions by regulating soil microbial activity, such as the 

nitrifying and denitrifying bacteria. Ding et al. (2007b) reported a positive correlation 

between N2O emission and soil temperatures up to 25°C in laboratory incubation at a 

certain WFPS condition favourable for nitrification and denitrification processes. Diao 

et al. (2013) indicated that N2O emission from vegetable fields was associated with both 

N fertilisation and soil temperature under appropriate soil moisture regimes (50-70% 

WFPS).  
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Soil moisture affects N2O emissions by controlling the dominance of aerobic and 

anaerobic conditions during the growing season. Many investigations report that high 

N2O fluxes are mainly related to the denitrification process (Davidson, 1991; Thornton 

et al., 1998), which is strongly limited when soil moisture is below field capacity (De 

Klein and Van Logtestijn, 1996). The frequent and low intensity irrigation scheme used 

in this study resulted in predominately aerobic soil conditions (WFPS = 57%) reducing 

the occurrence of high N2O spikes associated with denitrification processes. These 

results are similar to the observations of Davidson (1991) and Russow et al. (2000) who 

reported nitrification as the main process of N2O production at soil moistures below 

60% WFPS. 

Ludwig et al. (2001) reported that at favourable soil temperatures and moistures for 

microbial activity, soil mineral N concentration is a regulatory factor of nitrification and 

denitrification rates. Dobbie and Smith (2003) and Vilain et al. (2010) also 

demonstrated the intensity of nitrification and denitrification processes as a function of 

soil NH4
+
-N and NO3

-
-N concentrations. In the current study with dominant aerobic soil 

conditions, NH4
+
-N rather than NO3

-
-N concentrations regulated N2O emissions through 

the nitrification process (Eqs. 5, 6 and 7). In addition, the application of N fertilisers 

was split so that supply of mineral N more closely matched the crop demand at different 

stages of the growing season. This avoided accumulation of large amounts of mineral N, 

and thus would have reduced N2O emissions (Sehy et al., 2003; Tan et al., 2009). 
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3.4.3 N2O emission factors and fertiliser nitrogen use efficiency under different 

management practices 

Nitrous oxide emissions from cropping land can be derived from N fertilisers and other 

sources (mainly background soil N). The N2O emission factors of urea N (0.12% for 

U100 and 0.09% for U200) derived from this study were substantially lower than the 

default 1% emission factor used by the IPCC (IPCC, 2006). The reason could be related 

to the low temperature during the late autumn/winter seasons and the N/irrigation 

management practices as discussed below. The lower emission factors obtained in this 

study could also be attributable to the relatively short cropping season (68 days) and 

thus lower cumulative N2O emissions. As both cumulative N2O emission and fertiliser 

N would increase in a multi-season vegetable crop system, it is postulated that the 

length of measurement period should not be a major factor leading to the low emission 

factors.  

The U100 treatment resulted in lower total N2O emissions than the U200 treatment, but 

slightly increased the direct emission factor of the fertiliser N. Meta-analyses by Kim et 

al. (2013) and Shcherbak et al. (2014) suggested a general trend of increasing N2O 

emissions in response to increasing N inputs, while the emission factors may remain 

constant, increase or decrease non-linearly with changing N input for most crop types. 

Ding et al. (2007a) reported that an increase in the N2O emission factor due to 

increasing N fertiliser application only occurs when soil conditions are favourable for 

N2O production. 

The N balances for the fertilised treatments in this experiment were all negative, thus N 

losses occurred. When the 18.7 kg N ha
-1

 recovered from soil N mineralisation in the 

Control treatment was accounted for in the N supply, the U100, U200 and N100 
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treatments showed a net N loss of 20, 95 and 20 kg N ha
-1

 respectively. The fertiliser N 

recovery by the crop for the U100, U200 and N100 treatments was 80, 105 and 80 kg N 

ha
-1

 respectively. Although not quantified in this study, the unrecovered N might have 

been lost through NH3 volatilisation, NO3
-
 leaching to deeper soil layers (> 90 cm) as 

well as denitrification.  The higher N loss in U200 (48% of applied N) along with no 

positive effect of this treatment on lettuce yield (compared to U100) suggested that 

application of 200 kg urea-N ha
-1

 was inefficient in terms of both lettuce yield and N 

use, whilst significantly increasing N2O emissions. This result supports previous 

findings that showed optimising N fertiliser application rates may provide an efficient 

way of reducing N2O emissions (Del Grosso et al., 2009). 

The significant relationship between N2O emissions and soil NH4
+ 

concentrations found 

in this study suggests that, if excessive wet conditions can be avoided by using 

moderate irrigation, one of the strategies for reducing N2O emissions from intensively 

cropped vegetable fields in this region is to replace NH4
+
-based fertilisers with NO3

-
-

based N fertilisers during the low rainfall season. However, this strategy may not apply 

in wet seasons when N2O emissions might be mainly produced through denitrification 

(Wang et al., 2011). Consequently, application of NO3
-
-based N fertilisers should be 

combined with low-intensity irrigation techniques to minimise risks of denitrification 

under wet conditions. 

Inclusion of nitrate-N fertiliser for reduction of N2O emissions should also be 

considered within the broader context of fertilisation management for improved crop 

yield. Nitrophoska Blue Special (12.0% N, 5.2% P and 14.1% K) was used in the first 

fertiliser application for the N100 treatment because it is specially designed for chloride 

sensitive crops like lettuce. Nitrophoska was considered a broad spectrum fertiliser 
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suitable for pre-planting application (to avoid direct contact with establishing seedlings) 

in intensive crop production systems such as vegetables. However, the N100 treatment 

including the use of Nitrophoska did not result in significant improvement in lettuce 

yield compared to the U100. Thus, the phosphorus and potassium contained in this 

fertiliser had little benefit to crop growth because of the high Colwell-P and 

exchangeable K contents in this soil (Table 3.1). The presence of 6.5% NH4
+
-N in this 

fertiliser might have contributed to the higher N2O emissions than those from the 

control, which were observed following the application of Nitrophoska but not 

Ca(NO3)2 and KNO3. The results suggested that substitution of purely NO3
-
-based 

fertilisers for Nitrophoska may further reduce N2O emission whilst maintaining the 

yield, and thus warrant more study. 

When choosing the best fertiliser management practice for N2O emission mitigation in a 

specific region, both N2O emissions and economic returns should be considered. In this 

study, the use of NO3
-
-based N fertiliser combined with low intensity irrigation resulted 

in a considerable reduction in N2O emission compared to the urea treatments. However, 

the higher cost of NO3
-
-based fertiliser than urea, and similar crop yields and crop N 

uptakes under N100 and U100 treatments, may impede implementation of this 

management option. Further studies are required to investigate the optimal application 

rates and other management practices of different fertiliser types for different vegetable 

crops. 
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3.5 Conclusions  

Nitrous oxide emissions in these fertilised and sparingly irrigated sub-tropical vegetable 

cropping systems in north east Australia were low, while CH4 emissions were 

negligible. Regression analysis indicated that the magnitude of N2O emissions was 

mainly regulated by soil temperature and NH4
+
 concentration when soil moisture was 

maintained around field capacity. Reducing irrigation intensity to keep soil WFPS at 

levels near to field capacity successfully controlled N2O production in soil by 

decreasing anaerobic microsites favourable for denitrification. Substitution of NO3
-
-

based fertilisers for urea combined with low intensity irrigation led to significant 

reductions in N2O emissions during the low rainfall season. 

Split application of N fertilisers better synchronized soil mineral N availability in 

fertilised treatments with crop demand, avoiding large mineral N accumulation and thus 

reduced the risk of N losses and high N2O emissions during the growing season. 

Reducing N fertiliser application from 200 kg N ha
-1

 to 100 kg N ha
-1

 substantially 

reduced the total N2O emission but did not significantly decrease crop yield. Overall, 

using NO3
-
-based fertiliser in combination with split application and light irrigation 

provides an effective N2O mitigation strategy without losing yield for vegetable 

production during the low rainfall season. 
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Chapter 4 

Linking chemical composition of plant materials to N2O emission 

under nitrogen limited and non-limited conditions 

4.1 Introduction 

Nitrous oxide is one of the major greenhouse gases with potent and long-lived global 

warming effects [298 times higher than carbon dioxide (CO2) over a time period of 100 

years], which effectively absorb infrared radiation (IPCC, 2007). The production of 

N2O in agricultural soils is primarily derived through the microbial processes of 

nitrification and denitrification, which are regulated by soil aeration, the supply of 

mineral N and labile organic carbon (C) (Firestone and Davidson, 1989). 

Plant materials are primarily applied to agricultural soils to increase organic matter 

content, improve soil physical properties, and increase the availability of essential 

nutrients for crop production (Smith et al., 1993; Wang et al., 2004b; Wyland et al., 

1995). This agricultural management practice has been extensively examined, since the 

early 1990s, to assess its impacts on soil N2O emissions (Rees and Ball, 2010). Previous 

investigations suggested that the incorporation of plant materials in soil promotes 

aerobic decomposition and soil oxygen consumption at microsites, which increases the 

abundance of denitrifying bacteria in the soil and consequently enhances N2O emissions 

through denitrification (Henderson et al., 2010; Huang et al., 2004; Potthoff et al., 

2005). Thus, in vegetable fields with high mineral N concentrations and frequent 

irrigation, the beneficial effect of plant material application may be offset by an increase 

in N2O emissions (Zhu et al., 2013). In general, plant material incorporation would 
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probably affect soil moisture, mineral N content, water soluble organic C (WSOC) 

content and microbial activity shortly after application. 

The magnitude of N2O emissions, after plant material application strongly depends on 

the quantity and quality of the applied residues (Baggs et al., 2000), which is influenced 

by different factors like crop type, field management practices and climatic conditions. 

There are different approaches to predict N availability and N2O emissions from plant 

materials. Some researchers rely on total N content and C:N ratio of plant materials 

(Chen et al., 2013; Li et al., 2013; Velthof et al., 2003) while others assume a significant 

role for the contents of soluble C and N (Cogle et al., 1989), cellulose (Hadas et al., 

2004), lignin (Gentile et al., 2008; Zhu et al., 2013) and the protein binding capacity of 

extractable polyphenols (Millar and Baggs, 2004; Zhu et al., 2013) in applied plant 

materials. Despite all the information available, it is still difficult to predict the fate of 

plant materials with different chemical compositions after their application to 

agricultural soils. 

The relatively slow mineral N release from decomposition of applied crop residues is 

often insufficient to meet the N demands of the growing crop. The combined 

application of plant materials and inorganic N fertilisers may be beneficial. This 

management approach would potentially improve the N use efficiency of the system and 

enhance the synchrony of the soil N availability and plant requirements during the 

growing season. On the other hand it may increase or decrease soil N2O emissions 

depending on the chemical characteristics of both N sources and also the ratio of 

inorganic to organic N (Garcia-Ruiz and Baggs, 2007). 

Accurate estimation of N release and N2O emission following the combined 

incorporation of plant materials and mineral N fertilisers into soil is essential to 
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establish efficient mitigation strategies to reduce N2O emissions. Although the 

beneficial interactive effects of combining these N sources on N2O emissions have been 

proven by previous investigations (Garcia-Ruiz and Baggs, 2007; Gentile et al., 2008), 

little is known about the underlying mechanisms and regulating factors of these 

interactions. The main objectives of this study were to use a controlled incubation 

experiment to: (1) monitor the dynamics of soil mineral N, microbial biomass C (MBC), 

WSOC, and N2O emissions, following the incorporation of 10 different vegetable plant 

materials; (2) determine the effects of the combined application of plant materials with 

inorganic N fertiliser on mineral N dynamics and N2O production; (3) evaluate the 

effect of soil moisture fluctuations on N release and N2O production from individual 

and combined applications of plant materials and N fertiliser; (4) assess the effect of the 

main controlling factors of N2O emission, including the NMR C functional groups of 

applied plant materials, in their individual and combined application with N fertiliser. 

To the best of the authors’ knowledge, this is the first study to link the C functional 

groups of plant residue materials characterised by 
13

C NMR spectroscopy to N2O 

emission from soil. The underlying hypothesis was that the incorporation of vegetable 

plant materials would result in greater N2O emissions than from unamended soil, and 

the extent of interaction between soil and these residues (under N limited and non-

limited conditions) would be strongly dependent the chemical compositions of the plant 

materials and soil moisture levels. 

4.2 Materials and Methods 

4.2.1 Plant materials and biochemical analysis 

Ten different types of aboveground plant residues, including eight typical vegetable 

crop residues: namely, zucchini (Cucurbita pepo var. medullosa Alef.), capsicum 
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(Capsicum annuum L.), broccoli (Brassica oleracea ver. italica plenck), green bean 

(Phaseolus vulgaris L.), potato (Solanum tuberosum L.), carrot (Daucus carota subsp. 

sativus arcang), eggplant (Solanum melongena L.) and sweet corn (Zea mays L.), along 

with two common vegetable farming rotation crop residues: namely, sorghum (Sorghum 

bicolor L.) and lablab (Lablab purpureus L.) were selected as organic N sources. The 

plant residues had substantial differences in their C:N ratio and biochemical 

composition (Table 4.1). All residues were dried at 60°C for two days and then ground 

to <1 mm before incubation and biochemical analysis. 

Total C (TC) and N (TN) contents of plant materials were determined by dry 

combustion using a LECO CN analyser (TruMac NO. 830-300-400). Lignin and 

cellulose contents were determined sequentially with the acid detergent pre-treatment 

method (Wang et al., 2004a). Residue samples were extracted with an acid detergent 

solution (20g cetyltrimethylammonium bromide at 0.5 M sulphuric acid) after being 

placed in a 100 °C water bath for 1 hour and then centrifuged at 2500 rpm for 3 min. 

The residues were then rinsed with hot water followed by acetone, dried in the oven at 

60°C overnight and weighed to obtain the acid detergent fibre (ADF) content. Lignin 

content was determined by further extracting residues with 72% sulphuric acid for 3 

hours and were corrected for ash content. Cellulose content was calculated as the 

difference between ADF and the sum of lignin + ash contents of samples. Total 

polyphenol contents in residue samples were determined using 50% methanol extractant 

followed by the Folin Ciocalteau colorimetric method calibrated with gallic acid 

(Waterman and Mole, 1994). The results were reported on an oven dry matter weight 

basis. 
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The chemistry of each plant material was also assessed with solid state 
13

C-cross-

poralization magic angle spinning (CPMAS) nuclear magnetic resonance (NMR) 

spectra using a Varian Unity Inova 400 spectrometer (Varian Inc., Palo Alto, CA), 

operating at a frequency of 100.6 MHz. A measured mass of each plant material (250 

mg) was packed into a silicon nitride rotor (7 mm OD) and spun at 5 kHz at the magic 

angle.  A standard cross-polarization pulse sequence was applied with single contact 

times of 2 ms, an acquisition time of 14 ms, and a recycle delay of 2.5 s.  1600 

transients were collected for each sample and a Lorentzian line broadening function of 

20 Hz applied to all spectra.  Chemical shift values were referenced externally to 

hexamethylbenzene at 132.1ppm, equivalent to tetramethylsilane at 0 ppm.  The 
13

C 

CPMAS NMR spectra were divided into seven major chemical shift regions: alkyl C 

(45 to -50 ppm), N-alkyl/methoxyl C (60 to 45 ppm), O-alkyl C (95-60 ppm), O2-alkyl 

C (110-95 ppm), aryl C (145-110 ppm), O-aryl C (165-145), and Carbonyl C (210-165 

ppm). The relative intensities for each region were determined by integration using 

the NMR software package MestReNova (Version 8.1.4, Mestrelab Research S.L., 

2013). 



  
 

 
 

 

Table 4.1: Selected chemical and biochemical composition of the plant materials determined by chemical methods and NMR spectroscopy  

Plant 

Materials 

 

Chemical analysis                                                          

(mg g
-1

 plant material) 

_____________________________________ 

 

NMR analysis                                                                                     

(mg C g
-1

 TC) 

____________________________________________________ 

TC TN C:N Lignin Cellulose 
Poly-

phenol 
Alkyl 

N-alkyl/ 

methoxyl 
O-alkyl O2-alkyl Aryl O-Aryl Carbonyl 

Zucchini 303 36 8 37 164 4 215 84 386 79 53 22 161 

Capsicum 395 37 11 52 160 11 216 97 375 79 59 32 143 

Broccoli 386 31 12 167 40 7 204 77 404 91 43 21 160 

Green Bean 391 27 14 197 69 8 180 88 432 91 56 25 128 

Potato 367 20 19 141 86 7 241 88 373 78 60 28 132 

Carrot 398 20 20 36 153 11 220 80 398 77 56 25 144 

Lablab 430 19 22 246 81 9 140 81 486 107 54 28 104 

Sorghum 423 12 35 69 277 6 121 67 507 125 64 33 83 

Egg Plant 444 9 48 323 167 9 124 79 509 114 61 34 80 

Sweet corn 450 9 51 49 326 6 108 67 530 127 63 34 71 
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4.2.2 Incubation 

Fresh soil with an initial water content of 15% (w/w) was collected from the 0-10 cm 

depth of a cultivated vegetable field at Gatton Horticultural Research Station, 

Queensland Australia in October 2012. The soil contained 35% sand, 24% silt, 41% 

clay with an initial pH of 7.7 and a water holding capacity of 530 g kg
-1

. Total OC and 

N were 15.4 and 1.1 g kg
-1

 respectively. 

The plant materials (1.16 g) were mixed with fresh soil (150 g oven-dry equivalent) and 

transferred to 250 mL flat end polypropylene jars (each jar had three small holes in the 

lid to allow air circulation and avoid anaerobic conditions) where it was pushed gently 

to a bulk density of 1.2 g cm
-3

 (field bulk density). Each plant material received two 

treatments with 20 replicates: (i) +N: 100 mg N kg
-1

 soil as urea solution (120 kg N ha
-1

 

equivalent); and (ii) -N: nil N application. The same N applications without the addition 

of plant material were urea only and control treatments. The incubation was carried out 

in the dark at 25±0.5°C (Fig. 4.1). The soil-plant material mixture was moistened to 

55% WFPS with distilled water for -N treatments and with urea solution for +N 

treatments and incubated at the same moisture content for the first 28 days of the 

experiment. To increase anaerobic bacterial activity and investigate the effect of a 

wetting-drying cycle on plant material decomposition and N2O emission, the soil 

moisture was raised to 85% WFPS for ten days and then gradually reduced to the base 

moisture level (55% WFPS). The moisture content of each jar was adjusted by adding 

distilled water according to weight loss every two days for the next two months. From 

day 105, the moisture was raised again to 85% WFPS until the end of the incubation 

experiment (Fig. 4.2) at day 169 to maximise the effect of plant material decomposition 
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with different biochemical characteristics on N2O emissions under N limiting and non-

limiting N conditions. 

 

Fig. 4.1: The snapshot of incubation study and gas sampling jars 

 

 

Fig. 4.2: Field capacity of the experimental soil (dash line) and soil moisture fluctuation 

during the incubation period 
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4.2.3 Measurement of N2O fluxes 

Gas sampling was undertaken every 2 to 6 days depending on soil moisture conditions 

and the expected levels of N2O emissions.  At each gas sampling, four replicates of each 

treatment were randomly collected and placed into 2L airtight glass jars that have been 

pre-flushed with ambient compressed air for one minute. Gas samples were collected 

from the glass jars headspace eight hours after closure using a 25 mL gas-tight syringe 

and immediately transferred to pre-evacuated 12 mL glass vials (Exetainer, Labco Ltd, 

High Wycombe, UK). Gas samples were analysed for N2O concentration using a gas 

chromatograph (Varian CP-3800, Varian Inc., Middleburgh, the Netherlands) as 

described by Wang et al. (2011). Linearity tests on gas concentration increases were 

performed on a subset of sampling occasions during the incubation for all treatments by 

taking samples after the closure of glass jars, every 60 min for 10 hour. Nitrous oxide 

fluxes showed a linear trend over the measurement period. The emission fluxes for days 

without gas sampling were estimated using the arithmetic mean of the measurements on 

the two closest days. The cumulative emissions were calculated by summing the daily 

flux measurements. 

 

4.2.4 Soil sampling and biochemical analysis 

Soil samples were collected at: 8, 17, 28, 36, 52, 79, 105, 119 and 169 days after 

incubation commencement. Two replicates of each treatment were randomly selected 

and destructively sampled for soil mineral N (NO3
-
 and NH4

+
) on all sampling days, 

while WSOC was analysed at days 17, 28, 105 and 169 and MBC at days 28, 105 and 

169. 
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Soil mineral N (NO3
-
 and NH4

+
) concentrations were determined using colorimetric 

techniques (Rayment and Lyons, 2011) on fresh soil samples extracted with 2 M KCl at 

a 1:5 ratio of soil to extractant. The WSOC was determined using a colorimetric method 

described by Burford and Bremner (1975). Briefly, fresh soil samples were extracted 

with de-ionised water at 1:2 ratio of soil to extractant, using a non-pyrogenic 0.45 μm 

syringe filter. The solution was then titrated with 33.3 mM ferrous ammonium sulphate, 

using 1,10-phenanthroline-ferrous sulphate complex solution as an indicator. The MBC 

was determined using the chloroform fumigation-extraction method (Vance et al., 

1987). In brief, both non-fumigated and chloroform fumigated fresh soil samples were 

extracted by 0.25 M potassium sulphate. The MBC was calculated as the difference in 

soluble OC between non-fumigated and chloroform fumigated samples after wet 

digestion with potassium dichromate. All results were expressed on an oven-dry basis. 

 

4.2.5 Statistical analysis 

All data were statistically analysed by univariate analysis of variance using the SPSS 

(PASW) 19 software package. Differences at P ≤ 0.05 were considered statistically 

significant and variables were tested for normality of distribution using Kolmogrov-

Smirnov test. Stepwise multiple linear regression analysis was used to identify 

relationships between N2O emission and chemical/biochemical composition of plant 

materials. 
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4.3 Results 

4.3.1 Chemical/biochemical composition of the plant materials 

Carbon content in the selected plant materials ranged from 303 to 450 mg g
-1

 (Table 

4.1) and total N content varied from 9 to 37 mg g
-1

. Consequently, the C:N ratios ranged 

from 8 for zucchini to 51 for sweet corn. Lignin and cellulose contents similarly ranged 

from 36 to 323 mg g
-1

 and 40 to 326 mg g
-1

 respectively, while polyphenol contents 

only varied from 4 to 11 mg g
-1

. Among the structural C types analysed with NMR 

spectroscopy, O-alkyl and O-Aryl were the most (373-530 mg g
-1

 TC) and least (21-34 

mg g
-1

 TC) abundant components, respectively. Alkyl C content ranged from 108 to 241 

mg g
-1

 TC. N-alkyl/methoxyl C was lowest in sweet corn (67 mg g
-1

 TC) and highest in 

capsicum (97 mg g
-1

 TC). O2-alkyl C varied from 77 mg g
-1

 TC in lablab to 127 mg g
-1

 

TC in sweet corn. Aryl C ranged from 43 to 64 mg g
-1

 TC in broccoli and sorghum 

respectively and carbonyl C was lowest in sweet corn (71 mg g
-1

 TC) and highest in 

zucchini (161 mg g
-1

 TC) plant materials. 

 

4.3.2 Mineral N dynamics 

Different plant materials showed different mineral N dynamics in relation to their TN 

contents and C:N ratios (Fig 4.3). Plant materials with C:N ratios ≤ 14 (zucchini, 

capsicum, broccoli and green bean) showed significant N mineralization (P< 0.05) 

under both soil N-limiting and non-limiting conditions throughout the incubation 

period. In contrast, plant materials with C:N ratios ≥ 35 (sorghum, eggplant and sweet 

corn) exhibited a significant N immobilization (P< 0.05) in the first 105 days of both 

treatments, although no significant difference compared to the control was observed for 



 Chapter 4                                                                                                                         76 
__________________________________________________________________________________________________________ 

 
 

the rest of the incubation period.  The -N treatments of potato, carrot and lablab had 

little influence on mineral N concentration in the first month of incubation, but showed 

significant N mineralization for the rest of incubation period. Finally, in the non-

limiting soil N conditions, potato did not affect soil mineral N concentration in the first 

50 days but released significant mineral N after that point. Under the same conditions, 

carrot and lablab decreased mineral N concentration in the early stages of 

decomposition (first 28 days), but significantly increased it by the end of the incubation 

period (after 105 days). Overall, in both +N and -N treatments, eggplant and sweet corn 

residues resulted in net N immobilization/loss, while other plant materials produced net 

N mineralization. On average, during 169 days of incubation, total mineral N 

concentration in +N treatments increased by 149, 143, 98, 96, 20, 46, 50 and 13 mg kg
-1

 

in zucchini, capsicum, broccoli, green bean, potato, carrot, lablab and sorghum residues 

respectively, but decreased by 8 and 1 mg kg
-1

 in eggplant and sweet corn residues as 

compared to the urea only treatment. 
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Fig. 4.3: Mineral N concentrations in plant material only (a and c) and plant material 

with urea (b and d) treatments during the incubation period 
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4.3.3 Microbial biomass carbon and water soluble organic carbon dynamics  

Plant material amendment significantly (P< 0.05) increased MBC compared to control 

and urea only treatments, except for broccoli at -N and for capsicum, sorghum and 

sweet corn at +N treatments at the end of the incubation (Fig. 4.4). No significant 

difference was observed between control and urea only treatments during the 

experiment. The MBC reduced significantly (P< 0.01) from day 28 to 105 and from day 

105 to 169 in all treatments when soil moisture content was increased to 85% WFPS. 

The results also showed no significant difference in MBC between -N and +N 

treatments during the incubation. After 169 days of incubation, MBC showed 

significant (P< 0.05) positive correlation with Aryl C content of the plant materials. 

The results showed no significant changes in WSOC concentrations with time during 

the incubation period for all treatments. Plant material amendments significantly (P< 

0.05) increased WSOC compared to control in the first 105 days of the experimental 

period, except in zucchini at -N and in zucchini and sorghum at +N treatments. No 

significant differences were observed between plant amended and control treatments at 

the end of the experiment. Fertiliser application significantly (P< 0.05) reduced WSOC 

concentrations in the urea only treatment compared to the control, but its addition to 

plant materials did not produce any significant differences between -N and +N 

treatments throughout the incubation. The WSOC showed significant (P< 0.05) positive 

correlation with plant material TC and C:N ratios and negative correlation with their 

carbonyl C content in the first 105 days, but only displayed significant (P< 0.05) 

positive correlation with plant material C:N ratios at the end of incubation. 
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Fig. 4.4: Microbial biomass C and water soluble OC in -N (a and c) and +N (b and d) 

treatments during the incubation period 
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4.3.4 Effect of application of plant materials and inorganic N fertiliser on N2O 

emission 

In +N treatments, N2O fluxes reached their highest within the first 7 days of incubation 

for all plant materials except for that of carrot which peaked at day 30 (Fig. 4.5). In the  

-N treatments, there was a lot more diversity in N2O flux between different plant 

materials. While N2O fluxes in zucchini, capsicum, green bean and lablab reached their 

highest within the first 7 days of incubation, broccoli, potato and carrot showed highest 

N2O fluxes between days 30 to 45 and sorghum, eggplant and sweet corn reached their 

highest between 110 to 125 days after the start of the study. The timing order of 

maximum N2O fluxes in -N treatments showed a significant (P < 0.01) positive 

correlation with C:N and (Aryl + O-Aryl)/ Carbonyl ratios of plant materials.  The 

maximum N2O flux in +N and -N treatments was observed in the zucchini (108.2 μg 

N2O-N kg
-1 

d
-1

) and capsicum (27.0 μg N2O-N kg
-1 

d
-1

) treatments on the fourth day of 

incubation, respectively. 
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Fig. 4.5: Daily (a and b) and cumulative (c and d) N2O emission from different 

treatments during the incubation period 
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Applying plant materials significantly (P< 0.05) increased cumulative N2O emissions 

compared to the control in all -N treatments (Table supplementary 4.1). There was no 

significant difference in cumulative N2O emissions between plant-amended treatments 

and control for the periods of 28-50 days (except broccoli), 50-105 days (except green 

bean, sorghum and sweet corn) and 105-169 days (except green bean, lablab, sorghum, 

eggplant and sweet corn). At the end of the 169 day incubation, capsicum and potato 

residues showed highest (239 μg N2O-N kg
-1

) and lowest (134 μg N2O-N kg
-1

) 

cumulative N2O emission in -N treatments, respectively. In the first 105 days of 

incubation, plant materials with C:N ratios ≤14 produced significantly (P< 0.05) higher 

cumulative N2O emissions than other residues, but there was no significant difference 

between plant materials with high and low C:N ratios at the end of experiment. 

Application of plant materials plus inorganic N fertiliser significantly (P< 0.05) 

increased cumulative N2O emissions compared to the urea only treatment, except in the 

carrot and sweet corn residues (Table supplementary 4.2). However, there was no 

significant difference in cumulative N2O production from treatments received N 

fertiliser application with urea only treatment in 105-169 days of the incubation. At the 

end of the 169 day incubation, zucchini and carrot residues showed highest (580 μg 

N2O-N kg
-1

) and lowest (212 μg N2O-N kg
-1

) cumulative N2O emission in +N 

treatments, respectively. Plant materials with C:N ratios ≤ 14 produced significantly (P< 

0.05) higher cumulative N2O emissions than other residues (except broccoli at the end 

of incubation). 

The application N fertiliser to plant materials significantly (P< 0.05) increased 

cumulative N2O emissions relative to residue only treatments for the first 105 days of 

the incubation, except in the carrot treatment for the 28-105 days interval. At the end of 
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169 days incubation, only residues with C:N ratios ≤ 22 showed a significant increase in 

cumulative N2O emissions. Almost all of the +N treatments did not show any 

significant increase in cumulative N2O production in the 50-169 days interval compared 

to -N treatments, except broccoli and green bean after 105 days of incubation. 

 

4.3.5 Relative N2O emission to total N application 

The maximum N2O fluxes per kg of N amendment in +N and -N treatments were 

zucchini (287.7 mg N2O-N kg
-1 

N added
 
d

-1
) and sweet corn (95.4 mg N2O-N kg

-1 
N 

added
 
d

-1
) on days 4 and 113 of the experimental period, respectively (Fig. 4.6). 

Application of N fertiliser in +N treatments significantly (P< 0.05) increased N2O 

emission per kg added N in the first month of the experiment compared to -N 

treatments. In contrast, at the end of 169 days, plant materials with C:N ratios < 35 

produced significantly (P< 0.05) lower, and those with C:N ratios ≥ 35 emitted 

significantly (P< 0.05) higher, cumulative N2O per kg of added N in -N compared to +N 

treatments. 
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Fig. 4.6: Daily (a and b) and cumulative (c and d) N2O-N emission kg

-1
 added N from 

different treatments during the incubation period 
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Contrary to the widely accepted concept that N2O emission from plant materials with 

high C:N ratios should be affected by N limitation, the results of this study suggest that 

C limitation is the main regulating factor of N2O emissions in plant materials with C:N 

ratios ≥ 35. These residues emitted a higher percentage of mineral N in the form of N2O 

in -N treatments compared to +N treatments with higher mineral N content. 

 

4.3.6 The interactive effects of N fertiliser and plant material amendments on N2O 

emission 

4.3.6.1 Effects of N fertiliser on N2O emission from plant materials 

The application of N fertiliser showed contradictory effects on plant material-induced 

N2O emissions in residues with different C:N ratios (Supplementary Tables 4.1 and 

4.2). In the treatments with plant material C:N ratios ≤ 22 (except carrot), N fertiliser 

application significantly (P < 0.05) increased total N2O emissions from plant materials 

for the first 105 days of incubation while at the end of the experiment, such a significant 

effect was limited to zucchini, capsicum and green bean. In the treatments with plant 

material C:N ratios ≥ 48, N fertiliser amendment significantly (P < 0.05) reduced plant 

material-induced N2O emissions for the first month of incubation, while only sweet corn 

showed the same significant reduction for the rest of the experiment. Application of N 

fertiliser in carrot and sorghum treatments didn’t show any significant effect on N2O 

emissions from plant materials during the incubation. 

4.3.6.2 Effect of plant materials composition on N2O emission from added N 

fertiliser 

Plant materials with different C:N ratios affected fertiliser-induced N2O emissions in 

different ways (Supplementary Tables 4.1 and 4.2). In the first month of the experiment, 
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plant materials with C:N ratios ≤ 22 displayed a significant increase in fertiliser-induced 

N2O emissions, but no significant differences were observed in treatments with C:N 

ratios > 22. In the latter treatments, the reduction in N2O emissions from N fertiliser 

started after the first month and continued throughout the rest of the experiment (no 

effect was evident in sorghum after 105 days). At the end of the incubation period, 

zucchini and capsicum amendments (C:N ratio ≤ 11) significantly (P < 0.05) increased 

and eggplant and sweet corn (C:N ratio ≥ 48) significantly (P < 0.05) decreased total 

N2O emissions from N fertiliser application, while no significant differences were 

observed in other treatments. 

4.3.7 Nitrous oxide emission in relation to chemical and biochemical composition of 

plant materials 

Stepwise linear regression was used to identify the most appropriate variables to model 

cumulative N2O emissions in four different periods of the incubation (28, 50, 105 and 

169 days after start) and two different units for cumulative emissions (μg N2O-N kg
-1

 

dry soil and g N2O-N kg
-1 

added N), using parameters related to chemical and 

biochemical composition of plant materials. The models accounted for 45-97% of the 

variability in soil cumulative N2O emissions across different units and time frames of 

incubation. 

When calculations were undertaken according to the same application amount of plant 

materials (Table 4.2), the stepwise regressions for -N and +N treatments showed a 

positive correlation between cumulative N2O emissions and TN of amendments as the 

main controlling factor of N2O emissions in these treatments (only first 105 days in –N 

treatments). While, C:N ratio of plant materials, aryl C, O-aryl C and carbonyl C also 

showed positive correlations with total N2O emissions in different periods of incubation.   
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Table 4.2:  Regression equations between cumulative N2O emission (according to the 

same amount of plant material application) and vegetable plant material properties 

during different periods of the incubation 

Treatment Parameters 
Days    

after start 
Equation n R

2
 Pvalue 

Vegetable 

plant 

materials 

 

 28  Y
*
 = 0.19 + 22.01 (TN)

**
 10 0.66 ≤ 0.01 

Chemical 

Parameters 
50  Y = -41.06 + 38.85 (TN) + 1.39 (C:N) 10 0.88 ≤ 0.05 

 105  Y = -23.10 + 36.99 (TN) + 1.37 (C:N) 10 0.84 ≤ 0.05 

 169  - - - - 

Chemical 

Parameters 

+ 

Wet 

Chemical 

analysis 

28  Y = 0.19 + 22.01 (TN) 10 0.66 ≤ 0.01 

50  Y = -41.06 + 38.85 (TN) + 1.39 (C:N) 10 0.88 ≤ 0.05 

105  Y = -23.10 + 36.99 (TN) + 1.37 (C:N) 10 0.84 ≤ 0.05 

169  - - - - 

Chemical 

Parameters 

+ 

NMR 

28  
Y = -147.87  +  35.09 (TN)  +  42.45   (O-

aryl C) 
10 0.97 ≤ 0.01 

50  
Y = -66.37 +  28.95 (TN)  +  28.58  (O-

aryl C) 
10 0.94 ≤ 0.01 

105  
Y = -19.65 + 33.08 (TN) +  144.14  (O-

aryl / Carbonyl C) 
10 0.89 ≤ 0.01 

169  - - - - 

Vegetable 

plant 

materials 

+ 

Urea 

Chemical 

Parameters 

28  Y = -242.84 + 130.99 (TN)
***

 10 0.73 ≤ 0.01 

50  Y = -221.45 + 132.10 (TN) 10 0.80 ≤ 0.01 

105  Y = -207.45 + 131.58 (TN) 10 0.79 ≤ 0.01 

169  Y = -54.97 + 109.89 (TN) 10 0.71 ≤ 0.01 

Chemical 

Parameters 

+ 

Wet 

Chemical 

analysis 

28  Y = -242.84 + 130.99 (TN) 10 0.73 ≤ 0.01 

50  Y = -221.45 + 132.10 (TN) 10 0.80 ≤ 0.01 

105  Y = -207.45 + 131.58 (TN) 10 0.79 ≤ 0.01 

169  Y = -54.97 + 109.89 (TN) 10 0.71 ≤ 0.01 

Chemical 

Parameters 

+ 

NMR 

28  
Y = 971.05 + 229.28 (TN) – 21.64 (TC) – 

57.65 (Carbonyl C) 
10 0.97 ≤ 0.01 

50  
Y = -752.50 + 213.08 (TN) + 471.66  

(Aryl / Carbonyl C) 
10 0.90 ≤ 0.05 

105  
Y = 811.47 + 209.94 (TN) – 18.22 (TC) – 

47.03 (Carbonyl C) 
10 0.97 ≤ 0.01 

169  
Y = 812.62 + 204.83 (TN) – 15.15 (TC) – 

49.45 (Carbonyl C) 
10 0.95 ≤ 0.05 

* 
Cumulative N2O emission (μg N2O-N kg

-1
 dry soil) 

** 
TN, TC, O-aryl C and carbonyl C are reported as (Weight Total %) 

*** 
TN recalculated by adding urea-N to the plant residue-N 
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Table 4.3:  Regression equations between cumulative N2O emission (according to the 

total N application) and vegetable plant material properties during different periods of 

the incubation 

Treatment Parameters 
Days    

after start 
Equation n R

2
 Pvalue 

Vegetable 

plant 

materials 

 

 28  - - - - 

Chemical 

Parameters 
50  Y

*
 = -0.20 + 0.11 (TN)

**
 + 0.01 (C:N) 10 0.84 ≤ 0.05 

 105  Y = 0.20 + 0.01 (C:N) 10 0.79 ≤ 0.01 

 169  Y = -0.01 + 0.03 (C:N) 10 0.90 ≤ 0.01 

Chemical 

Parameters 

+ 

Wet 

Chemical 

analysis 

28  Y = 0.19 + 0.01 (Cellulose) 10 0.45 ≤ 0.05 

50  
Y = 0.15 + 0.01 (Cellulose) + 0.01 

(Lignin/N) 
10 0.85 ≤ 0.01 

105  
Y = 0.03 + 0.02 (Cellulose) + 0.01 

(Lignin) 
10 0.91 ≤ 0.01 

169  Y = -0.01 + 0.03 (C:N) 10 0.90 ≤ 0.01 

Chemical 

Parameters 

+ 

NMR 

28  Y = -0.36 + 0.04 (TN) + 0.19 (O-aryl C) 10 0.82 ≤ 0.05 

50  Y = 0.15 + 0.72 (O-aryl / Carbonyl C) 10 0.74 ≤ 0.01 

105  Y = 0.12 + 1.04 (O-aryl / Carbonyl C) 10 0.85 ≤ 0.01 

169  Y = -0.30 + 4.10 (O-aryl / Carbonyl C) 10 0.95 ≤ 0.01 

Vegetable 

plant 

materials 

+ 

Urea 

Chemical 

Parameters 

28  Y = -0.13 + 0.24 (TN)
***

 10 0.51 ≤ 0.05 

50  Y = -0.13 + 0.25 (TN) 10 0.63 ≤ 0.01 

105  Y = -0.08 + 0.24 (TN) 10 0.61 ≤ 0.01 

169  - - - - 

Chemical 

Parameters 

+ 

Wet 

Chemical 

analysis 

28  Y = -0.13 + 0.24 (TN) 10 0.51 ≤ 0.05 

50  Y = -0.13 + 0.25 (TN) 10 0.63 ≤ 0.01 

105  Y = -0.08 + 0.24 (TN) 10 0.61 ≤ 0.01 

169  - - - - 

Chemical 

Parameters 

+ 

NMR 

28  
Y = 3.40 + 0.54 (TN) – 0.06 (TC) – 0.17 

(Carbonyl C) 
10 0.94 ≤ 0.01 

50  Y = -0.13 + 0.25 (TN) 10 0.63 ≤ 0.01 

105  
Y = 2.74 + 0.46 (TN) – 0.05 (TC) – 0.13 

(Carbonyl C) 
10 0.93 ≤ 0.01 

169  - - - - 

* 
Cumulative N2O emission (g N2O-N kg

-1 
added N) 

** 
TN, TC, cellulose, lignin, O-aryl C and carbonyl C are reported as (Weight Total %) 

*** 
TN recalculated by adding urea-N to the plant residue-N
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The stepwise regression analysis according to total N application in -N treatments 

(Table 4.3) indicated that the variation in cumulative N2O emissions was positively 

related to C:N ratios of the plant materials and biochemical parameters of their C 

components (cellulose, lignin, O-aryl C and carbonyl C). In +N treatments, such 

variation was positively related to TN content of plant materials in the first 105 days of 

incubation. 

 

4.3.8 Relationships among N2O emissions, soil mineral N, WSOC and MBC 

The cumulative N2O emission had a significant (P< 0.01) and positive relationship with 

NO3
-
-N and total mineral N concentration throughout the incubation period for +N 

treatments, but only showed similar correlation (P< 0.01) for the first 105 days of 

incubation for -N treatments (Table 4.4).  The results showed a significant (P< 0.05) and 

negative correlation between cumulative N2O emissions with MBC (first 28 days) and 

WSOC (first 105 days) during the plant material decomposition for -N treatments while, 

in the presence of added N fertiliser (+N treatments) only WSOC showed significant 

(P< 0.05) negative correlation with N2O emission. The significant correlation between 

cumulative N2O emission and soil NO3
-
-N concentration, in the fluctuating soil 

moisture conditions of this experiment (55-85% WFPS), implied that denitrification was 

the dominant microbial process of N2O production during the incubation time frame. 

The negative correlation between MBC and WSOC with N2O emissions in the early 

stages of decomposition also indicated that increasing soluble OC concentrations along 

with increasing size of the soil microbial community might enhance mineral N 

immobilisation and therefore reduce N2O emissions, especially in the high C:N ratio 

plant materials. 
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Table 4.4: Relationships (r) between cumulative N2O emission and NO3
-
, mineral N, 

MBC and WSOC in soil amended with different plant residues, with and without N 

fertiliser application, at different periods of incubation  

Property 
Plant materials only (days after start) 

____________________________________________________________________________________________________ 

Urea + Plant materials (days after start) 
_____________________________________________________________________________________________________ 

28 50 105 169 28 50 105 169 

NO3
-
-N 0.857

**
 0.898

***
 0.845

**
 0.060 0.936

***
 0.941

***
 0.946

***
 0.899

***
 

mineral N 0.858
**

 0.897
***

 0.845
**

 0.064 0.936
***

 0.941
***

 0.946
***

 0.902
***

 

MBC - 0.672
*
 ------- - 0.015 - 0.205 0.184 ------- - 0.501 - 0.062 

WSOC - 0.633
*
 ------- - 0.642

*
 - 0.242 - 0.646

*
 ------- - 0.366 - 0.284 

Significance levels: n=10, 
*
P< 0.05, 

**
P< 0.01, 

***
P< 0.001 

 

4.4 Discussion 

4.4.1 Effect of inorganic N fertiliser application and soil moisture fluctuation on 

N2O emission 

In contrast to the –N treatments which produced lower N2O emissions at the early days 

of the experiment, the +N treatments had significantly higher cumulative N2O emissions 

in the first 50 days of incubation, while only residues with C:N ratios ≤ 22 showed 

higher cumulative emissions than –N treatments at the end of the incubation. These 

results imply that the application of inorganic N fertiliser increased N2O emissions at 

the early stages of decomposition, especially in low C:N ratio treatments, while the 

release of immobilised N by soil microorganisms was the main source of N2O emissions 

towards the end of the incubation. These findings are in agreement with the results of 

Baggs et al. (2003) who recorded a decrease in contribution of inorganic N fertiliser to 

N2O fluxes throughout their experiment. Wang et al. (2004a) also reported that 

combined application of residues with mineral N initially increased residue 

decomposition for a short period of time after application (100 days), but substantially 

decreased the decomposition rates compared to residue only application, in a 365 day 
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incubation experiment. The positive interactive effect between plant materials and 

inorganic N fertiliser in the current study was in accordance with the findings of 

Frimpong and Baggs (2010), who suggested that combined application of plant 

materials and N fertilisers can only lower the N2O emissions if the applied residues 

have very poor chemical quality and high N immobilisation potential. Findings of this 

study support the recommendation put forward by Gentile et al. (2008) and Palm et al. 

(2001) that low C:N ratio plant materials should be applied alone, but high C:N ratio 

residues need to be combined with inorganic N fertilisers in order to provide sufficient 

mineral N for plant growth while minimising N2O emission. 

The fluctuation of soil moisture levels greatly alters gas transport in the soil matrix by 

affecting gaseous flow paths between soil pores (Petersen et al., 2008; Schjonning et al., 

2002) and consequently determines the dominant process (nitrification or 

denitrification) of N2O production at soil microsites (Dalal et al., 2009; Zhu et al., 

2011). Varying soil moisture contents in this study, to replicate field conditions, 

facilitated the activity of soil nitrifiers and denitrifiers during the incubation, as the soil 

wetting and subsequent drying process is one of the main regulating factors of N2O 

flushes in agricultural fields (Gentile et al., 2008). Many researchers reported significant 

N2O emissions only in the first month of their experiments and indicated a gradual 

decrease in N2O emissions to background levels after that time period (Gentile et al., 

2008; Toma and Hatano, 2007; Zhu et al., 2013). In the current study, a significant 

increase in the cumulative N2O emissions compared to the control was observed after 

plant material amendment for the first 28 days in -N treatments, while generally no 

significant differences were observed after that until the moisture was further increased 

at day 105. When soil moisture was raised to 85%, plant residues with high O-alkyl C 
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and low carbonyl C and alkyl C (i.e., green bean, lablab, sorghum, eggplant and sweet 

corn) had larger N2O emissions (Fig. 4.5). 

4.4.2 The influence of plant material amendment on MBC and WSOC 

Plant material amendment significantly increased WSOC concentration in the early 

stages of decomposition, similar to the findings of Chantigny et al. (2002) and Miller et 

al. (2008). In both studies, crop residues were considered as one of the main sources of 

readily available C in the soil, and which promoted the formation of anaerobic 

microsites by increasing O2 demand. Unlike the results of Toma and Hatano (2007), 

who reported a decrease in WSOC with time after the addition of plant residues to soil, 

our findings did not show any significant change in WSOC concentration during the 

incubation period. These findings suggest that WSOC may not be the regulating factor 

of microbial activity and N2O emission under our experimental setting. Begum et al. 

(2014) also observed an inconsistent pattern in WSOC levels during a 56 day incubation 

experiment with plant residue amendment to an acidic black Vertisol. The positive 

correlation of WSOC with plant materials C:N ratio at the end of our incubation 

experiment (169 days) contrasts with Hadas et al. (2004) who indicated that residues 

with lower C:N ratios may produce higher WSOC, while Begum et al. (2014) observed 

no significant correlations between WSOC and C:N ratios of plant materials. 

Plant material amendments in the current study significantly increased MBC in the early 

stages of decomposition compared to the control and urea only treatments. This increase 

in microbial metabolic activity causes an increase in oxygen consumption in soil 

microsites which consequently promotes N2O production via denitrification (Huang et 

al., 2004). After this early peak, MBC contents in all treatments were reduced 

significantly, which is probably due to the progressive enhancement in C limitation for 
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microbial growth throughout the incubation period. The similar pattern of reduction in 

MBC in both –N and +N treatments confirmed the idea that N concentration was not a 

limiting factor for microbial growth in the late stages of the experiment. These findings 

are in agreement with the results of Wang et al. (2004a) who reported a shift in the 

limiting factor for microbial growth from available N to available C as plant material 

decomposition proceeded for several months. Vinten et al. (2002) also suggested that 

the decline in microbial growth over time may indicate a gradual decrease in the 

importance of microbial biomass N (MBN) as a source of soil N immobilization over 

long term experiments. As biomass-based methods are not the most sensitive methods 

for detecting microbial response to environmental changes (Bapiri et al., 2010), the 

authors decided to only measure MBC as an indicator of plant material impact on 

microbial activities, with an assumption that MBN follows the same pattern as MBC 

during the experiment. 

4.4.3 Effect of plant materials C:N ratio on N dynamics and N2O emission 

The C:N ratio of organic materials has been frequently used to predict their net C and N 

release after incorporation in soils (Chadwick et al., 2000; Khan et al., 2008; Trinsoutrot 

et al., 2000). Vigil and Kissel (1991) summarised the results of several medium to long-

term investigations and reported the C:N ratio of 41 as the break-even point between net 

N immobilization and mineralization which is close to our findings (C:N ratio= 35). As 

a general concept, the C content of plant materials does not vary widely across different 

species (Palm and Rowland, 1997), but the ratios of their C components could be very 

different. So, the net N immobilisation of plant materials with C:N ratio ≥ 35 in the first 

three months of the incubation can be attributed to their low initial N concentration and 

high contents of O-alkyl and O2-alkyl C. These C components mostly decompose in the 
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first month after incorporation (Bonanomi et al., 2013) and consequently result in 

higher mineral C release from plant materials and net N immobilisation. Moreover, 

Eiland et al. (2001) suggested a nutrient limitation for decomposers during the early 

stage of decomposition in plant materials with high C:N ratios. 

Plant materials with low C:N ratios may provide sufficient mineral N for the growth of 

the soil microbial community without any need for additional N uptake from soil. After 

169 days of incubation, only plant materials with C:N ratio ≤ 14 showed a significant 

surplus of mineral N compared to the control. This could be related to their high initial 

N concentration and high contents of alkyl-C which is relatively resistant to 

decomposition in the early stages of residue incorporation (Bonanomi et al., 2013). 

These findings are in contrast with previous studies (Korsaeth et al., 2002; Toma and 

Hatano, 2007) that reported faster decomposition of N rich plant materials compared to 

materials with low N contents. 

Chen et al. (2013) and Li et al. (2013) suggested that the application of plant materials 

did not reduce soil N2O emissions even when C:N ratios were well above the threshold 

for net N immobilization, which is similar to the findings of this study. They attributed 

this behaviour to the effect of plant material application on abiotic soil factors other than 

its inorganic N content. The residues with higher C:N ratios produced lower N2O 

emissions than others in the early stage of decomposition which is in agreement with 

the findings of Huang et al. (2004) and Millar and Baggs (2005). The enhancement of 

N2O emissions after incorporation of residues with higher N content, or lower C:N ratio 

would be attributed to the increase of N mineralization and consequently more available 

N substrate for nitrification and denitrification processes (Baggs et al., 2000). The 

results of the current study also indicated an increase in the ratio of emitted N2O to 
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applied vegetable residue N with increasing C:N ratios, which is in agreement with the 

findings of Huang et al. (2004) and Toma and Hatano (2007). 

4.4.4 Effect of plant materials TN and biochemical characteristics on N2O emission 

Plant residues with similar C:N ratios, total N contents and percentage of different C 

components exhibited different N2O patterns in this study. Comparing +N treatments of 

sorghum and sweet corn residues showed the same pattern in the total N2O emissions 

according to the same total N application, but in –N treatments they acted differently as 

sweet corn, with less total N content, showed significantly more N2O emissions per kg 

of added N. These findings suggest that the initial total N content of plant materials may 

not be a good indicator of the available N source for N2O emissions, as similar residues 

may release N differently during their decomposition process. Sweet corn residue 

started to release N in the latter stages of decomposition and released less N overall than 

sorghum during the entire incubation period, so the ratio of N2O emission to available N 

was higher in this plant material due to the same amount of available C but less 

available N for nitrification and denitrification processes. 

It is generally accepted that higher N2O emissions are usually associated with plant 

materials with higher N content. Novoa and Tejeda (2006) and Toma and Hatano (2007) 

reported that the N dynamics and N2O emissions of the soil-incorporated plant materials 

are related to their initial N content, while the results of this study showed that this may 

not always be correct especially when comparing plant materials with similar total N 

contents. Therefore, the IPCC approach which estimates N2O emissions from plant 

materials only on the basis of their total N content may need some modifications 

according to the C components of applied residues. 
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While the effect of biochemical quality of soil-incorporated residues is still not 

completely understood, it has been suggested that lignin and cellulose contents of 

organic amendments affect their decomposition rates and N2O emission (Hadas et al., 

2004; Jalota et al., 2006). The results of this study showed a significant effect of 

cellulose, lignin and (lignin/N) contents of applied residues on N2O emissions only 

when considered on the basis of their total N application. Therefore, it can be concluded 

that biochemical quality of vegetable plant materials is a more effective factor in 

predicting their N2O emission ratios than their total N2O emissions. Similar to the 

findings of Gentile et al. (2008), we did not observe any effect of residue polyphenol 

contents on reducing N release and N2O emissions. This might have been caused by the 

fact that polyphenol contents of the applied plant materials in this study were below the 

generally accepted threshold of >3-4% for lowering N release by binding to soil 

microbial enzymes (Constantinides and Fownes, 1994) which explains the limited effect 

of polyphenol contents on N2O emissions.  

Amongst all the chemical and biochemical indices, stepwise multiple regression for -N 

treatments showed the dominance of O-aryl and carbonyl C in regulating N2O emission 

from vegetable plant materials. The addition of N fertiliser in +N treatments 

significantly changed the residue’s decomposition pattern and C and N dynamics which 

resulted in the dominance of TN (plant material N + fertiliser N) in regulating N2O 

emissions. This can be attributed to the initial N limitation for microbial processes of 

N2O production in -N treatments, which seems to be replaced with the initial C 

limitation in the +N treatments. 
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4.5 Conclusion 

Results from this study demonstrate that the application of vegetable plant materials 

with higher C:N ratios resulted in lower N2O emissions, while producing higher ratios 

of emitted N2O to applied N compared to lower C:N ratio plant materials. The stepwise 

multiple regression model for -N treatments showed the dominance of C functional 

groups (O-aryl and carbonyl C) in regulating N2O emission while, the addition of N 

fertiliser in +N treatments significantly changed C and N dynamics which resulted in 

the dominance of TN in regulating N2O emissions. The application of N fertiliser also 

showed an initial positive interaction with incorporated plant materials and increased 

N2O emissions in the early stages of decomposition, while the release of N immobilised 

by soil microorganisms was the main source of N2O emissions toward the end of the 

experiment. Furthermore, plant materials with higher O-alkyl C and lower carbonyl C 

and clkyl C levels produced higher N2O emissions at increased soil moisture levels. 

In comparison, the NMR C parameters were better correlated with cumulative N2O 

emissions than wet chemical components of applied plant materials. To the best of the 

authors’ knowledge, this appears to be the first paper reporting the significant effects of 

C functional groups of plant materials on N2O emission from soil in N limited and non-

limited conditions. Further experiments are needed to extend the findings of this study 

to other conditions. Also, the application of DNA- and RNA-based techniques such as 

real-time polymerase chain reaction (PCR) methods for detecting the abundance of N 

functional genes in nitrification and denitrification processes may provide more 

information about these complicated interactions. 



  
 

 
 

 

 

Supplementary Table 4.1: Cumulative N2O emissions (μg N2O-N kg
-1

 dry soil) from the –N treatments of incorporated vegetable crop 

residues during different periods of the incubation  

Treatment 

 

 

Incubation time periods 
 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

0 - 28 day 

 

28 - 50 day 50 - 105 day 105 - 169 day 

 

0 - 50 day 

 

 

0 - 105 day 

 

 

0 - 169 day 

 

Control 3.2 (a)
*
 21.1 (a) 6.4 (a) 51.0 (a) 24.3 (a) 30.7 (a) 81.7 (a) 

Zucchini 72.5 (b) 30.0 (ab) 11.3 (ab) 33.5 (a) 102.5 (bc) 113.9 (bc) 147.3 (b) 

Capsicum 117.5 (c) 14.0 (a) 8.4 (a) 99.2 (ab) 131.5 (c) 139.9 (c) 239.1 (c) 

Broccoli 43.5 (d) 41.1 (b) 12.6 (ab) 83.3 (ab) 84.7 (bd) 97.3 (bd) 180.6 (bc) 

Green Bean 59.6 (b) 27.7 (ab) 19.2 (b) 118.4 (b) 87.3 (bd) 106.5 (be) 224.9 (bc) 

Potato 29.1 (e) 25.6 (ab) 10.7 (ab) 68.8 (ab) 54.7 (e) 65.4 (d) 134.2 (b) 

Carrot 35.7 (de) 32.9 (ab) 13.2 (ab) 60.6 (ab) 68.6 (de) 81.8 (bd) 142.4 (b) 

Lablab 39.2 (de) 24.2 (ab) 11.7 (ab) 107.4 (b) 63.3 (de) 75.0 (de) 182.5 (bc) 

Sorghum 33.4 (de) 32.5 (ab) 17.4 (b) 119.6 (b) 65.9 (de) 83.3 (bd) 202.9 (bc) 

Egg Plant 27.9 (e) 32.7 (ab) 14.2 (ab) 116.9 (b) 60.6 (de) 74.9 (de) 191.7 (bc) 

Sweet corn 27.9 (e) 29.4 (ab) 16.5 (b) 126.8 (b) 57.3 (de) 73.8 (de) 200.6 (bc) 
* 
The different letters in parentheses within a column indicate significant differences between the treatments (P< 0.05)   

 

 

 



  
 

 
 

 

 

Supplementary Table 4.2: Cumulative N2O emissions (μg N2O-N kg
-1

 dry soil) from the +N treatments of incorporated vegetable crop 

residues during different periods of the incubation  

Treatment 

 
 

Incubation time periods 
 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

0 - 28 day 

 

28 - 50 day 50 - 105 day 105 - 169 day 

 

0 - 50 day 

 

 

0 - 105 day 

 

 

0 - 169 day 

 

Urea 83.4 (a)
*
 9.1 (a) 6.5 (a) 55.7 (ab) 92.5 (a) 98.9 (a) 154.6 (a) 

Zucchini + NF 514.4 (b) 20.0 (ac) 12.1 (b) 33.3 (a) 534.4 (b) 546.5 (b) 579.8 (b) 

Capsicum + NF 450.6 (b) 12.3 (a) 12.3 (b) 69.1 (ab) 462.8 (bd) 475.2 (bd) 544.2 (b) 

Broccoli + NF 181.5 (c) 61.3 (b) 10.9 (ab) 32.1 (a) 242.8 (ce) 253.7 (ce) 285.8 (cd) 

Green Bean + NF 328.1 (d) 12.5 (a) 13.1 (b) 55.2 (ab) 340.6 (de) 353.7 (dc) 408.9 (bc) 

Potato + NF 175.9 (c) 9.7 (a) 8.7 (ab) 66.7 (ab) 185.6 (cf) 194.3 (ef) 261.0 (de) 

Carrot + NF 55.3 (e) 56.9 (bc) 11.9 (b) 88.0 (ab) 112.2 (a) 124.2 (a) 212.2 (ad) 

Lablab + NF 163.9 (c) 15.6 (ac) 11.3 (ab) 128.4 (b) 179.5 (cf) 190.8 (ef) 319.2 (ce) 

Sorghum + NF 102.2 (a) 16.6 (ac) 15.4 (b) 102.3 (b) 118.7 (a) 134.1 (af) 236.5 (d) 

Egg Plant + NF 93.7 (a) 31.7 (bc) 11.2 (ab) 94.5 (b) 125.5 (af) 136.7 (af) 231.2 (d) 

Sweet corn + NF 90.5 (a) 16.2 (ac) 14.9 (b) 96.1 (b) 106.8 (a) 121.7 (a) 217.8 (ad) 
* 
The different letters in parentheses within a column indicate significant differences between the treatments (P< 0.05) 
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Chapter 5 

Impact of different residue management strategies on N2O emissions 

from fertilised vegetable cropping systems 

5.1 Introduction 

Agricultural land is the major source of anthropogenic N2O, which has a significant role 

in global warming and destruction of the ozone layer (IPCC, 2007). Intensive vegetable 

cropping systems are generally characterised with heavy fertiliser N applications to 

maintain sustainable production, and consequently high N2O emission can be expected 

through microbial nitrification and denitrification processes (Pang et al., 2009; Scheer et 

al., 2014). Therefore, the reduction of N2O emissions from these production systems 

could potentially make a significant contribution to the mitigation of global 

anthropogenic N2O emissions. 

Agricultural activities provide nearly 4 billion metric tons of plant residues per year at 

the global scale (Lal, 2005). Returning of these residues to cropping land mainly aims to 

sustain soil organic matter and enhance soil fertility by increasing microbial activity and 

nutrient availability (Ma et al., 2010; Smith et al., 1993). It has also been reported in 

previous studies that residue application may increase or decrease N2O emission 

depending on the quantity and quality (nutrient content, biochemical composition, and 

physical features) of the applied residues (Baggs et al., 2003; Garcia-Ruiz and Baggs, 

2007; Huang et al., 2004). Vegetable residues are estimated to release up to 150 kg N 

ha
-1 

through mineralization and nitrification processes (De Neve and Hofman, 1998), so 

different management practices applied to the harvested vegetable residues (like soil 
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incorporation or surface mulching) seem to be an important regulating factor of N2O 

emissions in these cropping systems. 

Combined application of plant residues and chemical N fertilisers has been reported to 

be beneficial in increasing N-use efficiency of applied fertilisers; this may occur 

through enhancing immobilisation of applied mineral N in the early days of application. 

The studies by Garcia-Ruiz and Baggs (2007) and Gentile et al. (2008) also indicated 

that these combined systems may have an interactive effect on N release and N2O 

emissions. The increase of soluble OC in the presence of high levels of soil mineral N 

would increase N2O emission by stimulating denitrification process (Paul and 

Beauchamp, 1989).  

In order to reduce N losses and increase fertiliser N use efficiency, different nitrification 

inhibitors have been introduced to agricultural fields (Boeckx et al., 2005; Di and 

Cameron, 2003; Pereira et al., 2010). The 3,4-dimethylpyrazole phosphate (DMPP) is 

one of the most popular forms of such inhibitors, which has been widely used over the 

past years (Hatch et al., 2005; Zerulla et al., 2001). This nitrification inhibitor is 

effective at low application rates of 0.5-1.5 kg ha
-1

. It is hardly soluble in water and is 

able to reduce the risk of NO3
-
 leaching and N2O emission with no significant effect on 

NH3 volatilization (Li et al., 2009; Menendez et al., 2006; Zerulla et al., 2001). 

Menendez et al. (2012) reported that the addition of DMPP to mineral N fertilisers can 

significantly reduce N2O emissions, but the efficiency of this nitrification inhibitor 

strongly depends on the environmental conditions. The effects of DMPP on reducing 

N2O emission from fertilised vegetable fields has been investigated recently by Pfab et 

al. (2012) and Scheer et al. (2014), but to our knowledge no published data are currently 
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available on the mitigating effects of DMPP in the combined application of vegetable 

residues and chemical N fertilisers. 

The main objectives of the present study were to: (1) monitor the dynamics of soil 

mineral N, microbial biomass C (MBC), water soluble organic C (WSOC), and N2O 

emissions, following combined application of vegetable residues with 
15

N-labelled 

fertiliser in the presence of plant vegetation; (2) evaluate the effect of different residue 

management strategies on N2O emission and N use efficiency of the applied N sources; 

(3) determine the effect of DMPP application on reducing N losses and N2O emissions 

following residue application under non-limiting N conditions; (4) assess the effect of 

late season moisture fluctuations on soil N dynamic and N2O production from combined 

applications of vegetable residues and chemical 
15

N fertiliser. The underlying 

hypotheses were: (a) vegetable residue quality and its application technique would 

affect soil N dynamics and N2O emissions; (b) DMPP application to soil incorporated 

with vegetable residues may increase N use efficiency and consequently reduce N2O 

emissions. 

 

5.2 Materials and Methods 

5.2.1 Plant materials and biochemical analysis 

Two common crop residues of Australian sub-tropical vegetable cropping systems, 

namely cauliflower (Brassica oleracea ver. botrytis L.) and sweet corn (Zea mays L.), 

were selected. The plant residues were dried at 60°C for two days and then cut into 2 

cm pieces or ground to <1 mm, before pot preparation and biochemical analysis (Table 

5.1) respectively. 
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Total carbon (TC) and nitrogen (TN) contents of plant materials were determined by dry 

combustion using a LECO CN analyser (TruMac NO. 830-300-400). Lignin and 

cellulose contents were determined sequentially with the acid detergent pre-treatment 

method (Wang et al., 2004a). Total polyphenol contents in residue samples were 

determined using 50% methanol extractant followed by the Folin Ciocalteau 

colorimetric method calibrated with gallic acid (Waterman and Mole, 1994). The results 

are reported on an oven-dry matter weight basis. 

The chemistry of each plant material was also assessed with solid state 
13

C-cross-

poralization magic angle spinning (CPMAS) nuclear magnetic resonance (NMR) 

spectroscopy using a Varian Unity Inova 400 spectrometer (Varian Inc., Palo Alto, CA). 

The 
13

C CPMAS NMR spectroscopy were divided into seven major chemical shift 

regions: alkyl C (45 to -50 ppm), N-alkyl/methoxyl C (60 to 45 ppm), O-alkyl C (95-60 

ppm), O2-alkyl C (110-95 ppm), aryl C (145-110 ppm), O-aryl C (165-145), and 

Carbonyl C (210-165 ppm). The relative intensities for each region were determined by 

integration using the NMR software package MestReNova (Version 8.1.4, Mestrelab 

Research S.L., 2013). 



  
 

 
 

 

 

 

 

Table 5.1: Chemical and biochemical composition of the plant materials determined by chemical methods and NMR spectroscopy 

Plant 

Materials 

 

Chemical analysis                                                          

(mg g
-1

 plant material) 

_____________________________________ 

 

NMR analysis                                                                                     

(mg C g
-1

 TC) 

____________________________________________________ 

TC TN C:N Lignin Cellulose 
Poly-

phenol 
Alkyl 

N-alkyl/ 

methoxyl 
O-alkyl O2-alkyl Aryl O-Aryl Carbonyl 

Cauliflower 379 34 11 36 136 7 258 122 381 63 45 20 110 

Sweet corn 405 15 27 38 258 8 143 106 436 113 68 37 98 
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5.2.2 Glasshouse preparation and experimental design  

The fresh soil used in this study was collected from the top 20 cm of a cultivated 

vegetable field at Gatton Horticultural Research Station (27° 32' S, 152° 19' E) in the 

Lockyer Valley, Queensland, Australia in June 2013. The soil contained 35% sand, 24% 

silt and 41% clay with an initial pH of 7.7 (water) and a water holding capacity of 530 g 

kg
-1

. Total OC and N were 15.4 and 1.1 g kg
-1

, respectively. 

The chamber unit designed for the experiment consisted of two identical cylindrical 

polyethylene chambers (15 cm diameter and 22 cm height). The lower part was 

designed as a water proof pot and the detachable upper part designed as a gas sampling 

chamber.  The two parts could be connected together using an elastic rubber band to 

seal the gap between them during gas sampling (Fig. 5.1). 

The study was conducted using eight treatments (4.5 kg fresh soil per pot in seven 

replicates) namely: (1) Control: without adding N fertiliser and plant residues; (2) Urea 

only: 
15

N fertiliser addition (120 kg N ha
-1

 as 10.3 atom% 
15

N-urea); (3) CFI: 

incorporated cauliflower residue (5 tonnes ha
-1

 residue in the top 20 cm of soil) + 
15

N 

fertiliser; (4) SCI: incorporated sweet corn residue + 
15

N fertiliser; (5) CFD: 

incorporated cauliflower residue + 
15

N fertiliser + DMPP (3.5 L ha
-1

; INCITEC PIVOT 

AUSTRALIA); (6) SCD: incorporated sweet corn residue + 
15

N fertiliser + DMPP; (7) 

CFS: surface applied cauliflower residue + 
15

N fertiliser; and (8) SCS: surface applied 

sweet corn residue + 
15

N fertiliser. 
15

N-lablled urea was evenly mixed with soil in the 

fertilised treatments prior to residue application. Plant residues in CFD and SCD 

treatments were moistened with diluted liquid DMPP in sealed plastic bags for one hour 

and then evenly mixed with fresh soil. All treatments were pushed gently to a bulk 

density of 1.2 g cm
-3

 (field bulk density). Seeds of Genovese basil (Ocimum basilicum) 
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were sown on 17
th

 July 2013. Following germination, four plants were left in each pot 

and plants were harvested after 98 days on 22
th

 October 2013. The pots were moistened 

to 57% WFPS with distilled water and kept around this moisture level for the first 41 

days of the study (Fig. 5.2). After this period, the pot’s moisture was changed into a 

designed fluctuating pattern (40-85% WFPS) for the rest of the experiment.  

Daily air temperature inside the glasshouse was measured using a temperature data 

logger (Tinytag Plus 2 TGP-4020) during the experimental period. The daily WFPS of 

each pot was measured according to its weight loss and adjusted by adding distilled 

water every three days, until the end of the study. 

  

  

Fig. 5.1: the snapshot of pot study and gas sampling units 
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Fig. 5.2: Daily air temperature of the glasshouse, Field capacity (FC) of the 

experimental soil (dash line) and soil moisture fluctuation in water-filled pore space 

(WFPS) during the study period 

 

5.2.3 Measurement of N2O fluxes 

Gas sampling was undertaken every 1 to 4 days depending on soil moisture conditions 

and the expected levels of N2O emissions.  Gas samples were collected from the 

chambers’ headspaces, in four replicates, one hour after closure using a 25 mL gas-tight 

syringe, and immediately transferred to pre-evacuated 12 mL glass vials (Exetainer, 

Labco Ltd, High Wycombe, UK). Gas samples were analysed for N2O concentration 

using a gas chromatograph (Varian CP-3800, Varian Inc., Middleburgh, the 

Netherlands) as described by Wang et al. (2011). Linearity tests on gas concentration 

increases were performed on a subset of sampling occasions during the study for all 

treatments by taking samples after the closure of chambers, every 30 min for 2 hours. 

Nitrous oxide fluxes showed a linear trend over the first hour of the measurement 

period. The emission fluxes for days without gas sampling were estimated using the 

arithmetic mean of the measurements on the two closest days. The cumulative 

emissions were calculated by summing the daily flux measurements. 
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Fertiliser-induced N2O emissions were calculated according to the 
15

N abundance in the 

gas samples, which detected using a SERCON 20-22 Isotope Ratio Mass Spectrometer 

with a CryoPrep Trace Gas Module. Residue induced N2O emissions were estimated 

from total N2O emissions with correcting the results for emissions form control and 

Fertiliser induced emissions from each treatment. 

 

5.2.4 Soil sampling and biochemical analysis 

Soil samples were collected at 13, 41, 76 and 98 days after the commencement of pot 

experiment. Three replicates of each treatment were non-destructively sampled, using 

polyethylene columns of 2 cm diameter, for soil mineral N (NO3
-
 and NH4

+
), water 

soluble organic C (WSOC), microbial biomass C (MBC) and pH on all sampling days. 

Soil mineral N (NO3
-
 and NH4

+
) concentrations were determined using colorimetric 

techniques (Rayment and Lyons, 2011) on fresh soil samples extracted with 2 M KCl at 

1:5 ratio of soil to extractant, using a continuous segmented flow auto-analyser (SEAL 

Analytical Quaatro). WSOC was determined using the colorimetric method described 

by Burford and Bremner (1975). MBC was determined using the chloroform 

fumigation-extraction method (Vance et al., 1987). Soil pH was measured in a 1:5 

volumetric suspension of soil in distilled water (Rayment and Lyons, 2011). 

 

5.2.5 The 
15

N abundance analysis of soil, plant and extracted solution 

The 
15

N abundance of NH4
+
 and NO3

-
 in the KCl extracts of soil was measured using a 

diffusion technique followed by direct combustion spectrometry as described by Stark 

and Hart (1996) and Bedard-Haughn et al. (2004). Briefly, 5.00 to 40.00 mL aliquots 
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(equal to 100 μg N with 10.3 atom% 
15

N) of 2 M KCl were pipetted into each specimen 

container. Then after the addition of 0.2 g MgO powder the acidified filter paper 

(Whatman No. 3 acidified with 10 μg of 2.5 M KHSO4) was hung inside the container 

using a stainless steel wire. The container was kept at room temperature for 6 days to 

complete the diffusion of 
15

N-NH4
+
 into the filter paper. After taking the filter paper out, 

the container was left open overnight. At this stage after addition of 0.4 g Devarda’s 

alloy powder, new filter papers were hung inside the container for another 6 days to 

complete the diffusion of 
15

N-NO3
-
. The filter paper was then pushed off the wire into a 

widened 5×8 mm Sn capsule and kept in a microtiter plate before direct combustion. To 

prepare plant and soil samples for 
15

N abundance analysis at the end of the experiment, 

harvested basil plants and soil samples after KCl extraction were dried at 60°C for two 

days, finely ground (< 150μm) and transferred to 5×8 mm Sn capsules. The diffused 
15

N 

in filter papers, along with 
15

N abundance in soil and plant tissues, were determined 

with direct combustion using an Isotope Ratio Mass Spectrometer (Sercon Hydra 20-22, 

Sercon Europa EA-GSL).   

 

5.2.6 Statistical analysis 

All data were statistically analysed by univariate analysis of variance using the SPSS 

(PASW) 19 software package. Differences at P ≤ 0.05 were considered statistically 

significant and variables were tested for normality of distribution using Kolmogrov-

Smirnov test. Stepwise multiple linear regression analysis was used to identify 

relationships between daily N2O emission and different properties of the treatments. 
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5.3 Results 

5.3.1 Mineral N dynamics 

The combined application of N fertiliser and plant residues in all treatments (except 

SCD) showed significant (P< 0.05) net N mineralisation compared to the urea-only 

treatment. Generally, soil NO3
-
 concentration increased shortly after N fertiliser and 

residue application with the highest concentration around two weeks after the start of 

the experiment and then gradually decreased throughout the basil growing period (Fig 

5.3). Application of DMPP significantly (P< 0.05) decreased fertiliser induced 
15

NO3
-
 in 

the first two weeks of the experiment, when compared to the single application of plant 

materials in both incorporation and surface mulching methods. Although the urea-only 

treatment showed high
15

NO3
-
 concentration at the start of the experiment, after 40 days 

of study all treatments (except SCD) showed significantly (P< 0.05) higher 
15

NO3
-
 

concentration than the urea-only treatment. 

The application of DMPP significantly (P< 0.01) increased soil NH4
+
 concentration in 

the early days of the study when compared to other treatments, with higher 

concentration of NH4
+
 in CFD compared to the SCD treatment. The similar 

concentration of fertiliser 
15

NH4
+
 in the presence of cauliflower and sweet corn residues 

implies that the residue type did not have a significant effect on DMPP efficiency in 

inhibiting the nitrification of applied N fertiliser. Surface mulching of plant materials in 

both CFS and SCS treatments also showed a small but significant (P< 0.05) increase in 

NH4
+
 concentration when compared with incorporated plant materials in CFI and SCI 

treatments in the early stage of decomposition. 
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Fig. 5.3: Soil mineral N (a and b) and fertiliser

 
mineral

 15
N (c and d) concentrations in 

extracted soil solutions with 2M KCl 
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5.3.2 Microbial biomass carbon and water soluble organic carbon dynamics  

The combined application of mineral N and vegetable residues generally increased 

MBC concentration compared to the control and urea-only treatments (Fig 5.4). Surface 

mulching of residues showed the highest MBC concentrations in the early stage of the 

study, but the concentration then remained at a moderate and steady level for the rest of 

the experiment. In contrast, soil incorporation of residues showed higher peaks of MBC 

concentration in the second stage of the experiment. 

The surface mulching of both types of residue amendments showed an increasing effect 

on soil WSOC concentration in comparison with the soil incorporation method. No 

significant difference was observed between cauliflower and sweet corn residues in the 

early stages of the experiment; however all treatments with sweet corn application (SCI, 

SCD and SCS) showed higher WSOC release compared to cauliflower treatments (CFI, 

CFD and CFS) in the fluctuating moisture conditions of the second part of the study. 

The similar pattern of MBC and WSOC in the control and urea-only treatments 

indicates that the application of mineral N fertiliser did not significantly increase soil 

microbial activity, which implies that C limitation was the main regulating factor of 

microbial growth under the experimental conditions. 
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Fig. 5.4: MBC (a) and WSOC (b) concentrations during the experimental period 

 

5.3.3 Daily N2O emissions and cumulative losses 

The N2O fluxes in all treatments, except the control, reached their highest rate within 

the first week of the experiment (Fig. 5.5). The maximum daily N2O emissions for 

cauliflower and sweet corn residue applications were observed for the CFD (121.2 μg 

N2O-N kg
-1 

d
-1

) and SCI (42.5 μg N2O-N kg
-1 

d
-1

) treatments, respectively. Generally, in 

all treatments except CFS, no emission peak occurred after the first two weeks of the 

experiment. Therefore, moisture fluctuations in the second part of the study had no 

significant effect on N2O emission from any of the treatments but CFS. 

Applying vegetable plant residues in all but the SCS treatment significantly (P< 0.05) 

increased cumulative N2O emissions when compared with the urea-only treatment 
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(Table 5.2). For sweet corn residue application, the highest cumulative emission was 

observed in the soil incorporated treatment (SCI), while the lowest emission occurred in 

the surface mulching of the residue (SCS). The use of DMPP with this plant material 

(SCD) significantly reduced (P< 0.01) both total and residue-induced N2O emissions 

compared to the incorporation method, but did not lower emissions to levels lower than 

the surface mulching and urea-only treatments.  In contrast, soil incorporation of 

cauliflower residue (CFI) resulted in the lowest cumulative N2O emission. The 

application of DMPP did not show any mitigating effect for CFI on either total or 

residue-induced N2O emission, and significantly (P< 0.01) increased cumulative N2O 

emission to levels similar to the surface mulching method.  

The application of different plant materials showed different effects on fertiliser-induced 

15
N2O emission. Soil incorporation and surface mulching of cauliflower residue showed 

almost the same patterns of 
15

N2O emission, while both emitted significantly (P< 0.05) 

lower fertiliser-induced N2O than the CFD treatment. In contrast residue incorporation 

of sweet corn resulted in higher 
15

N2O emission compared to the SCS and SCD 

treatments. Surface mulching and DMPP application in sweet corn residue application 

showed a pattern of 
15

N2O emission throughout the study period that was not 

significantly different from the urea-only treatment. Thus it can be concluded that 

DMPP application does not have a consistent effect on fertiliser-induced N2O emission 

in the combined application of vegetable residues with mineral N fertiliser. Although 

DMPP significantly (P< 0.05) reduced fertiliser-induced 
15

N2O emission from 

incorporated sweet corn residue to the levels close to the urea-only treatment, its 

application greatly boosted 
15

N2O emission in cauliflower residue incorporation. 
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Fig. 5.5: Daily (a and c) and cumulative (b and d) N2O emission from different 

treatments and the contribution of 
15

N fertiliser during the experimental period



 

 
 

 

Table 5.2: Cumulative N2O emissions (μg N2O-N kg
-1

 dry soil) of treatments during different periods of the experiment  

Treatment 

 
 

Time periods 
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

0 - 41 days 
________________________________________________________________________________ 

 

42 - 98 days 
____________________________________________________________________________ 

 

0 - 98 days 
_____________________________________________________________________________ 

 

Total 

 

Fertiliser 

 

Crop residue 

 

Total 

 

Fertiliser 

 

Crop residue 

 

Total 

 

Fertiliser 

 

Crop residue 

Control 18.8(a)
*
 -----

**
 ----- 28.9(a) ----- ----- 47.7 (a) ----- ----- 

Urea 94.0(b) 21.7(a) ----- 39.2(b) 0.4(a) ----- 133.2(b) 22.1(a) ----- 

CFI 369.6(c) 86.3(b) 211.0(a) 45.1(b) 0.4(a) 6.0(a) 414.7(c) 86.7(b) 217.0(a) 

CFD 521.2(d) 116.9(c) 332.0(b) 52.4(b) 1.0(a) 12.7(a) 573.6(d) 117.9(c) 344.7(b) 

CFS 411.5(c) 80.4(b) 258.8(a) 131.1(c) 5.4(b) 87.0(b) 542.6(d) 85.8(b) 345.8(b) 

SCI 229.7(e) 62.7(d) 94.8(c) 49.7(b) 0.8(a) 10.2(a) 279.5(e) 63.4(d) 105.0(c) 

SCD 138.4(f) 17.5(a) 48.6(d) 53.1(b) 0.5(a) 13.8(a) 191.5(f) 18.0(a) 62.4(d) 

SCS 100.6(b) 23.7(a) 4.6(e) 50.9(b) 0.2(a) 11.9(a) 151.5(b) 23.9(a) 16.5(e) 

* 
The different letters in parentheses within a column indicate significant differences between the treatments (P< 0.05); 

** 
Not determined 
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5.3.4 Nitrous oxide emission in relation to soil mineral N, WSOC and MBC 

Linear regression analysis was used to model daily N2O emission during the 

experimental time period for each treatment (Table 5.3), using WSOC, MBC, NO3
-
-N 

and NH4
+
-N concentrations as independent variables. The models accounted for 45-87% 

of the variability in N2O emissions across different treatments. The results indicated that 

daily variations in N2O emissions from the control treatment were negatively correlated 

with soil WSOC concentration. In urea-only and residue applications without DMPP, 

soil NO3
-
-N concentration was the most important factor controlling the magnitude of 

N2O emissions. The application of DMPP in CFD and SCD treatments resulted in 

changes in the dominant regulating factor of N2O fluxes from soil NO3
-
-N to NH4

+
-N 

concentrations. 

Table 5.3:  Regression equations between daily N2O emission and treatment properties  

Treatment Equation n R
2
 Pvalue 

Control Y
*
 = 0.66 – 0.01 (WSOC)

**
 12 0.51 ≤ 0.01 

Urea Only Y = 0.34 + 0.04 (NO3
-
) 12 0.82 ≤ 0.01 

CFI Y = -0.07 + 0.01 (NO3
-
) + 0.01 (MBC) 12 0.89 ≤ 0.05 

CFD Y = 0.56 + 0.25 (NH4
+
) 12 0.87 ≤ 0.01 

CFS Y = 0.58 + 0.02 (NO3
-
) 12 0.87 ≤ 0.01 

SCI Y = 0.29 + 0.04 (NO3
-
) 12 0.51 ≤ 0.01 

SCD Y = 0.50 + 0.16 (NH4
+
) 12 0.87 ≤ 0.01 

SCS Y = 0.46 + 0.01 (NO3
-
) 12 0.45 ≤ 0.05 

* 
Daily N2O emission (μg N2O-N kg

-1
 dry soil d

-1
) 

** 
NO3

- 
(mg NO3-N kg

-1
 dry soil); NH4

+ 
(mg NH4-N kg

-1
 dry soil); WSOC (mg C kg

-1
 dry soil); MBC (mg 

C kg
-1

 dry soil) 
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5.3.5 The 
15

N fertiliser recovery by soil and plant tissues 

The application of plant residues by soil incorporation or surface mulching did not 

significantly affect 
15

N recovery by plant tissues (Table 5.4) compared to the urea-only 

treatment. Similarly, DMPP application showed no effect on 
15

N recovery by basil 

plants at the end of the study. In contrast, soil incorporation of plant residues almost 

doubled 
15

N recovery in soil in organic N forms and the application of DMPP further 

promoted this process by around 5% for both applied residues. Surface mulching of 

residues also slightly increased soil 
15

N recovery. 

Plant residue application significantly increased-fertiliser induced 
15

N2O emissions 

(except in SCS and SCD) compared to the urea-only treatment. The results also 

indicated that DMPP application in the SCD treatment was only able to reduce 
15

N2O 

emissions to levels close to the N2O emission in the urea-only treatment, while its 

application in the CFD treatment showed the highest fertiliser-induced 
15

N2O emissions 

among all applied treatments. 

Surface mulching of residues showed almost the same 
15

N loss as non-N2O gaseous N 

forms as the urea-only treatment, while soil incorporation of sweet corn and cauliflower 

residue considerably reduced this form of N loss. It can be concluded that soil 

incorporation of plant residues, compared to their surface mulching, significantly 

promoted soil 
15

N recovery and reduced total 
15

N loss during the study period. The 

treatments with DMPP application also further reduced N fertiliser loss by around 11%, 

3% and 12% compared to urea only, soil incorporated and surface applied treatments, 

respectively.  
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Table 5.4:  The 
15

N fertiliser fate in soil, air and plant tissues 

Treatment 

Fertiliser N 

uptake by plant 

(%) 

Fertiliser N 

residue in soil 

(%) 

Fertiliser N 

loss as N2O 

(%) 

Fertiliser N loss in 

other forms (N2 and 

NH3 etc) (%) 

Total 
15

N (%) 

Urea 

Only 
60.06 14.64 0.04 25.26 100 

CFI 56.32 27.20 0.17 16.31 100 

CFD 51.92 32.88 0.23 14.97 100 

CFS 57.03 18.22 0.17 24.58 100 

SCI 54.04 26.82 0.12 19.02 100 

SCD 55.77 30.49 0.04 13.70 100 

SCS 52.94 18.52 0.05 28.49 100 

 

5.4 Discussion 

5.4.1 Effect of soil moisture fluctuation on N dynamic and N2O emission 

Several researchers have reported that soil moisture content significantly affects the 

activity of nitrifiers and denitrifiers, by altering the availability of substrates and the rate 

of exchange of produced N2O between soil and the ambient atmosphere (Ludwig et al., 

2001; Petersen et al., 2008; Skiba and Smith, 2000). While it was expected that soil 

moisture fluctuation in the second phase of the current experiment (from day 42 to 99 of 

the study) would increase mineral N release from applied crop residues due to 

stimulating of the decomposition process, such increase did not materialize in any of the 

treatments. This observation may be attributed to the uptake of released mineral N by 

basil plants during this time period.  

Soil moisture fluctuation increased WSOC in all of the treatments but the deficiency of 

mineral N resulted in no high peaks of N2O emission (except CFS) in that period of 

time. The result implies that mineral N limitation, rather than the availability of C 
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sources for microbial activity, probably restricted N2O emission from soil. Due to 

relatively low contribution of 
15

N fertiliser in the emitted N2O after increasing soil 

moisture contents, the observed peaks in the N2O emission from the CFS treatment can 

only be attributed to the effect of the applied cauliflower residue. These results are in 

agreement with the findings of Hou and Tsuruta (2003) who reported high residue-

induced N2O fluxes following rainfall events. 

The high levels of residue-induced N2O peaks from the CFS treatment during the soil 

moisture fluctuation period of the experiment imply that only the surface mulching 

method of high N plant materials may significantly increase the N2O emission after 

heavy irrigation or rainfall events in the late vegetative period of a cultivated crop. It is 

suggested that this loss process may need more time in the case of low N plant residues 

and may occur in the fallow period after harvest of the cultivated crop. The short-term 

duration of this study did not allow the testing of this hypothesis. 

 

5.4.2 Effect of residue management strategies on N2O emission and N recovery 

Aulakh et al. (1991) note that residue management strategies can change the magnitude 

and pattern of N2O emissions by affecting the availability of C and N sources for 

microorganisms, as well as altering the soil moisture/aeration status in the areas around 

applied residues. Toma and Hatano (2007) stated that the decomposability of C and N 

components of the residue also affects the rate of N2O emission. Under non-limiting N 

conditions, the concentrations of different compounds in the tissues of plant residue are 

the most important regulating factor in residue decomposition rate (Trinsoutrot et al., 
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2000), although unexpected interactions between different residue types and mineral N 

fertiliser have also been reported in the literature (Baggs et al., 2003). 

The applied residues in the current experiment showed different emission behaviours in 

response to their application methods. Method of application of a high N plant material 

such as cauliflower residue did not show any significant effect on total amounts of N2O 

emission during the first 40 days of the experiment. However, surface mulching of this 

residue significantly (P< 0.05) increased the N2O emission under soil moisture 

fluctuation in the second phase of the study. These observations may reflect the faster 

release of decomposed organic C and N compounds of the residue under anaerobic 

conditions after increasing soil moisture content. At the end of the 98 days experimental 

period, surface mulching of cauliflower increased the residue-induced N2O emission by 

37%, but did not affect the fertiliser-induced N2O emission compared to the soil 

incorporation method. These observations indicate that the combined application of N 

fertilisers with high N plant materials, either incorporated or surface mulched is not an 

effective option to reduce N2O emission during the next cropping season. 

Surface mulching of a low N plant material such as sweet corn residue reduced plant 

residue-induced N2O emission in the first 40 days of the experiment; however its effect 

on the total N2O emissions afterwards was small and insignificant. This behaviour could 

be attributed to the effect of this application method on increasing soil WSOC in the 

early days of experiment, by potentially increasing the activity of soil microbial 

community to immobilise more mineral N thus reducing the risk of N loss associated 

with large N2O emissions. At the end of experiment this treatment significantly (P< 

0.05) decreased residue- and fertiliser-induced N2O emissions by 84% and 62% 

respectively, compared to the residue incorporation technique. Therefore, surface 
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mulching of low N residues provides a promising method of reducing N2O emission 

following their combined application with mineral N fertilisers. Based on these results, 

the surface mulching of such crop residue types in combination with N fertiliser 

application can be recommended in vegetable fields under intensive irrigation system or 

high rainfall, in order to reduce N2O emission. 

The results of this study suggest that in the presence of soil incorporated plant residues, 

soil microorganisms prefer to consume easily available mineral N from applied N 

fertiliser rather than N released from plant residues, which results in a significantly 

higher recovery of applied N fertiliser as organic forms in the soil. In contrast, surface 

mulching of both plant residues reduced the N recovery of the applied N fertiliser by 

around 9% compared to their soil incorporation. Therefore it can be concluded that 

surface mulching of plant residues does not significantly affect the immobilisation of 

applied mineral N by soil microorganisms when plant residues are applied in 

combination with N fertilisers. 

 

5.4.3 Influence of nitrification inhibitor (DMPP) on N dynamics and N2O emission 

The application of DMPP successfully reduced total and fertiliser-induced NO3
-
 

concentration in both applied plant residues in the first two weeks of the experiment. 

After this initial period, DMPP gradually lost its inhibition effect on the nitrification 

process as evidenced from the significant increase of the total and fertiliser-induced 

NO3
-
 concentration in the cauliflower incorporated treatment between days 13 to 41 of 

the study. These results are in contrast with the findings of Chaves et al (2006) who 

reported a significant inhibition effect of DMPP on nitrification from crop residues for 

more than 95 days under favourable conditions. Both applied crop residues showed 
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almost the same amounts of total fertiliser- and residue-induced N2O emissions in this 

period of time, which is similar to their single incorporation without DMPP application. 

The low persistence and efficacy of DMPP in this experiment could be attributed to the 

high temperature and low soil water content in the early days of the experiment 

following its application. The performance of DMPP in reducing N2O emission has 

been reported to be more efficient in cold and wet conditions (Menendez et al., 2012; 

Merino et al., 2005). 

Despite the significant effect of DMPP in inhibiting the nitrification process during the 

periods of high N2O emission peaks, its application significantly increased N2O 

emission in the cauliflower incorporation treatment. This may be attributed to the acidic 

nature of the chemical solution which may have boosted the N2O emissions from this 

high N plant residue. In contrast, DMPP significantly reduced N2O emission from 

incorporated sweet corn during high emission periods. However, the higher N2O 

emission in SCD treatment compared to its surface mulching could be attributed to 

either low efficiency of the DMPP solution as reported by Linzmeier et al. (2001) or an 

insufficient concentration of applied DMPP (3.5 L ha
-1

) with this plant residue. 

The findings of this study suggest that the DMPP’s high efficiency for inhibiting the 

nitrification process does not always coincide with its efficiency in reducing N2O 

emissions from applied plant residues. DMPP may increase N use efficiency by 

reducing NO3
-
 leaching (Chaves et al., 2006) and N2 emission after its application. 

However, since the effect of DMPP on N mineralisation is still unclear, it is hard to 

predict its efficacy in reducing N2O emission from plant residues with different 

biochemical characteristics. 
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5.5 Conclusion 

Under controlled environmental conditions in this vegetable cropping study, the 

combined application of high N plant residues with chemical N fertiliser was an 

unsuccessful mitigation option to reduce N2O emission during the next crop growing 

season by either soil incorporation or surface mulching application methods. In contrast, 

surface mulching of low N residues offers a promising method for reducing N2O 

emission when combined with chemical N fertilisers. Surface mulching of crop residue 

in combination with N fertiliser application also provides a promising mitigation 

strategy in vegetable fields with intensive irrigation management. The application of 

DMPP in this experiment did not show a consistent effect on N2O emissions, suggesting 

that the high efficiency of DMPP for inhibiting nitrification process does not always 

coincide with its efficiency in reducing N2O emissions from applied plant residues. 

Application of DMPP decreased N2O emission in sweet corn, but significantly 

increased its emission in incorporated cauliflower. It is suggested that higher 

concentrations of DMPP may be more efficient in reducing plant residue and fertiliser-

induced N2O emissions from low N plant residues.  

The results presented in this chapter are based on a glasshouse pot trial under controlled 

conditions; targeted field experiments under different temperature and soil moisture 

content scenarios are required to extend the findings of this study to other 

environmental conditions. Investigating the effect of plant residues of varying 

biochemical characteristics and assessing other application management strategies may 

improve the understanding of these complex systems. The use of DMPP combined with 

residue application method needs to be evaluated against the benefits associated with its 

role in increasing N use efficiency and crop yield to determine whether the 
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recommended management strategy can be affordably adopted or remains cost-

prohibitive. 
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Chapter 6 

Summary, Conclusions and Recommendations for Future Work 

6.1 Summary 

Agricultural activities have greatly altered the nitrogen (N) cycle in the environment 

which, previously, was identified as a major limiting factor for plant growth and 

primary productivity. Due to a continuous decline of soil fertility in agricultural systems 

and increased agricultural production pressure to meet the needs of a rapidly growing 

human population, large amounts of N fertilisers are being applied to cropping land. The 

excessive application of N fertilisers often results in high mineral N concentrations near 

the soil surface and intensifies the emissions of nitrogenous gases including nitrous 

oxide (N2O). Nitrous oxide is one of the major greenhouse gases with potent and long-

lived global warming potential [298 times higher than carbon dioxide (CO2) over a time 

period of 100 years]. 

On a global scale, vegetable fields approximately account for 7% of the total cropping 

land, with the proportion being usually higher in the developed countries. The main 

features of vegetable cropping systems are intensive cultivation and high N application 

rates. However, the N recovery from intensively cultivated vegetable fields is reported 

to be between 20 to 50% of the applied N fertiliser, suggesting large quantities of N 

being lost from these fields mostly through N2O emissions. Agricultural activities also 

provide nearly 4 billion metric tonnes of plant residues per year globally. Returning 

these residues to cropping land mainly aims at sustaining soil organic matter content, C 

sequestration, improving soil physical properties, and increasing the availability of 

essential nutrients for crop production. However, their application to vegetable fields 
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that usually receive high rates of mineral N applications and frequent irrigation may 

offset their beneficial effects by increasing N2O emissions. 

Despite the existence of some studies on N2O emission from vegetable cropping, little is 

known about important aspects of such emissions such as the regulating factors, 

underlying mechanisms, and effective mitigation strategies. Such information is 

particularly lacking in sub-tropical vegetable fields of Queensland which contribute to 

more than 30% of the Australian gross vegetable value. This PhD study focused on the 

main regulating factors of N2O emission in vegetable fields of South East Queensland 

and compared different residue management strategies in relation to N2O emission. The 

effect of single and combined application of chemical N fertilisers and vegetable 

residues on soil mineral N dynamics and N2O emission was also investigated using a 

combination of field, pot trial and incubation experiments. The results of a review meta-

analysis and three experimental chapters are summarised below:  

The information collected from the literature and the meta-analysis, as presented in 

Chapter 1of this thesis, shows that globally averaged seasonal EFs (the percentage of 

applied N emitted as N2O) for vegetable fields were around 0.94% of applied N 

fertiliser, which was very similar to the Intergovernmental Panel on Climate Change 

(IPCC) emission factors of 1.0% for all cropping systems. The total N2O emission from 

global vegetable production was estimated to be 9.5×10
7
 kg N2O-N yr

-1
, accounting for 

9.0% of global direct N2O emissions from synthetic fertilisers. Stepwise multiple 

regression analysis applied to investigate the relationships between soil properties, 

climatic factors and N application rates with seasonal N2O emissions and N2O EFs in 

vegetable fields. The results showed that N fertiliser application rate was the main 

regulator of seasonal N2O emission from a specific vegetable field but the seasonal EF 
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was negatively related to soil N supplying capacity as indicated by soil organic carbon 

(OC) content. 

Monitoring of nitrous oxide fluxes from an irrigated lettuce cropping system in sub-

tropical Queensland of Australia using manual sampling chambers (Chapter 3) indicated 

that during low rainfall seasons, the concentration of soil ammonium (NH4
+
) rather than 

nitrate (NO3
-
) shows a significant correlation with N2O emissions. Soil temperature 

proved to be the main regulating factor of N2O fluxes in fertilised treatments when soil 

NH4
+
 concentration was not a limiting factor. Therefore, split application of fertiliser N 

at lower rates and the substitution of NO3
-
-based fertilisers for urea, were considered the 

most promising mitigation strategies for maintaining yield and minimising N2O 

emissions during the low rainfall season. 

The incubation of different vegetable residues with (+N) or without (-N) nitrogen 

addition (Chapter 4) showed that, under the –N treatment, plant materials with C:N 

ratios ≤14 produce significantly higher cumulative N2O emissions than those residues 

with C:N ratio > 14 in the early stages of decomposition, but no such difference was 

detected at the latter stages of the experiment. The stepwise regression analysis based on 

N application in –N treatments, indicated a positive correlation between cumulative 

N2O emissions and C:N ratio, cellulose, lignin, O-aryl C and carbonyl C contents of the 

plant material. The O-aryl and carbonyl C contents were the dominant regulating factors 

of cumulative N2O emissions among the entire chemical and biochemical indices. At 

the end of the incubation period in +N treatments, plant materials with C:N ratio ≤ 11 

and ≥ 48, respectively increased and decreased total N2O emissions from the applied N 

fertiliser, while no significant differences were observed in the presence of other plant 

residues. 
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Assessing the effect of combined application of vegetable plant residues with chemical 

15
N fertiliser on N dynamics and N2O emission (Chapter 5) indicated that combined 

application of residues and N fertiliser increased fertiliser-induced N2O emission in both 

cauliflower and sweet corn treatments. In contrast to cauliflower residues, which 

showed higher N2O emission when surface mulched, soil incorporation of sweet corn 

residue produced higher cumulative N2O emission compared to surface mulching 

application. Investigating the efficiency of 3,4-dimethylpyrazole phosphate (DMPP) 

nitrification inhibitor on mitigating N2O emissions showed that the application of 

DMPP with low N plant materials like sweet corn residue reduced total N2O emission 

as well as residue- and fertiliser-induced emissions, while its application with high N 

plant residues such as cauliflower did not show any mitigating effect on the N2O 

emissions. These results imply that the biochemical properties and decomposition 

characteristics of residues will have an important effect on their N2O emission 

behaviour under different application strategies and in combination with nitrification 

inhibitors. 

 

Conclusions 

The major conclusions of this study are as follows: 

1) Substitution of NO3
-
-based fertilisers for urea in combination with split application 

and light irrigation provides an effective N2O mitigation strategy without losing yield 

for vegetable production during the low rainfall season.  
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2) The application of plant residues with higher C:N ratios ( ≥ 35 ) results in lower N2O 

emissions, while producing higher ratios of emitted N2O to applied N compare to lower 

C:N ratio ( ≤ 14 ) plant residues. 

3) Vegetable residues with higher O-alkyl C and lower carbonyl C and alkyl C levels 

produce higher N2O emissions at soil conditions favourable for denitrification process. 

4) Combined application of high N vegetable residues and chemical N fertiliser 

produces higher N2O emissions in the early stages of decomposition compared to the 

sum of their individual applications. 

5) The efficiency of DMPP for inhibiting the nitrification process does not always 

coincide with its efficiency in reducing N2O emissions from applied plant residues, as 

our study did not suggest a consistent effect of DMPP application on N2O emissions 

from low and high N vegetable residues. The application of DMPP reduced N2O 

emission in the presence of sweet corn residue but significantly increased N2O emission 

from the cauliflower residue treatment. 

6) The residue application method has a significant effect on regulating N2O emissions 

from cropping systems with combined application of chemical N fertilisers and plant 

residues. The results of this study suggest that the surface mulching of high N residues 

like cauliflower increased total and residue-induced N2O emissions compared to the soil 

incorporation method. In contrast, surface mulching of low N residues like sweet corn, 

showed lower total and residue-induced N2O emission compared to soil incorporation. 
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Future work 

This PhD work has greatly improved understanding of the effect of different chemical 

fertiliser and vegetable residue management strategies on mitigating N2O emissions 

from vegetable cropping systems. However further detailed studies are required to 

confirm and extend the findings of this study to other environmental conditions. 

Improved understanding of the mechanisms, magnitude and the key factors controlling 

N2O emissions in vegetable fields will help to enhance the global inventory of N2O 

emissions and to establish effective mitigation strategies for vegetable cropping systems 

under different climate and management practices. There is a particular need for future 

investigation in the following important areas: 

 This study aimed to provide a clear explanation of the complicated interactions 

between soil, chemical fertilisers and vegetable residues, and to enhance 

available information about their effects on N2O emission from vegetable fields. 

However, despite all our efforts, there is still a need for more detailed 

information about these interactions at the molecular levels. Therefore, the 

application of DNA- and RNA-based techniques such as real-time polymerase 

chain reaction (PCR) methods for detecting the abundance of N functional genes 

in the nitrification and denitrification processes may provide new insight into 

these complicated interactions. 

 Previous investigations on nitrification inhibitors have mostly focused upon the 

effect on N use efficiency and the mitigation of N2O emission from applied 

chemical N fertiliser. However, our study suggests that their efficiency on 

reducing residue induced N2O emissions is still unpredictable. More studies in 

this area would improve our understanding about these interactions and provide 
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more promising mitigation strategies associated with residue application to 

cropping land. 

 The findings of the current study in relation to the effects of vegetable residues 

on N2O emission under N-limited and N-unlimited conditions were based on 

observations under controlled environment conditions (incubation and 

glasshouse experiments). While these findings offer insight into mechanistic 

processes governing N2O flux, they may not be completely accurate under field 

conditions. Therefore, long term monitoring of these interactions using robust 

techniques (e.g., auto-chambers and infrared spectroscopy) and under different 

irrigation systems and residue management strategies would provide greater 

insight regarding the in situ effects associated with these management options. 

 Most of the investigations carried out on N2O emission do not consider the 

effects of the cultivated plant root system and its exudates on soil enzymes and 

microbial abundance, which are important in regulating N2O emissions. Further 

investigations in this area are needed to enhance our understanding of the 

variability of observed N2O fluxes between different plant types and cultivation 

methods. 
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