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Abstract 

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where natural 

nitrification inhibitors (NIs) can be produced and released by roots to suppress nitrifier activity in soil. 

Several agricultural crops, such as rice, wheat, sorghum, and grasses, Brachiaria humidicola, have been 

found to have the ability to produce and release biological NIs from their roots. A few studies explored 

the effects of root exudates from grasses and crops (containing BNI activity) and specific BNI 

compounds on the transformation soil NH4
+-N to NO3

--N. However, less is known about the effects of 

biological NIs on soil emission of carbon dioxide (CO2), N gaseous emissions other than nitrous oxide 

(N2O), e.g. nitric oxide (NO) and dinitrogen (N2). Less is known about what soil, environmental and 

inhibitor properties such as temperature, pH, moisture, organic matter, NH 4
+-N content in soil, 

biological NI concentration and stability, affect their efficacy. Moreover, there is only a limited 

understanding of the effects of biological NIs on microbial populations and enzymes responsible for 

promoting nitrification, especially the mechanism through which biological NIs inhibit N2O emission. 

Hence, the study was to determine the potential of biological NIs to reduce soil nitrogen (N) losses and 

improve nitrogen use efficiency (NUE) through improved understanding of the factors that control their 

efficacy in soil, and clarify the mechanisms of action of BNI. Effects of 1,9-decanediol (identified 

biological NI from rice), linoleic acid (LA, identified from tropical pasture grass, Brachiaria humidicola) 

and proven NI DCD, applied at two different rates (12.7 and 127 mg NI kg-1 dry soil) on soil nitrification 

rates, greenhouse gas (GHG) (N2O and CO2) emissions, and also the ammonia oxidiser archaea (AOA) 

and bacteria (AOB) following NH4
+-N application, were compared in Chapter 3. Results showed that 

LA and 1,9-decanediol are ineffective to inhibit soil nitrification at relatively lower concentrations. 

However, DCD was effective in inhibiting soil NH4
+ transformation to NO3

- and N2O emissions under 

the same concentration. Thus, two higher concentration of LA and linolenic acid (LN) was added (635 

and 1270 mg kg-1 dry soil) to determine their effects on soil nitrification in Chapter 4. In addition, the 

stability, and direct or indirect nitrification inhibition of LA, LN and DCD are explored using 14C-

labelling method, in a parallel incubation experiment. Results suggest that the apparent effect of LA 

and LN on soil NO3
- concentration (≥635 mg kg-1 dry soil) could be indirect under low-N conditions 
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(no addition of fertiliser NH4
+) due to the addition of sufficient labile C in the biological NIs stimulating 

either i) microbial immobilisation of soil NH4
+ or NO3

- (under high C/N ratios), and/or ii) denitrification 

losses, such as N2O. We also demonstrated that LA and LN were much more rapidly mineralised than 

DCD in soil. The residual inhibitory effects of Brachiaria humidicola (Bh, containing BNI capacity) 

and Brachiaria ruziziensis (Br, not be able to release biological NIs) after sheep urine application are 

explored in Chapter 5. Brachiaria humidicola inhibited N2O emissions during the first peak compared 

with Br, which indicates the potential strategy for using Bh grass in sheep-grazed pastures to reduce 

nitrification rates and mitigate N2O emissions. Based on the possible indirect inhibition by easily 

mineralised biological NIs to stimulate soil denitrification, Chapter 6 evaluated the effect of different C 

compounds (identified from cattle slurry; glucose, vanillin, cellulose, glucosamine and butyric acid), 

fresh and aged cattle slurry on soil NO3
- consumption, N2O and N2 emissions during denitrification. 

Results showed that the liable C compounds (glucose, glucosamine and butyric acid) significantly 

stimulated soil N2O emissions via denitrification than complex C compound (e.g. cellulose) and fresh 

or aged cattle slurry. We conclude that the required doses of LA, LN and 1,9-decanediol to inhibit soil 

nitrification were significantly higher than the application rates of the proven synthetic NI, DCD. The 

efficacy of biological NIs were largely related to the initial biological NI concentration and stability in 

soil, which increased as the increasing of BNI concentration and decreasing mineralisation rates. The 

apparent reduction of soil NO3
- concentration after the application of biological NIs may result from 

biological NIs 1) directly inhibiting the nitrification process; 2) providing a C source to stimulate soil 

NH4
+ and/or NO3

- immobilisation; 3) providing a C source to promote soil denitrification. The synthetic 

NI, DCD, was confirmed to suppress the transformation of soil NH4
+ to NO3

-, and reduce soil N2O 

emissions by impeding AOB but not AOA directly in a highly nitrifying soil. Further studies are 

necessary to measure the effects of biological NIs on direct soil microbial immobilisation and 

denitrification to provide more evidence for the mechanism of biological NIs on soil nitrification.           
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Chapter 1: Introduction 

1.1. Background 

Nitrogen (N) fertiliser input is the most important way to increase crop production and economic 

efficiency. Nevertheless, excessive application of N fertilisers and low nitrogen use efficiency (NUE) 

result in eutrophication and underground water pollution from nitrate (NO3
-) leaching, and increasing 

gaseous N and carbon (C) losses mainly in the forms of nitrous oxide (N2O), carbon dioxide (CO2) or 

methane (CH4) emission that cause global warming (Groenestein et al., 2019; Smolders et al., 2010). 

Nitrogen fixation, mineralisation, immobilisation, nitrification, denitrification, volatilization are major 

processes involved in the N cycle (Subbarao et al., 2015). Nitrification is a key soil N cycling process 

as it is responsible for the transformation of ammonium (NH4
+) to NO3

- (Firestone and Davidson, 1989), 

which is an important form of N used by agricultural crops (Mokhele et al., 2012), and a form of N that 

is readily lost to the environment via leaching (Cui et al., 2011). Nitrification also results in the 

production of N gases, e.g. N2O with a global warming potential 310 times greater than that of CO2 on 

a 100-year time horizon (UNFCCC, 2020), and nitric oxide (NO) (He et al., 2020). The subsequent 

denitrification process uses NO3
- (the product of nitrification) in the production of N2O, NO (Loick et 

al., 2016) and dinitrogen (N2) gases. Thus, controlling soil nitrification is seen as an effective strategy 

to improve soil nitrogen use efficiency (NUE) and reduce greenhouse gases (GHG) emissions and NO3
- 

leaching. 

In the past decades, synthetic nitrification inhibitors (NIs), e.g. dicyandiamide (DCD) and 3,4-

dimethylpyrazol-phosphate (DMPP) have been widely researched (Kou et al., 2015; Monaghan et al., 

2013; Xu et al., 2019). The application of NIs retains higher soil NH4
+ and lower NO3

- concentrations  

(Yang et al., 2016), reduces soil N2O emissions (Kou et al., 2015) and NO3
- leaching (WU et al., 2007), 

and can increase crop yields (Abalos et al., 2014). But the efficacy of NIs can be variable, depending 

on: soil factors, e.g. soil properties (Gilsanz et al., 2016; McGeough et al., 2016), including pH 

(Robinson et al., 2014); environmental factors, e.g. temperature (Guardia et al., 2018), moisture content 

and aeration (Menéndez et al., 2012); management factors, e.g. N-fertiliser application rates and 
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methods (Xu et al., 2019); and crops factors, e.g. crop types (Abalos et al., 2014). However, several 

disadvantages of synthetic NIs have been reported, including the lack of chemical stability (Guardia et 

al., 2018; Marsden et al., 2016b), variable responses to soil types and moisture/temperature regimes 

(Marsden et al., 2016b; McGeough et al., 2016; Menéndez et al., 2012), high cost for spatially-targeting 

NI application in the field (Luo et al., 2015; Minet et al., 2018; Welten et al., 2014), and potential for 

food chain contamination (Lucas, 2013; Marsden et al., 2015). Because of these disadvantages, 

biological NIs are being researched as an alternative strategy to improve NUE from a range of N sources, 

e.g. chemical fertilisers, liquid manures and urine deposition by grazing livestock. 

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where biological 

NIs are produced in plant roots and shoots and released from roots to suppress nitrifier activity in soil 

(Subbarao et al., 2006a). Several agricultural crops, such as rice (Sun et al., 2016), wheat (O’Sullivan 

et al., 2016; Subbarao et al., 2007b), sorghum (Subbarao et al., 2013; Zakir et al., 2008), and grasses, 

Brachiaria humidicola (Gopalakrishnan et al., 2007; Subbarao et al., 2009, 2008), have been found to 

have the ability to produce and release biological NIs from their roots, which decrease soil N2O 

emissions and NO3
- leaching losses, maintain higher soil NH4

+ contents, and thus improve NUE. Most 

biological NIs inhibit both the ammonia monooxygenases (AMO) and hydroxylamine oxidoreductase 

(HAO) enzyme pathways (Subbarao et al., 2013, 2008), but the synthetic NIs only suppress the AMO 

pathway (Benckiser et al., 2013; Subbarao et al., 2013; Zakir et al., 2008) (Table 2.1). Several methods 

have been developed to detect and quantify BNI capacity (O’Sullivan et al., 2017; Subbarao et al., 

2006a). A few studies have explored the effects of root exudates and specific BNI compounds from 

grasses and crops (containing BNI activity) (Souri and Neumann, 2010; Tesfamariam et al., 2014) on 

the transformation of soil NH4
+-N to NO3

--N (Lu et al., 2019; Nardi et al., 2013; Subbarao et al., 2008). 

However, less is known about the effects of biological NIs on emissions of CO2, N gaseous emissions 

other than N2O, e.g. NO, N2. There is also a lack of understanding about what soil, environmental and 

inhibitor properties such as temperature, pH, moisture, organic matter, NH 4
+-N content in soil, 

biological NI concentration and stability, affect their efficacy. Moreover, there is only a limited 

understanding of the effects of biological NIs on microbial populations and enzymes responsible for 

promoting nitrification, especially the mechanism through which biological NIs inhibit N2O emission. 
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Hence, the main aim of this thesis is to explore the factors influencing the ef ficacy of biological NIs 

and clarify the mechanism of BNI through studying the microbial populations and use of 14C-labelling. 

1.2. Thesis aims and objectives 

1.2.1. Thesis aims 

The overall aim of this PhD project was to determine the potential of biological NIs to reduce soil 

N losses and improve NUE through improved understanding of the factors that control their efficacy in 

soil, and clarify the mechanisms of action of BNI.  

1.2.2. Thesis objectives and hypotheses 

1) To determine the effects of biological NIs identified from tropical pasture grasses (Brachiaria 

species) and crops (e.g. rice) on soil nitrification, GHG emissions and other forms of N gases, 

such as NO and N2. We hypothesised that soil applied with biological NIs, or grown with 

grasses and crops containing BNI capacity, and DCD, would retain higher soil NH4
+ and lower 

NO3
- concentrations, and reduce soil N2O emissions, but the required effective dose of 

biological NIs may be higher than DCD.      

2) To explore the inhibitor characteristics (e.g. concentration and stability) controlling the efficacy 

of biological NIs in soil. We hypothesised the rate of nitrification inhibition would increase 

with increasing rate of BNI addition, and decrease if the BNI was rapidly mineralised.   

3) To clarify the influence of biological NIs on soil nitrification, via direct and indirect inhibition. 

We hypothesised that biological NIs directly inhibit the nitrification process at a range of 

concentrations, but at high rates of biological NI addition, the availability of added C stimulates 

microbial immobilisation of soil N, or N loss from the soil via denitrification, indirectly 

reducing nitrate concentrations in soil.    
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1.3. Thesis structure and chapter details 

The thesis comprises 7 chapters, the details of each chapter and links between each chapter are 

described briefly below and shown in Fig. 1.1. Chapters 3-6 are presented in the forms of journal article 

manuscripts, with the authorship and progress (prepared to submit, already submitted or accepted) 

provided on the title page of each chapter. 

Chapter 2: ‘Literature review’. This chapter gives a review of current research regarding: 1) soil 

processes responsible for the gaseous N emissions; 2) synthetic NIs widely used in the past and their 

efficacy in inhibiting nitrification and disadvantages; 3) newly identified biological NIs from pasture 

grasses and crops; 4) factors that control the release of biological NIs; 5) the efficacy of biological NIs 

in suppressing soil nitrification; 6) knowledge gaps in our current understanding. 

Chapter 3: ‘Biological nitrification inhibitors linoleic acid and 1,9-decanediol are ineffective at 

inhibiting nitrification and ammonia oxidisers in a highly nitrifying soil’. This Chapter compares the 

effects of 1,9-decanediol (identified biological NI from rice), linoleic acid (LA, identified from tropical 

pasture grass, Brachiaria humidicola), and proven NI DCD, applied at two different rates (12.7 and 127 

mg NI kg-1 dry soil) on soil nitrification rates, GHG (N2O and CO2) emissions, and also the ammonia 

oxidiser archaea (AOA) and bacteria (AOB) following NH4
+-N application. 

Chapter 4: ‘Relative efficacy and stability of biological and synthetic nitrification inhibitors in a 

highly nitrifying soil: evidence of indirect nitrification inhibition by linoleic acid and linolenic acid’.  

Since the results in Chapter 3 show that LA and 1,9-decanediol are ineffective to inhibit soil nitrification 

at relatively lower concentrations. This chapter explores the efficacy of biological NIs identified from 

Brachiaria humidicola, LA and linolenic acid (LN), applied at a concentration of 12.7 127, 635 and 

1270 mg NI kg-1 dry soil on the transformation of residual soil NH4
+-N to NO3

--N and GHG (N2O and 

CO2) emissions in a highly nitrifying soil, compared with the proven highly efficient NI, DCD. In 

addition, the stability, and direct or indirect nitrification inhibition of LA, LN and DCD are explored 

using 14C-labelling method, in a parallel incubation experiment.  

Chapter 5: ‘Potential of biological nitrification inhibition by Brachiaria humidicola to mitigate 

nitrous oxide emissions following sheep urine application’. Since synthetic active compounds which 
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have been identified from the Brachiaria grasses and rice were used in Chapters 3 and 4, the residual 

inhibitory effects of Brachiaria humidicola (containing BNI capacity) and Brachiaria ruziziensis (not 

be able to release biological NIs) are explored in this Chapter. These C4 grasses were grown in soil and 

sheep urine was applied. The incubation system facilitated the measurements of N gases (N2O, NO and 

N2) and CO2 emissions. Soil NH4
+-N and NO3

--N concentrations, and nitrifier and denitrifier gene 

abundance are also measured in Chapter 5. 

Chapter 6*: ‘Labile carbon sources stimulate soil nitrous oxide emissions during denitrification’. 

Results from Chapter 4 showed that the addition of specific biological NIs at higher doses increased 

N2O (and CO2) emission, indicating that denitrification (stimulated by the addition of available C in 

these biological NIs) may be responsible for some of the apparent nitrification inhibition observed in 

previous studies. This chapter evaluates the effect of different C compounds (identified from cattle 

slurry; glucose, vanillin, cellulose, glucosamine and butyric acid), fresh and aged cattle slurry on soil 

NO3
- consumption, N2O and N2 emissions during denitrification.  

Chapter 7: ‘Discussion and outlook’. In this chapter, I present a discussion around the three 

objectives of the thesis (section 1.2.2), and summarise this study giving recommendations for future 

research. Discussion points arising from the thesis are as follow: 

1) Efficacy of biological NIs compared with proven synthetic NIs. 

2) Factors controlling the efficacy of biological NIs (e.g. degradation rates and concentrations)  

3) Mechanism of biological NIs on soil nitrification and N2O emissions: biological NIs act as:  

a) direct inhibitors of nitrification pathways  

b) a carbon source that stimulates N immobilisation  

c) a carbon source that stimulates denitrification 

*Chapter 6 comprises 6 incubations using the denitrification system (DENIS) at Rothamsted Research 
(North Wyke). These incubations were performed in 2001-2002 by research staff at North Wyke. 
Because of the relevance of the relationship between lability of C compounds and subsequent 
denitrification fluxes (as N2O and N2) to my previous PhD Chapters, I was provided with the raw data 
(gas peak intensities) by my co-supervisors, Dr Laura Cardenas. I was responsible for calculating fluxes 
from the raw data, subsequent processing of the data, statistical analyses and interpretation of the results. 
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Fig. 1.1 Schematic diagram of the thesis 
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Chapter 2: Literature review 

2.1. Introduction 

In the past decades, global ammonia (NH3) supply has increased significantly, reaching ca. 153.6 

million tonnes in 2016, and is forecasted to reach 163.2 million tonnes in 2022 (FAO, 2019). Chemical 

fertilisers, manure application, symbiotic nitrogen (N) fixation and atmospheric N deposition 

(contributing a small share) are the main forms of global N supply to soil, accounting for 61%, 16%, 

18% and 5% of the total, respectively (Lassaletta et al., 2014). Nitrogen surpluses result in losses of 

reactive N to the environment in the form of NH3 (Groenestein et al., 2019), nitrous oxide (N2O) and 

nitric oxide (NO) emissions (Xiao-tang and Chong, 2017), and nitrate (NO3
-) leaching (Trolove et al., 

2019). Ammonia emitted to the air may cause soil acidification after N deposition (Allen et al., 2011). 

Nitrous oxide is a greenhouse gas (GHG) with a global warming potential 310 times greater than that 

of carbon dioxide (CO2) on a 100-year time horizon (UNFCCC, 2020). NO3
- leaching may result in 

eutrophication (Smolders et al., 2010).  

Strategies are needed to improve N use efficiency (NUE) from the range of N sources used in the 

agriculture and reduce losses of N to the environment. However, these strategies need to be based on a 

sound understanding of the soil processes and factors that control N cycling. In the soil system, N 

fixation, mineralisation, immobilisation, ammonification, nitrification and denitrification are the major 

biological processes of the N cycle (Fig. 2.1) (Subbarao et al., 2015). Among these biological processes, 

nitrification and subsequent denitrification are largely responsible for the transformation of ammonium 

(NH4
+) to NO3

- and NO3
- consumption, along with GHG, NO, dinitrogen (N2) emissions and NO3

- 

leaching (Ciganda et al., 2018; Loick et al., 2016; Nair et al., 2020). This dissertation addresses one key 

soil process (nitrification), and the following literature review sets this in a wider context with reference 

to the other major soil N cycling processes. The literature review focusses on 1) an introduction to the 

nitrification and denitrification processes; 2) current strategies to inhibit soil nitrification, e.g. synthetic 

nitrification inhibitors (NIs) and biological NIs; 3) factors controlling the efficacy of synthetic and 
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biological NIs; 4) advantages and disadvantages of the NIs; 5) knowledge gaps in our current 

understanding. 

 

Fig. 2.1 Major nitrogen cycling processes and flows of nitrogen in and from soil (Subbarao et al., 

2015). 

2.2. Nitrification and denitrification    

Nitrification is a two-step microbially mediated process carried out by chemo-autotrophic 

nitrifying bacteria, first oxidising NH4
+ to nitrite (NO2

-) and then oxidising NO2
- to NO3

- (Firestone and 

Davidson, 1989). In Nitrosomonas europaea, ammonia monooxygenase (AMO) and hydroxylamine 

(NH2OH) oxidoreductase (HAO) catalyse the oxidation of NH4
+ to NH2OH, and NH2OH to NO2

-, 

respectively (Eq. 2.1, 2.2) (Sayavedra-Soto et al., 1996). Two groups of soil microorganisms, ammonia 

oxidising bacteria (AOB) (mainly Nitrosomonas spp. and Nitrosospira spp.) and ammonia oxidising 

archaea (AOA), are largely responsible for the biological oxidation of NH4
+ to NO3

- (Leininger et al., 

2006).  

NH3 +O2 +2H
++ 2e−

ammonia mono−oxygenase
→                     NH2OH+H2O            Eq. (2.1) 

NH2OH+H2O
NH2OH oxidoreductase
→                  NO2

−+ 5H++4e−                   Eq. (2.2) 
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NO2
−+H2O

nitrite oxidoreductase
→                 NO3

−+2H++2e−                         Eq. (2.3) 

2.2.1. Factors affecting nitrification in soil 

Soil texture (Sahrawat, 2008), moisture content (Nugroho et al., 2007), aeration (Downing and 

Nerenberg, 2008), pH (Li et al., 2018; Nugroho et al., 2007) and temperature (Breuer et al., 2002; Zhang 

et al., 2019) are key controls of the nitrification process. These factors are addressed below. 

Soil texture: Pihlatie et al. (2004) found that contribution of nitrification to N2O production in 

peat, clay and loamy sand was variable under different soil moisture condition. Soil clay and sand had 

a significant influence on soil nitrification, percentage of clay was negatively related to the soil 

nitrification rates in soils maintained continuously moist, however, the relationship was positive in soils 

that had been dried or rewetted (Strong et al., 1999). Previous study showed that clay and sand had a 

significant influence on nitrification, but silt did not affect soil nitrification (Sahrawat, 2008).  

Moisture content and aeration. Nitrification rate is believed to increase with increasing soil 

moisture to a certain content and decline when moisture is above it (Wu et al., 2017), with an optimal 

soil moisture content of 60% water filled pore space (WFPS) (Mosier et al., 1996). For example, 

increased soil moisture content elevated soil nitrification rates in a broad range of alpine soils, up to a 

value of 75% water holding capacity (WHC) (Osborne et al., 2016), and gross nitrification was 

negatively corrected to increased rates of WFPS (ranging from 37% to 62%) due to the simulated 

rainfall in tropical rain-forest soils (Breuer et al., 2002). Moisture content and aeration are inversely 

related, with decreasing oxygen content in the soil when moisture content is increased (Sahrawat, 2008). 

Nitrifying bacteria produce nitrate in well-aerated soils, with maximum rates of nitrification being 

achieved when oxygen is about 20% of the air (similar to the oxygen concentration in the atmosphere) 

(Sahrawat, 2008).    

pH. Significantly higher nitrification of fertiliser N was observed in soils pH>7.5 (89%) than pH< 

6.0 (39%) (Kyveryga et al., 2004). This was also observed in urine-fertilised soils, where soil N2O 

emission was significantly higher in the acid treatment (pH=5.0) than the alkaline treatment (pH=6.5) 

(Robinson et al., 2014). Some studies have shown that AOA growth is favoured in more acidic soil, 
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whilst AOB growth is favoured by more alkaline soil pH (Li et al., 2018; Robinson et al., 2014). 

However, other studies have contradicted this, e.g. Che et al. (2015) showed enhanced nitrification in 

an acidic [Anhui] soil (pH=4.64) in China primarily due to enhancement of AOB rather than AOA.  

Temperature. Temperature affects soil nitrification rates by shifting the abundance and 

composition of AOA and AOB (Ouyang et al., 2017; Zhang et al., 2019) and stimulating enzymatic 

activity (Taylor et al., 2017). Breuer et al. (2002) showed a positive relationship between gross 

nitrification and the increase of soil temperature (ranging from 15-23 ℃). However, temperature was 

not seen to be related with nitrification rates in all soils (Osborne et al., 2016), and this study also found 

that AOB not AOA were the dominant ammonia oxidisers. Ouyang et al. (2017) found that the 

proportion of nitrification due to AOA increased with temperature, which was lowest at 5 ℃ and was 

near to 100% at 50 ℃, with the optimum temperature of 41 ℃ for AOA and 31 ℃ for AOB. Nitrification 

peaked at 35-40 °C in Chromosol and Dermosol soils (Australian soil classification) (Lai et al., 2019). 

A recent study showed that elevated temperatures (from 15 to 20 ℃) had a pronounced effect on soil 

nitrification by altering abundance of AOA and AOB, as well as the composition of AOA but not the 

AOB (Zhang et al., 2019).   

Denitrification refers to the dissimilatory reduction of one or both of the ionic N oxides (NO3
- and 

NO2
-) to the gaseous oxides (NO, N2O and N2), which are catalysed by the sequential activity of the 

enzymes NO3
- reductase, NO2

- reductase, NO reductase and N2O reductase (Knowles, 1982). Firstly, 

the respiratory NO3
- reduction and the dissimilatory reduction of NO3

- to NH3, is catalysed by a 

membrane-bound or periplasmic NO3
- reductase encoded by the narGHJI operon or the napABC operon, 

respectively (Philippot and Højberg, 1999). The second step (NO2
-→NO) is catalysed by two different 

types of nitrite reductases (Nir), either a cytochrome cd1 encoded by nirS or a Cu-containing enzyme 

encoded by nirK (Kandeler et al., 2006). The reduction of N2O to N2 is the final step and is carried out 

by the N2O reductase encoded by the nosZ gene in denitrifying microorganisms (Wang et al., 2017). 

The general requirements for biological denitrification are i) anaerobic conditions or restricted supply 

of O2, ii) N oxides as terminal electron acceptors, iii) electron donors such as available organic C 

compounds, and iv) the bacteria, fungi, other denitrifying eukaryote or archaea possessing metabolic 

activity (Saggar et al., 2013). Soil factors that affect denitrification include, C availability (Dlamini et 
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al., 2020), soil mineral N supply (Senbayram et al., 2019), O2 supply and water content (Gillam et al., 

2008), and soil pH (Saleh-Lakha et al., 2009). While the main environment factors that affect 

denitrification are, soil temperature (Braker et al., 2010; Lai et al., 2019), rainfall (Saggar et al., 2013), 

soil drying-rewetting and freezing-thawing (Mørkved et al., 2006), and availability of trace metals 

(Pintathong et al., 2009). Anaerobic and autotrophic ammonium-oxidizing (anammox) bacteria also 

play an essential part in N removal, which obtain energy from the conversion of NH4
+ and NO2

- into N2 

catalysed by the nitrite oxidoreductase, hydrazine hydrolase and hydrazine oxidoreductase (Jetten et al., 

2009; Peng et al., 2020; Tong et al., 2020).      

Ammonium is readily bound to the negatively charged clay surfaces and functional groups of soil 

organic matter; in contrast, NO3
- has a negative charge (and is generated via nitrification) and is highly 

mobile so is prone to movement through the soil profile to watercourses (Sahrawat, 1989). The losses 

of N during nitrification and subsequent denitrification reduces the NUE and are sources of both air and 

water pollutions. However, denitrification cannot take place without the substrate NO3
- generated via 

nitrification. Thus, inhibiting nitrification rates is one of effective ways to improve NUE, reduce GHG, 

NO emissions and NO3
- leaching. 

2.3. Synthetic nitrification inhibitors 

2.3.1. Concept and the mode of inhibitory action 

Synthetic NIs have been confirmed to reduce or delay the conversion rate of NH4
+ to NO3

-, e.g. 

dicyandiamide (DCD) (Monaghan et al., 2013), 3,4-dimethylpyrazol-phosphate (DMPP) (Gilsanz et al., 

2016),  2-Amino-4-chloro-6-methylpyrimidine (nitrapyrin) (Niu et al., 2018), and allylthiourea (AT) 

(He and Ji, 2020) and the newly identified NI, 3,4 dimethylpyrazol succinic acid (DMPSA) (Pacholski 

et al., 2016). Most synthetic NIs are known to inhibit nitrification by suppressing only the AMO 

enzymatic pathway in Nitrosomonas (Subbarao et al., 2013; Zakir et al., 2008) (Table 2.1), due to: 1) 

direct binding and interaction with AMO; 2) interference with the reductant supply to AMO activity; 3) 

oxidation of substrates to give products that are high reactive and/or inactive to AMO and/or other 

enzymes (McCarty, 1999; Subbarao et al., 2006b). Among these synthetic NIs, DCD and DMPP have 
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been the most widely researched in the past few decades (Abalos et al., 2014; Gilsanz et al., 2016; 

Menéndez et al., 2012).  

2.3.2. DCD 

Dicyandiamide application decreases soil N2O emissions from N-fertilised soil (urine, animal 

slurry and chemical fertilisers), with the variable efficacy of inhibition depending on the application 

concentration (Zaman and Blennerhassett, 2010), soil properties (Cui et al., 2011; McGeough et al., 

2016), temperature (McGeough et al., 2016) and soil moisture content (Di et al., 2014). Previous studies 

also confirmed that the application of DCD could decrease NO3
- leaching by 21%-69% (Cameron et al., 

2014; Cameron and Di, 2002; Monaghan et al., 2009; Zaman et al., 2009). Researchers have found that 

the application of DCD can reduce calcium (Ca), potassium (K) and magnesium (Mg) leaching by 50%, 

65% and 52% respectively, due to the decreased leaching loss of NO3
- under urine patches, and follows 

from their reduced requirement as counter ions in the drainage water (Di and Cameron, 2004). Few 

studies have explored the effects of DCD on soil CO2 and methane (CH4) emissions. Weiske et al. (2001) 

find that DCD reduced the CO2 emission from N-fertilised soil by an average of 7% (non-fertilised 

10%). However, DCD failed to affect CH4 emissions (Cardenas et al., 2016; Weiske et al., 2001). Due 

to the ability of DCD to reduce N losses, herbage production can be increased by 0 -30% with DCD 

application (Cameron et al., 2014; Cameron and Di, 2002; Zaman et al., 2009), and this most likely due 

to reduced NO3
- leaching, rather than reduced N2O losses (which usually represent only small losses, 

<2% of applied N). Normally, 5 to 15 kg DCD ha-1 soil is applied to soil to explore the effects on 

nitrification inhibition (Di and Cameron, 2006; Gilsanz et al., 2016; Zaman and Blennerhassett, 2010), 

with the efficacy lasting for a different time depending on the soil properties (water content, soil 

temperature, soil pH and organic matter) (McGeough et al., 2016; Puttanna et al., 1999) and 

environment factors (e.g. rainfall) (Marsden et al., 2016b). 
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2.3.3. DMPP  

Applying DMPP in N-fertilized fields has also shown to decrease nitrification rates, resulting in 

decreasing N2O emissions (Lam et al., 2018; Scheer et al., 2014; ten Huf and Olfs, 2020), maintenance 

of relatively higher NH4
+-N concentration and lower NO3

--N concentrations in soil (WU et al., 2007; 

Xu et al., 2019) and leachates (Li et al., 2008), via reduction of NO3
- leaching (WU et al., 2007). 

Research suggests that application rates of 0.5 to 1.5 kg ha –1 are sufficient to achieve optimal 

nitrification inhibition in the case of DMPP (Zerulla et al., 2001). 3,4-dimethylpyrazol-phosphate has 

been confirmed to slow soil nitrification by inhibiting the abundance of AOB but not the AOA 

(Kleineidam et al., 2011; Shi et al., 2016). In addition, 1% DMPP application has decreased the 

population of AOB, the activity of nitrate reductase (NaR) and nitrite reductase (NiR) by  24.5%-30.9%, 

14.9%-43.5% and 14.7%-31.6%, respectively (Li et al., 2008). In the study of Li et al. (2019), 9 kg ha-

1 (0.5% of the urea-N application rate) of DMPP was effective in mitigating N2O emissions by directly 

inhibiting both ammonia oxidising (AOB) and denitrifying microbes (nirS and nirK). However, DMPP 

has no effect on denitrifying enzyme activity (DEA) (Muller et al., 2002). A new nitrification inhibitor, 

3,4-dimethylpyrazole succinic (DMPSA), has been found to be alternative to DMPP for reducing N2O 

emissions from wheat crops under humid Mediterranean conditions (Huérfano et al., 2016). 

Studies have been conducted to compare the effects of DCD and DMPP on N2O emissions (Gilsanz 

et al., 2016; Suter et al., 2010), crop productivity (Fangueiro et al., 2009), AOA and AOB (Chen et al., 

2014; Di and Cameron, 2011; Gong et al., 2013). A meta-analysis conducted by Abalos et al. (2014) 

confirmed that DCD application increased crop productivity and NUE compared to the control, but with 

varying degrees of success for crop productivity, however,  the addition of DMPP increased NUE but 

not crop productivity. Dicyandiamide and DMPP treatments significantly decreased the annual 

emissions by 35% and 38% in wheat-maize cropping system (Liu et al., 2013). Compared with the urea 

treatment, the annual crop yield and aboveground biomass increased by 8.5%-9.1% (1.1-1.2 ton ha−1 

yr−1) and 8.6%-9.7% (2.8-3.2 ton ha−1 yr−1) for the DCD and DMPP treatments, respectively (Liu et al., 

2013). A dry matter yield of 8698 kg ha−1 was obtained when DMPP was applied at the greater rate 

against only 7444 kg ha−1 obtained with the greater rate of DCD (Fangueiro et al., 2009).  
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2.3.4. Factors influencing the efficacy of NIs 

Soil texture. Soil texture influences the effectiveness of synthetic NIs, mainly due to the soil 

inorganic (sand, clay) or organic (organic matter) constituents (Guardia et al., 2018; McGeough et al., 

2016). For example, the relative NO2
- formation declined and the efficacy of DMPP increased when 

sand content of soils were higher (Barth et al., 2001). The efficacy of DCD in inhibiting net NO3
- 

production was best correlated with soil Cu and % clay, which decreased as soil Cu concentrations and 

percentage of clay increased (McGeough et al., 2016). The meta-analysis from Li et al. (2018) found 

that NIs were more effective in reducing soil N2O emissions in fine-textured soils (77%) compared with 

coarse (59%) or medium-textured (44%) soils, and in soils with intermediate (10-40 g/kg) soil organic 

carbon (SOC) (63%) compared to lower (32%) or higher SOC (50%). The efficiency of NIs was also 

driven by the interaction with soil types (Guardia et al., 2018). In an incubation experiment, grassland 

soils had higher native total N concentrations than the arable soils, hence the inhibition of net NO 3
- 

production by DCD was lower and this resulted in an overall inhibition in N2O emissions of 58% and 

81% for grassland and arable soils, respectively (McGeough et al., 2016). 3,4-dimethylpyrazol-

phosphate had higher efficacy in neutral and alkaline wheat and vegetable soils, compared with pasture 

soils (Shi et al., 2016). Researchers have found that the influence of inorganic constituents or organic 

matter can be explained by their sorption which has the ability of reducing inhibitors’ mobility, 

bioactivity and volatility (Barth et al., 2001; Marsden et al., 2016b). In addition, the nitrification 

inhibition may be reduced by the presence of fresh organic matter, which acted as source of energy to 

stimulate microbial activity and thus resulted in faster degradation of inhibitors (Puttanna et al., 1999).  

Soil pH. The efficacy of NIs on soil nitrification and ammonia oxidiser population are variable 

under different soil pH (Liu et al., 2015; Robinson et al., 2014). For example, DCD application did 

reduce soil peak N2O emissions in acid, native and alkaline soils, but the effectiveness of DCD in 

reducing total N2O emissions was highly effective in the acidic treatment (pH=5.0) than that in the 

native (pH=6.0) and alkaline (pH≥6.5) treatments (Robinson et al., 2014). Inhibitors (Benzotriazole, o-

Nitrophenol, m-Nitroaniline and DCD) retained higher soil NH4
+ concentrations when soil pH 

decreased from 8.3/8.2 to 5.4 (Puttanna et al., 1999). Acetylene (C2H2) completely blocked nitrification 
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in acid (pH=4.6), neutral (pH=7.0) and alkaline soils (pH=8.0) (ranging from 97.1-100%), while DMPP 

was shown to be more effective in the neutral soil (93.5%), followed by the alkaline (85.1%) and acid 

soil (70.5%) (Liu et al., 2015). Attention needs to be paid to the effects of soil pH on nitrification, e.g. 

strong acidity is known to inhibit AOB and/or AOA growth (Li et al., 2018; Sahrawat, 2008).  

Temperature. Numerous researchers comparing the nitrification inhibition of NIs at different soil 

temperatures (ranging from 5 to 35 ℃) have shown that NIs were more effective at lower temperatures 

that maximised their longevity (Guardia et al., 2018; Lan et al., 2018; McGeough et al., 2016; Menéndez 

et al., 2012). Soil temperature can affect the mineralisation of NIs, with higher mineralisation rates at 

increasing temperature (Guardia et al., 2018; Kelliher et al., 2008; McGeough et al., 2016). Kelliher et 

al. (2014) has provided a relationship between time for concentration of DCD in soil to halve (t½, days) 

and the mean soil temperature (T, °C): t½ = 54-1.8 T, but under field conditions t½ was about half that 

under laboratory conditions. The persistence of DCD was strongly inversely related to temperature, 

with the measured half-life across all soils decreasing with increasing temperature (McGeough et al., 

2016). Dicyandiamide and DMPP mineralisation were also confirmed to be strongly influenced by 

temperature (increasing with temperature), however, their overall effectiveness was highly influenced 

by the temperature, and not necessarily linked with the kinetics of mineralisation of these NIs (Guardia 

et al., 2018). 

Moisture and aeration. Research has found that the nitrification inhibition efficacy of o-

nitrophenol and m-nitroaniline was maximum at 60% WHC, however, DCD showed an increasing 

efficacy as soil moisture levels decreased (Puttanna et al., 1999). Chen et al. (2010) showed that DMPP 

application slowed nitrification appreciably when the soil was at 40% WFPS at 25 ℃, but was less 

effective at 60% WFPS. Results from the study of Menéndez et al. (2012) indicated that DMPP best 

performed under extreme environmental conditions (cold and wet conditions or hot and dry conditions). 

In soil, both moisture and O2 are critical factors influencing the activity of nitrifiers and therefore, 

nitrification rates (Barrena et al., 2017). Soil aeration determines the degradation rate of DCD which 

was greater when the soil was aerobic (Balaine et al., 2015). However, the relationship between 

moisture and O2 status is too close to distinguish their individual roles in the efficacy of NIs. 
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Inhibitors properties. Nitrification inhibitors differ in volatility and water solubility, which has 

resulted in the diversity of their effectiveness, mobility and persistence. For gaseous NIs (such as carbon 

disulphide (CS2) and C2H2), the high volatility and rapid dispersion through soil pores makes them more 

effective, but less persistent, and therefore generally not suitable in the field (Ashworth et al., 1977). 

Commonly researched NIs (DCD and DMPP) are non-volatile, and the mobility of both NI are similar, 

but a greater sorption for DCD in comparison to DMPP was found in organic and mineral soils (Marsden 

et al., 2016b). The efficacy of NIs is strongly influenced by their mineralisation rates which increase 

with increasing soil temperature (Kelliher et al., 2008; McGeough et al., 2016; Menéndez et al., 2012). 

Marsden et al. (2016) suggest that the efficacy of NIs is influenced more by differences in microbial 

uptake and mineralisation rates than by differences in sorption and desorption rates.  

Management and other factors. A previous study showed that nitrification inhibition in a loamy 

soil was more pronounced when NH4
+ and DMPP were applied as fertiliser granules compared to the 

application as solution (Brath et al., 2008). The efficacy of NIs on yield and/or NUE tended to be 

diminished in areas of high rainfall (>1200 mm) (Li et al., 2018). A similar distribution of DCD and 

DMPP was observed up to a soil depth of 15 cm following a simulated rainfall event (40 mm) in a sandy 

loam, sandy clay loam and Sapric Histosol (Marsden et al., 2016b). The meta-analysis conducted by 

Abalos et al. (2014) found that the effects of NIs on soil crop productivity was significantly larger for 

the highest N fertiliser rate (≥300 kg N ha -1) compared with the lowest N fertiliser (≤150 kg N ha -1), 

and irrigated systems showed a significantly higher response than rainfed systems to the application of 

NIs in terms of crop productivity, although these two water management classes did not significantly 

affect the efficacy of NIs on NUE. The same meta-analysis showed that the effectiveness of NIs to 

increase the crop productivity and NUE was significantly higher for forage crops than cereals (Abalos 

et al., 2014). However, Li et al. (2018) showed that NIs had similar impact on N losses mitigation 

regardless of irrigation or rainfed system. A meta-analysis from Yang et al. (2016) also supported that 

the efficiency of NIs positively varies with N fertiliser application rates for higher N fertiliser rates input 

often causing high N losses (Yang et al., 2016). This is also supported by Li et al. (2018), in which the 

greater reduction in N2O loss by NIs was observed with the higher baseline of N2O emission (>20 kg 



 

20 
 

N2O-N ha-1). In addition, the application of the DMPP was more effective in reducing N2O emissions 

in long-term intensive cultivation soil than in the short-term cultivation soil (Li et al., 2019). 

2.3.5. Limitation and unintended consequences of synthetic NIs   

In general, synthetic NIs play an important role in improving NUE, reducing GHG emissions, NO3
- 

leaching and increasing crop productivity. But the leaching of synthetic NIs from the active zone of 

nitrification, leads to inconsistent performance under field conditions within laboratory conditions, e.g. 

DCD (Marsden et al., 2016b; Upadhyay et al., 2011). In addition, the high cost and potential for 

environmental contamination of synthetic NIs have been additional factors that have limited their 

commercial use in agriculture system. In 2012, traces of DCD were discovered in infant/baby formula 

milk products from New Zealand (Lucas, 2013), after which DCD was voluntarily withdrawn from 

commercial use in New Zealand. There has been speculation about how DCD contaminated the milk 

supply, and studies have shown that DCD can be acquired and metabolised by graminaceous plants 

(Marsden et al., 2015). However, plant uptake of DCD was probably not a significant route of NI 

contamination, which was more likely the result of direct ingestion of DCD on pasture and soil surfaces, 

which provides a direct route of DCD entry into the food chain. Thus, developing biological NIs may 

be a sound alternate strategy with greater public acceptance. 

2.4. Biological nitrification inhibition 

2.4.1. Concept and the mode of nitrification action 

Biological nitrification inhibition (BNI) is termed of a plant-mediated rhizosphere process where 

NIs are produced in plant roots and shoots and released from roots to suppress nitrifier activity in soil 

(Subbarao et al., 2006a). Brachiaria humidicola is a common tropical pasture grass that produce 

substantial biological NIs from its root (Gopalakrishnan et al., 2007; Subbarao et al., 2009) and shoot 

tissues (Subbarao et al., 2008). Linoleic acid (LA) and linolenic acid (LN) have been isolated and 

identified as biological NIs from the shoot tissue of Brachiaria humidicola. The BNI compounds in the 

root tissue and exudate of Brachiaria humidicola have been identified as brachialactone (which 
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contributes 60-90% of the inhibitory activity released from the roots of this tropical grass), methyl p-

coumarate and methyl ferulate (Gopalakrishnan et al., 2007; Subbarao et al., 2009). Biological NIs have 

also been isolated from sorghum root exudates (Subbarao et al., 2013; Tesfamariam et al., 2014; Zakir 

et al., 2008), rice root exudates (Sun et al., 2016), wheat root exudates and root tissue extracts 

(O’Sullivan et al., 2016; Subbarao et al., 2007b). They have also been found in seeds of Pongamia 

glabra vent (Sahrawat, 1981; Sahrawat and Mukerjee, 1977), degradation products of cruciferous 

tissues (Bending and Lincoln, 2000) and Pinus ponderosa leaves (White, 1988), and researchers are 

searching for more compounds (Table 2.1). 

The bioassay in which the Nitrosomonas culture is incubated with the NIs in the presence and 

absence of NH2OH can be used to determine the NIs effects on AMO or HAO  pathways (Subbarao et 

al., 2006a). Most BNI compounds released by the plants inhibit nitrification by suppressing both AMO 

and HAO enzymatic pathways, whilst most synthetic NIs only inhibit the AMO enzymatic pathways 

(Table 2.1). The vast majority of the wheat landraces tested caused some level of inhibition, but BNI 

compounds were not identified and their effects on AMO or HAO pathways were not tested (O’Sullivan 

et al., 2016). In addition, BNI compound released by rice toot exudates, 1,9-decanediol, have been 

confirmed to block the AMO pathway and possess an 80% effective dose (ED80) of 90 ng µl-1 (Sun et 

al., 2016). Previous studies show that HAO enzymatic pathways are suppressed by: 1) the inactivity of 

HAO by hydroxyethyl, phenyl-, and methyl- hydrazine 2) hydrogen peroxide’s reaction with the active 

site of ferric HAO, which destroys the activity and heme P460 of HAO irreversibly; and 3) orga no-

hydrazines that attack P460 active site (Subbarao, 2006). 
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Table 2.1 Biological nitrification inhibitors identified from plants and their mode of inhibition action.  

Nitrification inhibitors Isolated from 
Inhibit AMO 

or HAO 
References 

 Biological nitrification inhibitors  

Linoleic acid (LA) B. humidicola shoot tissue AMO and HAO (Subbarao et al., 2008) 

Methyl linoleate (LA-ME) B. humidicola shoot tissue AMO and HAO (Subbarao et al., 2008) 

Ethyl linoleate (LA-EE) B. humidicola shoot tissue AMO and HAO (Subbarao et al., 2008) 

Linolenic acid (LN) B. humidicola shoot tissue AMO and HAO (Subbarao et al., 2008) 

Methyl Linolenic (LN-ME) B. humidicola shoot tissue AMO and HAO (Subbarao et al., 2008) 

Brachialactone 
B. humidicola root 

exudate 
AMO and HAO (Subbarao et al., 2009) 

Methyl p-coumarate B. humidicola root tissue NA (Gopalakrishnan et al., 2007) 

Methyl ferulate B. humidicola root tissue NA (Gopalakrishnan et al., 2007) 

Sorgoleone Sorghum root exudate AMO and HAO (Subbarao et al., 2013) 

Methyl 3-(4-hydroxyphenyl) 

propionate (MHPP) 
Sorghum root exudate AMO (Zakir et al., 2008) 

Sakuranetin Sorghum root exudate AMO and HAO (Subbarao et al., 2013) 

1,9-Decanediol Rice root exudates AMO (Sun et al., 2016) 

NA Wheat root exudates HAO (Subbarao et al., 2007b) 

NA Wheat root tissue extracts NA (O’Sullivan et al., 2016) 

Karanjin (3-methoxy furano-

2,3,7,8-flavone) 

Seeds of Pongamia glabra 

Vent. 
NA 

(Sahrawat and Mukerjee, 

1977) 

Isothiocyanate 
Degradation of 

cruciferous tissues 
NA (Bending and Lincoln, 2000) 

Limonene Pinus ponderosa leaf AMO (White, 1988) 

 Synthetic nitrification inhibitors  

Dicyandiamide (DCD) AMO (Zakir et al., 2008) 

3, 4-dimethylpyrazol-phosphate (DMPP) AMO (Benckiser et al., 2013) 

2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin) AMO (Subbarao et al., 2013) 

Allylthiourea (AT) AMO (Subbarao et al., 2013) 

NA: not applicable 

2.4.2. Methodology for the detection of biological NIs 

The oldest method to detect NIs is to grow pure cultures of ammonia oxidising organisms for 5 to 

7 days and track their NO2
− production rates in the presence and absence of NIs, but this approach is 

labour intensive and time consuming (O’Sullivan et al., 2017). In 1998, a bioluminescence assay using 

Nitrosomonas europaea for rapid and sensitive detection of NIs was developed, that involved 

introducing an expression vector derived from Vibrio harveyi for the luxAB genes into Nitrosomonas 
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europaea; the expression of luxAB genes produces bioluminescence which has a close relationship with 

ammonia-oxidising activity (Iizumi et al., 1998). Subbarao et al. (2006a) adopted and modified the 

bioluminescence assay (developed in 1998) to detect and quantify BNI compounds released from roots 

of plants. The amount of BNI activity released by the roots of Brachiaria humidicola ranges from 15-

25 AT unit g–1 root dry wt day–1 (one AT unit: 0.22 µM AT containing 18.9 mM of NH4
+) (Subbarao et 

al., 2006a). A number of species including tropical and temperature pastures, cereals and legumes were 

tested for BNI capacity in their root exudate, and the specific BNI (AT unit g–1 root dry wt) ranged from 

0 to 18.3 AT units (Subbarao et al., 2007a). This bioluminescence assay to detect and quantify 

nitrification inhibition is fast, but it is difficult to obtain and cultivate the genetically modified reporter 

bacterium which is not for commercial sale and requires regulated (PC2) laboratory conditions 

(O’Sullivan et al., 2017).    

In 2016, a rapid, simple and accurate colorimetric microplate assay combined with the Griess assay 

was developed to detect and quantify biological NIs in plants (O’Sullivan et al., 2017). The method 

uses ‘native’ nitrifier cultures (pure cultures of AOB) and microplate detection to track the rate of NO2
- 

production using a segmented flow analyser in the presence and absence of NIs collected from root 

exudates, which indicates the metabolic activity of targeting organism directly. The colour change 

reaction in the colorimetric microplate assay is stable, nevertheless, different exudate collection 

solutions (NH4Cl, NH4Cl with methanol, CaCl2, nutrient solution used for hydroponic growth, and 

Nitrosomonas europaea growth medium minus NaHCO3) result in significantly different BNI capacity 

of the root exudates (O’Sullivan et al., 2017). Karwat et al. (2019) have verified that nitrate reductase 

activity (NRA) data in leaves of Brachiaria humidicola reflects in vivo performance of BNI when 

complemented with established BNI methodologies under greenhouse and field conditions.   

2.4.3. Factors influencing the release of biological NIs 

Growth stage of plants. For the plants, stages of growth and shoot N content influence the 

excretion and activity of biological NIs (Subbarao et al., 2006a). A bioluminescence assay to detect 

BNI activity released from roots of Brachiaria humidicola during 24 h showed that the total BNI 
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capacity increased from 14 AT units to 36 AT units between the 10 and 50 days after transferring two 

weeks old plants (days after sowing) to hydroponics. However, the specific BNI activity decreased 

during this same time period (Subbarao et al., 2006a). Zakir et al. (2008) found that the release of BNI 

compounds increased with growth stage using a bioluminescence assay using recombinant 

Nitrosomonas europaea. 

Added N form. The N forms in the root environment play an important role in the release of BNI 

activity (Subbarao et al., 2007c; Zhang et al., 2019). The release of BNI compounds from roots is 

enhanced when plants are grown with NH4
+ (nearly three times greater) compared with NO3

- (Subbarao 

et al., 2007c). This has also been supported by the study of Zhang et al. (2019), in which the release of 

1,9-decanediol from the root of rice is enhanced by low to moderate concentrations of NH4
+ (≤1.0 mM). 

In addition, the secretion of 1,9-decanediol was triggered in the whole root system, even though only a 

part of the root system was exposed to NH4
+ (Zhang et al., 2019). The release of BNI compounds from 

sorghum is also stimulated by the presence of NH4
+ and increases with the concentration of NH4

+ supply 

(Zakir et al., 2008).   

Soil pH. In rhizosphere, the presence of NH4
+ or low pH of the root environment alone did not 

have a major effect on the release of biological NIs, but together have a synergistic effect (Subbarao et 

al., 2007c). Low pH stimulates the release of 1,9-decanediol, but NH4NO3 was applied as a N source 

during the root exudate collection from rice (Zhang et al., 2019). At least three active components have 

been identified from roots of Brachiaria humidicola: Type-I is stable to pH changes ranging from 3.0 

to 10, which is the major proportion of BNI compounds in the presence of NH4
+; Type-II temporarily 

loses its inhibitory effect at a threshold pH of >4.5 and the inhibitory effect is re-established when the 

root exudate pH is adjusted to <4.5; the inhibitory effect of Type-III is irreversibly lost if the pH of the 

root exudate reaches >10.0 (Type-II and Type-III are major BNI compounds in the absence of NH4
+) 

(Subbarao et al., 2007c). However, the decrease in rhizosphere pH stimulates the release of hydrophilic-

biological NIs, but has no effect on the release of hydrophobic-BNIs released from sorghum roots (Di 

et al., 2018). 
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2.5. Knowledge gaps in our current understanding 

A bioluminescence assay using recombinant Nitrosomonas europaea has been widely used to 

determine the BNI capacity, inhibitory effects (transformation of NH4
+ to NO3

-) and mode of action 

(inhibition of HAO or AMO pathways) of root exudates collected from Brachiaria humidicola 

genotypes (Subbarao et al., 2006a), rice varieties (Sun et al., 2016), sorghum (Zakir et al., 2008) and 

wheat (O’Sullivan et al., 2016). Specific compounds that have been identified as biological NIs have 

been applied at a range of concentration (ranging from 0 to 1000 mg NI kg-1 dry soil) to explore their 

effects on nitrification rates and ammonia oxidisers, e.g. LA and LN (Subbarao et al., 2008), 1,9-

decanediol (Lu et al., 2019) and MHPP (Nardi et al., 2013), indicating that only higher doses of specific 

compounds application (≥ 500 mg NI kg-1 dry soil or 350 mg NI-C kg-1 dry soil) result in significant 

nitrification inhibition and reduction of the abundance of AOB and/or AOA. In recent years, some 

Brachiaria species have been grown to explore their effects on soil N2O emissions, AOB and AOA 

abundance when grazed with cattle, indicating the potential of forage grasses with high BNI activity to 

reduce N losses in grazed pastures (Byrnes et al., 2017; Simon et al., 2020).           

However, little is known about the effects of biological NIs on soil GHG emissions, and N gases 

other than N2O, e.g. NO and N2. Less is known about the factors that influence the efficacy of biological 

NIs on nitrification rates, e.g. biological NIs concentrations and their stability. Moreover, even less is 

known about the mechanism of biological NIs to inhibit nitrification. Hence, the main aims of this thesis 

are to i) determine the effects of biological NIs on soil nitrification and GHG emissions, ii) explore the 

factors controlling the efficacy of biological NIs, and iii) clarify the mechanism of BNI through studying 

the microbial populations and using 14C-labelling of specific BNI compounds. 
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Abstract 

Biological nitrification inhibitors (NIs) are considered to be an environmentally friendly and cost-

effective strategy to inhibit soil nitrification and reduce nitrogen (N) losses, and increasing numbers of 

biological NIs have been isolated and identified from crops and grasses. In this study, a highly nitrifying 

soil (sandy clay loam textured Eutric Cambisol) was used to explore the effectiveness of newly 

identified biological NIs (linoleic acid, LA and 1,9-decanediol) versus a proven synthetic NI 

(dicyandiamide, DCD) on soil nitrification and ammonia oxidisers. Results show that DCD application 

retained added NH4
+ in the soil, with inhibited conversion to NO3

-, and significantly reduced cumulative 

nitrous oxide (N2O) emissions (52.3-65.1%). Dicyandiamide also inhibited ammonia oxidising bacteria 

(AOB) gene abundance rather than ammonia oxidising archaea (AOA). Linoleic acid applied at a 

concentration of 12.7 or 127 mg kg-1 dry soil (equivalent to 10 or 100 mg kg-1 wet soil) had no effect 

on both soil nitrification and ammonia oxidiser gene abundance. The 1,9-decanediol application 

significantly reduced soil NO3
- concentration, but did not affect soil NH4

+ concentration, N2O emissions 

or ammonia oxidiser gene abundance. We conclude that LA or 1, 9-decanediol applied at a 

concentration of 12.7 or 127 mg kg-1 dry soil was ineffective at inhibiting soil nitrification and ammonia 

oxidiser in a highly nitrifying soil. 

Key words: biological nitrification inhibitor, linoleic acid, 1,9-decanediol, dicyandiamide, nitrous 

oxide, ammonia oxidiser 

3.1. Introduction 

During the last five decades, the global nitrogen (N) fertiliser supply has increased dramatically, 

but the global average N use efficiency (NUE) (percentage of applied N recovered in the crop) is 

relatively low, with ca. 53% of the fertiliser being lost either in gaseous (N emissions) or aqueous forms 

(nitrate (NO3
-) leaching and dissolved organic N) (Gardiner et al., 2016; Lassaletta et al., 2014). These 

N losses from the plant-soil system not only result in low resource use efficiency, but also contribute to 
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important environmental problems (e.g. eutrophication, global warming, ozone depletion, air pollution) 

(Galloway et al., 2008; Schlesinger, 2009). 

Nitrification is a two-step microbially mediated process, where ammonium (NH4
+) is first oxidised 

to nitrite (NO2
-) and subsequently to NO3

- by nitrifying bacteria (Firestone and Davidson, 1989). 

Nitrification is a key soil process that controls the supply of NO3
- that is then available for plant uptake, 

or for subsequent use as a substrate for denitrification and N2O loss or can be lost from the rhizosphere 

via leaching (Lam et al., 2017). To increase NUE and minimize N losses, the targeting of chemicals 

such as synthetic nitrification inhibitors (NIs) have been explored and widely used to reduce nitrification 

in agriculture system (Jumadi et al., 2019; Zerulla et al., 2001). 

Dicyandiamide (DCD), one of the most widely used synthetic NIs, has been developed to slow 

nitrification and reduce N losses in agriculture system (Monaghan et al., 2013; Robinson et al., 2014; 

Sharma and Prasad, 1995). During the nitrification process, NH4
+ is first oxidised to hydroxylamine 

(NH2OH) by ammonia monooxygenase (AMO) (a copper-containing enzyme), and then NH2OH is 

oxidised to NO2
- by hydroxylamine oxidoreductase (HAO) (Subbarao et al., 2007a). Research has 

shown that DCD only suppresses the AMO pathway in Nitrosomonas (Zakir et al., 2008), and DCD is 

effective in inhibiting ammonia oxidising bacteria (AOB) and archaea (AOA) which are important for 

N2O emissions (Robinson et al., 2014). However, the application of DCD suffers from a series of 

challenges, including the variable responses to soil types and moisture/temperature regimes (Marsden 

et al., 2016b; McGeough et al., 2016; Menéndez et al., 2012), high cost for spatially-targeting NI 

application in the field (Luo et al., 2015; Minet et al., 2018; Welten et al., 2014), lack of chemical 

stability (Guardia et al., 2018; Marsden et al., 2016b) and potential food safety risk (Lucas, 2013).  

The natural ability of a plant to inhibit soil nitrification by releasing inhibitors from roots is termed 

of biological nitrification inhibition (BNI) (Subbarao et al., 2006a). Brachiaria humidicola, a species 

of tropical pasture grass, has the ability to produce nitrification inhibitory compounds in its shoot and 

roots tissues, and release biological NIs from its roots (Gopalakrishnan et al., 2007; Subbarao et al., 

2009, 2008). Linoleic acid (LA) and linolenic acid (LN) have been identified as predominant BNI 

compounds from the shoot tissue of Brachiaria humidicola (Subbarao et al., 2008). NH4
+-N-fertilised 

soil treated with LA and LN at a concentration of 50 to 1000 mg kg-1 soil has shown the maintenance 
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of soil inorganic N in the form of NH4
+ and decreased the NO3

- accumulation, with a NO3
- formation 

inhibition rate of 16.6-87.5% and 16.6-90.9%, respectively (Subbarao et al., 2008). Research has shown 

that the effectiveness of LA and LN is via the blocking of both the AMO and HAO enzymatic pathways 

in Nitrosomonas (Subbarao et al., 2008). However, little is known about the effectiveness of LA and 

LN on greenhouse gas (GHG) emissions and ammonia oxidisers. 

In addition to Brachiaria humidicola, more biological NIs have been isolated and identified in 

other agricultural crops. Rice is one of the most important food crops for humans and is grown 

worldwide. Sun et al. (2016) have explored the BNI potential of 19 rice varieties on the key nitrifying 

bacterium Nitrosomonas europaea. A new biological NI, 1,9-decanediol, has been identified and has 

shown to block the AMO pathway of ammonia oxidation (Sun et al., 2016). Synthetic 1,9-decanediol 

was applied at a range of concentration (100, 500 and 1000 mg kg-1 dry soil) to explore its effect on 

nitrification and ammonia oxidisers (Lu et al., 2019). High doses of 1,9-decanediol application (500 

and 1000 mg kg-1 dry soil) have been shown to suppress nitrification in agricultural soils by impeding 

AOA and AOB, with highest inhibition rates shown in the acidic red soil (43.0% and 58.1%), followed 

by the alkaline fluvo-aquic soil (25.6% and 37.0%) and then the neutral paddy soil (20.1% and 35.7%) 

(Lu et al., 2019). In addition, 1,9-decanediol can significantly reduce N2O emissions especially in the 

acidic red soil (Lu et al., 2019). Hence there is potential for this BNI to be synthesised and used in other 

soils, climates and cropping systems throughout the world. 

Previous studies using LA and 1, 9-decanediol have focussed on the transformation of NH4
+ to 

NO3
-, but little is known about the effectiveness of these biological NIs on GHG emissions (N2O and 

CO2) and especially the ammonia oxidisers. In addition, less in known about the effects of biological 

NIs on soil nitrification in a highly nitrifying soil after N fertiliser application. Therefore, this study 

aimed to compare the effect of biological (LA and 1,9-decanediol) and synthetic (DCD) NIs on soil 

NH4
+ and NO3

- concentrations, GHG (N2O and CO2) emissions, and ammonia oxidisers in a highly 

nitrifying soil after NH4
+ fertiliser application. We hypothesised that 1) soils will retain higher NH4

+ 

and lower NO3
- concentrations in the DCD treatments than the LA and 1,9-decanediol; and 2) the 

application of LA, 1,9-decanediol and DCD will decrease soil N2O emissions due to the inhibition of 

AOA and/or AOB. 
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3.2. Materials and methods 

3.2.1. Soil sampling and properties 

A sandy clay loam textured Eutric Cambisol (moisture content=19.4%; organic matter=6.7%; pH 

(H2O)=5.9; EC=125.2 µS cm-1; total carbon (C)=26.5 g kg-1 dry soil; total N=2.5 g kg-1 dry soil; C/N 

ratio of 10.6; NH4
+-N=1.7 mg kg-1 dry soil; NO3

--N=30.4 mg kg-1 dry soil) was collected from a 

fertilised grassland in North Wales (53°24’N, 4°02’W). The pasture had not been grazed for > 3 months. 

This soil was selected as it is known to have a high nitrification rate (Jones et al., 2004) and it had not 

been previously exposed to LA, 1,9-decanediol and DCD. Intact blocks (20×20 cm, 0-10 cm depth) 

were collected at 3 locations and retained as three replicates. After sampling, the soil from each replicate 

was sieved through a 2 mm sieve and mixed, before storing at 4 °C for 4 days in loosely sealed bags 

before starting the incubation experiment. 

3.2.2. Experimental design and management 

To compare the effects of LA and 1,9-decanediol with proven NI, DCD, on soil nitrification (NH4
+ 

and NO3
- concentrations), N2O and CO2 emissions, and ammonia oxidisers, synthetic compounds were 

applied to a highly nitrifying soil at the same concentrations within a 48-d incubation. The soil was 

added to containers (400 g field most soil to each container; volume, 850 mL; length × width × height, 

137×104×120 mm). Nitrification inhibitors were applied to the soil at the concentration rate of 0, 12.7 

and 127 mg kg-1 dry soil (equivalent to 0 10 and 100 mg kg-1 wet soil) with N fertiliser applied in the 

form of NH4Cl at the concentration of 127 mg N kg-1 dry soil (equivalent to 100 mg kg-1 wet soil). 

Treatments were applied as follow: 1) LA 12.7, 2) 1,9-decanediol 12.7, 3) DCD 12.7 (where LA, 1,9-

decanediol or DCD were applied at 12.7 mg kg-1 dry soil); 4) LA 127, 5) 1,9-decanediol 127, 6) DCD 

127 (where LA, 1,9-decanediol or DCD were applied at 127 mg kg-1 dry soil); 7) control (no NIs, N 

fertiliser application only).  

To aid uniform application and dispersion of these small doses of inhibitor compounds to the soil, 

the compounds were mixed with sand first, as follow. First, LA and 1,9-decanediol was dissolved in a 
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small amount of ethanol (50 µl ethanol g-1 sand), and mixed with sterilised (105 °C, 16 h) fine quartz 

sand (0.065 g sand g-1 soil) to ensure the ethanol coated it as evenly as possible. Then, the NI-labelled 

sand was evaporated to dryness under a stream of air, making sure the sand was mixed regularly before 

mixing it into the soil. In the DCD treatments, DCD was dissolved in the same amount of distilled water 

and mixed with sterilised fine quartz sand as described above. As for the control, no NIs were added to 

the soil, but same amount of sterilised fine quartz sand was mixed evenly with the soil.  

During the incubation period, the soil water status was maintained at 60% water filled pore space 

(WFPS) to optimise conditions for nitrification (Mosier et al., 1996). At the start of the experiment, 127 

mg N kg-1 dry soil as NH4Cl was dissolved in distilled water (to maintain 60% WFPS), and then applied 

to the surface of soil. Throughout the monitoring period, containers were covered with parafilm, to 

allow gas exchange but to retain moisture. Every three days, pots were weighed, and deionised water 

was added if it was necessary to maintain its humidity. Soils were incubated in a temperature-controlled 

room (in the dark) at 10 °C, the mean annual air temperature for the soil collection site  (Hill et al., 2015). 

3.2.3. Soil sampling and analysis 

There were two sets of containers: one set of containers was used for soil sampling, and another 

set of containers was used for GHG sampling. Soil samples were collected twice during the first two 

weeks after treatments application. Afterwards, soil sampling continued at a frequency of once per week. 

At each sampling time, fresh soil (5 g) was extracted with 25 ml of 0.5 M K2SO4 in an orbital shaker 

(200 rev min-1, 1 h). The extracts were centrifuged (4000 rpm, 10 min), filtered through a Whatman 

No.1 filter paper, and then stored at -20 °C to await for analysis for NH4
+-N (Mulvaney, 1996) and NO3

-

-N (Miranda et al., 2001) concentrations. Inhibition of NO3
- formation was estimated as Eq. (3.1) 

(Subbarao et al., 2007b).  

Inhibition of NO3
−  formation = (1−

NO3
−−N concentration in treatment

NO3
−−N concentration in control

) ×100%                (3.1) 

Subsamples of soil were taken at d 4, d 8, d 21, d 34 and d 48 to determine the AOA and AOB 

gene abundance, and stored at -80 o C prior to DNA extraction. Soil DNA was extracted from 0.25 g of 

defrosted soil by using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) according to the protocol 
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of manufacturer. The purity and concentration of extracted soil DNA were determined by the Nanodrop 

spectrophotometer ND-1000 (Labtech, UK). Polymerase chain reaction (PCR) followed by melting 

curve analysis to confirm PCR product specificity were carried out on real-time quantitative PCR 

(QPCR) using the QuantStudioTM 6 flex real-time PCR system (Thermo Fisher Scientific, UK). The 10 

µL reaction mixture composed of 5 µL TB Green Premix Ex Taq (TaKaRa, Tokyo, Japan), 0.15 µL of 

each primer, 0.2 µL ROX Reference dye, 1 µL template DNA and 3.5 µL of sterilised deionised water. 

The primers sets and thermal conditions were the same as list in Wang et al. (2017). Standard curves 

were generated by using a tenfold serial dilution of plasmids harbouring target genes. 

3.2.4. GHG sampling and analysis 

In the first week, the GHG samples were collected every two days, and then at a frequency of twice 

per week for the following two weeks. Afterwards, gas samples were collected once per week until the 

end of incubation period. Air-tight lids fitted with septum were used to close the incubation containers. 

At 0 and 60 min after the lids were closed, gas samples from the headspace were collected using the 

syringes (20 ml) fitted with hypodermic needles, and transferred to pre-evacuated 20 ml headspace glass 

vials fitted with rubber butyl septa crimp caps. Greenhouse gas concentrations were determined by gas 

chromatography (GC) (Clarus 580 GC; PerkinElmer Corp., Waltham, MA), which was equipped with 

an electron capture detector (ECD) for N2O detection and a flame ionization detector (FID) for CO2 

detection. Standards of N2O and CO2 were collected and analysed at the same time as the GHG samples. 

Daily gaseous fluxes were estimated as the slope of the linear regression between concentrations at the 

two times taking into account the temperature and the ratio between chamber volume and soil surface 

area (MacKenzie et al., 1998). The cumulative gaseous fluxes were calculated as Li et al. (2016). 

The gas concentration in the headspace over one hour was assumed to be linear, as linearity was 

confirmed before the incubation (see Appendix 1). Four headspace gas samples were taken within one 

hour (0, 20, 40 and 60 min after the lids were closed) from 4 replicate vessels filled with same amount 

of soil and NH4Cl at the same %WFPS and temperature, and analysed as described above. The N2O 
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(y=0.0025x+0.33, R2=0.995) and CO2 (y=10.6 x+533.7, R2=0.997) concentrations (y is ppm) in 

headspace were confirmed to be linear over time (x is min). 

3.2.5. Statistical analysis 

The repeated measurement analysis of variance (RMANOVA) was applied to determine the effect 

of the different NIs (LA, 1,9-decanediol or DCD) concentrations on soil NH4
+, NO3

- concentrations, 

and daily gaseous fluxes (N2O and CO2) throughout the monitoring period. A one-way ANOVA was 

used to test the effect of LA, 1,9-decanediol and DCD application on cumulative N2O and CO2 

emissions after 48 d incubation, and AOA and AOB gene copies on each sampling day. All statistical 

analyses were performed in SPSS Statistics 25.0 (IBM Inc., Armonk, NY). 

3.3. Results 

3.3.1. Soil ammonium concentrations 

The soil NH4
+-N concentrations varied significantly with time during the monitoring period in all 

LA, 1,9-decanediol and DCD treatments (Ptime<0.001, Table 3.1). The soil NH4
+-N concentrations 

increased (peaked at d 8) after N application and then decreased during the incubation in the control, 

LA and DCD treatments (Fig. 3.1a, c). In the 1,9-decanediol treatments, the NH4
+-N concentrations 

decreased after N application, but then increased by d 4, and then decreased again until the end of the 

experiment (Fig. 3.1b). The application of LA and 1,9-decanediol did not affect the NH4
+-N 

concentrations significantly (P>0.05). During the incubation period, the NH4
+-N concentrations 

decreased from 128.3 mg N kg-1 dry soil to 11.0 mg N kg-1 dry soil (ranging from 9.4 to 12.4 mg N kg-

1 dry soil) in the control, LA and 1,9-decanediol treatments. In the DCD treatments, soil NH4
+-N 

concentrations remained significantly higher in the DCD 12.7 (P<0.001) and DCD 127 (P<0.001) 

treatments, and increased as the concentrations of DCD increased, reaching 76.1 and 97.2 mg N kg-1 

dry soil respectively at the end of the incubation experiment. 
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3.3.2. Soil nitrate concentrations 

In the control, LA (Fig. 3.1d) and 1,9-decanediol (Fig. 3.1e) treatments, the NO3
--N concentration 

increased gradually from d 1 to d 34, decreased during the following 7 days, and then remained constant 

until the end of the experiment. During the monitoring period, LA did not affect the NO 3
--N 

concentration significantly (Table 3.1, P>0.05), with the NO3
- concentration increasing from 23.11 to 

65.3 mg kg-1 dry soil (ranging from 63.8 to 66.8 mg kg-1 dry soil). The application of 1,9-decanediol 

(P<0.01) and DCD (P<0.001) decreased the NO3
--N concentration significantly, compared to the 

control. The NO3
--N concentration increased with the increasing concentration of 1,9-decanediol, with 

the average inhibition of NO3
- formation of 13.0% and 6.7% in the 1,9-decanediol 12.7 and 1,9-

decanediol 127 treatments (Fig. 3.1h), respectively. Dicyandiamide application showed much higher 

inhibition of NO3
- formation, with the average rate of 46.8% and 68% in the DCD 12.7 and DCD 127 

treatments, respectively (Fig. 3.1i). 

Table 3.1 Repeated measurement analysis of variance on soil NH4
+ and NO3

- concentrations, N2O and 

CO2 emissions in the LA, LN and DCD treatments 

Source 
NI  Time  NI × Time  

df F df F df F 

 LA 

NH4
+ 2 0.2 7 312.0*** 14 4.5*** 

NO3
- 2 4.7 7 462.2*** 14 3.6** 

N2O emission 2 0.4 10 20.8*** 20 5.7*** 

CO2 emission 2 6.5* 10 22.1*** 20 1.8* 

 1,9-decanediol 

NH4
+ 2 0.3 7 130.7*** 14 1.7 

NO3
- 2 21.7** 7 263.5*** 14 4.0*** 

N2O emission 2 0.9 10 6.5*** 20 1.5 

CO2 emission 2 2.8 10 17.8*** 20 2.6** 

 DCD 

NH4
+ 2 53.5*** 7 49.2*** 14 1.9 

NO3
- 2 6782.4*** 7 180.8*** 14 78.7*** 

N2O emission 2 82.3*** 10 26.0*** 20 5.0*** 

CO2 emission 2 0.4 10 7.6*** 20 1.7 
*P<0.05, **P<0.01, *** P<0.001. 
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Fig. 3.1 Effect of different concentrations of LA (panels a, d, g), 1,9-decanediol (panels b, e, h) and 

DCD (panels c, f, i) on soil NH4
+-N, NO3

--N and inhibition of NO3
- formation during a 48-d 

incubation at 10 °C. Error bars represent standard error of the mean (n=3). 

3.3.3. Nitrous oxide emissions 

Throughout the incubation period, the daily N2O emissions varied significantly in all treatments 

(control, LA, 1,9-decanediol and DCD treatments) (Fig. 3.2, Table 3.1, Ptime<0.001). In the 1,9-

decanediol and DCD treatments, the daily N2O emission increased dramatically after the N application, 

and decreased in the following 2 days, then remained stable until the end of the experiment. During the 
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monitoring period, the application of LA and 1,9-decanediol did not affect the daily N2O emissions 

significantly (P>0.05). However, DCD significantly (P<0.001) decreased the daily N2O emissions. The 

cumulative N2O emissions followed the order: LA 12.7 (386.2 µg N kg-1 dry soil-1) > 1,9-decanediol 

12.7/127 (296.8/264.7 µg N kg-1 dry soil-1) > DCD 12.7/127 (156.3/114.5 µg N kg-1 dry soil-1) (Fig. 

3.3a). However, there was no significant difference between the control and LA treatments, or between 

the control and 1,9-decanediol treatments. 

3.3.4. Carbon dioxide emissions 

In the LA, 1,9-decanediol and DCD treatments, the daily CO2 emissions varied significantly with 

the incubation time (Ptime<0.001, Table 3.1). The daily CO2 emissions increased rapidly to the first peak 

after the NIs and N application, and reached another peak between d 8 and d 16, then remained stable 

at a lower emissions rate until the end of the experiment in the LA 127, 1,9 -decanediol and DCD 

treatments (Fig. 3.4). While in the control and LA 12.7 treatments, the daily CO2 emissions decreased 

dramatically after the NIs and N application. From d 8 to the end of the incubation period, the daily 

CO2 emissions showed a similar pattern to the LA 127, 1,9-decanediol and DCD treatments. The 

cumulative CO2 emissions in the LA 127 and 1,9-decanediol 12.7 treatments was significantly higher 

than that in the control and DCD treatments, reaching 301.7 mg C kg-1 dry soil and 299.9 mg C kg-1 dry 

soil in the LA 127 and 1,9-decanediol 12.7 treatments, respectively (Fig. 3.3b).  
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Fig. 3.2 Effect of different concentrations of LA (panel a), 1,9-decanediol (panel b) and DCD (panel 

c) on soil N2O emissions during a 48-d incubation at 10 °C. Error bars represent standard error of the 

mean (n=3). 



 

47 
 

 

Fig. 3.3 Effect of LA, 1,9-decanediol and DCD on soil cumulative N2O (panel a) and CO2 (panel b) 

emissions during a 48-d incubation at 10 °C. Error bars represent standard error of the mean (n=3). 

Different letters indicate significant differences between treatments at P<0.05 by LSD (n=3). 
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Fig. 3.4 Effect of different concentrations of LA (panel a), 1,9-decanediol (panel b) and DCD (panel 

c) on soil CO2 emissions during a 48-d incubation at 10 °C. Error bars represent standard error of the 

mean (n = 3). 
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3.3.5. AOA and AOB gene abundance 

During the incubation, there were no significant differences in gene abundance between the control 

and the NI (LA, 1,9-decanediol and DCD) treatments, except for d 21, when the application of LA, 

DCD and higher concentration of 1,9-decanediol (127 mg kg-1 dry soil) increased the AOA gene 

abundance (Fig. 3.5a). Unlike the DCD treatment, the AOB gene copies increased gradually in the LA, 

1,9-decanediol treatments during the 48-d incubation (Fig. 3.5b). No significant differences were 

observed in the control, LA 12.7 and 1,9-decanediol 12.7 treatments in the AOB gene copies during the 

incubation. The application of LA (d 4, 34, P<0.05-0.01) and 1,9-decanediol (d 21, 34, P<0.05-0.01) at 

the higher concentration (127 mg kg-1 dry soil) increased the AOB population growth significantly. 

After the 48-d incubation, AOB population growth was significantly reduced in the DCD treatments 

compared with the control, and all the LA and 1,9-decanediol treatments , being 2.29×106 copies g-1 dry 

soil in the DCD 12.7 (51.3%, P<0.001) and 2.77×106 copies g-1 dry soil DCD 127 (48.0%, P<0.001) 

treatments. The AOB gene copy numbers were greater than that of AOA during the monitoring period.  

 

Fig. 3.5 Effect of LA, 1,9-decanediol and DCD on gene copies of AOA (panel a), AOB (panel b) 

during a 48-d incubation at 10 °C. Error bars represent standard error of the mean (n=3). 
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3.4. Discussion 

Dicyandiamide was shown to be much more effective than LA and 1,9-decanediol at inhibiting the 

transformation of NH4
+ to NO3

- and suppressing the N2O emissions in this study. The application of 

DCD retained high soil NH4
+ and resulted in low NO3

- concentrations (Fig. 3.1c, f), and significantly 

inhibited the N2O emissions (Fig. 3.3). The mitigating effect of DCD on soil nitrification and N2O 

emissions was consistent with previous studies (Gilsanz et al., 2016; McGeough et al., 2016; Robinson 

et al., 2014). Dicyandiamide may be an N source when applied to the soil (66.7% N in DCD), however, 

the relatively lower mineralisation (5.5% and 2.7% mineralisation rate when DCD applied at 12.7 and 

127 mg kg-1 dry soil, see chapter 4, Fig. 4.4) indicated that only 0.5 and 2.3 mg N kg-1 dry soil may 

result from the biodegradation of DCD in the DCD 12.7 and DCD 127 treatments, respectively. This 

provided the evidence that the main N source was the NH4
+ fertiliser application and not the DCD 

mineralisation, and that the retained higher soil NH4
+ concentration was due to inhibition of nitrification. 

Other studies indicate that the effectiveness of DCD is strongly related to the temperature, and that half-

lives of DCD across many soils decrease with increasing temperature (Di and Cameron, 2004; Kelliher 

et al., 2008; McGeough et al., 2016). The relatively lower incubation temperature (10 °C) may explain 

the stability of DCD in this study.         

The majority of N2O is produced by microbial nitrification and denitrification as part of soil N 

cycle (Wrage et al., 2001). The relatively high NH4
+ and lower NO3

- concentration of the soil, combined 

with inhibited AOB amoA gene abundance indicates that the lower N2O emissions in the DCD 

treatments were likely due to the inhibited nitrification process. Dicyandiamide has been shown to 

inhibit the AOB by binding to the active sites of the copper-containing AMO metalloenzyme required 

by AOB (Amberger, 1989), but recently also to inhibit the AOA in acidic soils (Lehtovirta-Morley et 

al., 2013; Zhang et al., 2012). In this study, DCD significantly decreased the AOB gene abundance, but 

there was no effect on the AOA gene abundance at the end of the incubation, which was consistent with 

studies that have shown DCD inhibits nitrification through influencing AOB rather than AOA (Chen et 

al., 2014; O’Callaghan et al., 2010). 
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Nevertheless, both LA and 1,9-decanediol had no effect on the soil NH4
+ concentration, and only 

1,9-decanediol decreased soil NO3
- concentration in this study (Fig. 3.1, Table 3.1). In addition, neither 

the LA or 1,9-decanediol application affected the daily and cumulative N2O emissions compared with 

the control (Fig. 3.2, 3, Table 3.1). The effectiveness of NIs depends on the several key factors, 

including concentration, ease of microbial degradation and soil properties (Lu et al., 2019; McGeough 

et al., 2016). Previous studies have indicated that LA applied at ≥200 mg kg-1 dry soil retained added N 

in the NH4
+ form, and that LA applied at 50 and 100 mg kg-1 dry soil had no effect on the NH4

+ 

concentration and decreased the NO3
- concentration slightly compared with the control which is 

consistent with our results (Subbarao et al., 2008). High application rates of 1.9-decanediol (≥500 mg 

kg-1 dry soil) have resulted in strong inhibition of nitrification, although efficacy varied significantly 

between soil types (Lu et al., 2019). The concentration of LA and 1,9-decanediol applied in this study 

(≤127 mg kg-1 dry soil) was much lower than these effective doses reported.  

In addition, the application of LA and 1,9-decanediol at a rate of ≤127 mg kg-1 dry soil did not 

affect the AOA and AOB gene abundance, which may explain the lack of nitrification inhibition. We 

hypothesised that the rapid mineralisation rate of LA (46.9-53.2% within 38 d) and 1,9-decanediol 

compared with DCD (2.7-5.5% within 38 d) (see Chapter 4, Fig. 4.4) may be an explanation for the 

reduced efficacy of LA and 1,9-decanediol. Although 14C-labelled 1,9-decanediol was not possible, and 

hence we were not able to determine the mineralisation rate of 1,9-decanediol, the higher CO2 emissions 

in the 1,9-decanediol 12.7 treatments compared with the control and DCD treatments provided evidence 

of the higher mineralisation rate of 1,9-decanediol, due to the positive linear relationship between the 

14C-CO2 and CO2 (see Chapter 4, Fig. 4.4).  

3.5. Conclusions 

In this highly nitrifying soil, DCD was effective at inhibiting nitrification (soil retained high NH4
+ 

concentration and low NO3
- concentration) and reduced cumulative N2O emission by inhibiting AOB 

gene abundance rather than AOA. However, neither LA or 1,9-decanediol applied at ≤127 mg kg-1 dry 

soil was effective in regulating nitrification, and may potentially increase CO2 emissions. 
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Abstract 

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where natural 

nitrification inhibitors (NIs) can be produced and released by roots to suppress nitrifier activity in soil. 

Although nitrification is one of the critical soil processes in the nitrogen (N) cycle, unrestricted and 

rapid nitrification in agricultural systems can result in major losses of N from the plant-soil system (i.e. 

by nitrate (NO3
-) leaching and gaseous N emissions). In this study, we explored the potential efficacy 

of biological (linoleic acid, LA and linolenic acid, LN) versus a proven efficient synthetic  NI 

(dicyandiamide, DCD) on N dynamics, N2O and CO2 emissions in a highly nitrifying soil. 14C-labelled 

LA, LN and DCD mineralisation was determined in a parallel experiment to explore the fate of 

inhibitors after application. We found that LA and LN had no effect on soil NH4
+ concentrations, but 

significantly decreased NO3
- concentrations. Soil that received DCD had lower NO3

- and higher NH4
+ 

concentrations than the control (soil without NIs). Linoleic acid and LN increased the cumulative N2O 

and CO2 emissions when they were applied at high concentrations (635 or 1270 mg kg-1 dry soil). 

Linoleic acid and LN had a much greater mineralisation rates than that of DCD, 47-56%, 37-61% and 

2.7-5.5%, respectively after 38-d incubation. We conclude that in contrast to the direct inhibition of 

nitrification caused by DCD, that addition of high concentrations of LA and LN cause apparent 

nitrification inhibition by promoting microbial immobilisation of soil NH4
+ and/or NO3

-. In contrast to 

DCD, high concentrations of LA and LN are sources of highly bioavailable carbon (C) in the soil and 

they may stimulate N2O loss via denitrification. Future studies on NIs need to clearly differentiate 

between the direct and potential indirect effects which result from addition of these compounds to soil. 

Highlights 

• We explored the efficacy and stability of nitrification inhibitors in a highly nitrifying soil. 

• This study supports efforts to mitigate N losses and improve nitrogen use efficiency of inputs. 

• Addition of LA, LN and DCD can decrease NO3
- concentration, but their mode of action is 

different. 

• The apparent ‘inhibitory’ effect of LA and LN on soil NO3
- concentration could be indirect. 
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4.1. Introduction  

In the past decades, the global supply of nitrogen (N) fertilisers has increased dramatically, and is 

estimated to reach 171 million tonnes in 2020 (FAO, 2017). Chemical fertilisers represent the main 

global input of N to agriculture soils (61% of the total), with additional N supplied via livestock manures 

(16%), symbiotic and associative N fixation (18%), and atmospheric N deposition (5%) (Lassaletta et 

al., 2014). Although the use of synthetic N fertilisers is central to maintaining food security, their use 

is also strongly associated with many of the world’s most serious environmental problems (e.g. marine 

eutrophication, global warming, ozone depletion and air pollution) (Erisman et al., 2013). These issues 

are directly associated with the inefficient use of fertiliser N and large losses of N from agricultural 

systems either in gaseous (e.g. ammonia (NH3), nitrous oxide (N2O) and dinitrogen (N2)) or aqueous 

forms (dissolved organic N, nitrate (NO3
-)) (Gardiner et al., 2016). The global average N use efficiency 

(NUE) (the percentage of applied fertiliser N recovered from the crop) is very low (ca. 47%) with little 

improvement seen in the last 30 years (Lassaletta et al., 2014). There is therefore an urgent need to 

devise practical and cost-effective solutions to promote greater capture of fertiliser N by crop plants 

and to minimise N loss pathways (e.g. leaching, surface run-off, denitrification and volatilisation). Of 

the numerous proposed strategies, one that is particularly promising is the targeting of chemicals to 

control critical N transformations in the soil N cycle where large N losses are known to occur (e.g. urea 

→ NH4
+ and NH4

+ → NO3
-). 

Nitrification is a key soil process, responsible for the conversion of ammonia (NH4
+) to NO3

- 

(Firestone and Davidson, 1989). It is a two-step microbially mediated process carried out by chemo-

autotrophic nitrifying bacteria, first oxidising NH4
+ to nitrite (NO2

-) and then oxidising NO2
- to NO3

- 

(Firestone and Davidson, 1989). Two groups of soil microorganisms, ammonia oxidising bacteria (AOB) 

(mainly Nitrosomonas spp. and Nitrosospira spp.) and ammonia oxidising archaea (AOA), are largely 

responsible for the biological oxidation of NH4
+ to NO3

- (Beeckman et al., 2018; Leininger et al., 2006; 
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Taylor et al., 2010). Nitrification, nitrifier-denitrification and denitrification are primarily biological 

mediated processes in soil which are responsible for N2O generation (Gardiner et al., 2016; Hofstra and 

Bouwman, 2005; Smith et al., 1997; Tubiello et al., 2013). However, denitrification cannot take place 

without the substrate NO3
-. Thus, controlling nitrification represents a good potential way to 

simultaneously improve NUE, reduce greenhouse gas emissions (GHG) and attenuate NO3
- leaching. 

Synthetic nitrification inhibitors (NIs), such as dicyandiamide (DCD), 3,4 -dimethylpyrazol-

phosphate (DMPP) and 2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin) have been developed for use 

in agriculture to help slow nitrification and reduce soil N losses (Li et al., 2008; Menéndez et al., 2012; 

Weiske et al., 2001; WU et al., 2007). The synthetic NIs specifically suppress the ammonia 

monooxygenases (AMO) pathway within nitrification (Subbarao et al., 2008). In addition to improving 

NUE (Monaghan et al., 2013; WU et al., 2007), the application of NIs may also improve the economic 

and environmental footprint of food production, and in some cases improve agronomic yield (Li et al., 

2018b). In the case of DCD, the application of low doses to N-sources applied or deposited to grassland 

soils (10 to 50 mg kg-1 soil) has been shown to reduce N2O emissions by 26-82% and CO2 emissions 

by 7% (Chadwick et al., 2018; Di and Cameron, 2016; Weiske et al., 2001). Despite their proven 

benefits, however, synthetic NIs suffer from a number of challenges that may limit their adoption. These 

include: i) lack of chemical stability and variable responses in different soil types and 

moisture/temperature regimes (Marsden et al., 2016b; McGeough et al., 2016; Menéndez et al., 2012), 

ii) lack of cost-effective and practical delivery strategies to spatially-targeted NI application in the field 

(e.g. urine patches) (Ledgard et al., 2008; Luo et al., 2015; Minet et al., 2018, 2016; Welten et al., 2014), 

and iii) recent evidence that synthetic NIs (e.g. DCD) can contaminate grazed grass (Kim et al., 2012) 

and be taken up by plants (Marsden et al., 2015), finding their way into the human food chain (Lucas, 

2013), resulting in negative public perception. 

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where NIs are 

produced and released from roots that can suppress nitrifier activity in soil (Subbarao et al., 2006a). 

Harnessing this potential to promote greater NUE is highly desirable and has several benefits over 

synthetic NIs including: low cost, delivery through the entire root zone, continuous production, greater 

public acceptability and lower carbon (C) footprint. Most biological NIs released by plants inhibit 
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nitrification by suppressing both AMO and hydroxylamine oxidoreductase (HAO) enzymatic pathways 

in Nitrosomonas (Table 2.1). Brachiaria humidicola is a common tropical pasture grass that contains 

substantial amounts of biological NIs within its root and shoot tissues (Gopalakrishnan et al., 2007; 

Subbarao et al., 2009, 2008). Of these biological NIs, brachialactone has been found to contribute 60-

90% of the inhibitory activity released from the root (Subbarao et al., 2009). In addition, two other 

biological NIs (i.e. linoleic acid, LA and linolenic acid, LN) have been identified from the shoot tissue 

of Brachiaria humidicola (Subbarao et al., 2008). When applied to soil as pure compounds, LA and LN 

have been shown to promote NH4
+ retention and reduce NO3

- levels (Subbarao et al., 2008). Most 

researches have focussed on the effects of biological NIs on soil receiving NH4
+-based fertiliser 

(Subbarao et al., 2007a, 2013, 2008; Sun et al., 2016) or urine (Byrnes et al., 2017). However, little is 

known about the effects of  BNIs on ‘residual’ soil NH4
+-N, especially that produced in strongly 

nitrifying soils. 

The aims of our study were therefore to: 1) compare the relative effect of LA and LN with DCD 

on ‘residual’ NH4
+ and NO3

- concentrations in a highly nitrifying soil; 2) evaluate the effect of LA, LN 

and DCD on N2O and carbon dioxide (CO2) emissions from soil; and 3) explore the stability 

(mineralisation rate) of LA, LN and DCD in soil. In addition, we use our results to explore if reported 

nitrification inhibition by biological NIs could actually be the result of an indirect effect due to microbial 

immobilisation of N, stimulated by the addition of available C in LA and LN. 

4.2. Materials and methods 

4.2.1. Soil properties 

A sandy clay loam textured Eutric Cambisol collected from a sheep-grazed fertilised grassland in 

North Wales was used for this study (53o24’N, 4o02’W) (Table 4.1). This soil was chosen as it is known 

to possess very high nitrification rates (Jones et al., 2004). The soil had not been previously exposed to 

LA, LN or DCD, and had not been grazed for > 3 months prior to collection. Four independent replicate 

soil samples (0-10 cm depth) were collected, and sieved to pass 2 mm, then stored at 4 °C in loosely 
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sealed bags for 5 days before the incubation experiment was prepared. Each replicate soil sample 

collected was used as an experimental replicate (n=4). 

Soil moisture content was determined after oven drying (105 °C, 24 h), and soil organic matter 

content determined by loss-on-ignition in a muffle furnace (450 °C, 16 h) (Ball, 1964). Soil pH and 

electrical conductivity (EC) were measured on fresh soil using standard electrodes (1:2.5 (w/v) soil-to-

distilled water). Total soil C and N concentrations were determined on oven-dried soil using a CHN2000 

analyser (Leco Corp., St. Joseph, MI). Extractable NH4
+ and NO3

- concentrations were measured 

colorimetrically on 1:5 (w/v) fresh soil-to-1 M KCl extracts, using the methods of Mulvaney (1996) 

and Miranda et al. (2001), respectively. 

Table 4.1 Properties of soils (0-10 cm) used in the incubation experiments.  

Soil property Eutric Cambisol 

Moisture content (%) 25.14 ± 0.06 

Organic matter (%) 5.26 ± 0.29 

pH 5.47 ± 0.01 

Electrical conductivity (µS cm-1) 103.4 ± 0.49 

Total carbon (g kg-1 dry soil) 22.13 ± 1.19 

Total nitrogen (g kg-1 dry soil) 2.33 ± 0.13 

NH4
+-N (mg kg-1 dry soil) 4.17 ± 0.05 

NO3
--N (mg kg-1 dry soil) 21.29 ± 1.20 

Values represent means ± standard error (n=4). 

4.2.2. Effect of LA, LN and DCD on soil nitrification 

To characterize the effect of LA, LN and DCD on soil nitrification, a soil incubation experiment 

was conducted. Pure compounds of LA, LN and DCD (Sigma-Aldrich, Gillingham, UK) were added to 

450 g of the sandy loam soil in containers (volume: 850 ml; Length × Width × Height: 137 × 104 × 120 

mm) at a range of concentrations. LA and LN were applied at 12.7, 127, 635 and 1270 mg kg-1 dry soil 

(equivalent to 10, 100, 500 and 1000 mg kg-1 wet soil), In this study we included biological NI 

treatments at higher application rates than used in Chapter 3. These higher rates of inclusion were 

similar to some of those used in previous studies that have shown inhibitory effects of specific biological 

NIs on nitrification rates, measured as a reduction in soil NO3
- formation compared to the control 

treatment (Subbarao et al., 2008). Dicyandiamide was added at the concentration of 0 (control), 12.7, 
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63.5 and 127 mg kg-1 dry soil (equivalent to 0, 10, 50 and 100 mg kg-1 wet soil) (Subbarao et al., 2006b), 

127 mg kg-1 dry soil DCD was added to compare its effects with LA and LN under the same 

concentration. To ensure uniform mixing of the small quantities of NIs in the soil, the NIs were first 

mixed with sterile fine-grained quartz sand. Firstly, LA and LN were dissolved in a small amount of 

ethanol, which was then mixed with fine quartz sand (50 µl ethanol g-1 sand) and evaporated to dryness 

under a stream of air. The NI-labelled sand was then mixed into the soil (0.065 g sand g-1 wet soil). For 

the DCD treatments, DCD was dissolved in distilled water and mixed with the same quartz sand and 

add to soil as described above. 

The experiment consisted of two sets of containers. One set of containers was used for regular soil 

sampling, and another set of containers was used for GHG sampling. Containers (850 ml) containing 

the NI-labelled soil (450 g soil container-1) were covered with Parafilm® (Bemis Inc, Neenah, WI) to 

allow gas exchange but to retain moisture. Every three days, the containers were weighed and deionised 

water was added if it was necessary to maintain soil moisture. The containers were incubated in the 

dark in a temperature-controlled room at 10 °C, the mean annual air temperature in NW Wales (Hill et 

al., 2015). The soil water status during the experiment was maintained at 60% water filled pore space 

(WFPS) to optimise conditions for nitrification (Mosier et al., 1996). The incubation experiment lasted 

38 d. During that time, soil samples and GHG samples were collected every two or three days during 

the first two weeks after NI application. Afterwards, sampling continued at a frequency of once or twice 

per week. Soils in the containers were not disturbed when soil samples were collected. 

At each sampling time, soil (5 g) was extracted with 25 ml of 1 M KCl in an orbital shaker at 200 

rev min-1 (1 h, 20 °C), the extracts were centrifuged (10 min, 3800 g), filtered through a Whatman No.1 

filter paper, and stored at -20 °C to await analysis for NH4
+ and NO3

- as described above. For GHG 

sampling, air-tight lids fitted with septum were attached to the incubation vessels, and syringes (20 ml) 

fitted with hypodermic needles were used to collect two gas samples from the headspace (0 and 60 min 

after the lids were closed). The increase in gas concentration in the headspace was assumed to be linear 

over 1 h, based on headspace gas analysis of replicated vessels filled with the same quantity of soil at 

same %WFPS and temperature (see Appendix 2 for details; N2O, R2=0.936; CO2, R
2=0.993). Gas 

samples were transferred to pre-evacuated 20 ml headspace glass vials fitted with rubber butyl septa 
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crimp caps. Gas samples were analysed by gas chromatography (GC) (Clarus 580 GC; PerkinElmer 

Corp., Waltham, MA) equipped with a capillary column and an electron capture detector (ECD) for 

N2O detection and a flame ionization detector (FID) for CO2. Standards of N2O and CO2 were placed 

in vials, stored and analysed at the same time as the samples. 

4.2.3. Mineralisation of 14C-labelled LA, LN and DCD within soil 

In a parallel experiment, a 14C-labelling approach (Marsden et al., 2016b) was used in the 

incubation experiment to assess the stability of LA, LN and DCD in soil, i.e. their mineralisation rate. 

14C-labelled LA, LN and DCD (American Radiolabelled Chemical Inc., St Louis, MO) were added to 

5 g of soil (collected in section 4.2.1) contained in sealed polypropylene tubes (50 ml) using the same 

method described above (section 4.2.2), and at the same range of concentrations (LA and LN applied 

at 12.7, 127, 635 and 1270 mg kg-1 dry soil; DCD at 12.7, 63.5 and 127 mg kg-1 dry soil). Soils were 

incubated at 10 °C in the dark for 38 d. 

At the beginning of the incubation, the 14C activity of substrates solution (14C-labelled LA, LN and 

DCD) added to the soil was determined by liquid scintillation counting after mixing with HiSafe 3 

scintillant (4 ml) (PerkinElmer Corp.). After adding of the 14C-labelled NI to the soil, a vial containing 

1 M NaOH (1 ml) was placed above the soil surface to absorb any 14CO2 evolved (capture 

efficiency>95%; Boddy et al., 2007) and the tubes sealed. The 14CO2 traps were changed two or three 

times in the first two weeks after which they were changed weekly. The 14C activity of the NaOH 

solution was then determined by liquid scintillation counting after mixing with 4 ml HiSafe 3 scintillant. 

After 38 d, the soil (5 g) was extracted by shaking with either 25 ml ethanol or distilled water (1 h, 200 

rev min-1), the extracts were centrifuged (10 min, 3850 g) and the 14C of the supernatant was determined 

by liquid scintillation counting as described above. 

4.2.4. Data calculations 

The effect of LA, LN and DCD on soil nitrification was characterised after the 38-d incubation 

study. Treatment effect on soil NO3
- concentration was estimated as Eq. (4.1) (Subbarao et al., 2007b). 
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Treatment effect on NO3
−  concentration = (1− 

NO3
−−N concentration in treatment

NO3
−−N concentration in control

)× 100%        (4.1) 

Fluxes of N2O and CO2 were estimated from the slope of the linear regression between headspace 

concentrations at the two time points as Eq. (4.2) and (4.3) (MacKenzie et al., 1998). 

FN−N2O =
28

22.4
×
dc

dt
×
V×60

W
                                                      (4.2) 

 FC−CO2 =
12

22.4
×
dc

dt
×
V×60

W
                                                       (4.3) 

Where FN−N2O is the flux of N-N2O in µg kg-1 dry soil h-1, FC−CO2is the flux of C-CO2 in µg kg-1 

dry soil h-1, 28 is the molar mass of N in N2O, 12 is the molar mass of C in CO2, 22.4 is the molar 

volume of an idea gas at standard temperature and pressure, 
dc

dt
 is the initial rate of change in 

concentration with time in ppb min -1, V is the volume of the headspace in m3, W is the dry weight of 

soil added in the container in kg, 60 converts minutes to hours. 

Cumulative N2O and CO2 emissions, were calculated from estimated mean daily fluxes as Eq. (4.4) 

(Li et al., 2016). 

Fk+1 =
1

2
∑ [△i×(fi + fi+1)]
k
1                                                     (4.4) 

Where Fk+1 is the cumulative flux from the d 1 to d (k + 1) in µg N kg-1 dry soil or µg C kg-1 dry 

soil, △i is the time interval between the d i and d (i +1) in h, fi is the mean flux on the d i in in µg kg-1 

dry soil h-1. 

Mineralisation rate of 14C-labelled LA, LN and DCD was determined as Eq. (4.5) (Marsden et al., 

2015). 

Mineralisation rate (%) =
C 

14  activity of NaOH solution

C 14  activity of substrate
× 100%                           (4.5) 

To explore if reported BNI may be indirect, e.g. as a result of immobilisation of N resulting from 

the addition of highly available C in the biological NIs, we calculated potential soil microbial N 

immobilisation indirectly. We used the % C mineralised (from the 14CO2 measurements) of the NIs (Fig. 

4.4) to estimate the total C available to the soil microbial biomass, using the individual C contents (i.e. 

based on their molecular structures: LA: C18H32O2, LN: C18H30O2, DCD: C2H4N4). The microbial N 

demand needed to assimilate the C-rich substrates was calculated, in mg N kg-1 dry soil (predicted 

value), using the standard C:N ratio of the soil microbial biomass of 8:1 (G. Chen et al., 2003). Whilst 
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we recognise there may be some variation in the C:N of the microbial biomass, we based the choice of 

this ratio (value) on the average from Xu et al. (2013), a global analysis of >3000 data points from the 

World's major biomass. The observed amount of N immobilisation was calculated indirectly from the 

extractable soil mineral N measurements as Eq. (4.6) shows, in mg N kg-1 dry soil (observed value). 

These calculations were made on all concentrations for the LA and LN treatments at d 6, d 11, d 14 and 

d 35. 

N immobilised = (NH4
+ −N+NO3

−− N in control) – (NH4
+−N +NO3

−−N in treatment) (4.6) 

4.2.5. Statistical analysis 

A repeated measurement analysis of variance (RMANOVA) was used to test concentrations of NI 

(LA, LN or DCD) on NH4
+, NO3

-, CO2 flux and treatment effect on soil NO3
- concentration during the 

incubation period. A one-way ANOVA was applied to determine the effect of LA, LN or DCD 

concentrations on cumulative N2O, CO2 and mineralisation rate. In addition, a linear regression analysis 

was undertaken to relate the predicted microbial N immobilisation (predicted value, section 4.2.4) and 

observed N immobilisation (observed value, section 4.2.4) as a result of added available C in the LA 

and LN treatments. All statistical analyses were performed in SPSS Statistics 25.0 (IBM Inc., Armonk, 

NY). 

4.3. Results  

4.3.1. Soil ammonium concentrations 

During the monitoring period, NH4
+ concentration varied significantly (Ptime<0.001, Table 4.2) 

with incubation time and showed a similar trend in the LA, LN and DCD treatments (Fig. 4.1a, b, c). 

The soil NH4
+ concentration increased during the first 8 days, then decreased over the following 27 

days, with a small additional increase at d 27 in the LA, LN and DCD treatments. During the incubation 

period, there were no significant effects of LA (P=0.804) or LN (P=0.431) on soil NH4
+ concentration. 

The NH4
+ concentrations in the DCD 10, DCD 50 and DCD 100 treatments remained significantly 

higher than that in the control (without NI), reaching 4.7 mg N kg-1 dry soil, 12.4 mg N kg-1 dry soil, 
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and 15.8 mg N kg-1 dry soil after incubation (in the control, 0.8 mg N kg-1 dry soil). Throughout the 

monitoring period, DCD significantly affected soil NH4
+ concentrations (P<0.001), with soil NH4

+ 

concentrations increased as the concentration of DCD increased at almost all sampling days (with the 

exception of d 6 and d 11). 

4.3.2. Soil nitrate concentrations  

Soil NO3
- concentrations increased slowly during the experimental period, and varied significantly 

(Ptime<0.001, Table 4.2) with the incubation time in the LA, LN and DCD treatments (Fig. 4.1d, e, f). 

Compared with the control, the addition of LA (P<0.001), LN (P<0.001) and DCD (P<0.01) 

significantly decreased soil NO3
- concentrations. There was almost no effect of the LA 10 treatment on 

soil NO3
- concentration (averaging a reduction of 0.6%, Fig. 4.1g). During the monitoring period, the 

LA 100, LA 500 and LA 1000 treatments resulted in average reductions in soil NO3
- concentrations of 

16.5%, 63.2% and 93.5%, respectively. The concentration of LN required to reduce soil NO3
- 

concentration was substantially higher than that for LA (Fig. 4.1h), with the LN 100, LN 500 and LN 

1000 treatments resulting in average reductions in soil NO3
- concentrations of 11.5%, 36.8% and 50.8%. 

For DCD, the effect on soil NO3
- concentration significantly increased as DCD concentration increased 

(P<0.05-0.01, Fig. 4.1i), with soil NO3
- concentration reductions of 15.0%, 31.1% and 39.6% for the 

DCD 10, DCD 50 and DCD 100 treatments, respectively. 
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Fig. 4.1 Effect of different concentrations of linoleic acid (LA, panels a, d, g), linolenic acid (LN, 

panels b, e, h) and DCD (panels c, f, i) on soil NH4
+, NO3

- concentrations and treatment effect on soil 

NO3
- concentration during a 38-d incubation at 10 °C. Error bars represent standard error of the mean 

(n=4). 

4.3.3. N2O emissions 

Generally, cumulative N2O emissions in the LA and LN treatments increased as the concentrations 

increased (Fig. 4.2). In the LA 500 and LA 1000 treatments, the cumulative N2O emissions were 

significantly higher than that in the control, LA 10 and LA 100 treatments (P<0.01-0.001), and no 

significant differences (P>0.05) were observed between the control, LA 10 and LA 100 treatments. 
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Similar effects were also observed in the LN treatments. After the 38-d incubation, the cumulative N2O 

emissions in the LA 500 treatment and LA 1000 treatment were 201 µg N kg-1 dry soil and 271 µg N 

kg-1 dry soil, respectively, whilst the cumulative N2O emissions in the LN 500 and LN 1000 treatments 

were 138 µg N kg-1 dry soil and 156 µg N kg-1 dry soil. During the monitoring period, there was no 

significant effect (P>0.05) of the concentration of DCD on soil cumulative N2O emission (Fig. 4.2). 

After 38-d incubation, the cumulative N2O emissions were 58.1 µg N kg-1 dry soil, 87.9 µg N kg-1 dry 

soil, 95.0 µg N kg-1 dry soil and 64.7 µg N kg-1 dry soil in the control, DCD 10, DCD 50 and DCD 100 

treatments, respectively. 

 

Fig. 4.2 Effect of different concentrations of linoleic acid (LA), linolenic acid (LN) and DCD on 

cumulative N2O emissions during a 38-d incubation at 10 °C. Error bars represent standard error of 

the mean (n=4). Different letters indicate significant differences between treatments at P<0.05 by 

LSD test. 

4.3.4. CO2 emissions  

As shown in Fig. 4.3a, b and c, the daily CO2 emissions varied significantly (Ptime<0.001, Table 

4.2) with incubation time. In the LA, LN and DCD treatments, daily CO2 emissions increased rapidly 
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from d 1 to d 4, and then decreased gradually. At d 4, the peak CO2 emissions in the LA 500 and LA 

1000 treatments were 1.1 mg C kg-1 dry soil h-1 and 1.6 mg C kg-1 dry soil h-1, and were 1.4 mg C kg-1 

dry soil h-1 and 2.1 mg C kg-1 dry soil h-1 in the LN 500 and LN 1000 treatments, respectively. But in 

the control, the CO2 emissions declined rapidly from d 1 to d 6, and then decreased gradually during 

the remainder of the 38-d incubation period. During the incubation period, daily CO2 emissions were 

significantly affected by the application of LA, LN and DCD (P<0.01-0.001). 

In the LA 10 treatment, the cumulative CO2 emissions was significantly (P<0.01) lower, with a 

reduction rate of 27.7% compared to the control. No significant (P>0.05) effects of LN addition at lower 

concentrations (Control, LN 10 and LN 100) on cumulative CO2 emissions were observed. LA and LN 

applied at 635 and 1270 mg kg-1 dry soil significantly (P<0.001) increased the cumulative CO2 

emissions, with an increase of 86.5% and 176% in the LA treatments, and 68.5% and 189% in the LN 

treatments, respectively. There were no significant differences between the control and DCD 10 

treatment (P=0.185), and between the control and DCD 100 treatment (P=0.283). In the DCD 50 

treatment, the cumulative CO2 emission was significantly lower (P<0.01) with a reduction of 26.8%.  

Table 4.2 Repeated measurement analysis of variance on soil NH4
+ and NO3

- concentrations, 

treatment effect on soil NO3
- concentration and CO2 fluxes in the LA, LN and DCD treatments. 

Source 
NI  Time  NI × Time  

df F df F df F 

 LA 

NH4
+ 4 0.4 7 113.9*** 28 1.8* 

NO3
- 4 423.1*** 7 25.5*** 28 4.3*** 

Treatment effect on NO3
- 3 2772.1*** 7 3.8** 21 1.7 

CO2 flux 4 166.3*** 8 50.8*** 32 10.5*** 

 LN 

NH4
+ 4 1.1 7 115.1*** 28 3.2** 

NO3
- 4 52.0*** 7 36.6*** 28 2.6** 

Treatment effect on NO3
- 3 67.1** 7 6.7*** 21 2.2* 

CO2 flux 4 148.4*** 8 62.2*** 32 11.9*** 
 DCD 

NH4
+ 3 87.3*** 7 33.7*** 21 4.2*** 

NO3
- 3 49.0** 7 26.5*** 21 4.4*** 

Treatment effect on NO3
- 2 82.0** 7 9.1*** 14 4.7** 

CO2 flux 3 9.2** 8 23.6*** 24 4.5*** 
*P<0.05, **P<0.01, ***P<0.001. 
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Fig. 4.3 Effect of different concentrations of linoleic acid (LA, panels a, d), linolenic acid (LN, panels 

b, e) and DCD (panels c, f) on CO2 fluxes and cumulative CO2 emissions during a 38-d incubation at 

10 °C. Error bars represent standard error of the mean (n=4). Different letters indicate significant 

differences between treatments at P<0.05 by LSD test. 
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4.3.5. Microbial mineralisation of 14C-labelled LA, LN and DCD 

During the incubation period, the overall patterns of LA (Fig. 4.4a) and LN (Fig. 4.4b) 

mineralisation were similar. The mineralisation of LA and LN were initially rapid (d 1 to d 6) and 

became progressively slower over the 38-d incubation period. After the 38-d incubation period, the total 

mineralisation rate averaged 52.6% ranging from 46.9% to 55.7% in the LA treatments, and averaged 

50.7% ranging from 36.6% to 60.7% in the LN treatments. In comparison with LA and LN, the 

mineralisation rate of DCD was much lower (Fig. 4.4c), with a total mineralisation rate of 5.5%, 2.9% 

and 2.7% in the DCD 10, DCD 50 and DCD 100 treatments after the 38-d incubation. 

At the end of the 38-d incubation, the amount of 14C-labelled LA, LN and DCD remaining in the 

soil were quantified by extracting in water or ethanol (Table 4.3). In the water-based extraction, only 

2.1-2.6% of 14C-labelled LA, and 2.7-2.8% of the 14C-labelled LN remained, compared with 20.6-25.3% 

of the 14C-labelled DCD. In the LA and LN treatments, the quantities detected from the ethanol 

extraction were greater than that of water extractions, viz. 3.9-5.2% 14C-labelled LA, and 4.2-5.5% 14C-

labelled LN, with only 3.3-6.8% of the 14C-labelled DCD being detected in the ethanol extractions. In 

the LA, LN and DCD treatments, 37.2-45.4%, 30.9-55.9% and 64.5-73.2% of the 14C-labelled 

substrates were not recovered in the water and ethanol extraction, indicating immobilisation of the 

remaining 14C by the soil biomass. As there is no satisfactory technique (e.g. chloroform-fumigation 

extraction) for assessing the quantity of isotope contained in the microbial biomass (Glanville et al., 

2016), this could not be verified.
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Table 4.3 14C-labelled LA, LN and DCD extracted from soil at the end of the 38-d incubation period. 

Different letters indicate significant differences between treatments for each extractant at P<0.05 by 

LSD. Values represent means ± standard error (n=4). 

NI 

14C-compound in water 

(%) 

14C-compound in ethanol  

(%) 

LA    

LA 10 2.6±0.4 c 5.1±0.8 ab 

LA 100 2.1±0.3 c 4.4±1.2 bc 

LA 500 2.6±0.7 c 3.9±1.0 bc 

LA 1000 3.1±0.2 c 5.2±0.6 ab 

LN    

LN 10 2.8±0.2 c 4.7±0.5 abc 

LN 100 2.8±0.3 c 5.5±0.4 ab 

LN 500 2.7±0.1 c 4.2±0.5 bc 

LN 1000 3.2±0.4 c 5.2±0.3 ab 

DCD    

DCD 10 23.2±2.9 ab 6.8±0.4 a 

DCD 50 20.6±2.5 b 3.3±0.6 bc 

DCD 100 25.2±2.4 a 5.0±0.2 abc 

4.3.6. Apparent CO2 emissions changes in the total amount of 14CO2 

During the monitoring period, cumulative CO2 emissions above that of the control treatment 

(cumulative CO2 emissions in the LA/LN treatments minus that in the control, y in mg C kg-1 dry soil ) 

were significantly related with the amount of 14CO2 (x in mg C kg-1 dry soil) (P<0.001), as measured 

using the 14C-labelled LA and LN. The relationship for LA was y=0.62x-27.85 (R2=0.982) and for LN 

was y=0.58x-14.44 (R2=0.982). The apparent linear relationship suggests that the additional CO2 

emissions in the LA/LN 500 and LA/LN 1000 treatments were mainly associated with the 

mineralisation of added LA and LN. 

4.3.7. Soil microbial N immobilisation 

There was a strong linear relationship between the predicted value (potential soil microbial N 

immobilisation as a result of the added available C in the LA and LN) and observed value (the observed 

amount of N immobilization) for the LA (Fig. 4.5a, P<0.001) and LN treatments (Fig. 4.5b, P<0.001). 

This linear relationship between predicted and observed immobilisation value indicates that at high 
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concentrations of addition, LA and LN result in microbial N immobilisation of NH4
+ and/or NO3

-. This 

effect was not observed for DCD addition in this study. 

 

Fig. 4.5 Relationship between predicted and observed N immobilization in the linoleic acid (LA, 

panel a) and linolenic acid (LN, panel b) treatments. LA: y=0.51x+2.67, R2=0.74; LN: y=0.21x+6.24, 

R2=0.42. 

4.4. Discussion  

Nitrification inhibitors are capable of delaying the oxidisation of NH4
+ to NO3

- effectively to 

mitigate the negative impact of NO3
- on the environment (Guo et al., 2013; Subbarao et al., 2008). 

Previous studies, where an additional source of NH4
+ has been applied, have indicated that LA and LN 

show direct nitrification inhibition due to blocking the AMO and HAO enzymatic pathways which play 

a critical role in the oxidation of NH4
+ to NO2

- in Nitrosomonas (Subbarao et al., 2008). In this study, 

with no added NH4
+ source, and where soil NH4

+ and NO3
- concentrations were <6 mg kg-1 and <24 mg 

kg-1, respectively, we observed that the addition of high concentrations of LA and LN decreased soil 

NO3
- concentration significantly, but did not have an appreciable effect on the residual NH 4

+ 

concentration in soil (Fig. 4.1). In contrast, the addition of DCD resulted in high soil NH4
+ and low 
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NO3
- concentrations, corroborating the direct effect of this NI on NO3

- formation as seen other studies 

(Chaves et al., 2006; McGeough et al., 2016).   

The NO3
- concentration decreased significantly as expected, but the NH4

+ concentration did not 

increase correspondingly in this study. A decline in NH4
+ supply rather than toxicity of specific 

compounds to nitrifiers have at times explained low nitrification rates (Schimel et al., 1996), and 

heterotrophic NO3
- immobilisation could occur when NH4

+ concentrations are low (Rice and Tiedje, 

1989). Thus, we hypothesise that the apparent nitrification inhibition (i.e. reduction in soil NO 3
- 

concentration) observed when high concentrations of LA and LN are added to a highly nitrifying soil 

(with no NH4
+ amendment) could be the result of microbial immobilisation of N (i.e. an indirect effect), 

in contrast to the direct inhibition proven for NIs such as DCD (Guo et al., 2013; Subbarao et al., 2008). 

The linear relationship between the predicted microbial N immobilisation (predicted value) using 

the 14C-labelling method and observed N immobilisation (observed value) (Fig. 4.5) provided evidence 

for the immobilisation effect of LA and LN. Numerous studies have shown that the addition of labile 

C-rich substrates to soil can increase net N immobilisation, and is an indicator of immediate microbial 

response to the C substrate (G. Chen et al., 2003; Magill and Aber, 2000; Vinten et al., 2002). The 

addition of organic C stimulates the growth of soil microorganisms until they become limited by N 

availability (Garten and Wullschleger, 2000; Martin and Johnson, 1995). The compounds used in this 

study contained 77% C (for LA and LN) supporting this theory. Compared with DCD, the relatively 

rapid and high mineralisation of LA and LN indicates that the addition of LA and LN represents an 

available C source to the soil microorganisms (Fig. 4.4), and the linear relationship between the 14CO2 

and CO2-C indicates that the mineralisation of LA and LN was the main source of the CO2 emissions. 

To our knowledge, this is the first study to explore the degradation rates of LA and LN in soil 

directly, e.g. using 14C-labelled compounds, so the factors that influence the mineralisation of these 

specific biological NIs have not been quantified previously. The mineralisation rates of LA and LN 

observed in this study provide a reference for future research studies. The relative low mineralisation 

rates of DCD are consistent with other studies (e.g. Marsden et al., 2015; Singh et al., 2008). DCD 

degrades to CO2 and NH4
+ via guanylic urea, guanidine and urea (Kelliher et al., 2008; Marsden et al., 

2016b). The half-life of DCD is strongly affected by soil temperature (Kelliher et al., 2014, 2008; 
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McGeough et al., 2016; Singh et al., 2008). Researchers have quantified the relationship between 

temperature (T) and the time (t) taken for DCD concentration in soil to decline to half its application 

value (t½) as t½ (T) = 168 e-0.084T (Kelliher et al., 2008). In this study, the soil was incubated at relative 

low temperature (10 °C) which may explain the low mineralisation rate of DCD. 

In previous studies, researchers have focussed on the effect of LA and LN on soil N 

transformations (Lu et al., 2019; Subbarao et al., 2008). This is the first study to determine the effect of 

LA and LN on N2O emissions. Our results demonstrated that cumulative N2O emissions were 

significantly greater in the higher concentration biological NI treatments. Both nitrification and 

denitrification process are responsible for the N2O emissions (Gardiner et al., 2016; Hofstra and 

Bouwman, 2005; Smith et al., 1997). These high N2O emissions coupled with the lower soil NO3
- 

concentrations in the 635 and 1270 mg BNI kg-1 dry soil treatments suggest that denitrification, 

stimulated by the large amount of available C added in the LA and LN, may be another soil process 

responsible for the apparent nitrification inhibition observed. In this study, DCD did not have a 

significant effect on the N2O emissions, which is inconsistent with the fact that DCD can reduce direct 

soil N2O emissions by 26% - 91% (Cameron et al., 2014; Cameron and Di, 2002; Kelliher et al., 2008; 

Smith et al., 2008; Weiske et al., 2001; Zaman et al., 2009). This could be because total N2O emissions 

were relatively low and DCD can act as a microbial N source (66.7% N in DCD application) when N 

inputs are low, as in this study. 

High rates of LA and LN application to soil significantly increased soil microbial immobilisation 

and decreased NO3
- concentration. However, low NO3

- concentrations may also be the result of 

increased N2O emissions, presumably via denitrification, following the supply of sufficient available C 

in the two highest additions of the biological NIs. Since there was such as difference in the apparent 

BNI effect (microbial immobilisation and/or denitrification) between the 127 and 635 mg kg-1 BNI 

treatments, we suggest that further research is needed to explore the appropriate application rates of LA 

and LN needed to inhibit soil nitrification/increase N immobilisation and decrease GHG emissions at 

the same time. 
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4.5. Conclusions  

Our results confirmed that the addition of LA, LN and DCD can decrease soil NO3
- concentration, 

but their mode of action is different. Our results suggest that the apparent effect of LA and LN on soil 

NO3
- concentration could be indirect under low-N conditions (no addition of fertiliser NH4

+) due to the 

addition of sufficient labile C in the biological NIs stimulating either i) microbial immobilisation of soil 

NH4
+ and/or NO3

- (under high C/N ratios), and/or ii) denitrification losses, such as N2O. We also 

demonstrated that LA and LN were much more rapidly mineralised than DCD in soil. Overall, we 

suggest that researchers exploring the effectiveness of biological NIs, consider whether any observed 

effects on NO3
- concentration are the result of direct nitrification inhibition, or a potential indirect effect 

via their influence in other related processes, as this has implications for developing effective mitigation 

strategies for N2O emission and NO3
- leaching, and is something that has been overlooked. 
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Abstract 

Brachiaria humidicola (Bh) has the ability to produce biological nitrification inhibitors (NIs) in 

the shoot and root tissues and release from the root to the soil. To compare the effects of growing Bh  

with Brachiaria ruziziensis (Br, which is not able to produce NIs) on soil nitrogen (N) dynamics, N 

gases and carbon dioxide (CO2) emissions following sheep urine application, a laboratory incubation 

was conducted in a He/O2 continuous flow Denitrification System (DENIS). The treatments were as 

follow: 1) Bh with water application (Bh + W); 2) Bh with sheep urine (Bh + U); 3) Br with water 

application (Br + W); 4) Br with sheep urine (Br + U). Results showed that soil NO 3
- concentration 

increased significantly in the soil with sheep urine application after the incubation. Soil nitrous oxide 

(N2O) and nitric oxide (NO) emissions increased immediately after the sheep urine application and 

peaked twice during the incubation, whilst dinitrogen (N2) emissions peaked at the moment when the 

urine was deposited on the soil. Sheep urine addition did not affect the AOA, nirS and nosZ gene copies, 

but significantly increased the AOB gene copies. Even though no significant differences were observed 

in the total cumulative N2O and NO emissions between the Bh + U and Br + U treatment at the end of 

the incubation, during the first peak of N2O cumulative emissions were significantly lower from the Bh 

+ U treatment (0.054 kg N ha-1) compared with the Br + U treatment (0.111 kg N ha-1). We conclude 

that there is potential for using Bh grass in sheep-grazed pastures to mitigate nitrification rates and N2O 

emissions even for a highly nitrifying soil.  

Keywords: Brachiaria humidicola, Brachiaria ruziziensis, nitrogen gas, carbon dioxide, nitrifier, 

denitrifier. 

5.1. Introduction  

Nitrification and denitrification are key processes of the soil nitrogen (N) cycle. Nitrification is a 

two-step microbially mediated process carried out by chemo-autotrophic nitrifying bacteria, first 

oxidising ammonium (NH4
+) to nitrite (NO2

-) which is further oxidised to nitrate (NO3
-) (Firestone and 

Davidson, 1989). During the nitrification and subsequent denitrification, other gaseous forms of N are 
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produced and lost from agricultural soils, such as nitrous oxide (N2O), nitric oxide (NO) and dinitrogen 

(N2). Nitrous oxide has been attributed to nitrification, denitrification and nitrifier denitrification 

processes depending on the soil environmental conditions, such as water-filled pore space (WFPS), O2 

availability, soil pH and temperature (Bateman and Baggs, 2005; Lai et al., 2019; Loick et al., 2016; 

Wrage et al., 2005). Some studies present NO emitted from soils during nitrification process (Caranto 

and Lancaster, 2017; Kang et al., 2020; Wang et al., 2016). However denitrification can also be a major 

source of NO from soils at high water content and/or under the presence of a carbon (C) source (Ji et 

al., 2020; Loick et al., 2016; Wu et al., 2017), whilst N2 is the final product of denitrification (Knowles, 

1982).  

Synthetic nitrification inhibitors (NIs) have been widely used to inhibit soil nitrification, e.g.  

dicyandiamide (DCD), 3,4-dimethylpyrazole phosphate (DMPP) (Chadwick et al., 2018; Chen et al., 

2014; Weiske et al., 2001). Following concerns of synthetic NIs passing into human food chains (Lin 

et al., 2015; Study et al., 2014; Welten et al., 2016), there has been increasing interest in the role of 

biological NIs to reduce N2O emissions and NO3
- leaching. Some grass species (de Cerqueira Luz et al., 

2014; Gopalakrishnan et al., 2009; Subbarao et al., 2008) and crop plants (Huérfano et al., 2016; 

Subbarao et al., 2013; Sun et al., 2016) have the ability to release compounds from their roots to 

suppress the nitrifier activity which is termed biological nitrification inhibition (BNI) (Subbarao et al., 

2006a). Brachiaria humidicola (Bh), a typical tropical pasture grass used for grazing livestock, has been 

reported to release biological NIs from its roots. Active inhibitory compounds have been isolated from 

the root tissues (e.g. methyl-p-coumarate and methyl ferulate) (Gopalakrishnan et al., 2007), root 

exudates (e.g. brachialactone) (Subbarao et al., 2009), and shoot tissues (e.g. linoleic acid and linolenic 

acid) (Subbarao et al., 2008) of Bh.  

Previous studies have focused on the effects of pure inhibitory compounds identified from the 

pasture grass or the root exudates of Bh on soil NH4
+ transformation and N2O emissions 

(Gopalakrishnan et al., 2009; Meena et al., 2014; Subbarao et al., 2008). Whilst experiments have been 

conducted to explore nitrification inhibition and N2O emissions from soil planted with Brachiaria 

grasses, including pasture that receive bovine urine deposition (Byrnes et al., 2017; Simon et al., 2020), 

there is still a lack of understanding about the residual effects of growing Bh on soil nitrification and 
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other gaseous N forms other than N2O, e.g. NO and N2, and particularly after sheep urine application. 

Also, little is known about the residual effect of growing Bh on soil nitrifiers and denitrifiers.  

There is strong evidence that other Brachiaria species, e.g. Brachiaria ruziziensis (Br), are not 

capable of inhibiting nitrification in the rhizosphere (Fernandes et al., 2011). Thus, this Brachiaria 

species was selected to compare with Bh (which has the ability to release biological NIs from the roots) 

to: 1) explore the residual effect of Bh and Br on soil NH4
+ and NO3

- concentrations; and 2) quantify 

the N2O, NO, N2 and CO2 emissions and identify the processes responsible for their production (i.e. 

nitrification or denitrification) in soil sown with these two Brachiaria varieties. Based on current 

research, we hypothesised that i) soil under Bh retains soil NH4
+-N, and results in lower NO3

--N 

concentrations than soil under Br, ii) Bh results in lower N2O, NO and N2 emissions than soil under Br 

due to the higher BNI capacity of Bh, iii) soil applied with sheep urine retains significantly higher soil 

NH4
+, NO3

- concentrations and results in greater N2O, NO, N2 and CO2 emissions than soil applied with 

water. 

5.2. Materials and methods 

5.2.1. Soil sampling and physicochemical analysis 

A sandy clay loam textured Eutric Cambisol was collected from a typical sheep-grazed grassland 

in North Wales (53o24’N, 4o02’W). The soil had not been previously grown with Bh and Br. Square 

intact turves of soil (3030 cm, depth of 10 cm) were collected from 3 spatially discrete points (at least 

10m apart), which were retained as 3 replicates. Soil was sieved (2 mm) to remove roots and stones 

before analysis for a range of chemical properties: 19.4% moisture content (105 °C, 24 h), 6.7% organic 

matter (450 °C, 16 h) (Ball, 1964), 2.7% total C and 0.25% total N (CHN2000 Analyzer), pH of 5.9, 

1.7 mg N kg-1 dry soil as NH4
+-N (Mulvaney, 1996) and 30.4 mg N kg-1 dry soil as NO3

--N (Miranda et 

al., 2001). 



 

87 
 

5.2.2. Cultivation of Brachiaria humidicola and Brachiaria ruziziensis 

To investigate the residual effect of Bh and Br on soil nitrification, greenhouse gas emissions 

(GHG, N2O and CO2), NO and N2 emissions after sheep urine application, two varieties of Brachiaria 

were sown separately in pots containing the field soil. Seeds of Bh and Br were germinated on wetted 

tissue paper in an incubator (20 °C). 1.7 kg field fresh soil were added to each pot (diameter: 15 cm; 

depth: 15 cm) at the same bulk density as the soil at the field site (1.6 g cm-3) (Marsden et al., 2016a), 

and 10 geminated seeds were placed onto the soil surface before covering with 100 g soil. There were 

12 pots in total, 6 pots were grown with Bh and 6 pots with Br. To stimulate grass growth and promote 

the release of the inhibitory compounds (Subbarao et al., 2007c), the plants were cut to 2 cm above the 

soil level on d 33 and d 75, and the equivalent of 25 kg N ha -1 as (NH4)2SO4 was added to each pot 3 

days after each cut. 50 mL of tap water was added to each pot twice per week to maintain plant growth 

prior to the incubation experiment. The incubation experiment (described below) was conducted on d 

150 after sowing. 

5.2.3. Experimental setup 

The 23-d incubation experiment was conducted in the Denitrification System (DENIS) at 

Rothamsted Research (North Wyke) (Cárdenas et al., 2003), using the top (0-7.5 cm) of the intact (12 

cm deep) soils including plants (obtained from section 5.2.2). The soil cores were placed into 12 

stainless vessels (diameter: 14.1 cm) and sealed with stainless steel lids fitted with double ‘O’ rings. 

The incubation experiment comprised 4 treatments with 3 replicates: 1) Bh with water application (Bh 

+ W); 2) Bh with sheep urine (Bh + U); 3) Br with water application (Br + W); 4) Br with sheep urine 

(Br + U). The sheep urine used in this experiment had been collected from 6 Welsh Mountain ewes that 

had been grazing a permanent pasture at the same site the soil was collected from. The urine had been 

frozen immediately after collection to avoid N losses during storage. The sheep urine was defrosted the 

day before application to the soil cores, and the individual urine samples (n=6) were pooled and mixed 

to generate one urine source (total C, 25.3 g L-1; total N, 11.7 g L-1, of which 670 mg N kg-1 dry soil 

were added in the treatments).  
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The incubation experiment followed a similar approach to previous experiments using this DENIS 

system (Loick et al., 2016; Wu et al., 2017). Briefly, to remove the native N2 from the soil cores and 

the headspace, the soil cores were flushed from the base at a flow rate of 30 mL min-1 for 48 hours using 

a mixture of He: O2 (80: 20), with the outlet flow from each chamber directed to a number of gas 

detectors. Once the N2, N2O and NO concentrations had reached very low levels, the airflow was 

decreased to 12 mL min -1 to measure the baseline emissions before being switched from the flow 

through the base to a flow over the soil surface. The sheep urine and water amendments were contained 

in sealed stainless steel vessels above the lid of each incubation vessel. In previous protocols these 

amendment vessels are usually flushed with He/O2 (80:20) to remove N2 (Cárdenas et al., 2003). 

However, in this experiment, the vessels containing the urine and water were not flushed with He/O2, 

to avoid the N losses (via NH3 volatilisation) from the sheep urine. After the urine and water had attained 

room temperature, the amendments were applied to the soil by opening the ball-valve connecting the 2 

vessels. At the start of the soil incubation, the soil moisture content was increased to 65% WFPS, taking 

the volume of the urine or water amendments into account. The temperature of the vessels was 

maintained at 15 °C during the flushing phase and the 23-d incubation period after the urine and water 

applications.  

5.2.4. Soil sampling and analysis 

At the start and end of the incubation period, fresh soil samples were collected for analysis. Soil 

moisture content was measured after oven drying (105 °C, 24 h), and the soil organic matter was 

determined by loss on ignition of dried soil in a muffle furnace (450 °C, 16 h) (Ball, 1964). Total soil 

C and N concentrations were determined on milled oven dried soil samples using a CHN2000 Analyzer 

(Leco Corp., St. Joseph, MI). Soil pH and electrical conductivity (EC) were measured on fresh soil 

using standard electrodes (1:2.5 (w/v) soil-to-distilled water). Extractable NH4
+-N and NO3

--N were 

analysed in the filtrates after extracting 5 g of fresh soil with 25 ml K2SO4 (0.5 M) using the colorimetric 

methods of Mulvaney (1996) and Miranda et al., (2001), and total dissolved C and N were analysed 

with the Multi N/C 2100 (AnalytikJena, Jena, Germany). Data were expressed on a per kg dry soil basis. 
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At the same time, 5 g fresh soil from each vessel were collected and stored at -80°C prior to DNA 

extraction. Soil (0.25 g) was extracted by the the DNeasy PowerSoil kit (Qiagen, Hilden,  Germany) 

according to the manufacturer’s protocol. After extraction, the purity and concentration of extracted soil 

DNA were determined by the Nanodrop spectrophotometer ND-1000 (Labtech, UK). Polymerase chain 

reaction (PCR) was carried out on real-time quantitative PCR (QPCR) using the QuantStudioTM 6 flex 

real-time PCR system (Thermo Fisher Scientific, UK). The 20 µL reaction mixture comprised 10 µL 

TB Green Premix Ex Taq (TaKaRa, Tokyo, Japan), 0.3 µL of each primer, 0.4 µL ROX Reference dye, 

7 µL of sterilized deionised water and 2 µL template DNA. The primers for quantifying nitrification 

and denitrification function genes were the same as those used in previous studies (see more details in 

the appendix 4, Table 1) (Robinson et al., 2014; Zulkarnaen et al., 2019).   

5.2.5. Gas sampling and analysis 

The airflow from each vessel was automatically directed to a valve that directed the sample to 

different gas detectors, resulting in one sample being analysed every 8 minutes from each of the 12 

vessels. Thus, one measurement was made every 1.5 hours from each vessel. The N2O and CO2 

concentrations were determined using a gas chromatograph (GC, Pekin Elmer Clarus 500, Beaconsfield, 

UK) equipped with an electron capture detector (ECD), and a second GC with a helium ionization 

detector (HID, VICI AG International, Schenkon, Switzerland) was used to analyse N2 concentrations. 

For NO concentrations, a chemiluminescence analyser was used (Sievers NOA280i, GE Instruments, 

Colorado, USA). The gas flow rate through each vessel was measured daily to calculate the volume of 

gas required for the flux calculation. The gaseous fluxes were corrected for the surface area and flow 

rate through the vessels and are presented in the unit of kg N or C ha -1 d-1. Cumulative gaseous fluxes 

were calculated by the area under the curve after linear interpolation between sampling points using the 

Genstat 19th edition (VSN International Ltd) (Meijide et al., 2010). 
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5.2.6. Statistical analysis 

One-way analysis of variance (ANOVA) followed by the LSD test at 5% confidence was used to 

determine the effect of Bh and Br on soil NH4
+ and NO3

- concentrations, cumulative gas emissions 

(N2O, NO, N2 and CO2) and gene abundance (AOA, AOB, nirK, nirS, nosZ) at the start (d 0) and end 

(d 23) of the incubation respectively. All statistical analyses were performed in SPSS Statistics 25.0 

(IBM Inc., Armonk, NY). 

5.3. Results  

5.3.1. Soil ammonium and nitrate concentrations 

At the start of the incubation, there were no significant differences between all the treatments (Bh 

+ W, Bh + U, Br + W, Br + U) for the soil NH4
+ and NO3

- concentrations, with average concentrations 

of 3.1 (ranging from 2.7 to 3.3 mg kg-1 soil) and 2.7 (ranging from 1.8 to 3.7 mg kg-1 soil) mg kg-1 soil, 

respectively (Table 5.1). In the Bh + W and Br + W treatments, after the 23 d incubation the NH4
+ 

concentration decreased (Bh + W, 3.3 to 1.3 mg kg-1 soil; Br + W, 3.1 to 0.15 mg kg-1 soil) and NO3
- 

increased (Bh + W, 3.7 to 16.0 mg kg-1 soil; Br + W, 2.8 to 17.3 mg kg-1 soil). 23 days after the sheep 

urine application, there was a small increase in the NH4
+ concentration in the urine treatments (Bh + U, 

from 2.7 to 3.2 mg kg-1 soil; Br + U, from 3.3 to 3.6 mg kg-1 soil) and a large increase in the NO3
- 

concentration in the same treatments (Bh + U, from 1.8 to 235.7 mg kg-1 soil; Br + U, from 2.6 to 213.9 

mg kg-1 soil) (Fig. 5.1). 
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Fig. 5.1 Soil NH4
+-N (panel a) and NO3

--N (panel b) concentrations before urine application (d 0) and 

at the end of the incubation period (d 23). Error bars represent standard error of the mean (n=3). 

Different letters indicate significant differences between treatments at P<0.05 by LSD. 
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5.3.2. Gas emissions 

Nitrous oxide: N2O emissions increased immediately after the sheep urine application, with 

maximum fluxes of 0.12 and 0.22 kg N ha -1 d-1 in the Bh + U and Br + U treatments, respectively (Fig. 

5.2a). These fluxes decreased rapidly within the following 23 h and then reached another peak after d 

13, with what seem to be broad peaks lasting up to 9 days (d 10 to 19). Fluxes, however, remained high 

until the end of the incubation. N2O emissions in the Bh + W and Br + W treatments were much lower 

than that in the treatments with sheep urine application, with average fluxes of 0.009 and 0.006 kg N 

ha-1 d-1, respectively. The cumulative N2O emission for the first peak in the Br + U treatment (0.11 kg 

N ha-1) was significantly higher than that in the Bh + U (0.05 kg ha-1) treatment, although no significant 

differences were observed in the cumulative N2O emissions for the entire 23-d incubation between the 

Bh + U and Br + U treatments (Table 5.2). The cumulative N2O emissions in the Bh + W and Br + W 

treatments were significantly lower than that from both urine treatments during both the first peak period 

and the whole incubation period. 

Nitric oxide: the pattern of NO emissions was similar to the N2O emissions for all treatments 

during the 23-d incubation, with the exception that the maximum NO fluxes in the sheep urine 

application treatments occurred during the second peak on d 14-16 (Fig. 5.2b). The first peak of NO 

emissions appeared 7.0 h and 10.6 h after the urine application in the Bh + U and Br + U treatments, 

respectively, which was a little later than the peak time of maximum N2O emissions (3.6 and 5.3 h, 

respectively) reaching values up to 3 g N ha-1 d-1. Cumulative NO emissions in the treatments with the 

sheep urine application including the two peaks (Bh + U, 0.114 kg N ha -1; Br + U, 0.103 kg N ha-1) 

were significantly higher than those in the water only treatments (Bh + U, 0.007 kg N ha-1; Br + U, 

0.003 kg N ha-1). Nevertheless, no significant differences in NO emissions were observed between the 

Bh + U and Br + U treatments, or the Bh + W and Br + W treatments during the first peak period or in 

the whole incubation period. The second NO peak was broader than the initial one (reached up to ~8 g 

N ha-1 d-1) and had not reached background values at the end of the incubation, but clearly showed 

fluxes were decreasing from d 16 onwards.  
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Dinitrogen: N2 emissions increased immediately after the urine or water application and then 

decreased rapidly, remaining stable until the end of the incubation (Fig. 5.2c). Dinitrogen was the main 

gaseous N form detected during the incubation, with the cumulative N2 emissions being significantly 

greater than the total for N2O and NO emissions. Cumulative N2 detected in the Bh + W, Bh + U, Br + 

W, Br + U treatments were 81.3, 56.3, 42.2 and 61.5 kg N ha-1, respectively. No significant differences 

were observed in the cumulative N2 emissions between the Bh + W, Bh + U, Br + W and Br + U 

treatments during the first peak or entire incubation period. 

Carbon dioxide: in the Bh + U and Br + U treatments, the CO2 emissions increased rapidly and 

peaked at 10.8 h after the urine application (similar to the NO peak in the urine treatments), with the 

maximum fluxes of 207.2 and 198.9 kg C ha -1 d-1, respectively (Fig. 5.2d). The CO2 emissions decreased 

afterwards and remained stable (less than ca. 30 kg C ha -1 h-1) from d 3.5 to end of the incubation in the 

Bh + U and Br + U treatments. The cumulative CO2 emissions in the water only treatments were 

significantly lower than that in the urine treatments, following the series: Br + W < Bh + W < Br + U < 

Bh + U, with the cumulative fluxes of 333.5, 428.5, 654.6, 768.5 kg C ha -1, respectively (Table 5.2). 

Table 5.2 Cumulative emissions of NO, N2O, N2 in kg N ha-1 and CO2 in kg C ha-1 after 23 d 

incubation and during the first peak period. 

Gas Bh + W Bh + U Br + W Br + U 

N2O (23 d) 0.216 ± 0.026 b 1.73 ± 0.316 a 0.128 ± 0.068 b 1.72 ± 0.324 a 

N2O (first peak) 0.003 ± 0.000 c 0.054 ± 0.010 b 0.004 ± 0.001 c 0.111 ± 0.017 a 

NO (23 d) 0.007 ± 0.001 b 0.114 ± 0.009 a 0.003 ± 0.001 b 0.103 ± 0.015 a 

NO (first peak) 0.0003 ± 0.0001 b 0.0015 ± 0.0001 ab 0.0003 ± 0.0001 b 0.0025 ± 0.0007 a 

N2 (23 d) 81.31 ± 30.46 a 56.25 ± 22.36 a 42.21 ± 16.22 a 61.53 ± 9.84 a 

N2 (first peak) 19.09 ± 8.30 a 19.13 ± 9.48 a 13.70 ± 5.72 a 23.57 ± 8.74 a 

CO2 (23 d) 422.0 ± 10.5 c 761.9 ± 15.7 a 328.5 ± 13.4 d 649.0 ± 7.4 b 

CO2 (first peak) 97.83 ± 3.34 b 350.0 ± 10.28 a 84.56 ± 3.26 b 328.6 ± 12.59 a 

Values represent means ± standard error. Different letters indicate a significant difference between treatments (n=3, P<0.05). 
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Fig. 5.2 Gaseous emissions of N2O (panel a), NO (panel b), N2 (panel c) and CO2 (panel d) during the 

incubation. 
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5.3.3. Nitrifiers and denitrifiers gene copies 

At the start of the incubation (d 0), there were no significant differences in the AOA, AOB, nirK, 

nirS and nosZ gene copies between the different treatments (Fig. 5.3). After the incubation (d 23), no 

significant differences were observed in the AOA, nirS and nosZ gene abundance between the 

treatments with the sheep urine application and without urine application (Fig. 5.3a, d, e). The sheep 

urine application increased the soil AOB and nirK gene copies at the end of the incubation (Fig. 5.3b, 

c). The AOB gene copies in the Bh + U treatment (7.7×10 6 copies g-1 soil) were significantly higher 

than that in the Br + U treatment (4.7×106 copies g-1 soil). The nirK gene copies in the Br + W (2.1×104 

copies g-1 soil) was significantly lower than other treatments, but no significant differences were 

observed in the nirK gene copies between the Bh + W, Bh + U and Br + U treatments (3.3×104, 5.0×104, 

3.7×104 copies g-1 soil, respectively). 
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Fig. 5.3 AOA (panel a), AOB (panel b), nirK (panel c), nirS (panel d) and nosZ (panel e) gene 

abundance at d 0 and d 23. Error bars represent standard error of the mean (n=3). Different letters 

indicate significant differences between treatments at P<0.05 by LSD. 
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5.4. Discussion 

5.4.1. Effect of Bh and Br on soil NH4
+-N and NO3

--N concentrations   

The decrease of NH4
+ and increase of NO3

- in the treatments without sheep urine application was 

caused by the nitrification of residual soil NH4
+ promoted by the relatively low soil moisture (65% 

WFPS). In the treatments with sheep urine application, the slight increase of NH4
+ and marked increase 

in NO3
- (over 200 mg N kg soil-1) were caused by the hydrolysis of urea and further nitrification of the 

NH4
+ from the urine-N applied (Byrnes et al., 2017). After the incubation, soil with Bh retained 

relatively higher NH4
+ and lower NO3

-concentrations than soil with Br (Fig. 5.1), which may be related 

to the biological NIs released from its root to suppress the transformation of NH4
+ to NO3

- 

(Gopalakrishnan et al., 2009; Nuñez et al., 2018; Subbarao et al., 2007a). Biological NIs released from 

the Bh grasses are more likely to block both the ammonia monooxygenase (AMO) and hydroxylamine 

oxidoreductase (HAO) enzymatic pathways, which play a critical role in the oxidation of NH4
+ to NO2

- 

in Nitrosomonas spp. (Subbarao et al., 2009, 2008).  

5.4.2. Effect of Bh and Br on soil gaseous N 

Nitrous oxide and NO are known products of both the nitrification and denitrification processes, 

which dominate under different optimal soil environment conditions such as soil moisture (Loick et al., 

2016; Wu et al., 2017), pH (Robinson et al., 2014), temperature (Lai et al., 2019), O2 availability 

(Senbayram et al., 2019; Zhu et al., 2013) and C availability (Miller et al., 2008; O’Neill et al., 2020). 

At the beginning of the incubation experiment, the initial soil water content was set as 65% WFPS 

which would have favoured nitrification of the NH4
+ from the hydrolysed urea in the urine treatments 

causing the initial observed N2O and NO emission peaks (first smaller peak). In addition, the initial CO2 

peak coincided with those of N2O and NO, providing evidence of aerobic respiration (Lee et al., 2011). 

It is likely that the N2 peak that appeared at the moment of sheep urine application, and before the N2O 

and NO peaks, was because atmospheric N2 was introduced into the system with the application of the 

urine and water amendments (the amendment vessels were not flushed with He/O 2), as N2 is not 
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produced during nitrification (which we believe was the dominant soil process during this early part of 

the incubation). The second peak of N2O and NO emissions may have resulted from partial 

denitrification of the NO3
- produced, following the removal of O2 by rapidly respiring micro-organisms. 

There is also support by the microbiology data for our assumption that denitrification occurred during 

the second peak of N2O and NO, as there was an increase in nirK gene copies. The lack of change in 

nosZ agrees with the absence of reduction of N2O to N2. As a consequence, the N2 emissions reported 

correspond to background values during the second peak of N2O and NO emissions. 

Soil grown with Bh is assumed to have lower cumulative N2O, NO and N2 emissions than that 

with Br due to the high BNI capacity in Bh (Gopalakrishnan et al., 2007; Subbarao et al., 2008). In this 

study, the cumulative N2O in the Bh + U treatment during the first peak was significantly lower than 

that in the Br + U treatment, which may be due to the nitrification inhibition caused by the biological 

NIs released from the Bh as previous studies reported (Meena et al., 2014; Subbarao et al., 2007a, 

2006a). In addition, N2O emissions factors (EFs) from sheep urine in the soil grown with Bh and Br 

were 0.41% and 0.43%, respectively, which is consistent with reports from López-Aizpún et al. (2020) 

(with mean value of 0.39%, range from 0.04% to 1.80%). However, there was no significant difference 

in the cumulative N2O and NO emissions during the whole soil incubation between the Bh + U treatment 

and Br + U treatment. The lack of effect later in the incubation corresponds to an absence of inhibition 

during denitrification, a fact that has been investigated before. A recent study by Simon et al. (2020) 

suggested that a possible effect of these Brachiaria grasses might be due to lower soil nitrate levels 

under these grasses, so the effect on denitrification is of an indirect nature due to a direct effect on 

nitrification. It is also possible that a reason for the short-lived effect of the Bh may have been the death 

of the grasses in the DENIS system (there were no lights present in the incubation vessels). The residual 

BNIs in the soil may inhibit the nitrification temporarily, but may not last for long enough after the 

death of the grasses. 

Nitrification inhibitors, such as DCD and DMPP, have been confirmed to inhibit the AOA and/or 

AOB genes copies, which play an important role in controlling the nitrification rates and dominate at 

different conditions (Chen et al., 2014; Li et al., 2019; Shi et al., 2016). Nitrification inhibitors have 

also been shown to inhibit denitrifying microbes, nirS and/or nirK and/or nosZ and/ narG (Li et al., 
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2019; Shi et al., 2017; Zhou et al., 2018). The biological NI, 1,9-decanediol (identified from rice), has 

also been shown to suppress the nitrification through impeding both AOA and AOB, when applied at 

high concentrations (≥500 mg kg-1) (Lu et al., 2019). In this study, the controls, Bh and Br (plus water), 

did not influence the AOA, nirS and nosZ gene copies, but soil with Bh (with high BNI capacity) with 

sheep urine application significantly increased the AOB gene copies (responsible for the oxidation of 

NH4
+) compared with Br (Fig. 5.2), which supports our suggestion that nitrification was a dominant soil 

process. This may be because biological NIs inhibit nitrification rates by reducing the cell-specific 

activity of AOA and/or AOB, rather than affecting ammonia oxidiser populations, as well as non-target 

soil microorganisms or functions (Kong et al., 2016). In addition, because of the need to retain air-tight 

seals throughout the incubation for the measurement of soil derived N2 emissions, we were unable to 

collect soil samples during the incubation period. A greater number of time points to explore the 

dynamics of soil NH4
+ and NO3

-, as well as gene copies data during the incubation would have helped 

to explain the sources of gaseous N from soil grown with these two grasses, and nitrification inhibition 

mechanism of Bh.  

To the best of our knowledge, this is the first time that NO and N2 emissions have been measured 

alongside N2O emissions from soil sown with Bh and Br. Even though there was no significant 

differences in the cumulative gaseous N2O and NO emissions between the Bh and Br treatments over 

the entire experimental incubation period, measurements indicated nitrification inhibition during the 

initial peak of emission in the Bh + U treatment, suggesting a potential mitigation strategy for sheep 

grazed pastures in the future.        

5.5. Conclusion 

In this highly nitrifying soil, N2O emissions dominated rather than the NO emissions, from the soil 

sown with Bh and Br after the sheep urine application. We suggest that nitrification generated the initial 

NO, N2O and CO2 peaks, based on the initial soil moisture content (65%WFPS) and CO2 peaks. 

Afterwards it appears that incomplete denitrification may generate broad peaks for both NO and N2O, 

as evidence by O2 consumption by rapidly respiring micro-organisms and the increasing denitrifier 
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(nirK gene copies). Even though no significant differences were observed in the cumulative N2O and 

NO emissions between the Bh + U and Br + U treatments over the entire 23-d incubation period, Bh 

inhibited N2O emissions during the first peak compared with Br. This indicates that there is potential 

for future breeding programmes to introduce BNI traits into temperate grasses for ruminant grazing to 

reduce nitrification rates and mitigate N2O emissions during nitrification process.    
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Note: The experiments presented in this Chapter were performed in 2001-2002 by research staff at 

North Wyke. The data from these experiments have not been processed or published previously. 

Because of the relevance of the relationship between lability of C compounds and subsequent 

denitrification fluxes (as N2O and N2) to my previous PhD Chapters, I was provided with the raw data 

by my co-supervisor, Dr Laura Cardenas. I am responsible for calculation of the fluxes from the raw 

data, subsequent processing of these data, statistical analyses and interpretation of the results 

presented in this Chapter. 



 

107 
 

Abstract 

Animal manures are important sources of nutrients for crop production, but they are also associated 

with emissions of nitrogenous gases, e.g. nitrous oxide (N2O), nitric oxide (NO) and dinitrogen (N2) 

after application to the soil. The relative proportions of these emitted gases depend on the dominance 

of nitrification and denitrification in the soil, with denitrification rates being controlled by the lability 

of carbon (C) substrates. Six incubations were conducted in a He/O2 flow denitrification system (DENIS) 

by researchers at Rothamsted Research (North Wyke) in 2001-2002, to determine the effects of different 

C compounds, identified from fresh and aged cattle slurry, on soil N2O and N2 during the denitrification 

process (in the presence of nitrate (NO3
-)). The treatments in this study were as follow: 1) NO3

-; 2) NO3
- 

+ glucose; 3) NO3
- + C source (vanillin, cellulose, glucosamine, butyric acid, fresh cattle slurry and 

aged cattle slurry; 4) NO3
- + NH4 (to match the NH4

+ content of the slurry). I obtained the raw GC 

results from each incubation and each treatment and calculated the gas f luxes. Results show that the 

reactivity order of individual C sources on denitrification can be established as: glucose > glucosamine > 

butyric acid > vanillin > aged slurry > cellulose > fresh slurry, indicated by the higher total N 2O-N + 

N2-N emissions. In addition, the N2O/N2 ratio was significantly higher in the NO3
- + NH4

+ treatments 

in the Inc-FSl and Inc-ASl, also with in the glucosamine treatment, due to the additional N application. 

We conclude that labile C compounds inputs may stimulate N2O production and emission during 

denitrification, and may result in higher N2O/N2 ratio.  

Keywords: carbon quality, nitrous oxide, dinitrogen, cattle slurry, denitrification 

6.1. Introduction 

Nitrous oxide (N2O) emissions, one of the greenhouse gases (GHG) with a global warming 

potential 310 times greater than that of carbon dioxide (CO2) on a 100-year time horizon (UNFCCC, 

2020),  have been reported from multiple sectors, including industry, energy, agriculture, waste water, 

land use, land-use change and forestry (Skiba et al., 2012). The agricultural sector is the largest 

anthropogenic source of N2O emissions in the UK (75%), and these losses are associated with direct 
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emissions from soil following nitrogen (N) fertiliser and manure applications, and indirect emissions 

from nitrate (NO3
-) leaching (de Bastos et al., 2020; López-Aizpún et al., 2020; Trolove et al., 2019) 

and N deposition (Britton et al., 2019). N2O is generated from both the nitrification and denitrification 

processes (He et al., 2020) which are favoured in different soil conditions, such as soil moisture, soil 

texture, pH, nutrient availability and form (Robinson et al., 2014; Wu et al., 2017; Xu et al., 2018). 

Nitrification is a microbially mediated process, in which ammonium (NH4
+) is firstly oxidised to nitrite 

(NO2
-) and further oxidised to NO3

- (Firestone and Davidson, 1989). Subsequent denitrification refers 

to the dissimilatory reduction of one or both of the ionic nitrogen oxides (NO3
- and NO2

-) to the gaseous 

oxides, nitric oxide (NO) and N2O, which may be further reduced to dinitrogen (N2) (Knowles, 1982). 

Growing populations, economies and individual incomes, as well as other demographic factors 

such as urbanization contribute to the increasing livestock food demand (Bai et al., 2018; Enahoro et 

al., 2018) and subsequent manure generation, e.g. in China (Chadwick et al., 2015, 2020). The total 

annual production of livestock manures in the UK was estimated to ca. 95.1 million tonnes in 2018, 

with 84% arising from the housing of cattle (farmyard manure and slurry) (Defra, 2019), compared with 

83.4 million tonnes in 2010 (with 80% arising from cattle) (Smith and Williams, 2016). In cattle 

manures, protein contributes to no more than 20% of the dry matter content; in contrast, the fibre content 

(cellulose, hemicellulose and lignin) is the highest, accounting for more than half of the dry matter 

(Chen et al., 2003). Yamamoto et al. (2008) extracted vanillin, protocatechuic acid, vanillic acid and 

syringic acid from livestock excreta. Volatile fatty acids have also been measured in animal slurries, 

among which acetic acid is predominant, followed by propionic, n-butyric, iso-butyric, iso-valeric and 

n-valeric (Bastami et al., 2018; Cooper and Cornforth, 1978).   

Animal manures are valuable sources of macro- and micronutrients for crop production (ADHB, 

2019; Moral et al., 2009). In 2018, 68% of farms used organic manures on at least one field on the farm, 

among which cattle manure from beef and dairy farms (cattle farmyard manure, 51%; cattle slurry, 17%) 

represented the largest volume of manure type generated in the UK (Defra, 2019). However, manure, 

and especially liquid slurry can be detrimental to the environment as they are important sources of 

ammonia (NH3) (Bourdin et al., 2014; Ramanantenasoa et al., 2019; Sommer et al., 2019), GHG and 

N2 emissions (Chadwick et al., 2011; Rodhe et al., 2015; Sokolov et al., 2019) during their storage or 
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following application to the field. They are also sources of point and diffuse pollution of water courses 

(Trolove et al., 2019; Zanon et al., 2020). 

Research has shown that amendments of labile carbon (C) compounds (e.g. glucose, sucrose, 

glycerol and mannitol, ethanol and acetate) (Adouani et al., 2010; Murray et al., 2004; Senbayram et 

al., 2012) and plant residues (such as straw, alfalfa) (Beauchamp, 1985; Senbayram et al., 2012) affect 

denitrification rates and/or denitrifying microorganism (Henderson et al., 2010; Schipper et al., 2011). 

Less is known about the effects of specific labile organic compounds identified from cattle slurry on 

soil denitrification rates, e.g. glucosamine, vanillin, cellulose, butyric acid. Furthermore, as slurry ages 

(e.g. during storage) the organic matter content, including these C compounds, biodegrades, resulting 

in a modified C composition and the loss of NH3 and GHG emissions (Moset et al., 2012; Rodhe et al., 

2009).      

In Chapter 4, I highlighted that at high rates of biological nitrification inhibitor (NI) application, 

e.g. >635 mg kg-1 dry soil, the apparent ‘inhibitory’ effect observed (via measurements of soil NO3
- 

concentration) may be the result of the application of available C affecting two key soil N processes: i) 

this additional available C may have stimulated microbial immobilisation of NH4
+ and/or NO3

-, and ii) 

the additional available C promoted denitrification. Both processes would have resulted in a reduction 

in the pool of NO3
- in the soil. Therefore, in this Chapter I explore the effects of a series of C compounds 

with a range of lability on denitrification products. 

Specifically, the aims of this study were to determine the effects of different C compounds 

(previously identified in animal slurry), cattle slurry (fresh and aged) and NH4
+ application on soil N2O 

and N2 emissions during the denitrification process. We hypothesised that, 1) the addition of easily 

decomposed C compounds would increase the N2O and N2 emissions from soil via denitrification; 2) 

soils receiving cattle slurry may result in relatively lower N2O and N2 emissions compared with soil 

with easily decomposed C compounds; 3) N2 from soils receiving slurry may be the predominant gas 

due to complete anaerobic denitrification. 
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6.2. Materials and methods 

I was provided with the raw data of six incubations by my co-supervisor, Dr Laura Cardenas, 

which included daily N2O and N2 emissions from each chamber, soil NH4
+ and NO3

- concentrations in 

the unit of mg N L-1. The details of the six incubations are presented in the appendix 4.  I was responsible 

for the 1) calculation of the average daily N2O and N2 emissions from each treatment, cumulative N2O 

and N2 emissions and soil NH4
+ and NO3

- concentrations in the unit of mg N kg-1 dry soil, 2) subsequent 

processing of these data, 3) statistical analyses, and 4) interpretation of the results presented in this 

Chapter. Gas concentrations were corrected for surface area and the flow rate through each vessel 

(measured daily by means of glass bubble meter), and fluxes calculated in the units of kg N or C ha-1 d-

1. The cumulative gas flux was calculated using Genstat (the 19 th edition, VSNI, UK) using the 

Trapezoidal rule (Meijide et al., 2010). 

6.2.1. Statistical analysis 

The effect of C source treatments (C compounds and cattle slurries) on soil cumulative N 2O and 

N2 emissions, NH4
+ and NO3

- concentrations in each incubation was carried out by one-way analysis of 

variance (ANOVA) followed by the LSD test at 5% confidence. One-way ANOVA was carried out to 

compare the initial soil NH4
+ and NO3

- concentrations from each incubation, respectively. One-way 

ANOVA was also performed to compare the effects of NO3
-/NO3

- + glucose/NO3
- + C sources on soil 

cumulative N2O and N2, soil NH4
+ and NO3

- concentration from different incubations after the 

incubation. All the statistical analysis was performed in the SPSS Statistics 25.0 (IBM Inc., Armonk, 

NY).  

6.3. Results 

6.3.1. N2O and N2 emissions 

Figure 6.1 shows the N2O and N2 emissions in the NO3
- only (Fig. 6.1a, d), NO3

- + glucose (Fig. 

6.1b, e) and NO3
- + C source/NH4

+ treatments (Fig. 6.1c, f) during the incubations. The N2O emissions 
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increased rapidly after amendments in all cases, but after a few days decreased to background levels. In 

the case of the NO3
- only treatment this took about 4 days, whilst in the NO3

- + glucose treatment it took 

2 days. In the NO3
- + C source/NH4

+ treatments, N2O emissions were more variable with levels reaching 

background between 3-10 days. The maximum N2O fluxes in the NO3
- only treatment ranged from 2.2-

4.8 kg N ha-1 d-1. The maximum fluxes of N2O in the NO3
- + glucose, NO3

- + glucosamine, NO3
- + 

butyric acid, NO3
- + vanillin treatments were higher than that in the NO3

- only treatment, with maximum 

fluxes of 18.3 (ranging from 14.0-24.2 kg N ha-1 d-1), 19.6, 9.1 and 7.2 kg N ha-1 d-1, respectively. The 

N2O emissions in the NO3
- + cellulose treatments, the NO3

- + fresh and aged slurry treatments were 

similar to the NO3
- only treatment. The maximum N2O emissions for all the treatments occurred 

between d 0 and 2.  

The N2 emissions showed a similar trend to the N2O emissions during the incubation, but levels 

reached background levels much later than for N2O, at about 8 days after the application of the 

treatments. The appearance of the N2 peak was slightly later than that of the N2O in all treatments, on 

day 3 for NO3
- only treatment, day 2 for the other treatments. The maximum values of N2 fluxes in the 

NO3
- + glucose in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But were frequently higher than that in the 

NO3
- only treatment from each incubation. Except for the maximum values of N2 fluxes in the NO3

- + 

glucosamine and NO3
- + butyric acid treatment which were higher than that in the NO3

- only treatment, 

the maximum fluxes of N2 in other NO3
- + C sources and NH4

+ treatments were similar to the NO3
- only 

treatment. 
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Fig. 6.1 N2O and N2 emissions in the NO3
- only (panels a, d), NO3

- + glucose (panels b, e) and NO3
- + 

NH4
+ or C sources (vanillin, cellulose, glucosamine, butyric acid, fresh slurry and aged slurry) (panels 

c, f) treatments during the incubation. Error bars are omitted for clarity of presentation, except the 

error bar of N2O emissions in the NO3
- + glucosamine treatment to show the size. Note the different  

y-axis scales for the N2O and N2 graphs. 

6.3.2. Cumulative N2O emissions 

The cumulative N2O fluxes in the NO3
- only, NO3

- + glucose, and NO3
- + NH4

+ or C sources 

treatments are shown in Fig. 6.2a and Table 6.1. In the Inc-Van, Inc-Cel, Inc-Glu and Inc-But, the 

glucose application significantly increased the cumulative N2O compared with the NO3
- only treatment. 

There was no significant difference between the NO3
- + vanillin treatment and the NO3

- only treatment 

in the Inc-Van, and also between the NO3
- + cellulose treatment and the NO3

- treatment in the Inc-Cel. 

The cumulative N2O in the NO3
- + glucosamine treatment was significantly higher than that in the NO3

- 

+ glucose treatment in the Inc-Glu. The NO3
- + butyric acid resulted in a cumulative N2O flux of 16.2 

kg N ha-1 in the Inc-But, which was significantly greater than that in the NO3
- treatment, however, no 

significant differences were observed between the NO3
- + butyric acid and NO3

- + glucose treatment. 
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In the Inc-FSl, the cumulative N2O flux in the NO3
- + NH4

+ treatment (15.1 kg N ha-1) was significantly 

higher than that in the NO3
- only and NO3

- + fresh slurry treatments. Nevertheless, there was no 

significant differences in the cumulative N2O flux between the NO3
- , NO3

- + NH4
+ and NO3

- + aged 

slurry treatments in the Inc-ASl.  

 Results showed that there were no significant differences in the cumulative N2O emission between 

the NO3
- only treatments in the Inc-Van, Inc-Cel, Inc-Glu, Inc-But, Inc-FSl and Inc-ASl, with the 

average cumulative N2O flux of 11.6 kg N ha-1 (ranging from 9.6-15.0 kg N ha-1). In addition, there was 

no significant difference in the cumulative N2O between the NO3
- + glucose treatments in the Inc-Van, 

Inc-Cel, Inc-Glu and Inc-But, ranging from 19.1-27.3 kg N ha-1. Thus, we were able to explore the 

effects of different C sources on N2O and N2 emissions, using data from the NO3
- + C sources treatments 

in the Inc-Van, Inc-Cel, Inc-Glu, Inc-But, Inc-FSl and Inc-ASl. The cumulative N2O in the NO3
- + 

glucosamine treatment was significantly higher than other NO3
- + C sources treatments, except for the 

NO3
- + vanillin treatment. There were no significant differences in the cumulative N2O between the 

NO3
- + vanillin and NO3

- + butyric acid. In addition, no significant differences were observed in the 

cumulative N2O between the NO3
- + butyric acid, NO3

- + cellulose, NO3
- + fresh slurry and NO3

- + aged 

slurry treatments.      

6.3.3. Cumulative N2 emissions 

Figure 6.2b presents the cumulative N2 in the treatments from the six incubations. In the Inc-Van, 

Inc-Cel, Inc-But and Inc-FSl, there were no significant differences in the cumulative N2 between the 

NO3
-, NO3

- + glucose and NO3
- + C source treatments (Table 6.1). The glucose application significantly 

increased the cumulative N2 emissions compared with the NO3
- only and NO3

- + glucosamine treatments 

in the Inc-Glu. In the Inc-ASl, the cumulative N2 emission from the NO3
- + aged slurry treatment was 

much higher than that in the NO3
- + NH4

+ treatment, however, the aged slurry or the NH4
+ application 

did not affect the cumulative N2 emissions compared with the NO3
- only treatment.  

The average cumulative N2 flux in all the NO3
- only treatments was 23.3 kg N ha-1, ranging from 

15.0-30.9 kg N ha-1. The NO3
- + glucose treatments in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But gave 
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averages of 33.4 kg N-N2 ha-1 (ranging from 27.7-37.0 kg N ha-1). The effect of NO3
- + C sources on 

cumulative N2 emissions was compared between all the incubations. The results showed that only the 

cumulative N2 emission from the NO3
- + butyric acid treatment (34.9 kg N ha-1) was significantly higher 

than that in the NO3
- + fresh slurry treatment (15.7 kg N ha-1). No significant differences were observed 

in cumulative N2 emission between the NO3
- + butyric acid treatment and NO3

- + 

vanillin/cellulose/glucosamine/aged slurry treatments, or between the NO3
- + fresh slurry treatment and 

NO3
- + vanillin/cellulose/glucosamine/aged slurry treatments.   

    Table 6.1 Cumulative N2O and N2 emissions in the NO3
-, NO3

- + glucose, NO3
- + C sources 

(vanillin, cellulose, glucosamine, butyric acid, fresh slurry, aged slurry) treatments after the 

incubation, in kg N ha-1. Lowercases indicate the significant differences between the NO3
-, NO3

- + 

glucose/NH4
+ and NO3

- + C source treatments at P<0.05 by LSD in the Inc-Van, Inc-Cel, Inc-Glu, 

Inc-But, Inc-FSl and Inc-ASl, respectively. Capital letters indicate the significant differences between 

the NO3
-/NO3

- + glucose/ NO3
- + C source treatments from different incubations (n=4). 

         Incubation 

 

Treatment 

Inc-Van Inc-Cel Inc-Glu Inc-But Inc-FSl Inc-ASl 

 N2O 

NO3
- 15.0±1.9bA 10.7±3.1bA 13.2±2.0cA 10.7±0.7bA 10.5±1.3bA 9.6±0.9aA 

NO3
- + glucose 

or NH4
+ 

27.3±2.0aA 21.0±2.5aA 19.3±1.5bA 19.1±4.8aA 15.1±1.0a 13.7±3.8a 

NO3
- + C 21.0±3.3abAB 9.5±1.3bC 25.2±1.5aA 16.2±2.7aBC 11.4±1.2bC 11.3±1.6aC 

 N2 

NO3
- 22.3±3.1aBC 30.9±3.2aA 26.3±0.9bAB 23.4±2.9aAB 15.0±0.6aC 22.0±2.4abBC 

NO3
- + glucose 

or NH4
+ 

27.7±1.5aA 37.0±4.1aA 34.1±0.6aA 34.6±3.4aA 14.3±1.8a 16.3±3.5b 

NO3
- + C 28.4±3.5aAB 29.6±7.1aAB 28.2±2.4bAB 34.9±6.1aA 15.7±1.8aB 27.7±2.8aAB 

 N2O + N2 

NO3
- 37.3±3.6cAB 41.6±4.1bA 39.5±2.1bAB 34.1±2.4bABC 25.5±1.3aC 31.6±2.4aBC 

NO3
- + glucose 

or NH4
+ 

55.0±1.7aAB 58.0±1.8aA 53.4±1.5aAB 52.9±0.3aB 29.4±2.5a 30.0±6.3a 

NO3
- + C 49.4±5.7abA 39.1±7.0bBC 53.4±3.7aA 51.1±5.4aA 27.1±1.7aC 39.0±3.2aBC 

6.3.4. Cumulative total N2O-N + N2-N emissions 

The NO3
- + glucose treatment had significantly greater cumulative total N2O-N + N2-N emissions 

compared with the NO3
- only treatment in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But (Table 6.1). The 

cumulative total N2O-N + N2-N emissions in the NO3
- + vanillin/glucosamine/butyric acid 

(49.4/53.4/51.2 kg N ha-1) treatments were significantly higher than the NO3
- only treatment in the Inc-
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Van, Inc-Glu and Inc-But, however there were no significant differences between the NO3
- only and 

NO3
- + cellulose treatment (39.2 kg N ha-1) in the Inc-Cel. In addition, no significant differences were 

observed in the cumulative N2O-N + N2-N between the NO3
-, NO3

- + NH4
+ and NO3

- + cattle slurry 

treatment in the Inc-FSl and Inc-ASl. The cumulative N2O-N + N2-N in the NO3
- + C sources treatments 

were ranked as: NO3
- + vanillin/glucosamine/butyric acid > NO3

- + cellulose/ aged slurry/fresh slurry. 

6.3.5. N2O/N2    

Table 6.2 presents the cumulative N2O-N, N2-N and total N2O-N + N2-N as a percentage of N 

applied, and the N2O/N2 ratio in all incubations. The NO3
- + glucosamine, NO3

- + butyric acid, NO3
- + 

glucose treatments showed the highest percentage of N2O-N, N2-N and N2O-N + N2-N, reaching 34.0%, 

46.5% and 73.4%, respectively. When taking the N supplied by the glucosamine into account, the 

highest percentage of N2O-N to N applied was observed in the NO3
- + glucose treatment. The 

proportions of N2 and total N2O-N + N2-N to N applied in the Inc-FSl and Inc-ASl were relatively lower 

compared with that in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But. The N2O/N2 ratio in the NO3
- + NH4

+ 

(Inc-FSl and Inc-ASl) and NO3
- + glucosamine treatments were relatively high compared to other 

treatments, being 1.66, 1.32 and 1.40, respectively. The lowest N2O/N2 ratio was observed in the NO3
- 

+ cellulose treatment, with the ratio of 0.50. 
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Fig. 6.2 Cumulative N2O (panel a) and N2 (panel b) fluxes after the application of NO3
-, NO3

- + 

glucose, NO3
- + NH4

+ or C sources (vanillin, cellulose, glucosamine, butyric acid, fresh slurry and 

aged slurry). Error bars represent the standard error of the mean (n=4). 
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Table 6.2 Total fluxes of N2O and N2 in kg N ha-1.  

Treatment 

Total 

emitted 

N2O-N 

Total N2O-N 

emitted / 

N applied (%) 

Total 

N2-N 

emitted 

Total N2-N 

emitted / 

N applied (%) 

Total emitted 

N2O-N+N2-N 

Total N 

emitted /N 

applied (%) 

N2O

/N2
* 

NO3
- 11.6±0.8 15.5 23.3±2.2 31.1 34.9±2.4 46.6 0.78 

NO3
- + glucose 21.7±1.9 28.9 33.4±2.0 44.5 55.1±1.1 73.4 1.02 

NO3
- + vanillin 21.0±3.3 28.0 28.4±3.5 37.9 49.4±5.7 65.9 1.16 

NO3
- + cellulose 9.5±1.3 12.7 29.6±7.1 39.5 39.1±7.0 52.2 0.50 

NO3
- + glucosamine 25.2±1.5 34.0/16.3* 28.2±2.4 37.6/18.2* 53.4±3.7 71.6/34.5* 1.40 

NO3
- + butyric acid 16.2±2.7 21.6 34.9±6.1 46.5 51.1±5.4 68.1 0.73 

NO3
- + fresh slurry 11.4±1.2 11.2 15.7±1.8 15.4 27.1±1.7 26.6 1.14 

NO3
- + aged slurry 11.3±1.6 12.0 27.7±2.8 29.5 39.0±3.2 41.5 0.64 

NO3
- + NH4

+ (Inc-FSl) 15.1±1.0 19.9 14.3±1.8 18.8 29.4±2.5 38.7 1.66 

NO3
- + NH4

+ (Inc-ASl) 13.7±3.8 17.1 16.3±3.5 20.4 30.0±6.3 37.5 1.32 

Total N applied in the NO3
- + C compound treatment: 75 kg N ha-1 (*taking account of the N in the glucosamine (80 kg ha-1)).  

Total N applied in the NO3
- + fresh slurry treatment: 102 kg N ha-1 (37 kg N ha-1 was supplied by the fresh slurry application).  

Total N applied in the NO3
- + aged slurry treatment: 94 kg N ha-1 (19 kg N ha-1 was supplied by the aged slurry application). 

Total N applied in the NO3
- + NH4

+ (fresh) treatment: 76 kg N ha-1 (1.1 kg N ha-1 was supplied by the NH4
+ application). 

Total N applied in the NO3
- + NH4

+ (aged) treatment: 80 kg N ha-1 (4.7 kg N ha-1 was supplied by the NH4
+ application). 

*the mole fraction ratio 

6.3.6. Soil ammonium and nitrate concentrations 

Before the soil incubations, the soil N in the form of NH4
+ concentrations in all incubations, ranged 

from 2.0 to 7.1 mg N kg-1 dry soil (Table 6.3). The soil NO3
- concentrations were much lower, ranging 

from 0.05 to 0.26 mg N kg-1 dry soil. After the incubations, in the Inc-Van, Inc-cellulose and Inc-FSl, 

no significant differences were observed in the soil NH4
+-N and NO3

--N concentrations between the 

NO3
- only, NO3

- + glucose/NH4
+ and NO3

- + C source treatments. Glucosamine application resulted in 

significantly higher soil NH4
+-N and NO3

--N concentrations compared with the NO3
- only and NO3

- + 

glucose. However, soil NO3
--N concentration in the NO3

- + glucose and NO3
- + butyric acid was 

significantly lower than the NO3
- treatment. There were no significant differences in the NH4

+-N 

concentration between the NO3
-, NO3

- + glucose and NO3
- + butyric acid treatments. (There are no soil 

NH4
+-N and NO3

--N concentrations from the Inc-AFl due to the missing data). In general, soil inorganic 

N was mostly in the form of NH4
+-N, ranging from 4.9 to 49.3 mg N kg-1 dry soil; and much less in the 

NO3
--N form, which ranged from 0.3 to 6.2 mg kg-1 N dry soil. 

There were no significant differences in the NH4
+-N concentration between the NO3

- treatments 

from all the incubations, and between the NO3
- + glucose treatments in the Inc-Van, Inc-Cel, Inc-Glu 
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and Inc-But. The resulting averages for NH4
+-N in the NO3

- treatments from all the incubations, and 

NO3
- + glucose treatments from Inc-Van, Inc-Cel, Inc-Glu and Inc-But were 15.5 and 19.0 mg N kg-1 

dry soil, ranging from 10.1 to 21.5, and 11.5 to 23.9 mg kg-1 N dry soil (Table 6.3). The averages NO3
-

-N values in the NO3
- and NO3

- + glucose treatments from all incubations were 3.4 and 0.7 mg N kg-1 

dry soil, respectively. The NH4
+-N concentrations in the NO3

- + glucose and NO3
- + C sources 

treatments followed the order: 

NO3
- + glucosamine > NO3

- + glucose/cellulose > NO3
- + fresh slurry > NO3

- + butyric acid, (values 

were: 49.3>19.0/20.2>11.6>4.9 mg N kg-1 dry soil, Fig. 6.3a). No significant differences were observed 

in the NH4
+-N concentration between the NO3

- + vanillin (15.7 mg N kg-1 dry soil) and NO3
- + 

glucose/cellulose, and also between the NO3
- + vanillin and NO3

- + fresh slurry. Soil NO3
- concentration 

in the NO3
- + fresh slurry treatment (5.8 mg N kg-1 dry soil) was significantly higher than that in the 

NO3
- + glucose/vanillin/butyric acid/cellulose (0.7/1.4/1.8/2.5 mg N kg-1 dry soil, respectively), except 

for the NO3
- + glucosamine treatment (3.8 mg N kg-1 dry soil) (Fig. 6.3b). It was also higher than the 

initial soil NO3
- content. 

Table 6.3 Soil NH4
+ and NO3

- concentrations before and after the incubation, in mg N kg-1 dry soil. 

Error bars represent standard error of the mean (n=3 before incubation, n=4 after the incubation). 

Different letters indicate significant differences in the soil initial NH4
+ and NO3

- concentration 

between each incubation at P<0.05 by LSD. After the incubation, different letters indicate the 

significant differences between the NO3
-, NO3

- + glucose/NH4
+ and NO3

- + C source treatment in the 

NH4
+ and NO3

- concentration, respectively. 

Incubation  Inc-Van Inc-Cel Inc-Glu Inc-But Inc-FSl Inc-ASl 

 Initial soil NH4
+ and NO3

- concentrations 

NH4
+ 3.6±0.43bc 2.0±0.19c 2.9±0.52c 5.1±1.2ab 5.0±0.79ab 7.1±0.03a 

NO3
- 0.26±0.06a 0.11±0.04bc 0.15±0.02abc 0.21±0.05ab 0.05±0.00c 0.13±0.04bc 

Treatment   Soil NH4
+ concentration after the incubation 

NO3
- 11.2±1.8a 21.5±3.3a 19.3±6.1b 10.1±3.9a 15.5±9.8a / 

NO3
- +glucose or NH4

+ 11.5±1.6a 18.9±1.5a 23.9±9.3b 21.7±9.5a 11.6±1.6a / 

NO3
- + C source 15.7±2.7a 20.2±2.1a 49.3±1.4a 4.9±1.1a 11.6±2.7a / 

Treatment  Soil NO3
- concentration after the incubation 

NO3
- 1.7±0.6a 3.9±1.7a 0.8±0.1b 6.2±1.3a 4.4±1.6a / 

NO3
- +glucose or NH4

+ 0.4±0.0a 1.3±0.5a 0.3±0.0b 0.9±0.5b 4.1±0.6a / 

NO3
- + C source 1.4±0.7a 2.5±1.6a 3.8±1.2a 1.8±0.5b 5.8±0.9a / 
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Fig. 6.3 Soil NH4
+ (panel a) and NO3

- (panel b) concentrations in the NO3
- + glucose (positive control) 

and NO3
- + C sources (vanillin, cellulose, glucosamine, butyric acid and fresh slurry) treatments at the 

end of the incubations. Error bars represent the standard error of the mean (n=4). Different letters 

indicate the significant differences between the treatments at P<0.05 by LSD. Note different y-axis 

units between the NH4
+-N and NO3

+-N panels. 
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6.4. Discussion 

6.4.1. Effects of C compounds on soil denitrification 

Glucose, vanillin and butyric acid application significantly increased soil total denitrification 

process, as indicated by the higher total N2O-N + N2-N emissions and relatively lower soil NO3
- 

concentrations after the incubation (Table 6.1, Fig. 6.3). During denitrification, NO3
- is denitrified in 

the sequence NO2
-→NO→N2O→N2 by corresponding reductase enzymes (Zumft, 1997), resulting in 

NO3
- consumption, NO and N2O emissions during partial denitrification, and N2 emissions due to total 

denitrification (Knowles, 1982). In this study, glucosamine application increased the N2O emissions 

and total N2O + N2 emissions, more than the other C compounds except for glucose. In addition, the 

final soil NO3
--N and NH4

+-N concentrations with glucosamine application were higher than other C 

compounds, probably due to also being a N source  (-NH2, which we estimate the N input via the 

glucosamine and KNO3 was 80 and 75 kg N ha-1 respectively) (Currey et al., 2010). This extra N would 

have also stimulated the observed emissions, although the NH4
+ provided with glucosamine needed to 

be nitrified before becoming available for denitrification. Denitrification has shown to be stimulated by 

a series of C substrates, including plant residues such as alfalfa, red clover, soybean and barley straw 

(DeCatanzaro and Beauchamp, 1985; Gillam et al., 2008; Henderson et al., 2010), and also organic 

compounds e.g. glucose, mannitol, sucrose, methanol, ethanol and cellulose (Henderson et al., 2010; 

Lescure et al., 1992; Srinandan et al., 2012). Our results showed however that cellulose application had 

no effect on denitrification rate, which is likely due to the low microbial availability of this C source.  

 Organic C is a substrate for the growth of denitrifying bacteria, a source of energy and an electron 

donor, which is one of the most important factors to affect soil denitrifying activity (Schipper et al., 

2011; Tiedje, 1988). Based on the same amount of NO3
- concentration application, the availability of C 

compounds or rapid decomposition of soluble C in soils after application may affect denitrification 

(Miller et al., 2012, 2008). More readily decomposed compounds, such as glucose and glucosamine 

have been found to stimulate denitrification more than complex carbon compounds, such as cellulose 

and lignin (DeCatanzaro and Beauchamp, 1985), which may be one of the explanations for the 
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variability in the effect on soil denitrification. In addition, the physical properties of organic compounds, 

such as solubility may affect the availability of C to the denitrifying microorganisms under anaerobic 

conditions (Miller et al., 2008). Among the C compounds applied in this study, glucose, vanillin, 

glucosamine and butyric acid are soluble either in water, ethanol, acetic acid or benzoyl, however, 

cellulose is insoluble in any of the solvents described before (data from the handbook of chemistry and 

physics). In addition, potential enzyme activities involved in breakdown of more complex forms of C 

or nutrient acquisition decreased slightly or remained unchanged with N amendments (NH 4
+ or NO3

-) 

(Currey et al., 2010). This may also result in the relatively lower N2O emissions in the NO3
- + cellulose 

treatment compared with other C compounds treatments. The total N emitted from all the C compounds 

treatments suggest that the ranking of potential for N losses can be established as: 

glucose > glucosamine > butyric acid > vanillin > cellulose.  

6.4.2. Effect of cattle slurry on soil denitrification 

In this study, the application of fresh or aged cattle slurry + NO3
- had no influence on the N2O or 

N2 emissions compared with the NO3
- only treatment (Table 6.1). The relatively lower total N emissions, 

combined with the higher soil NO3
- concentration in the NO3

- + fresh cattle slurry compared with that 

in the NO3
- + C compounds treatments (except for the NO3

- + cellulose treatment), indicates 

significantly lower denitrification rates in the cattle slurry application treatments. Nitrous oxide 

emissions from the denitrification process and CO2 evolution in manure-amended soil was closely 

related to both water-soluble C and volatile fatty acids concentrations in the manures (Paul and 

Beauchamp, 1989). Volatile fatty acids measured in stored cow slurry were less than those from pig 

slurry (Cooper and Cornforth, 1978). In addition, previous studies show that the fibre content (cellulose, 

hemicellulose and lignin) is greatest in cattle slurry compared to swine and poultry, accounting for more 

than half of the dry matter (Chen et al., 2003). Indeed, a great proportion of slurry-derived N was 

probably lost through the NH3 volatilisation process, before even penetrating the upper soil layers, 

which subsequently would have decreased the soil N pool available to both nitrifying and denitrifying 

microorganisms (Bourdin et al., 2014). These may explain why the fresh cattle slurry + NO3
- application 
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did not affect the soil N2O or N2 emissions compared with the NO3
- only treatment, and why the 

cumulative N2O and N2 was relatively lower than that in the NO3
- + C compounds treatments, indicating 

that C availability in the cattle slurry limited denitrification of the added NO3
- (Firestone and Davidson, 

1989; Gillam et al., 2008).  

We would expect that the aged slurry would generate more emissions compared to the control and 

fresh slurry, based on the fact that the intractable C in the fresh slurry undergoes changes due to 

microbial activity during ageing which mineralises C and N and which become available (Bastami et 

al., 2018; Bertora et al., 2008; De Vries et al., 2012). Although this did not happen for N2O, it did for 

N2, the relatively higher N2 emissions observed in the NO3
- + aged slurry treatment than NO3

- + fresh 

slurry (Table 6.1). Ammonium application significantly increased the cumulative N2O emissions 

compared with the NO3
- and NO3

- + fresh slurry treatments, which may result in N2O emissions directly 

from nitrification and/or denitrification of the NO3
- produced from nitrification.  

The soil initial NH4
+ (≤ 7.1 mg N kg-1 dry soil) and NO3

- (≤ 0.26 mg N kg-1 dry soil) concentrations 

were relatively low before the applications of C and N. After the incubations, the soil NH 4
+ increase 

may have been the result of the mineralisation of soil organic matter stimulated by the C compounds 

application or compounds existing in the cattle slurry (Sutton-Grier et al., 2011), which is consistent 

with Dlamini et al. (2020). The slight increase of soil NO3
- was most likely the result of the NO3

- 

application itself, or produced from the mineralisation of soil organic matter (Zech et al., 1997) which 

was not denitrified. The significant increase in soil NO3
- in the fresh slurry incubation treatments (NO3

-, 

NO3
- + NH4

+ and NO3
- + slurry) (ca. a factor of 104) indicates nitrification is likely to have occurred in 

these highly denitrifying conditions. Increases in the other incubations although smaller, particularly in 

NO3
- and NO3

- + C compound treatments supports this assumption. The smaller increases in the NO3
- 

+ glucose treatments could have been due to the larger consumption of NO3
- due to removal by 

denitrification. Simultaneous or possible concurrent occurrence of denitrification and nitrification has 

been observed before (Owusu-Twum et al., 2017).   
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6.4.3. Effects of carbon sources on N2O/N2 ratio 

Large denitrification rates might not result in higher N2O emissions due to a change in the split 

between N2O and N2. Some authors use the ratio of N2O/N2 others N2O/(N2+N2O) to express this split. 

It has been reported that this ratio depends on C quality or the proportion of NO3
- and C quality (in 

arable soils) (Weier et al., 1993b). Senbayram et al. (2012) reports higher N2O/(N2+N2O) at high NO3
- 

concentrations due to inhibition of N2O reduction. Scholefield et al. (1997) also reports high ratios 

N2O/N2 with high NO3
- due to preference of microbes for this electron acceptor. At high soil moisture 

(Weier et al., 1993a)  and with long term organic matter application (Senbayram et al., 2012) the ratio 

decreases. However, it seems this relationship changes (it does not apply) if NO3
- is high. Cardenas et 

al. (2007) reports different N2O/N2 ratios from application of slurry to incubated soils depending on the 

pasture fed to the sheep that generated the excreted material. Values for the ratios were highest for the 

pasture that produced slurry with the lowest soil organic carbon, volatile fatty acids and carbohydrate 

contents indicating that lower available C promoted higher N2O. The N2O/N2 ratio was >1, indicating 

that most emissions occurred as N2O in these treatments, except for the NO3
-, NO3

- + cellulose, NO3
- + 

butyric acid and NO3
- + aged slurry (Table 6.2). Previous studies have shown that increasing soil NO3

- 

concentration may result in an increased N2O/N2 ratio as a result of: 1) the inhibition of N2O reductase 

activity; and 2) the greater affinity of NO3
- relative to N2O as terminal electron acceptor for their 

respective reductase enzymes (Firestone et al., 1979; Knowles, 1982; Ruser et al., 2001; Weier et al., 

1993a). This may explain the relatively high N2O/N2 ratio in the NO3
- + NH4

+ (Inc-FSl and Inc-ASl) 

and NO3
- + glucosamine treatments. Ammonium application and additional N supply by the 

glucosamine application (80 kg N ha-1), resulted in a greater soil NO3
- pool compared with the NO3

- 

only, NO3
- + C compound (except for the glucosamine) and NO3

- + cattle slurry treatments. In this study, 

the N2O/N2 ratio in the easily degradable C compounds treatments (e.g. glucose, glucosamine) was 

significantly greater than that in the NO3
- + cellulose treatment (similar N2, but lower N2O emissions), 

indicating the lower denitrification rates in the NO3
- + cellulose treatment, which was also supported 

higher soil NO3
- concentration after the incubation with cellulose application. The microbial preference 

for electron acceptors during the denitrification process follows the order: O2 > NO3
- > N2O (Firestone 
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and Davidson, 1989). Therefore, the low N2O/N2 ratio (<1) in the NO3
- + aged slurry treatment (similar 

N2O, but higher N2 emissions compared with the fresh slurry treatment) suggests that the NO3
- supply 

may not meet the demand for electron acceptors, thus inducing N2O reduction and resulting in N2 the 

primary product of denitrification. It also agrees with further reduction of N2O to N2 probably due to 

the dry matter added with the slurry that would have favour anaerobic conditions and restricted diffusion 

of N2O out of the soil (Chadwick et al., 2000).   

6.4.4. Implications for agriculture  

The study of the reactivity of individual C compounds, although useful to determine the potential 

for N losses, needs to be related to the practical context, i.e. on what is expected to occur when slurry 

is applied to soil. There are strong interactions between C and N, but also between the various types of 

C (and N). The application of fresh slurry to soil intuitively suggests that there is potential for larger 

losses as nutrients are in their original forms and nothing has been lost. During ageing, compounds 

change becoming more available to microorganisms, but also nutrient losses would have occurred 

during storage, so less N is available. Taking this into consideration, it would be possible to use different 

aged slurries and assess their effect on emissions after application to soil; but also measuring the losses 

during storage so the full account of GHG emissions is taken (Chadwick et al., 2011). 

In addition, we provide new data for the cumulative N2O to N2 ratio following manure spreading 

to land. In our study this ratio is close to 1:1 for fresh cattle slurry. This ratio is often a fixed value in 

models and N balances irrespective of manure type. For example, Nicholson et al (2013) use a ratio of 

1:3 for all manure types in the MANNER-NPK decision support system. After storage, the N2O/N2 ratio 

was <1 in the aged slurry treatment, as a result of additional N2 emissions compared with the fresh 

slurry treatment.  

The significant higher soil N2O and N2 emissions in the labile C compounds treatments, may imply 

that the easily mineralised biological NIs identified from plants may stimulate soil NO3
- consumption 

via denitrification, but appear as nitrification inhibition. Thus, this study reinforces the need to consider 

whether any observed effects on NO3
- concentration following the addition of biological NIs are the 
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result of a direct inhibition of nitrification, or a potential indirect effect via their influence in other 

related soil N processes, as this has implications for developing effective mitigation strategies for N2O 

emission and NO3
- leaching.  

6.5. Conclusions 

The reactivity order of individual C sources on denitrification can be established as: glucose > 

glucosamine > butyric acid > vanillin > aged slurry > cellulose > fresh slurry, indicated by the higher 

total N2O-N + N2-N emissions. Fresh and aged cattle slurry applications did not affect the soil N2O and 

N2 emissions compared with the NO3
- only treatments, with only the NH4

+ application increasing N2O 

emissions in the Inc-FSl. Nitrous oxide is the predominant denitrification product (compared with N2) 

in the labile C compound and NH4
+ application treatments, which may be because of the high NO3

- 

concentrations and high C availability. We conclude that labile C compounds inputs would increase 

soil N2O emissions and result in higher N2O/N2 ratio.  
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Chapter 7: Discussion and outlook 

7.1. Introduction 

Since the experimental chapters (Chapters 3-6) are presented in the forms of journal articles 

manuscripts, discussions have been conducted in each relevant chapter. In this Chapter, I return to the 

three objectives of the thesis: 1) to determine the efficacy of the biological nitrification inhibitors (NIs); 

2) to assess the factors controlling the efficacy of biological NIs; 3) to clarify the mechanism of the 

biological NIs on soil nitrification inhibition. In addition, this chapter provides recommendations for 

future research.     

7.2. Efficacy of biological NIs  

Synthetic NIs, e.g. dicyandiamide (DCD) (Cameron and Di, 2002; Cardenas et al., 2016; 

Monaghan et al., 2013) and 3, 4-dimethylpyrazole phosphate (DMPP) (Gilsanz et al., 2016; Nair et al., 

2020; Shi et al., 2016), have been well understood and widely used to reduce the soil nitrous oxide (N2O) 

emissions and/or nitrate (NO3
-) leaching in agriculture. In recent years, some pasture grasses 

(Brachiaria humidicola) and crops  have been confirmed to have the ability to release biological NIs, 

with more newly identified biological NIs from Brachiaria humidicola (Gopalakrishnan et al., 2007; 

Subbarao et al., 2009, 2008), rice (Sun et al., 2016), sorghum (Subbarao et al., 2013; Zakir et al., 2008).  

In Chapters 3 and 4, biological NIs identified from Brachiaria humidicola (linoleic acid, LA and 

linolenic acid, LN) and rice (1,9-decanediol) were applied (from synthetic production) to a highly 

nitrifying soil to compare their effects on soil nitrification and greenhouse gas (GHG) emissions (N2O, 

and carbon dioxide (CO2)) compared with the proven synthetic NI, DCD. Results in these two chapters 

showed that DCD retained relatively higher ammonium (NH4
+) and lower NO3

- concentrations in the 

soil (Fig. 3.1, 4.1) and reduced cumulative N2O emissions (Fig. 3.3, 4.2) compared with biological NIs 

(LA, LN and 1,9-decaneidiol) applied at the same concentrations (12.7 and 127 mg kg-1 dry soil), which 

is consistent with the first hypothesis of the thesis that the effective dose of LA and LN to reduce soil 
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NO3
- concentration was found to be much higher (≥635 mg kg-1 dry soil) than that of DCD (12.7-127 

mg kg-1 dry soil).  

Previous studies compared the effects of biological NIs (Lu et al., 2019; Nardi et al., 2013) or root 

exudates containing biological nitrification inhibition (BNI) activity (Gopalakrishnan et al., 2009; 

Meena et al., 2014; Souri and Neumann, 2010) and NIs (e.g. DCD, DMPP, Nitrapyrin, as a control) on 

soil nitrification, N2O emissions and nitrifiers. Dicyandiamide applied at a concentration of 10-20 mg 

kg-1 dry soil showed similar inhibition of nitrification rates with 1,9-decanediol applied at 500 mg kg-1 

dry soil (Lu et al., 2019) and methyl 3-(4-hydroxyphenyl) propionate (MHPP, identified from sorghum) 

applied at 350 mg C kg-1 dry soil (Nardi et al., 2013). Root exudates from Brachiaria humidicola applied 

at least 30 Allylthiourea (AT) unit g-1 dry soil (ATU, the inhibitory effect of 0.22 μM AT in an assay 

containing 18.9 mM of NH4
+ is defined as one AT unit of activity) (Subbarao et al., 2006a), or extracted 

by higher concentration of ethyl alcohol (70%, BNI activity in freeze-dried shoot tissue extracted with 

70% methanol was 215 ATU) (Subbarao et al., 2008) showed close or even higher nitrification 

inhibition rates compared with DCD applied with 10-50 mg kg-1 dry soil (Gopalakrishnan et al., 2009; 

Meena et al., 2014). The relatively lower mineralisation of NIs compared with biological NIs may be 

one of the explanations for the higher nitrification inhibition rates in NIs application than BNIs 

application, which is described in Section 7.3.1.                

7.3. Factors controlling the efficacy of biological NIs 

7.3.1. How biological NIs stability affect soil nitrification? 

The mineralisation rates of LA, LN and DCD were determined by using the 14C-labelling methods 

(Chapter 4). Linoleic acid and LN mineralised much more rapidly than DCD, with mineralisation rates 

of 47-56%, 37-61% and 2.7-5.5% (Fig. 4.4), respectively, after a 38-d incubation. Due to the high cost 

of the 14C labelled 1,9-decanediol, the mineralisation rate of this compound was not explored in this 

study, instead, the cumulative CO2 emissions were assessed when it was applied at a rate of 12.7 and 

127 mg kg-1 dry soil. The emissions were significantly higher than those in the DCD treatments (applied 

at 12,7 and 127 mg kg-1 dry soil), indicating higher mineralisation rate of 1,9-decanediol than DCD (Fig. 
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3.3b). Combining the higher soil NH4
+ and lower NO3

- concentrations, and/or reduced soil N2O 

emissions with the lower mineralisation rates in the DCD treatments compared with biological NIs, 

confirms the initial hypothesis that the rate of nitrification inhibition would decrease as the increasing 

mineralisation rate. 

The efficacy of NIs is largely related to their mineralisation rate or hydrolysis rate, which are 

strongly influenced by temperature (Guardia et al., 2018; Kelliher et al., 2008; Marsden et al., 2016b) 

and soil aeration (Balaine et al., 2015). This is the first time the stability of biological NIs has been 

determined, and results showed that with increasing application rates of LN the mineralisation rate also 

increased. Further studies need to be conducted to explore the factors controlling mineralisation rates 

of the range of biological NIs that have been identified. The relatively higher mineralisation rate of 

biological NIs (LA, LN and 1,9-decanediol) compared to DCD may result in lower nitrification 

inhibition rates, because mineralisation of biological NIs may stimulate soil N immobilisation or 

denitrification (see detailed in section 7.4).  

7.3.2. How biological NI concentrations affect soil nitrification?  

Nitrification inhibitor concentrations have also been shown to be one of the factors limiting the 

efficacy of NIs (Brath et al., 2008). In previous studies, biological NIs were applied at a range of 

concentrations (0-1000 mg kg-1 dry soil) to explore their effects on soil nitrification and N2O emissions 

(Lu et al., 2019; Nardi et al., 2013; Subbarao et al., 2008). In Chapters 3 and 4, BNI compounds 

(synthetic LA, LN and 1,9-decanediol) were applied at a concentration of 0, 12.7, 127, 635 and 1270 

mg kg-1 dry soil. Results showed that LA and LN applied at higher concentrations reduced soil NO3
- 

concentration (Fig. 4.1), and LA, 1,9-decanediol applied at rates lower than 127 mg kg-1 dry soil was 

infective at inhibiting soil nitrification (Fig. 3.1), which supports the hypothesis that nitrification 

inhibition would increase with increasing biological NI application rate. This agrees with previous 

studies that found that the nitrification inhibition rate increased as the LA and LN application rates 

(ranging from 0 to 1000 mg kg-1 dry soil, or 0.05-0.5% of NH4
+ application) increased (Souri, 2016; 
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Subbarao et al., 2008). In addition, 1,9-decanediol showed significant nitrification inhibition when it 

was applied at rates ≥500 mg kg-1 dry soil (Lu et al., 2019).  

Root exudates from grasses or crops that contain BNI activity have also been applied in previous 

studies to determine the potential of plants to inhibit soil nitrification (Souri, 2016; Subbarao et al., 

2006a). In Chapter 5, soil grown with Brachiaria humidicola was used to compare the residual effect 

of grass with and without BNI activity. Results showed that soil grown with grass containing BNI 

activity (Brachiaria humidicola) retained higher NH4
+ concentration and lower NO3

- concentration than 

when grass had no BNI activity (Brachiaria ruziziensis). Additionally N2O emissions were reduced 

during the first peak after the application of a N source (sheep urine application in this case) in the 

presence of BNI activity (Fig. 5.1, 5.2), which indicated that nitrification could be inhibited when 

biological NIs are applied under certain concentrations. In the study of Gopalakrishnan et al. (2009), 

root exudates from Brachiaria humidicola applied at a range of 10-40 ATU g-1 dry soil resulted in the 

inhibition of soil nitrification rates, and the inhibition rates increased with increasing concentrations 

(reaching 95% inhibition when applied >30 ATU g-1 dry soil). The inhibition activity of root exudates 

from Brachiaria humidicola is largely associated with BNI compounds identified, e.g. LA, LN 

(Subbarao et al., 2008), brachialactone (Subbarao et al., 2009), methyl p-coumarate and methyl ferulate 

(Gopalakrishnan et al., 2007), which block the ammonia monooxygenase (AMO) and/or hydroxylamine 

oxidoreductase (HAO) pathways. The presence of NH4
+, low pH and aeration of the root environment 

were confirmed to stimulate the release of biological NIs from its roots (Subbarao et al., 2007c; X. 

Zhang et al., 2019).                     

7.4. Mechanism of biological NIs on soil nitrification 

7.4.1 Do biological NIs act as a direct nitrification inhibitor of soil nitrification? 

In Chapter 4, soil NO3
- concentration significantly decreased as biological NIs (LA and LN 

identified from Brachiaria humidicola) concentration increased, however, no significant differences 

were observed in the soil NH4
+ concentration with increasing BNIs concentrations (Fig. 4.1). 1,9-

decanediol (identified from rice) application also resulted in decreased NO3
- concentration, but the 
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inhibition of NO3
- formation decreased as concentration increased (Chapter 3, Fig. 3.1). In Chapter 5, 

soil grown with Brachiaria humidicola (with ability to release biological NIs) retained higher soil NH4
+ 

and lower NO3
- concentrations compared with soil grown with Brachiaria ruziziensis (not able to 

release biological NIs) after sheep urine application. The cumulative N2O emissions during first peak 

in the soil grown with Brachiaria humidicola was significantly inhibited compared with soil grown 

with Brachiaria ruziziensis after sheep urine application (Chapter 5, Table 5.2). This could be partly 

due to direct soil nitrification inhibition by the biological NIs, which inhibit the transformation of soil 

NH4
+ to NO3

- and reduce soil N2O emissions during the nitrification. A second N2O peak as a result of 

denitrification was not affected by the NIs application. In addition, the biological NIs did not affect NO 

emissions.  

A useful approach to test the direct effect of biological NIs on nitrification rates, is via analysis of 

the nitrification gene abundance. During nitrification, NH4
+ is first oxidised to nitrite (NO2

-) catalysed 

by the AMO and HAO, which is then oxidised to NO3
- (Firestone and Davidson, 1989). Most biological 

NIs have been confirmed to inhibit both the HAO and AMO enzymatic pathways, such as LA, LN and 

brachialactone identified from Brachiaria humidicola (Subbarao et al., 2009, 2008), sorgoleone and 

sakuranetin identified from sorghum (Subbarao et al., 2013). There are also some biological NIs that 

inhibit only the AMO, e.g. biological NIs identified from sorghum and rice (Sun et al., 2016; Zakir et 

al., 2008), or the HAO, such as wheat root exudates (no identified biological NIs) (Subbarao et al., 

2007b). In contrast, synthetic NIs inhibit only the AMO pathway (Benckiser et al., 2013; Subbarao et 

al., 2013; Zakir et al., 2008). 

The abundance, diversity and structure of ammonia oxidising bacteria (AOB) and archaea (AOA) 

responding to the application of NIs have been shown to be highly variable, and controlled by soil type 

(Gong et al., 2013; Liu et al., 2015), soil pH (Robinson et al., 2014), soil temperature (McGeough et al., 

2016), and soil water content (Barrena et al., 2017). Lu et al. (2019) confirmed that the 1,9-decanediol 

application significantly inhibited the abundance of AOB and AOA in an acidic red soil, paddy soil and 

fluvoaquic soil, however, the community structure of AOA and AOB was significantly different in these 

three typical agriculture soils. Dicyandiamide was effective at inhibiting nitrification (soil retained high 

NH4
+ concentration and low NO3

- concentration) and reduced cumulative N2O emission by inhibiting 
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AOB gene abundance rather than AOA (Chapter 3). No significant differences were observed in the 

AOA and AOB abundance after the LA and 1,9-decanediol (Chapter 3), and may be due to the lower 

biological NIs application rate (≤127 mg NI kg-1 dry soil), which is consistent with previous studies (Lu 

et al., 2019; Nardi et al., 2013). A relatively high dose (350 µg C g-1 soil) of BNI compound (identified 

from sorghum, 3-4-hydroxyphenyl propionate (MHPP)) application significantly reduced the 

abundance of AOB and AOA (Nardi et al., 2013). 

7.4.2 Do biological NIs act as C sources to stimulate N immobilisation?  

Nitrification inhibitors suppress soil nitrification, resulting in higher soil NH4
+ and lower NO3

- 

concentrations (Lu et al., 2019; Subbarao et al., 2008; Xu et al., 2019). However, only significantly 

reduced soil NO3
- concentrations were observed in this study after the applications of LA, LN and 1,9-

decanediol, but there was no increased/retention in the soil NH4
+ concentration, which disproves the 

initial hypothesis that biological NIs application would retain higher soil NH4
+ and lower NO3

- 

concentration. In addition, low nitrification rates sometimes have been attributed to a decline in NH4
+ 

availability rather than to the toxicity to nitrifiers (Schimel et al., 1996). Labile carbon (C) rich 

substrates have previously been shown to increase net N immobilisation in soil (G. Chen et al., 2003; 

Magill and Aber, 2000; Vinten et al., 2002). In Chapter 4, the nitrification inhibition mechanism of the 

biological NIs seemed to differ from DCD. In the case of LA and LN, an indirect effect under low soil 

N conditions could be due to the addition of labile C promoting microbial immobilisation of soil NH4
+ 

and/or NO3
- (under high C/N ratios), and/or denitrification losses (Chapter 4). We did not measure soil 

microbial immobilisation of NH4
+ or NO3

- using 15N-labelling technique directly, but we determined 

the linear relationship between the predicted microbial N immobilisation (predicted value, using the 

standard C:N ratio of the soil microbial biomass of 8:1 to evaluate the microbial N demand needed to 

assimilate the C-rich substrates) using the 14C-labelling method and observed N immobilisation 

(observed value, (NH4
+ + NO3

-) in control minus (NH4
+ + NO3

-) in treatment ) (see details in section 

4.2.4). This provides evidence to support the initial hypothesis that the reduced NO3
- concentration after 

application of the biological NIs, LA and LN, could have been partly due to soil microbial NH4
+ and/or 
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NO3
- immobilisation. This is also supported by the significantly higher mineralisation rates of 14C-

labelled LA and LN compared to DCD (Fig. 4.5). In addition, mineralisation rate was positively linearly 

correlated to cumulative CO2 emissions (Chapter 4).  

The study of Nardi et al. (2013), suggested that the Biological NI, MHPP, would limit NH4
+ supply 

(NH4
+ immobilisation) and indirectly reduced soil nitrification, due to the BNI compound acting as a C 

source for soil microorganisms, favouring heterotrophs that are better competitors for NH 4
+ than 

autotrophs. Nevertheless, it has been argued that the influence of MHPP on NH4
+ immobilisation is of 

minor importance and the MHPP shows a more direct effect on ammonia oxidisers (Nardi et al., 2013). 

This was also supported by Lu et al. (2019), who indicated that the high doses of 1,9-decanediol 

application suppress soil nitrification by inhibiting AOB and AOA but not NH4
+ availability.  

7.4.3 Do biological NIs act as C sources to stimulate denitrification? 

Denitrification refers to the dissimilatory reduction of NO3
-→NO2

-→NO→N2O→N2 by 

corresponding reductases (Knowles, 1982; Zumft, 1997). In Chapter 4, higher concentration of LA and 

LN application significantly increased soil N2O emissions compared with the control without biological 

NIs application, which may result from their role as C sources (significant higher mineralisation rate of 

LA and LN) stimulating soil denitrification of residual NO3
- and/or NO3

- produced via soil nitrification. 

Soil C availability has been confirmed to be one of the most important factors controlling denitrification 

rates, due to its role as a substrate for the growth of denitrifying bacteria, a source of energy and an 

electron donor (Henderson et al., 2010; Schipper et al., 2011; Tiedje, 1988). The effects of C sources 

on soil denitrification have been explored in Chapter 6, the study confirmed that labile C compounds 

stimulated soil N2O emissions and NO3
- consumption during the denitrification process, e.g. glucose 

and glucosamine compared with relatively stable and complex C compounds such as cellulose (Table 

6.2, 6.5), resulted in greater N2O emissions, and a higher N2O/N2 ratio. This provides evidence for the 

initial hypothesis that biological NIs may act as a C source to stimulate soil denitrification, especially 

at high application rates. Even though the effect of the biological NIs, LA, LN and 1,9-decanediol, were 

not explored in this DENIS study. To our knowledge, this is the first time to mention that biological NI 
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may act as C source to stimulate soil denitrification. Further research needs to be conducted to confirm 

the effects of easily mineralised biological NIs on denitrification.   

7.5. Conclusions 

Biological NIs, such as LA, LN and 1,9-decanediol, were able to reduce soil NO3
- concentration 

after application to a highly nitrifying soil with or without chemical N fertiliser applications. However, 

the required doses of LA, LN and 1,9-decanediol to inhibit soil nitrification were significantly higher 

than the application rates of the proven synthetic NI, DCD. The efficacy of biological NIs were largely 

related to the initial biological NI concentration and stability in soil, which increased as the increasing 

of BNI concentration and decreasing mineralisation rates. The apparent reduction of soil NO 3
- 

concentration after the application of biological NIs may result from biological NIs 1) directly inhibiting 

thee nitrification process; 2) providing a C source to stimulate soil NH4
+ and/or NO3

- immobilisation; 

3) providing a C source to promote soil denitrification. The synthetic NI, DCD, was confirmed to 

suppress the transformation of soil NH4
+ to NO3

-, and inhibit soil N2O emissions by impeding AOB but 

not AOA directly in a highly nitrifying soil.       

7.6. Recommendations for future studies 

This thesis has identified that biological NIs can appear to result in direct nitrification inhibition, 

but at high concentrations they may also provide a suitable C source that stimulates microbial 

immobilisation and/or denitrification, both of which result in a reduction in soil NO3
-. However, the 

thesis has also highlighted some important gaps in our knowledge, which are summarised in the 

following section, and in Fig 7.1.  

1. The study in Chapter 4 provided evidence to support the possibility that biological NIs may 

indirectly inhibit soil nitrification by N immobilisation, using the 14C-labelling method and 

indirect calculation. But we did not directly measure soil microbial immobilisation of NH4
+ or 

NO3
- using 15N-labelling technique. Further studies could be conducted to measure the effects 
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of biological NIs on direct soil microbial immobilisation to provide more evidence for the 

mechanism of biological NIs on soil nitrification. 

2. In Chapter 3, we only explored the effects of BNI compounds applied at doses ≤127 mg BNI 

kg-1 dry soil on soil nitrifiers and denitrifiers. However, the effects of higher concentration of 

BNI compounds application on soil nitrifiers and denitrifiers were not determined. In addition, 

BNI compounds were not included in the series of experiments to determine the effect of C 

lability on soil denitrification. Thus, further studies could be conducted to explore the effects 

of biological NIs on soil denitrification and denitrifier populations, to verify the possible 

mechanism of being a C source to stimulate denitrification. 

3. In this study, we did not include glucose as a reference C source alongside the biological NIs 

treatments to compare their effects on soil nitrification, immobilisation and denitrification. In 

addition, biological NIs were applied at the same mass but not the same amount C content in 

this study. Including glucose as C reference at the same level of C addition or adding the same 

number of moles, to compare with LA, LN and 1,9-decanediol in the future, may result in a 

better understanding of the efficacy and mechanism of biological NIs. 

4. Due to the high cost of 14C-labelling 1,9-decanediol molecule, the mineralisation rate of 1,9-

decanediol was not determined in this study, further studies could be conducted to explore the 

stability of 1,9-decanediol (by measuring its disappearance in soil, or measurements rates of 

14CO2 emissions, after 14C labelling this biological NI, which may improve our understanding 

of the factors affecting the efficacy of 1,9-decanediol. 

5. This study focused on soil N2O, NO, N2 and CO2 emissions during nitrification and 

denitrification processes. Ammonia (NH3) emissions were not included in this study. However, 

previous studies showed that the NIs application retains higher soil NH4
+ concentrations, thus 

increasing NH3 emissions (Lam et al., 2017; Sánchez-Rodríguez et al., 2018; Soares et al., 

2012). Attention should be paid to NH3 emissions when biological NIs are applied in future 

studies. 

6. In this study, we only explored the effects, efficacy and mechanism of the BNI compounds, LA, 

LN and 1,9-decanediol, and the root exudates of Brachiaria humidicola on soil nitrification. In 
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recent years, more and more plants have been confirmed to have the ability to suppress the soil 

nitrification, and more and more BNI compounds have been identified. A greater understanding 

of the efficacy of these newly identified biological NIs could support more sustainable N use, 

improve NUE and reduce N losses in the future.  

7. Biological NIs, LA, LN and 1,9-decanediol, and synthetic NI, DCD differ in their water 

solubilities. Future research, identifying the effects of leaching on the efficacy of NIs will 

improve our understanding of their fate in the soil and guide better management of NIs in 

agricultural systems. 

 

Fig. 7.1 Summary of the thesis. Note: red arrows represent new knowledge developed in the 

thesis. 
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Appendix 1: Supplementary material for Chapter 3 

 

Fig. 1 N2O (panels, a) and CO2 (panels, b) concentration in headspace over 1 hour. 
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Appendix 2: Supplementary material for Chapter 4 

 

Fig. 1 N2O (panels, a) and CO2 (panels, b) concentration in headspace over 1 hour.
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Appendix 3: Supplementary material for Chapter 5 

 

Fig. 1 The experiment setup of the Denitrification system (DENIS) 
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Table 1 Primer sets used for the real-time PCR 

Targeting gene Primer set Sequence (5'-3') Reference 

AOA 
Arch-amoAF STAATGGTCTGGCTTAGACG 

(Robinson et al., 2014) 
Arch-amoAR GCGGCCATCCATCTGTATGT 

AOB 
amoA-1F GGGGTTTCTACTGGTGGT 

(Robinson et al., 2014) 
amoA-2R CCCCTCKGSAAAGCCTTCTTC 

nirK 
FlaCu ATCATGGTSCTGCCGCG 

(Zulkarnaen et al., 2019) 
R3Cu GCCTCGATCAGRTTGTGGTT 

nirS 
cd3aF GTSAACGTSAAGGARACSGG 

(Zulkarnaen et al., 2019) 
R3cd GASTTCGGRTGSGTCTTGA 

nosZ 
2F CGCRACGGCAASAAGGTSMSSGT 

(Zulkarnaen et al., 2019) 
2R CAKRTGCAKSGCRTGGCAGAA 
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Appendix 4: Supplementary material for Chapter 6 

Details of six denitrification incubations used in Chapter 6 

The 6 incubations referred to in this Chapter were conducted by Dr Laura Cardenas and other 

researchers at Rothamsted Research (North Wyke) in 2001-2002. I was not involved in the 

experimentation, but was responsible for taking the raw data and calculating fluxes, cumulative fluxes, 

the statistical analyses and interpretation of the results. Below, I summarise the experimental details 

(for completeness). 

1. Soil site and sampling regime    

Soil samples used in this study were collected from an experimental site at Rothamsted Research 

(North Wyke, 50°46 Ń, 3°54 É). The site was a plot belonging to the Rowden experiment (Blackwell 

et al., 2018), which had not received inorganic N fertiliser for at least 60 years and did not have artificial 

drainage. The climate at this site is cool temperate with an average 30-year annual temperature of 

10.1 °C and an annual average total rainfall of 1040 mm (Orr et al., 2016). The soil is a clayey 

pelostagnogley of the Hallsworth series (Clayden et al., 1984), or a FAO dystric gleysol (FAO, 2006).  

Intact soil cores (0-10cm depth) were collected using stainless steel rings (diameter: 14.3 cm). Soil 

cores were carefully dug up and vegetation was trimmed off. The base of each soil core was pared 

carefully to avoid smearing using a sharp blade, until it was level with the edge of the corer. The top 10 

cm was characterised by 36.6% clay, 47.7% silt, 13.9% fine sand and 1.8% coarse sand in the inorganic 

fraction (Harrod and Hogan, 2008; Schnürer et al., 1985; Scholefield et al., 1997), with the soil organic 

C content of 5.3% and a soil pH of 5.7. The intact soil samples were watered twice with 100 ml 

deionised water each prior to incubation and left to drain for two hours to ensure they were at maximum 

soil water holding capacity (~90% water filled pore space, WFPS). 

2. Carbon sources and experimental design 
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To explore the effect of C quality on N2O and N2 emissions, a series of incubations were conducted 

in the Denitrification System (DENIS) (Cárdenas et al., 2003). In each incubation, the intact soil cores 

were engineered to fit tightly within 12 incubation vessels (143 mm diameter, 120 mm height). The 

vessels were then sealed with stainless steel lids that incorporated two ‘O’ rings. In order to purge the 

N2 from the soil atmosphere, headspace and all gas lines, a mixture of He: O2 (80: 20, each of 99.999% 

purity) was passed through the inlet at the base of the vessel at flow rates of about 100 ml min -1 per 

vessel, with the outlet from each vessel passing through a 16-port Valco valve (flow-through mode) to 

N2O and N2 detectors. Once baseline N2 concentrations were achieved in the airflow from all vessels, 

the He + O2 mixture was directed to the vessel via the lid of the vessel, in a flow-over mode. The flow 

rate of the mixture was decreased to about 38 ml min -1 with 16% O2. After replacement of the 

atmosphere within the soil cores, the corresponding amendments (C and N sources) were added from a 

He/O2 flushed vessel fitted to the lid of the intact soil cores, by turning a ball valve. During the 

incubation, the temperature of the vessels was kept constant at 15ºC. 

Six incubations were conducted in this study: 1) Inc-Van; 2) Inc-Cel; 3) Inc-Glu, 4) Inc-But; 5) 

Inc-FSl; 6) Inc-ASl (vanillin, cellulose, glucosamine, butyric acid, fresh cattle slurry and aged cattle 

slurry were applied as C source in each incubation respectively) (Table 1). The treatments in each 

incubation were 1) NO3
-; 2) NO3

- + glucose; 3) NO3
- + C source (Inc-Van, Inc-Cel, Inc-Glu, Inc-

But)/NH4
+ (Inc-FSl, Inc-ASl). C was added at an equivalent rate of 396 kg C ha-1. NO3

- was also added 

to each vessel, at 75 kg N ha-1 in a volume of 50 ml deionised water, to provide a source of N for the 

denitrifiers. Four incubations (Inc-Van, Inc-Cel, Inc-Glu and Inc-But) were carried out to assess the 

specific C compounds (vanillin, cellulose, glucosamine and butyric acid) on soil N2O and N2 emissions 

during denitrification. Each of these 4 incubations contained a NO3
- only treatment (as a reference or 

zero control) and a NO3
- + glucose treatment (as a positive control). The NO3

- + glucose treatment 

would also provide information on the denitrification potential of the soil (Dendooven and Anderson, 

1994). Two further incubations (Inc-FSl and Inc-ASl) were carried out to assess the effect of cattle 

slurry on denitrification losses. Inc-FSl and Inc-ASl also had a NO3
- only treatment, but the NO3

- + 

glucose treatment was replaced with NO3
- + NH4

+ as slurries retain inorganic N in the NH4
+-N form but 

not the NO3
--N due to the anaerobic condition (Bastami et al., 2018). The same amount of NH4

+ as that 
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contained in the cattle slurries was applied, in order to account for the NH4
+ content present in the slurry 

that could affect the production of N2O (either during nitrification or following subsequent 

denitrification) (Table 2 shows the N and C rates in kg ha-1). Each treatment had 4 replicates, so the 

inclusion of the NO3
- only and NO3

- + glucose treatments, resulted in sufficient vessels (12 in total) in 

the DENIS system for one of the C sources in each incubation. 

Table 1 Treatments in the six incubations (n=4). 

Incubation Incubation name Treatments 

1 Inc-Van NO3
-, NO3

- + glucose, NO3
- + vanillin 

2 Inc-Cel NO3
-, NO3

- + glucose, NO3
- + cellulose 

3 Inc-Glu NO3
-, NO3

- + glucose, NO3
- + glucosamine 

4 Inc-But NO3
-, NO3

- + glucose, NO3
- + butyric acid 

5 Inc-FSl NO3
-, NO3

- + NH4
+, NO3

- + fresh cattle slurry 

6 Inc-ASl NO3
-, NO3

- + NH4
+, NO3

- + aged cattle slurry 

Table 2 Rates of N and C applied in the NO3
- + glucose, and NO3

- + NH4
+ treatments. 

Treatment  

NO3
- + glucose 

treatment, nitrate 
added, kg N ha-1 

NO3
- + glucose 

treatment, C added, 
kg C ha-1 

NO3
- + NH4

+ 

treatment, nitrate 
added, kg N ha-1 

NO3
- + NH4

+ 

treatment, ammonium 
added, kg N ha-1 

Inc-Van 75 396 na na 

Inc-Cel 75 396 na na 

Inc-Glu 75 396 na na 

Inc-But 75 396 na na 

Inc-FSl na na 75 1.1 

Inc-ASl na na 75 4.7 

na: not applicable 

Cattle slurry was obtained from the reception pit (fresh) and the slurry tank of a commercial beef 

farm (aged). The cattle slurry was sieved through a 670 μm mesh to ensure that it went through the ball 

valve connecting the amendment vessel to the incubation vessel. After sieving the slurry, approximately 

50 ml were frozen at -20 °C and freeze-dried for 24 hours before being ground in a pestle and mortar 

in preparation for total C and N analyses in an elemental analyser (Carlo Erba). The slurry NH 4
+ and 

NO3
- concentrations were extracted (fresh slurry: 2M KCl, 1:5 (w/v)) and the filtrate was analysed using 

a colorimetric technique in a Skalar Sans plus segmented-flow analyser linked to a model 1050d diluting 

auto-sampler (Kamphake et al., 1967; Searle, 1984). These analyses were completed prior to application 

to the soil in order to provide the same C: N loading as in the C compound experiments. Sieved fresh 

and aged cattle slurry has 4.6% and 3.2% dry matter, 37.7% and 39.0% total C, 3.5% and 1.9% total N, 
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0.1% and 0.46% NH4
+ in dry basis, respectively. According to the result of the analysis, 35.3 g sieved 

fresh slurry and 53.7 g sieved aged slurry were applied to each vessel, which supplied 0.61 g C 

(equivalent to 396 kg C ha-1), 1.6 mg NH4
+-N and 56.8 mg total N for the fresh slurry experiment, and 

0.61 g C (equivalent to 396 kg C ha -1), 7.9 mg NH4
+-N and 32.6 mg total N per vessel for the aged 

slurry experiment, respectively. 

3. Gas measurements and soil analysis 

During the pre-flush period and experimental incubations, the N2O and N2 concentrations were 

analysed automatically every 8 minutes, which result in a measurement every 1.5 hour for each vessel 

(12 vessels in total). N2O and N2 were quantified by Electron Capture Detection (ECD) and He 

Ionisation Detection (HID), respectively (Cárdenas et al., 2003). The separation of N2O and N2 was 

achieved by a stainless steel packed column (2 m long, 4 mm bore) filled with ‘Porapak Q’ (80 -100 

mesh) using N2 as the carrier gas and a PLOT column (30 m long, 0.53 mm i.d.) with He as the carrier 

gas, respectively (Cárdenas et al., 2003). Gas concentrations were corrected for surface area and the 

flow rate through each vessel (measured daily by means of glass bubble meter), and fluxes calculated 

in the units of kg N or C ha-1 d-1. The cumulative gas flux was calculated using Genstat (the 19th edition, 

VSNI, UK) using the Trapezoidal rule (Meijide et al., 2010). At the end of each incubation, soil was 

removed from the stainless-steel incubation vessels and sieved before KCl (2M) extraction and analysis 

of the filtrate for NH4
+ and NO3

- using the same methods described above. 
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