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Abstract 
	

Mitigating N losses such as N2O emissions is needed to improve the environmental 

sustainability of grassland agriculture. This thesis firstly aimed to develop a new Cavity Ring 

Down Spectroscopy (CRDS & SSIM) technique to measure N2O concentration and 

isotopomers in small volume (<20 ml) gas samples emitted from soil. The method was tested 

and compared to GC-IRMS. With a precision (1s) of N2O conc. 8.64 ppb, d15Nbulk 0.91‰, 

d15Na 2.00‰, d15Nb 0.22‰ and SP 2.18‰, CRDS & SSIM can be used to distinguish 

important N2O sources. Secondly, this thesis aimed to determine the effect of grassland sward 

composition and soil moisture conditions on N2O emissions. A simplex-centroid field 

experiment was used to quantify cumulative N2O losses and changes in soil mineral N 

concentrations from eight experimental swards, post a 40 kg N ha-1 urea fertiliser application. 

The swards contained various proportions of perennial ryegrass (PRG), white clover (WC) and 

ribwort plantain (PLAN). Plots were split into two distinct areas of contrasting soil moisture 

conditions. Cumulative N2O emissions were higher under wet soil conditions. Increases of WC 

from 0% to 60% resulted in predicted N2O emissions increasing from 22.3 to 96.2 and from 

59.0 to 219.3 g N2O-N ha-1, under ambient and wet soil conditions, respectively. Soil mineral 

N dynamics suggested denitrification was likely the main source of the increased N2O 

emissions under wetter soil conditions. N2O isotopomers, determined by CRDS & SSIM, were 

used to source partition N2O fluxes into fractions of nitrification F(N) or denitrification F(D). 

Overall, 34.2% of N2O fluxes were attributed to nitrification, 29.0% to denitrification and 

36.8% to a mixture of both. Simplex modelled SP and d15Nbulk indicated that increasing 

proportions of WC under wetter soil conditions could stimulate denitrification as a source of 

N2O and that PLAN could potentially lower N2O emissions under drier soil conditions through 

biological nitrification inhibition (BNI). The final experiment, a completely randomised block 

design, used intact soil cores from selected plots of the field experiment as lysimeters. Four 
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sward compositions were compared at different annual N fertiliser rates; PRG (250 kg N ha-1 

yr-1), PRG+LWC (90 kg N ha-1 yr-1), PRG+HWC (0 kg N ha-1 yr-1) and PRG+WC+P (45 kg N 

ha-1 yr-1). Annual N fertiliser rates were chosen based on WC content, to account for 

biologically fixed N and create a balanced N management approach. N2O emissions, leached 

N, herbage DM yields and N uptake were quantified. N2O isotopomers were measured around 

times of peak N2O fluxes to source partition N2O and quantify F(N) and F(D). Soil cores were 

X-ray CT scanned and soil physical properties were quantified and correlated with N losses. 

Cumulative N2O emissions, leached N, DM yields and N uptake were not significantly 

different between treatments. Cumulative N2O emissions were PRG (3.25 ± 0.5), PRG+LWC 

(2.98 ± 0.2), PRG+HWC (3.01 ± 0.7) and PRG+WC+P (2.74 ± 0.3) kg N2O-N ha-1. While not 

statistically significant, PRG+WC+P had lower cumulative N2O emissions and F(N). BNI 

associated with ribwort plantain may have contributed to lower N2O emissions and warrants 

further research. Significantly greater N2O emissions and organic N leached during Spring 

from the PRG and PRG+LWC than PRG+HWC and PRG+WC+P was associated with higher 

fertiliser N inputs and application timing. Less Winter activity and slower N uptake in Spring 

from PRG may have resulted in more soil mineral N vulnerable to loss during Spring. Further 

research is needed to understand the impact of multispecies swards, particularly those 

containing ribwort plantain, on soil N cycling and N losses at a field scale and across a range 

of soil types and textures. The findings of this thesis indicate that the adoption of different 

grassland sward compositions and appropriate N fertiliser management could be a useful N2O 

mitigation strategy.  
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Chapter 1: 

General Introduction	 	
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1.1 Thesis background 

Agricultural soils are a major source of nitrous oxide (N2O) emissions worldwide (Bouwman 

et al., 2013; Fowler et al., 2013), with global tropospheric concentrations continuing to rise 

(Thompson et al., 2019; Makowski, 2019). Reduction of N2O emissions from agricultural soils 

is necessary to meet international commitments to the Paris Climate Change Agreement and 

improve the environmental sustainability of food production systems worldwide (IPCC, 2019). 

Sustainable production of food to meet the demands of a growing human population while 

reducing GHG emissions is one of the world’s greatest challenges (Godfray et al., 2010). 

Nitrogen (N) is one of the main limiting nutrients to plant growth. Therefore, N fertiliser 

application can significantly improve crop yields in many circumstances. However, it is 

increasingly evident that environmental pollution due to inefficient N use can cause greater 

harm than good (Spiertz, 2010; Sutton et al., 2011). The availability and use of chemical N 

fertilisers produced from industrial N fixation greatly increased following the discovery of the 

Haber-Bosch process but so did the loss of reactive N to the environment over the same period 

(Müller and Clough, 2014). The onset of synthetic N fertiliser use in agriculture has disturbed 

the global N cycle since pre-industrial periods. Clear examples of such disturbance are 

temporal shifts in N isotope ratios of NO3
- and N2O in ice cores samples from Greenland and 

the Antarctic (Waters et al., 2016; Prokopiou et al., 2017; 2018). This evidence has, indeed, 

been used to argue for the concept of the Anthropocene as a stratigraphically distinct geological 

epoch (Waters et al., 2016; Prokopiou et al., 2017; 2018). Since the mid 20th century (the ‘Great 

Acceleration’) there has been a significant detectable increase in the global average N2O 

concentration and site preference (SP = d15Na - d15Nb) signature, indicating a relative shift from 

denitrification to nitrification due to the increase of N2O emissions from agriculture (Prokopiou 

et al., 2017; 2018). Nitrogen loss from fertiliser application, rather than being utilised for plant 

growth, represents a reduced nitrogen use efficiency (NUE) (Galloway et al., 2004). With little 
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extra agricultural land area available to grow the additional food requirements of a growing 

human population (Smith et al., 2013), it is imperative to improve NUE to minimise harmful 

N losses such as N2O and maintain or improve agricultural dry matter productivity (Hoekstra 

et al., 2020). 

Globally, grasslands cover 37% of the earth’s surface and make a significant contribution to 

food security as a substantial component of feed requirements of animals for meat and milk 

production (O’Mara, 2012). In temperate climates, such as Ireland and New Zealand, intensive 

dairy, beef and sheep production systems are primarily based on pasture grazing (Dillon et al., 

2005). Approximately 4.5 Mha of Ireland’s land area is agricultural land of which around 4.1 

Mha is utilised as grassland (CSO, 2016). To take advantage of the removal of the EU milk 

quota in 2015, ambitious expansion targets, particularly for the Irish dairy sector, have been 

set out in national strategies such as Food Wise 2025 (DAFM, 2015). However, this has raised 

major concerns related to the increased loss of N, particularly N2O emissions and N leaching, 

to the wider environment associated with increased fertiliser use and larger herd sizes 

(Hoekstra et al., 2020). The main types of synthetic N fertilisers currently used on grassland in 

Ireland are urea and calcium ammonium nitrate (CAN) with annual N application rate advice 

for conventional managed improved grasslands ranging from 40 to 275 kg N ha-1, depending 

on stocking rates, to meet grass growth demands (Wall and Plunkett, 2016). As shown by 

Burchill et al. (2016), such pasture based systems have typically low NUE (<30%), leaving 

large N surpluses vulnerable to loss. According to Ireland’s Environmental Protection Agency 

(EPA) agriculture was responsible for 34% of GHG emissions and 92.6% of total N2O 

emissions in 2018 (EPA, 2020). As an EU member state, Ireland’s nationally determined 

contribution (NDC) to the International Paris Climate Change Agreement is to meet a binding 

target of at least a 40% reduction in GHG emissions by 2030 compared to 1990 (EU, 2015). If 

Ireland is to become a low C economy, the Irish agriculture sector must play a leading role to 
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align expansion targets with the need to reduce GHG emissions. To achieve these ambitious 

goals, improving our understanding of the soil N cycle and N transformation pathways that 

lead to N2O production and other forms of N losses from soil is key to finding management 

adaptions that could improve NUE and the overall sustainability of these grassland systems. 

Multispecies swards composed of different plant functional groups (e.g. grasses, N fixing 

legumes and herbs) have been investigated as alternatives to grass monocultures due to their 

potential to meet primary productivity needs while requiring less fertiliser N inputs (Nyfeler et 

al., 2011; Suter et al., 2015; Finn et al., 2018). Some studies have been carried out to determine 

the effect of multispecies swards on N2O emissions reporting mixed trends. Niklaus et al. 

(2006) found lower N2O emissions associated with greater species diversity but observed 

increased N2O emissions in the presence of legumes. Ribas et al. (2015) and Niklaus et al. 

(2016) found that sown evenness and species richness reduced N2O emissions but emissions 

could increase with the legume fraction of swards, particularly when fertiliser was added. Allan 

et al. (2013) found no significant effects on N2O emissions from multispecies swards but did 

find a significant legume effect on soil NO3
-. Some studies have found a reduction in N2O 

emissions associated with the application of compounds extracted from ribwort plantain 

(Plantago lanceolata) leaves (Dietz et al., 2013; Gardiner et al., 2018). Carlton et al. (2019) 

found that swards of perennial ryegrass, white clover and ribwort plantain had significantly 

lower NO3
- leaching than swards of perennial ryegrass and white clover only, proposing an 

inhibitory effect on nitrification. Gardiner et al. (2020) also found that aucubin excreted in cow 

urine post grazing pastures containing ribwort plantain significantly reduced N2O fluxes and 

soil NO3
- concentrations indicating that aucubin inhibited nitrification. Interest is growing in 

the use of plants as mitigation options for N2O emissions from agricultural soils (de Klein et 

al., 2019). More research is needed on the effects of multispecies swards, containing species 
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like white clover and ribwort plantain, on soil N cycling processes that lead to N2O emissions 

under different conditions. 

N2O is a product of several pathways in the soil N cycle (Wrage-Mönnig et al., 2018). 

Oxidation of ammonium (NH4
+) by nitrification or the partial reduction of nitrate / nitrite (NO3

- 

/ NO2
-) by denitrification are important sources of N2O production in soils (Baggs, 2011). 

Microbial activity (fungal and bacterial) regulates N2O production from nitrification and 

denitrification in soil (Baggs, 2011). Soil moisture is a major regulatory factor to N2O 

emissions as evidenced by Linn and Doran (1984) who reported ranges of soil water filled pore 

space (WFPS) that govern the amount of N2O produced from nitrification or denitrification. 

Typically, at < 70% WFPS nitrification is considered the most dominant N2O source, whereas 

denitrification becomes a more dominant N2O production process at a soil WFPS > 70% 

(Nõmmik, 1956; Davidson, 1991). However, even in a predominantly aerobic soil, anaerobic 

microsites exist (e.g. in soil aggregates) giving rise to N2O produced by denitrification (Burford 

and Stefanson, 1973). The heterogeneity of soil moisture conditions can lead to nitrification 

and denitrification occurring simultaneously (Abbasi and Adams, 2000). Under conditions 

conducive to nitrification, N2O emission are generally greater from NH4
+ based fertiliser 

applications rather than NO3
- based fertiliser while the opposite is true under conditions 

conducive of denitrification (Conrad et al., 1983; Egginton and Smith, 1986). Determining the 

amount of N2O produced from either nitrification or denitrification can be difficult without 

deliberately inhibiting one pathway over the other. However, 15N stable isotope techniques can 

be a useful tool to investigate both processes simultaneously (Stevens et al., 1997). 

Using differentially 15N labelled NH4
+ and NO3

- based fertilisers, researchers could measure 

the 15N enrichment of N2O to source partition and attribute soil emitted N2O to nitrification 

and denitrification (Stevens et al., 1997; Bateman and Baggs, 2005). As N transformations 
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occur, N2O precursors (e.g. NH4
+ and NO3

-) temporally change in concentration and isotopic 

enrichment causing isotope effects that lead to 15N enriched or depleted precursors and evolved 

N2O (Denk et al., 2017). Modelling such dynamic changes and isotope effects can produce 

insightful information regarding N transformation rates leading to N2O production under 

differing treatments and conditions (Müller et al., 2007). However, these approaches can be 

particularly expensive and complicated due to the cost of 15N enriched fertilisers and the 

technical skills required for IRMS operation. Therefore, other approaches have been developed 

for source partitioning N2O based on its isotopic composition (Decock and Six, 2013). The 

isotopic composition of N2O determined by the ratio of 15N/14N in the central (a) and terminal 

(b) position of the molecule are indicative of the N2O source (Friedman and Bigeleisen, 1950; 

Toyoda and Yoshida, 1999). The unique endmember site preference (SP) and d15Nbulk or d18O 

values for nitrification (and fungal denitrification) and denitrification means that isotopomer 

maps can be used to source partition N2O and estimate the amount of mixing between processes 

and the reduction of N2O to N2 that occurred (Zou et al., 2014; Deppe et al., 2017; Lewicka-

Szczebak et al., 2017; Congreaves et al., 2019; Wu et al., 2019). 

The development of laser spectroscopy has made it possible to measure N2O isotopomers using 

Mid-IR laser adsorption spectroscopy (Waechter et al., 2008; Mohn et al., 2014). Laser 

spectrometers have several advantages over traditional GC-IRMS for N2O concentration and 

isotopomer measurements as they are generally smaller in size (making them field deployable), 

require less time for sample preparation and can provide real time continuous measurements 

(Waechter and Sigrist, 2007; Waechter et al., 2008; Köster et al., 2013; Mohn et al., 2012). 

Lasers also avoid issues related to inter-molecular scrambling caused by ionisation during 

IRMS measurements that requires a technically complicated correction (Röckmann et al., 

2003; Mohn et al., 2014). One particular type of laser spectroscopy instrument is a Cavity Ring 

Down Spectrometer (CRDS) which can simultaneously measure N2O concentration (ppb), 
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d15Na (‰), d15Nb (‰) and d15Nbulk (‰) in real-time (Erler et al., 2015; Ji and Grundle, 2019). 

CRDS uses a fine tuned optical filter inside a measurement cavity to automatically configure 

specific wavelengths to match the adsorption spectrum of N2O isotopomers, and measure the 

signal at the specific isotopomer wavenumbers for 15N=14N=O and 14N=15N=O respectively 

(Erler et al., 2015; Ji and Grundle, 2019). The mid-infrared laser is periodically turned on and 

off while the light intensity of the respective wavelengths is constantly measured and 

algorithmically processed to derive the light dissipation rate that is related to the N2O 

concentration and the isotopomer signatures of a sample (Ji and Grundle, 2019). Laser 

spectrometers have since been applied to attribute N2O sources from agricultural soils in field 

experiments (Wolf et al., 2015; Ibraim et al., 2019; Petersen et al., 2020). 

 

1.2 Thesis objectives and hypotheses 

The overall objective of this thesis was to investigate the effects of sward composition and soil 

moisture conditions on N2O emissions from grassland soils using CRDS. 

The hypotheses of this thesis were as follows: 

• CRDS can be adapted to measure small volume samples of N2O from static chamber 

experiments for the purposes of monitoring N2O emissions and source partitioning of 

N2O based on isotopomers; 

• Multispecies swards will reduce N2O emissions compared to PRG only and grass-

clover swards; 

• The effect of sward composition and associated N fertiliser management on N2O 

emissions will be strongly influenced by soil moisture conditions, with high water filled 

pore space being associated with greater N2O production from denitrification; 
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• Multispecies swards will regulate N transformation processes, both directly (e.g. 

biological nitrogen fixation, inhibition of nitrification) or indirectly (e.g. through 

affecting soil physical properties) over time in ways that differ from PRG only or grass-

clover swards and that will influence N2O emissions. 

These objectives and hypotheses were investigated through a literature review and four 

research chapters as follows: 

Chapter 2 provides a literature review covering the history of nitrogen as an element and the 

development of isotopic N2O measurement techniques, followed by the application of 15N 

isotope techniques to soil N cycling research in agriculture. The focus on N2O isotopic 

measurements specifically leads to the use of novel laser spectroscopy techniques such as 

CRDS to measure N2O isotopomers emitted from grassland soils. The literature review covers 

the impact of soil conditions, principally soil WFPS, on N2O production and sources. This 

chapter considers the environmental and production benefits of multispecies grassland swards 

as a means to reduce fertiliser N requirements and potentially mitigate N losses to the wider 

environment, chiefly, N2O. 

Chapter 3 outlines the development and testing of a novel method that adapts a CRDS to 

measure discrete small volume N2O samples, using a small sample isotope module (SSIM), for 

source partitioning purposes. It presents the repeatability of the method and compares it to 

traditionally applied GC-IRMS. Exploring the precision and accuracy of the novel CRDS & 

SSIM technique, explains the systematic errors that can arise using the method. 

Chapter 4 quantifies the cumulative N2O loss from multispecies swards under two contrasting 

soil moisture conditions post fertiliser application of urea-N at a rate of 40 kg N ha-1 in a field 

experiment. A simplex experimental design was used to explore the effect of sward species 

composition (grass-legume-herb). The changes in soil mineral-N (NH4
+ and NO3

-) 
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concentration post fertiliser application were also monitored and related to the associated 

production of N2O. 

Chapter 5 applies N2O isotopomer measurements using the novel CRDS & SSIM method to 

source partition the N2O fluxes measured in Chapter 4 into fractions of nitrification and 

denitrification. This is done through the application of an adapted isotopomer mapping 

approach. Understanding the source pathways driving N2O production from grassland swards 

under different soil moisture conditions is key to suggesting appropriate N2O mitigation 

strategies. 

Chapter 6 examines N losses as N2O and leached forms of N from four different grassland 

sward compositions (from PRG only, to grass-clover mixes, to multispecies), at a lysimeter 

scale, over a full year with adjusted annual N fertiliser rates based on white clover content of 

each sward treatment. The novel CRDS & SSIM method was used to source partition peak 

fluxes of N2O emissions. X-ray CT (Computed Tomography) scans of the lysimeters were used 

to determine the effects of the different sward types on soil structural properties such as soil 

porosity and how this may have affected N2O emission and N leaching.  

Chapter 7 provides an overall discussion of the scientific findings of this thesis and highlights 

areas for further research in the future. 

Chapter 8 briefly outlines the scientific and dissemination outputs that resulted from the work 

carried out in this PhD study. 
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2.1 Introduction 

This review covers the basics and importance of nitrgogen (N) as an element for plants and 

animals, how N was discovered, its importance for agriculture, the impacts of N loss to the 

wider environment, and advancements in soil N research using stable isotope measurement 

techniques. Nitrogen is one of the most important elements on earth. As highlighted by 

Galloway and Cowling (2002), it is a key constituent in nucleic acids that form the genetic 

make-up of every living thing and it is also essential in enzymes that regulate the metabolic 

biochemistry of life.  Nitrogen is a light atmophile element and has an atomic mass of 14.007. 

The most abundant and stable form of N is the triple bonded dinitrogen (N2) molecule. N2 is 

the main constituent of air (approx. 78%) and requires significant amounts of energy to break 

the triple bond allowing N to bond with either oxygen and/or hydrogen (N-fixation) or carbon 

(N-assimilation) (Galloway and Cowling, 2002). Before N can be utilised by plants and 

animals, N-fixation and N-assimilation must take place (Haber, 1920). Some free living and 

symbiotic microorganisms can carry out biological N-fixation (e.g. legumes) and oxidative N-

fixation can occur in nature during high temperature processes such as lightning (Galloway 

and Cowling, 2002). N becomes assimilated into living organisms and is deposited back to the 

earth’s surface in their excretions and through the decomposition of the organism after it dies 

(Haber, 1920). Mineralisation converts the larger organic N molecules into mineral-N (NH4
+ 

and NO3
-) which are transformed during immobilisation, nitrification (NH4

+ ® NO3
-), 

denitrification (NO3
- ® N2), volatilisation (NH4

+ ® NH3), plant uptake and N leaching to 

water (Müller and Clough, 2014). Prior to human intervention these transformations were the 

main means of N cycling between the Earth’s atmosphere and surface (Galloway and Cowling, 

2002). A book on “Early Irish Farming” by Kelly (1997), investigated early agricultural 

practices during the 7th and 8th centuries by connecting translations from Brehon law texts and 

archaeological records. Evidence of pastoral cattle rearing, plant cultivation (including 
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legumes) and ploughing suggest that the onset of agriculture (10,000 years ago) must have 

begun the direct human alteration of the balance of the Earth’s natural N cycle. Changes in 

d15N signatures of charred cereal remains in Denmark (4000 to 1000 BC) suggested 

intensification of manuring practices that indicated an increase of barley production (Kanstrup 

et al., 2014).  

Since the discovery of the Haber-Bosch process in the 20th century, the availability of chemical 

N fertilisers produced from industrial N-fixation greatly increased but so did the loss of reactive 

N to the environment (Müller and Clough, 2014). Figure 2.1 below (from Padilla et al., 2018) 

is a typical representation of the N cycle as it is currently understood. The onset of increased 

synthetic fertiliser N use has been linked with the steep increase in human populations over the 

same period (see Figure 2.2 from Galloway and Cowling, 2002). Anthropogenic nitrogen 

sources contribute around 150 Tg/yr of N to the Earth’s land surface (Schlesinger, 2009) which 

is approximately twice the amount of naturally fixed N (Fowler et al., 2013). The onset of 

synthetic N fertiliser use in agriculture has significantly modified the N cycle since pre-

industrial periods and has caused detectable temporal shifts in N isotope ratios of NO3
- and 

N2O recovered from ice core samples from Greenland and Antarctica, signalling that the 

Anthropocene is stratigraphically different from earlier epochs (Waters et al., 2016; Prokopiou 

et al., 2018). Interestingly, given the inherent complexity of N2O production from soil, there is 

a detectable long-term global decrease in atmospheric N2O isotopic signatures (d15Nbulk, d15Na, 

d15Nb and d18O) with a significant increase in site preference (SP = d15Na - d15Nb) in modern 

periods indicating a relative shift from denitrification to nitrification associated with the 

increase of N2O emissions from agriculture (Prokopiou et al., 2017, 2018).  

In light of increasing human populations it is expected that demands for food will increase 

worldwide, however meeting these demands will be particularly challenging with the 
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simultaneous need to reduce associated GHG emissions to combat the effects of anthropogenic 

climate change (Godfray et al., 2010; IPCC, 2019). Domestic policies such as Food Wise 2025 

aim to address both these issues by increasing the value of agricultural exports from Ireland 

while improving the sustainability of the agri-food sector, with a strategic focus on grassland 

production (DAFM, 2015). Nitrogen is typically the main limiting nutrient for plant growth, 

however intensive fertiliser N use can lead to harmful N losses to the wider environment 

(Spiertz, 2010). It is increasingly evident that such inefficient N use and loss of reactive N from 

soils can cause greater harm (to the environment) than good (Sutton et al., 2011). Nitrogen can 

be lost from agricultural soils in a number of forms; gaseous N losses can occur as nitric oxide 

(NO), nitrogen dioxide (NO2), ammonia (NH3), dinitrogen (N2) and nitrous oxide (N2O) while 

mineral N can be leached, primarily as nitrate (NO3
-) (Müller and Clough, 2014).  

N2O is a linear molecule and potent GHG contributing to climate change with nearly 300 times 

the global warming potential of CO2 (IPCC, 2019) and was ranked the most ozone depleting 

GHG of the 21st century (Ravishankara et al., 2009). Tropospheric concentrations of N2O have 

continued to increase globally (Thompson et al., 2019; Makowski, 2019) despite international 

commitments to the UN Framework Convention on Climate Change (UNFCCC) conventions 

such as the Kyoto Protocol (UNFCCC, 1997) and most recently the Paris Climate Change 

Agreement (UNFCCC, 2015). Ammonia volatilisation negatively impacts air quality which 

can have direct impacts on human health plus ammonia deposition can cause acidification and 

habitat destruction of natural ecosystems (Van Damme et al., 2018). Nitrate entering drinking 

water also poses a significant threat to human health and when entering rivers and lakes can 

damage water quality and cause excessive eutrophication leading to algae blooms, oxygen 

reduction and loss of aquatic life (Galloway et al. 2003; Cameron et al., 2013). Nitrogen losses 

to the wider environment from synthetic fertiliser use is extensive and can lead directly to the 

problems outlined above (Galloway et al., 2004; Fowler et al., 2013). Policy makers also need 
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to consider the large energy and resource requirements and the upstream impacts of N fertiliser 

production and transport on GHG emissions when considering the overall N efficiency of 

agricultural systems (Crosson et al., 2011).  

The UNFCCC is the international body supporting the global response to the threat of climate 

change. The main objective as outlined by the Paris Climate Change Agreement (UNFCCC, 

2015) is to maintain the global average temperature rise this century as close to 1.5°C above 

pre-industrial levels. The 197 Parties to the convention are required to submit their NDC, which 

for Ireland (as an EU member state) was submitted by the EU in March 2015. This submission 

set a binding target that EU member states would reduce domestic GHG emissions by at least 

40% by 2030 compared to 1990 (EU, 2015). This reduction has subsequently been revised to 

30% for Ireland (UNFCCC, 2016). The methodologies for quantifying domestic GHG 

inventories are set-out in the 2006 Intergovernmental Panel on Climate Change guidelines 

(IPCC, 2008) and subsequent supplements (IPCC, 2014). A Climate Action Plan (DCCAE, 

2019) was published in Ireland setting out the government’s strategy to move Ireland towards 

a low carbon economy. However, legal precedent was recently set by the Supreme Court (2020) 

ruling that the country’s National Mitigation Plan did not satisfactorily meet the specificity 

necessary regarding GHG reduction compliance. As such the plan was quashed requiring a 

more comprehensive plan to be put forward. Policies such as the Nitrates Directive 

(91/676/EEC; CEC, 1991) and the Water Framework Directive (2000/60/EC; EU, 2000) in 

Europe also aim to regulate the loss of excess N to the environment. Under the EU Nitrates 

Directive, the loss of NO3
- into waterways from agriculture is regulated for member states 

through Codes of Good Agricultural Practice (Ireland, S.I. No. 605/2017), that enforce 

management practices aimed at minimising NO3
- loss. Some of the enforceable management 

practices include keeping a minimum 2m distance from waterways when applying chemical N 

fertilisers, an annual maximum N application limit of 170 kg N ha-1 yr-1 (unless derogation has 
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been granted) and opening and closing fertiliser application dates from January to September 

(chemical fertiliser) / November (farmyard manure). In Ireland, the legal limit for nitrate 

detected in drinking water is 50 mg/l (Ireland, S.I. No. 112/2014).  

2.2 Understanding the N cycle in agriculture 

The benefit of N-rich substances to plant growth was inherently understood for a long time, 

albeit without awareness of the element N, specifically. Historical accounts describe the 

collection of dung and urine in Libya at the place of worship of Amon to produce sal 

ammonicus (salt of Ammon). Plant nutrients were considered to come from organic sources. 

However, the mechanism for uptake was not clear and previous ideas informed what was 

known as the “humus theory” (Galloway et al., 2013).  

After the discovery of N gases in air during the 18th century, Austin (1788) was one of the first 

scientists to question if ammonia can be split into its elements H and N, then would it be 

possible to combine H and N to synthesize ammonia. Döbereiner (1823) revealed that ammonia 

could be synthesized using a platinum catalyst. However, this process was not feasible to 

reproduce on a large scale. In the mid 19th century Boussingault indicated that N is a nutrient 

for plants and also that legumes could fix their own N, without knowing how (Galloway et al., 

2013). Around this time, work by Sprengel (1826) revealed that soluble salts were the real plant 

nutrients. It is Sprengel’s research that is considered the foundation of the ‘law of the 

minimum” however Liebig (1846) is generally credited for this key principle of plant nutrient 

management. Liebig was an innovator in agricultural chemistry, showing the connection 

between crop yields and the amount of fertiliser application while also improving chemical 

analysis methods that are still the foundation of some modern elemental analysis techniques.  

Results from the long-term Rothamsted field trials strongly indicated that leguminous crops 

could yield more N than other crops thus inspiring the experiments of Lawes and Gilbert (1889-
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1890) on the question of the fixation of free nitrogen. These experiments confirmed the 

symbiotic relationship between legumes and soil organisms that become part of the root 

nodules that provide the plant with a source of N from N2. Mineralisation of N from decaying 

organic matter was recognised around this time by Reiset, forming the basis for the N cycle, 

while nitrification, biological N fixation and denitrification were uncovered in the late 19th 

century by Schloesing and Müntz; Hellriegel and Wilfarth; and Gayon and Dupetit, 

respectively (Galloway et al., 2013).  

Fritz Haber won the Nobel prize in chemistry for developing a method to combine gaseous 

nitrogen and hydrogen to form ammonia (Haber, 1920). In his Nobel lecture, Haber 

summarised the then limited understanding of the N cycle, underscoring how ground breaking 

and life changing his discovery was. A succinct quote from his lecture highlights how the 

industrial age certainly accelerated the anthropogenic disturbance to the global N cycle. Haber 

said, “with the advent of the industrial age, the products of the soil are carried off from where 

the crops are grown to far-off places where they are consumed, with the result that bound 

nitrogen is no longer returned to the earth from which it was taken.”  

Haber’s 1920 lecture outlined that plants synthesise complicated substances from biologically 

fixed N or organic manures that are then returned to the soil post digestion and excretion by 

animals and humans or from decay while atmospheric N2 fixation by lighting was another 

means to replace N in the soil. As Haber (1920) explained, exportation of crops from where 

they were grown without the replacement of bound N created an economic necessity to supply 

bound N to the soil. Other industrial and chemical processes also created a strong demand for 

bound N. At the time, low yields of ammonia were sourced as a by-product of coal and gas 

processing. It was Bosch who determined how to apply Haber’s discovery on an industrial 

scale and since the development of the Haber-Bosch process, the addition of industrially fixed 



	 23	

N to the soil has revolutionised food production and the global N cycle (Müller and Clough, 

2014).  

It is clear from Figure 2.3 (from Müller and Clough, 2014) that the losses of reactive N to the 

environment from agricultural soils depends greatly on the processes that transform N inputs 

into different N forms. Figure 2.3 clearly outlines how N inputs are cycled in the soil to become 

N outputs. The main soil N transformation pathways outlined in Figure 2.3 are mineralisation, 

immobilisation, nitrification and denitrification, all of which are regulated by soil microbial 

activity (Butterbach-Bahl et al., 2013). Several N transformation pathways can lead to N2O 

production from soil (Butterbach-Bahl et al. 2013; Müller and Clough, 2014; Wrage-Mönnig 

et al. 2018). Soil emitted N2O coming from nitrification or denitrification can be caused by 

different microorganisms such as bacteria or fungi (Yoshida and Alexander, 1970; Shoun et 

al., 1992). Nitrification is the oxidative conversion of NH4
+ to NO3

-
 during which N2O can be 

lost to the atmosphere (Davidson and Verchot, 2000). Denitrification reduces NO3
-

 to N2O and 

finally to N2 (Arnold, 1954; Gayon and Dupetit, 1882). Microbial activity (fungal and 

bacterial), influenced by soil moisture conditions, regulates N2O production from nitrification 

and denitrification in soil (Baggs, 2011). It is a simplification to describe microbial nitrification 

and denitrification as a source of N2O as these complex processes can both produce and 

consume N2O depending on conditions (Butterbach-bahl et al., 2013). With drier soil 

conditions conducive to nitrification, Conrad et al. (1983), found that soil N2O emissions 

associated with NH4
+-N fertiliser application increased when compared to those associated 

with NO3
--N. Egginton and Smith (1986) showed that under wetter soil conditions 

denitrification was favoured and soil N2O emissions associated with NO3
--N fertiliser 

application increased compared to those associated with NH4
+-N. The “hole in the pipe” model 

is often used to describe the rates of nitrification and denitrification and rate of N2O production 

(Davidson et al., 2000). The rate of the N cycling processes depends on the amount of N being 
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cycled and soil factors such as soil WFPS which regulates the size of the “holes” that N2O is 

emitted from (Davidson et al., 2000).  

The ability of bacteria to produce N2O via denitirification was recognised much sooner than 

N2O production by fungal denitrification (Baggs, 2011; Butterbach-bahl et al. 2013). The 

phylogenetic diversity of microbial species that undertake denitrification gives rise to the 

description of it as a microbioligically “broad process” compared to the relatively 

microbiologically “narrow process” of autotrophic nitrification (Butterbach-bahl et al., 2013). 

Ammonia oxidising bacteria are an important group of microbes related to the production of 

N2O from nitrification (Baggs, 2011) while denitrifiers consist of physiologically diverse 

groups includining nitrifiers, N2 fixers, photosynthetic bacteria and extremophiles (Butterbach-

bahl et al., 2013). Bacteria and fungi produce the many enzymes that regulate the N 

transformations that occur during nitrification and denitrification which impact the amount of 

N2O produced from these processes (Baggs, 2011). Modern molecular techniques can be used 

to identify genes encoding these enzymes, for example nirK for the nitrite reductase and amoA 

for the ammonium monooxygenase enzymes, which can help track microbial communites 

associated with nitrification and denitrification sources of N2O (Butterbach-bahl at al., 2013). 

The combination of molecular and isotopic techniques with improved mathematical models 

offers potential to further develop insights into the soil N cycle (Müller and Clough, 2014). 

Enzyme activity as shown in Figure 2.4 (from Wrage-Mönnig et al., 2018), indicates how 

intricate the soil N transformations are that lead to N2O production. Differences in microbial 

communities (fungal / bacterial) can cause differences in isotopic signatures in N2O emissions 

(Sutka et al., 2008, Meijide et al., 2010, and Rohe et al., 2014). Denk et al. (2017) highlighted 

that N2O produced from nitrification can result from NH4
+ converting to N2O through the 

intermediary substances NH2OH and NO2
-, each having their own associated isotope effects. 

Similarly, the intermediary steps that take place during denitrification (NO3
-

 ® NO2
-

 ® NO 
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® N2O ® N2) can lead to differences in observed isotope effects (Denk et al., 2017). 

Differences in environmental conditions such as temperature can also impact the isotope effects 

associated with nitrification and denitrification (Mariotti et al., 1981). The further reduction of 

N2O to N2 during denitrification has also been shown to be an important factor to consider 

when interpreting isotope effects from N2O isotopomers (Lewicka-Szczebak et al., 2017). Prior 

to a detailed exploration of the application of 15N stable isotope techniques to soil N cycling 

research, focus shall return to improved temperate grasslands managed for animal grazing. 

2.3 N use and losses in temperate managed grasslands 

Dependant on the target yields, a typical grass growth curve for a temperate managed grassland, 

suggests the N demand depends on the farm stocking rate, organic N inputs and estimated BNF 

(Wall and Plunkett, 2016). Mineralised N from soil organic N sources alone can be insufficient 

to meet this demand, therefore, farmers must apply fertiliser N during the growing season to 

meet demand (Wall and Plunkett, 2016). In terms of fertiliser N use worldwide, Matthews 

(1994) stated that urea is the most widely used chemical form of N followed by ammonium 

nitrate and that between 1% to 3% of total nitrogen applied as fertiliser is lost to the atmosphere 

as N2O. N fertiliser data is used to calculate N2O emissions as part of a Tier 1 calculated GHG 

inventory based on these typical loss rates (IPCC, 2008). Therefore, on this basis any reduction 

in N fertiliser application would correspond with a reduction in N2O emissions. Different 

nitrogen fertiliser sources and management practices influence N2O emissions from grassland 

agriculture in Ireland (Clayton et al., 1997 and Burchill et al., 2014a, b). In Ireland, the main 

forms of nitrogen fertiliser used in grassland agriculture are urea (~ 46% N) and calcium 

ammonium nitrate (CAN, 27% N). Harty et al. (2016) demonstrated that a switch from CAN 

to urea is an effective method to reduce N2O emissions, however, urea can be inefficient due 

to the potential for ammonia (NH3) volatilisation. These authors also showed that different 

formulations of nitrogen fertiliser combined with urease and nitrification inhibitors can also 
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reduce N loss from the system. As such, national policy now encourages the use of protected 

urea. 

For a representative grass based dairy system in Ireland, Burchill et al. (2016) found the 

nitrogen use efficiency (NUE) over two years ranged from 29% to 39% and of the N lost, 

93.3% was emitted as gaseous N (41.6% NH3; 8.0% N2O; 43.7% N2) while 6.1% of N was 

leached. Expected increases in dairy production, especially in temperate EU countries like 

Ireland that utilise grass based dairy systems will likely result in increased N inputs and thus 

the increased risk of greater N losses (Hoekstra et al., 2020). Therefore, it is imperative to 

continuously improve our understanding of soil N cycling processes that regulate the N 

transformations leading to N loss from soil. Discovery and implementation of successful N loss 

mitigation strategies to improve NUE will be necessary to maintain agricultural productivity 

while reducing N2O emissions (Müller and Clough, 2014).  

2.4 Productivity and environmental benefits of sward composition  

Offsetting fertiliser N inputs with biological nitrogen fixation (BNF) is often considered as a 

strategy to mitigate N loss and improve NUE in grass-based dairy systems (Egan et al., 2017, 

2018; Guy et al., 2018a, 2018b). These studies highlighted the herbage dry matter (DM) yield 

and quality (crude protein content) and subsequent milk yield benefits from the additional N 

contributed by BNF. The N balance sheet produced by Burchill et al. (2016) for an Irish grass-

based dairy system showed that BNF contributed over 40% to the total N inputs. Grassland 

swards composed of different plant functional groups (e.g. grasses, N fixing legumes and 

herbs) have been investigated as alternatives to grass monocultures due to their potential to 

meet primary productivity needs while requiring less fertiliser N inputs (Husse et al., 2017; 

Nyfeler et al., 2009, 2011; Suter et al., 2015; Lüscher et al., 2014). Niche differentiation and 

complementarity resulting from differential resource use (resource partitioning) by the 

individual plants within mixtures, benefiting the mixture as a whole (Loreau and Hector, 2001), 
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are often cited as the mechanisms by which multispecies swards can produce greater DM yields 

compared to monocultures, at much lower levels of N fertilisation. For example; deeper rooting 

species grown in mixtures can improve nutrient uptake from greater soil depths (Hoekstra et 

al., 2015; Husse et al., 2017; Jumpponen et al., 2002; Massey et al., 2013). Contrastingly, von 

Felten et al. (2012), inferred that N partitioning by species within mixtures, from different 

sources or soil depths may not be the main driver behind positive diversity effects on DM 

production and suggested that the species in the mixtures were more generalist N resource users 

rather than niche specialists.  

Massey et al. (2013) showed that increased sward diversity assimilated greater soil nutrient 

concentrations. Although the combination of deep rooting and shallow rooting species did not 

increase overall resource uptake of the sward mixture, Hoekstra et al. (2015) did find in their 

study that the deeper rooting species accessed significantly higher amounts of N at greater soil 

depths. Therefore, combining plants with different root characteristics could improve the 

efficiency of nutrient uptake from different areas of the soil profile. Wang et al. (2019) reported 

that temperate grasslands had an intermediate root turnover time (2.9 years) compared to tundra 

(6.9 years) and tropical grasslands (1.5 years). Rasmussen et al. (2010) found that grass-clover 

swards mainly contribute to soil C build up from large roots while small roots determined soil 

N pool build up. These authors suggested that white clover root turnover can be the main source 

of N to the accompanying perennial ryegrass. Hatch et al. (1990, 1991) also found that N 

mineralisation rates were greater under grass-clover swards than grass only. The increased 

availability of N from such sources may contribute to trangressive overyielding associated with 

multispecies swards containing clover (Nyfeler et al., 2009, 2011).  

When mixtures produce a greater DM yield than would be expected based on yields of the 

corresponding monocultures this is known as transgressive over yielding (Palmborg et al., 

2005). Legumes are generally included in grassland swards for their contribution of 
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biologically fixed N, which has a fertilising effect on the entire sward, often resulting in 

improved yields and greater nitrogen gain compared to grass monocultures (Mulder et al., 

2002; Palmborg et al., 2005; Spehn et al., 2002). The additional N provided by legumes is 

another example of resource use complementarity. However, it is unclear from these earlier 

studies if the mixtures would have outperformed a grassland monoculture if N was not a 

limiting factor, i.e. if the grass monoculture received a more typically recommended N fertiliser 

rate of, for example, 250 kg N ha-1 yr-1 (Wall and Plunkett, 2016). However, later studies took 

this into consideration in their experimental design and found that legume containing mixtures 

could still out yield high N input grass monocultures at much lower N fertiliser rates (Connolly 

et al., 2009; Frankow-Lindberg and Dahlin, 2013; Grace et al., 2019; Jing et al., 2017; Kirwan 

et al., 2007; Nyfeler et al. 2009, 2011; Suter et al., 2015).  

DM productivity has also been shown to be greater in multispecies swards due to the inclusion 

of herbs such as Plantago lanceolata (Cong et al., 2017, 2018; Elgersma et al., 2014). Cong et 

al. (2017) also reported a significant increase in root biomass of swards containing Plantago 

lanceolata. In the following chapters, ribwort plantain was chosen to include in some of the 

studied sward compositions for its potential to inhibit nitrification (Carlton et al., 2019; de 

Klein et al., 2019). Differences in root morphologies associated with multispecies swards can 

impact soil structure and physical properties (Gould et al., 2016) and such changes to soil 

structure and porosity can impact water infiltration (Fischer et al., 2015) and have the potential 

to influence N2O diffusion from soil (Well and Flessa, 2008). Siebenkas and Roscher (2016) 

showed that the functional composition rather than species richness is the important factor that 

determines root characteristics of experimental grasslands. 

Multispecies swards are also considered more resilient than monocultures to environmental 

stresses such as drought which may be vital for maintaining DM production and adapting to 

more frequent adverse weather conditions resulting from anthropogenic climate change (Finn 
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et al., 2018; Hoekstra et al., 2015; Isbell et al., 2017). By definition, multispecies swards are 

more diverse than grass monocultures but evidence indicates that the biodiversity benefit may 

extend far beyond the plant community diversity. Less intensively managed grasslands can 

enhance the number of invertebrate insect species such as pollinators (Byrne and del Barco-

Trillo, 2019; Fritch et al., 2015). Increased earthworm biomass associated with plant species 

diversity has also been reported, which could potentially enhance soil aeration and drainage 

properties (Fischer et al., 2015). Earthworms have been reported to decrease soil N2O 

emissions during drying and rewetting cycles (Chen et al., 2014). More diverse swards have 

also been shown to reduce weed ingress with resistance to unsown species increasing over time 

which means environmentally harmful herbicide usage could potentially be reduced (Connolly 

et al., 2009). Such benefits are extremely important in light of the global biodiversity crisis 

(Marques et al., 2019). 

2.5 Influence of sward composition on N cycling and N losses 

Improved DM and N yields from grass-clover and multispecies swards may help improve the 

sustainability of pasture based grazing systems that need to minimise N loss and optimise N 

uptake to improve their nitrogen use efficiency (NUE) (Burchill et al., 2016; Hoekstra et al., 

2020). Another important factor that could see improved NUE associated with different sward 

compositions compared to grass monocultures is reduced N losses. Reductions in N2O 

emissions and NO3
- leaching from multispecies swards have been reported but N fertiliser rates 

and sward legume content complicate these findings (Niklaus at al., 2006, 2016; Leimer et al., 

2015, 2016; Malcolm et al., 2014; Scherer-Lorenzen et al., 2003; Ribas et al., 2015). Niklaus 

et al. (2006) found some reduction in N2O with species mixtures but high legume proportions 

increased emissions. They proposed that plant community composition can affect trace gas 

balances through impacts on N cycling, soil properties related to gas diffusivity and maybe 

more direct interactions of plants with soil microbial communities. Changes in microbial 
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communities associated with the different plant functional groups could impact soil N 

transformation, varying the rate of N2O emissions (Kardol et al., 2007). Arenz et al. (2014) 

found no species-specific effect on soil bacterial communities between two grasses (not plant 

functional group diversity) after one season growth in a glasshouse. These authors concluded 

that soil microbial community changes are more likely to be “modulated by growth conditions 

and edaphic soil characteristics.” This suggests that longer research periods are required when 

investigating the effect of plant swards on soil functions. How the sward develops and 

differences in management may cause shifts in soil microbial communities over longer periods 

of time which may in turn influence N transformations and N2O emissions. 

Allan et al. (2013) found no significant effects on N2O emissions from mixtures but did find a 

significant legume effect on soil NO3
-. Abalos et al. (2014) only examined grass species 

diversity (not plant functional group diversity) but found that some combinations of grasses 

grown together reduced N2O emissions through greater productivity and complementarity in 

root morphology. Niklaus et al. (2016) found that species richness reduced N2O emissions over 

time except from plots with increasing legume content when fertiliser was added. Klumpp et 

al. (2011) found that soil WFPS and clover dry mass were the main factors driving cumulative 

N2O emissions from pastures with high clover contents. Many authors have found that 

grassland swards of mixed species compositions can reduce NO3
- leaching, but like Allan et 

al. (2013) some found that increasing legume content increases NO3
- leaching (Leimer et al., 

2015, 2016; Malcolm et al., 2014; Scherer-Lorenzen et al., 2003). This could be an effect of 

increased N mineralisation associated with grass-legume swards (Hatch et al., 1990, 1991). 

Malcolm et al. (2014) proposed that their observed reduction in nitrate leaching was a result of 

high plant winter activity (i.e. growth and root metabolic activity).  
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In grazing systems, N deposition from urine patches can increase the point load of N up to 700 

kg N ha-1, intensifying the risk of N loss as N2O and NO3
- (Selbie et al., 2015). Compounds 

produced by Plantago lanceolata applied to urine patch have been shown to reduce N2O 

emissions (Dietz et al., 2013; Gardiner et al., 2018) while growing this species in swards of 

perennial ryegrass (Lolium perenne) and white clover (Trifolium repens) reduced NO3
- 

leaching from N applied at similar rates to urine deposition (Carlton et al., 2019). These authors 

also found an associated lower abundance of ammonia oxidising bacteria (AOB), highlighting 

the importance of the interactions between sward composition (plant functional groups) and 

soil microbial communities in regulating soil N cycling. There is also evidence that cattle 

grazing swards containing forage herbs such as ribwort plantain deposit less faecal and urine 

N, potentially reducing the point load of N and risk of N loss (Minneé et al., 2017; Bryant et 

al., 2018). There is growing interest in the use of plants for their influence on soil N 

transformations, such as biological nitrification inhibition (Subbarao et al., 2007), to mitigate 

N2O emissions (de Klein et al., 2019). 

The effect of grassland sward composition on N2O emissions and the underlying soil N 

transformation processes is not yet clearly understood, with various trends reported depending 

on legume content, N fertiliser application rate and soil moisture conditions (Niklaus et al., 

2006, 2016; Ribas et al., 2015). Changes to sward composition and N management may have 

direct impacts on N cycling and N losses and also indirect effects through changes to soil 

physical properties. Measurements of N losses and the related N cycling pathways as well as 

measurements of soil properties are of great interest to gain further insights into the effects of 

sward composition. Measurements of N2O isotopomers can be used to understand source 

pathways and thus how different management practices impact N transformations (Decock and 

Six, 2013). Soil properties have been linked to N cycling through research at a selection of 

scales such as soil incubation studies, lysimeter and field experiments (Congreaves et al., 2019; 
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Carlton et al., 2019; Petersen et al., 2020). There are advantages and disadvantages to each 

experimental scale. While soil incubations may provide greater resolution into how changes to 

factors such as soil WFPS impact N2O production rates (Well et al., 2006; Congreaves et al., 

2019), they tend to destroy soil structure. Field experiments retain natural variation due to 

heterogeneous soil conditions. However, it may not be possible to measure certain N losses 

such as N leaching which is the benefit of a lysimeter experiment (Carlton et al., 2019). Using 

intact soil cores as lysimeters provides the opportunity to retain field soil structure which could 

then be quantified non-destructively by X-ray CT. Soil physical properties have also been 

linked to N2O emissions using X-ray CT measurements which is a beneficial technique to non-

destructively quantify 3D soil physical properties (Kravchenko et al., 2018). A more detailed 

literature exploration of N measurement and stable isotope techniques follows, along with a 

brief overview of how X-ray CT has been applied to measure soil physical properties. The use 

of both 15N stable isotope techniques, particularly N2O isotopomers, and X-ray CT is of interest 

to this thesis as a means to investigate N cycling and N2O emissions associated with grassland 

sward composition and soil moisture conditions. 

2.6 Early measurements of nitrogen and it’s isotopes 

During the 18th century efforts were underway by several eminent chemists to identify and 

characterise the components of air (Galloway et al., 2013). This period of scientific enquiry is 

commonly referred to as the “phlogistic” period as phlogiston was the term given to the 

component of air that remained post combustion, i.e. the inflammable part of air (Marque, 

1771). Daniel Rutherford (1772) is credited with the discovery of nitrogen for his thesis on 

noxious air (translated by Dobbin, 1935). However, Scheele, Cavendish and Priestly 

concurrently and independently discovered N (Galloway et al., 2013). Lavosier, who 

discovered that water is a compound of H and O (Lavosier, 1790), called this portion of air 

azooic air, i.e. without life. Further investigations of air by Cavendish (1784) and Priestly 
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(1788) uncovered that gaseous forms of N made up the ‘phlogistic’ part of air. Chaptal was the 

first to officially name nitrogen (Galloway et al., 2013). Priestly was credited with the 

discovery of N2O and later Davy (1800) went on to characterise the properties of N2O and its 

effects upon human respiration. Before the Haber-Bosch process was discovered, Gay-Lussac 

(1816) described the combination of azote (the French for nitrogen) with oxygen which was 

one of the earliest studies to suggest a mechanism of how N2 could become part of other forms 

of N.  

During the 19th century the importance of N to agriculture as a nutrient was realised and 

investigated by a number of scientists (Galloway et al., 2013) which was covered earlier in this 

literature review. As the principles of atomic theory advanced at a similar time, more and more 

insights were gained into the structure of atoms and the masses of different elements. Early 

work in mass spectrometry by Thompson and Aston in the Cavendish laboratories of 

Cambridge university measured the atomic mass of N as 14.1 (Aston, 1912).  

Thomson and Aston proved the presence of two isotopes of Neon by separation through a 

magnetic and electric field which is likely the earliest reported evidence of stable isotopes 

(Thomson, 1913; Aston, 1920). Aston went on to further develop the field of mass 

spectrometry and also won a Nobel Prize in 1922 for his discovery of isotopes in many non-

radioactive elements. Interestingly, Dempster (a US scientist) concurrently discovered many 

isotopes using a differently designed mass spectrometer (Dempster, 1948). The term isotope 

was first coined by Dr Margaret Todd and was recognised formally in a speech by Frederick 

Soddy to the British Royal Society (Fry, 2006).  

Isotopes are atoms of the same element that vary in atomic mass due to having different 

numbers of neutrons. Radioactivity, as discovered by Becquerel and advanced by the Curies, 

led to the discovery of radioactive isotopes which are unstable with short half-lives. Stable 
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isotopes are distinguished from radioactive isotopes (or radionuclides) due to the slower rate 

of decay of their nucleus. Stable isotopes of an element are commonly referred to as the light 

or heavy isotope (Fry, 2006). The confirmation of 15N, the heavy stable isotope of nitrogen, 

was first published by Naudé (1929) by using the absorption spectrum for NO. To make sure 

his observations weren’t a consequence of the presence of NO2, Naudé ran his experiment 

again using a much smaller absorption tube (1.2 cm) filled to a significantly higher pressure 

(75 cm). This meant that the light passing through the tube would traverse about the same 

number of molecules of NO from the original experiment using a 92-cm tube filled to 1 cm 

pressure. Naudé reasoned that if NO2 was present, it’s concentration with the square of the 

pressure and a 75 times shorter path length would cause the effect of the NO2 molecules to be 

75 times more intense. However, Naudé’s observations were similar to those obtained using 

the 92-cm absorption tube, therefore, confirming the existence of the 15N isotope.  

2.7 Important concepts in isotope theory 

Additional neutrons in the nucleus of an atom does not greatly influence the reactivity of the 

element in chemical or physical processes since there is no charge associated with neutrons 

(Fry, 2006). However, the difference in atomic mass of stable isotopes is fundamental to the 

study of isotope effects. Hayes (2002) discussing isotope effects in terms of kinetic and 

equilibrium effects, however, stated that “an isotope effect is not directly observable.” Hayes 

explained that when an isotope effect takes place in a reacting system, fractionation is likely to 

occur. Fractionation is observable and is commonly discussed in terms of enrichment and 

depletion of the heavy isotope in precursor and product compounds of chemical reactions. 

When a N containing compound is isotopically enriched, it contains a greater concentration of 

15N atoms. The opposite is the case for isotopically depleted N compounds. Fractionation 

resulting from a kinetic isotope effect is caused by light isotopes reacting faster than heavier 

isotopes. This is cleverly portrayed by Fry (2006), using a hill climbing analogy for the energy 
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required to complete a chemical reaction.  Both heavy and light isotopes of an element will be 

used during the reaction but the heavier isotope lags behind so, as the change in the isotope 

ratio of the compounds in the reacting system are measured over time, the isotope effect can 

be quantified. The equilibrium isotope effect is another important process that causes 

fractionation (Hayes, 2002). According to Bigeleisen (1965) “The heavy isotope goes 

preferentially to the chemical compound in which the element is bound most strongly” during 

an equilibrium isotope effect. Diffusion can also cause an isotope effect whereby the lighter 

isotope preferentially escapes (Well and Flessa, 2008). In general, fractionation is understood 

as the separation of isotopes during chemical reactions. Alternatively, ‘mixing’ is the 

terminology used to describe when isotopes reunite (Fry, 2006). 

2.8 Stable isotope notation 

In natural abundance studies the common notation used when measuring and discussing stable 

isotopes is delta ‘δ’ (Coplen, 2011). ‘δ’ is the relative difference in isotopic composition of a 

sample to a reference standard. This can be written in the form of an equation such that: 

δ = (R(sample) / R(standard) – 1) * 1000. 

δ is measured in per mill (‰) due to the multiplication factor of 1000. In the above equation R 

is the ratio of the heavy isotope to the light isotope for the element. δ values are expressed 

relative to the international standard, which for N is atmospheric dinitrogen (N2), where 

15R(standard) above is substituted for 15R of N2 which is 3.677 x10-3 (Mariotti, 1983). This 

highlights that 14N is the significantly more abundant isotope of N in the environment. 

Fractionation is measured as the difference in δ of the substrate minus the δ of the product of 

the reaction and is denoted by a large delta ‘Δ’ (Denk et al., 2017). In 15N enrichment studies 

isotopes effects are generally measured in atom% excess or atom% abundance (Stevens et al., 
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1993). It is possible to convert between these units using the following steps (Toyoda and 

Yoshida, 1999): 

x(sample) = 15N enrichment result (atom%) / 100 

15R(sample) = x (sample) / (1- x(sample)) 

d15Nbulk (‰) = (15R(sample) / 15R(standard) -1) / 1000 

where x(sample) is the atomic fraction of 15N, 15R(sample) is the 15N/14N ratio of the measured sample 

and 15R(standard) is 3.677 x10-3 (Mariotti, 1983). 

2.9 Isotopic composition of N2O 

So far stable isotopes have been discussed in reference to single atoms within a sample, i.e. 

14/15N. The use of stable isotopes is not limited to this single possibility. The isotopic 

composition of molecules such as N2O can also be used as a beneficial research tool for 

scientists. When considering the isotopic composition of N2O some terms that appear in the 

literature are ‘isotopomer’, ‘isotopologue’ and ‘isotopocule’. It is important to note the 

differences in these terms. Coplen (2011) composed a very useful set of guidelines to 

distinguish between the terminology frequently used in stable isotope and gas measurement 

literature. Isotopomers (or isotopic isomers) are defined as “molecular species having the same 

numbers of each isotopic atom (thus, the same relative molecular mass) but differing in their 

positions” (IUPAC, 2006). Isotopologues are defined as “molecular species that differ only in 

isotopic composition (number of isotopic substitutions) and relative molecular mass (IUPAC, 

2006). Isotopocules, coined by Kaiser and Röckmann (2008), are defined as “Molecular 

species that only differ in either the number or positions of isotopic substitutions.” This term 

subsumes both isotopomers and isotopologues (Kaiser and Röckmann, 2008). 
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Friedman and Bigeleisen (1950) used isotope ratio mass spectrometry (IRMS) to show that the 

N atoms provided from 15N enriched ammonium during the decomposition of ammonium 

nitrate are primarily rooted to the terminal N position in the N2O molecule. These authors 

termed the different molecular compositions of N2O as isomers. The current terminology, 

explained above, used to refer to the different isotopic compositions of N2O molecules are 

isotopomers – a molecular species with the same number of each isotopic atom (i.e. same 

relative molecular mass) but differing in their position (Coplen 2011; Ostrom and Ostrom 

2011). Isotopologues and isotopocules are more general terms to describe N2O molecules that 

differ in isotopic composition but don’t necessarily have the same relative molecular mass 

(Coplen 2011; Ostrom and Ostrom 2011). The study by Friedman and Bigeleisen (1950) was 

one of the earliest to indicate that isotopomers of N2O can be used as signatures of certain 

chemical processes.  

Stevens et al. (1993) published a method for the automated determination of bulk 15N ratio in 

N2 and N2O emitted from soil. In this case, an adapted mass spectrometry technique known as 

continuous-flow IRMS was used, whereby a helium carrier gas takes samples from vials into 

the IRMS, N2 and N2O are separated and other compounds are removed from the sample by 

chromatographic separation before measurement. Collector (or Faraday) cups are used to 

determine the mass charge (m/z) of N2 (28, 29, 30) and N2O (44, 45, 46). Toyoda & Yoshida 

(1999) thermally decomposed 15N labelled NH4NO3 to produce N2O standards, for isotopomer 

measurements by IRMS, with distinct d15Na (alpha) and d15Nb (beta) values, the terminology 

commonly used now to refer to the central and terminal N position of the N2O molecule. To 

express the results of the isotopomer measurements in conventional delta notation (d15Na, 

d15Nb, d15Nbulk; i.e. R15N/14N relative to a standard) Toyoda and Yoshida used the following 

equations:  
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d15Na = {15Ra
(sample)/15Ra

(standard) – 1} ´ 1000 

d15Nb = {15Rb
(sample)/15Rb

(standard) – 1} ´ 1000 

d15Nbulk = {15Rbulk
(sample)/15Rbulk

(standard) – 1} ´ 1000 

d values are expressed relative to the international standard for N, which is atmospheric 

dinitrogen (N2), where, for the above equations, 15Ra
(standard), 15Rb

(standard) and 15Rbulk
(standard) are 

substituted by 15R of air N2 which is 3.677 x10-3 (Mariotti, 1983). d15Nbulk is the average of 

d15Na + d15Nb and site preference (SP) is calculated as d15Na - d15Nb. The measurement 

principle behind the IRMS technique applied by Toyoda and Yoshida (1999) is similar to 

Stevens et al. (1993) however post ionisation the multi-collector system measures the m/z of 

fragmented NO+ (30, 31, 32) ions and N2O+ (44, 45, 46) ions and from this d15Na, d15Nb and 

d15Nbulk can be calculated. During the ionisation step of IRMS measurements, inter-molecular 

scrambling can occur that requires a technically complicated correction (Röckmann et al., 

2003). 

2.10 Measuring soil emitted N2O 

Kriegel (1944) revealed N2O as a previously unreported component of soil air. This 

extraordinary insight prompted a letter to the editor of Science by Adel (1946) who proposed 

that soil emitted N2O could be the foremost source of N2O in the atmosphere. Arnold (1954) 

made some of the earliest reported field measurements of N2O in soil air using an infra-red 

spectrometer and buried perforated reservoirs. Hutchinson and Mosier (1979) used a soil cover 

method to capture soil N2O emissions from a maize field. During the one hour cover period air 

samples were removed from the sampling chambers every 15 minutes and the N2O 

concentrations were measured by gas chromatography. The change in N2O concentration over 

time was used to estimate the soil N2O flux. Improved GC detection of soil emitted N2O using 
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an electron capture detector (ECD) was reported by Mosier and Mack (1980) while a further 

improved soil cover method was published by Hutchinson and Mosier (1981). Adaptions of 

these methods are commonly applied in field experiments to determine N2O fluxes from soil 

(de Klein and Harvey, 2012). Daily N2O fluxes associated with different treatments or 

perturbations (e.g. fertiliser application or weather events; Harty et al., 2016; Krol et al., 2016) 

are calculated based on the change in N2O concentration over a number of time points using 

the following equation (de Klein and Harvey, 2012): 

F(daily) = (ΔC/Δt) x ((M x P) / (R x T)) x (V/A) 

Whereby: 

F(daily) is the daily N2O flux (g N2O-N ha−1 day−1); ΔC/Δt is the slope of the line between the 

N2O concentrations (ppm) at the sampling time points; M is the molar mass of N2O-N (28 g 

mol−1); P is the atmospheric pressure (Pa) measured at time and location of sampling; T is the 

air temperature (K) measured at the time of sampling; R is the ideal gas constant (8.314 J K−1 

mol−1); V is the headspace volume of the closed chamber; and A is the area covered by the 

base of the gas chamber. Trapezoidal integration between daily N2O fluxes is generally applied 

to estimate daily fluxes for gaps in sampling days and calculate the cumulative N2O emissions 

for a given period (de Klein and Harvey, 2012). 

When measuring the isotopic composition of soil emitted N2O (N2O(soil)) it is necessary to 

differentiate the emitted N2O from that in the air (N2O(air)), based on the following mixing 

equation (Well et al., 2006): 

δ15N(soil)
x = ((C(mix) × δ15N(mix)

x) - (C(air)× δ15N(air)
x))/(C(mix) -  C(air)) 

Where x can refer to bulk, a or b, and d15Nx can refer to SP. This correction is difficult for N2O 

measured in field experiments by laser spectroscopy as variability of SP and d15Nbulk increases 
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with N2O concentration in samples decreasing towards ambient (330 ppb) (Petersen et al., 

2020). These authors recommended that for laser spectroscopy sample N2O concentrations ≥ 

600 ppb may be required to accurately determine stable SP and d15Nbulk measurements 

otherwise sample pre-concentration would be necessary (Mohn et al., 2010). If soil N2O fluxes 

are sufficiently high, a suitably long static chamber closure period (e.g. 60 mins) prior to 

sample removal for N2O isotopomer analysis may be sufficient for N2O build up (Buchen et 

al., 2018; Petersen et al., 2020).  

2.11 Applications of 15N stable isotope techniques 

Shortly after the discoveries of the Haber-Bosch process and 15N, the Nobel Prize winning 

scientist Harold Urey succeeded to concentrate 15N in N fertilisers using chemical methods to 

increase the concentration of 15N in compounds such as ammonium nitrate and ammonium 

sulphate (Urey et al., 1937). Two years later, Thode and Urey (1939), published a follow up 

article on “The further concentration of N15”. They used a series of fractionation columns to 

achieve the increase in concentration. These authors indicated that combined with a mass 

spectrometer this discovery makes possible a wide variety of studies. From that point on the 

availability and potential for using 15N labelled fertilisers in nitrogen cycling studies expanded 

widely. Prior to the availability of 15N research techniques, N cycling studies such as those 

conducted at Rothamsted (Gilbert, 1891) relied on mass balance approaches which determined 

net differences in the concentrations of N inputted and N yielded in the outputs. Such older 

methods limited the ability to accurately quantify gross N transformation rates during processes 

such as mineralisation, immobilisation, nitrification and denitrification. Early studies by 

Norman and Werkman (1943), Broadbent (1947) and Hiltbold et al. (1951) applied 15N 

techniques for this purpose.  
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2.12 Early examples of 15N tracer experiments 

Norman and Werkman (1943) incorporated ground soybean that had been enriched by growing 

them in soil fertilised with 15N labelled ammonium nitrate. By measuring the excess of 15N in 

the plants grown in the treated pots compared to those in the controls these authors could 

calculate the amount of nitrogen that was mineralised from the decaying soybean. This new 

method of estimating nitrogen mineralisation from plant litter overcomes the uncertainties 

linked to the assumptions of the previously used mass balance techniques that focused on yield 

and nitrogen content alone. Norman and Werkman (1943) highlighted that 15N tracer 

techniques are more accurate research tools for estimating N uptake from mineralised organic 

N. Broadbent (1947) used 13C and 15N tracers, in the form of enriched Sudan grass, to determine 

carbon loss from organic matter and to quantify nitrogen mineralisation. The Sudan grass was 

enriched by growing it in soil fertilised with 15N labelled calcium nitrate under a glass container 

supplemented by labelled 13CO2. Hiltbold et al. (1951) used a 15N labelled fertiliser to evaluate 

the immobilisation and mineralisation of nitrogen in soil. 

2.13 Modelling N transformations using 15N experiments 

In the 1950’s scientists building upon stable isotope theory, began to develop models or 

equations to estimate N transformations in soil (Kirkham and Bartholomew, 1954, 1955). Such 

models required a given N pool or pools to be labelled with a 15N source. By measuring the 

amount of 15N in the different pools over time the movement of N from one pool to another 

could then be determined by the dilution, if a non-labelled pool moved into a labelled pool, or 

enrichment, if a labelled pool moved into a non-labelled pool. Assumptions are generally built 

into these models around the different N pools, their size and pathways for N to move between 

these pools or out of the system. 

Kirkham and Bartholomew (1954) derived differential equations to determine mineralisation 

and immobilisation rates using 15N tracer data. Their model was based on an overly simplistic 
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assumption that N would only be mineralised from a large pool of N in the soil organic matter 

into a smaller nitrate N pool and that N was then immobilised from this pool out of the system. 

Visual representation of models and their assumptions is a common feature of nutrient 

transformation studies. Kirkham and Bartholomew (1954) visually represented their model as 

shown in Figure 2.5. There were no other pathways into or out of these pools. Interestingly, 

these authors referred to the process of applying a labelled nutrient source as “introducing 

tagged nutrient elements”. They also discuss heavy and light isotopes as heavy and non-heavy 

atoms. To derive the equations for mineralisation (m) and immobilisation (i) they proposed 

three cases that could apply to their model. Case 1: i > m; Case 2: m > i; and Case 3: i = m. 

The data used by Kirkham and Bartholomew was from Hiltbold et al. (1951) mentioned earlier. 

Using the derived equations and data from Hiltbold et al. (1951) they were able to estimate m 

and i for two different soil types with different amendments. These rates were given as: 

lb/A/day (pounds of N per acre per day). 

Myrold and Tiedje (1986) demonstrated the feasibility of simultaneously estimating the rates 

of mineralisation, immobilisation, nitrification and denitrification through the application of a 

15N tracer model. However, these authors found that denitrification estimates had larger 

standard errors than the other processes due to lower rates of denitrification and the 

insensitivity of the measured responses to changes in the denitrification parameter. Perhaps if 

Myrold and Tiedje measured the 15N content of N2O and N2 as products of denitrification and 

incorporated this into their model it may have refined model estimates for denitrification rates. 

Barraclough and Puri (1995) used 15N pool dilution and enrichment to separate and quantify 

autotrophic (Organic N converted to NO3
- pool without passing through NH4

+ pool) and 

heterotrophic nitrification. Building upon these early studies, models of the soil N cycle and its 

numerous transformation pathways became more and more advanced through the sophisticated 

use of 15N labelling techniques along with improved mathematical simulations. Examples 
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include the FLUAZ and NTrace models (Mary et al., 1998 and Müller et al., 2007). The basic 

NTrace model is presented in Figure 2.6 (from Müller et al., 2007). 

2.14 N2O isotopomers for source partitioning 

Friedman and Bigeleisen’s (1950) discovery that when ammonium nitrate in the form 

N15H4NO3 is broken down it exclusively yields nitrous oxide in the form N15N14O16 is likely 

the first study to indicate that N2O isotopomers could be used to indicate the source of N2O 

production. This phenomenon was later revisited by Toyoda and Yoshida (1999) who used an 

isotope ratio mass spectrometer to measure isotopomers of N2O. Their calculation could 

determine the ratio of 15N/14N located at the alpha (central) or beta (terminal) position in the 

molecule. Brenninkmeijer and Röckmann (1999) also published a method to characterise the 

intramolecular nitrogen isotope distribution.  

d15Nbulk values of N2O are very dependent on the enrichment of precursors (NH4
+, NO3

- and 

NO2
-) unlike SP which is independent of the enrichment of precursors and differs due to 

nitrification or denitrification pathways (Toyoda et al., 2002; Pérez et al., 2006; Sutka et al., 

2006). Yoshida (1988) found that d15Nbulk values of N2O become highly depleted in 15N if 

nitrification is the production pathway. Denitrification preferentially selects isotopically light 

N2O during the reduction to N2 therefore leaving the residual N2O enriched in 15N (Barford et 

al., 1999). Popp et al. (2002) explained that N2O produced from NH4
+ will be enriched in 15N 

at the a position due to the preferential cleavage of 14N-16O bonds over 15N-16O bonds from 

the intermediates formed during the reaction sequences (NH4
+ ® NH2OH ® NOH ® NO ® 

N2O and NH4
+ ® NO2

- ® NO ® N2O), resulting higher SP values. Toyoda et al. (2002) also 

proposed that the preferred dissociation of the 14N-O bond produces N2O enriched at the a 

position and depleted at the b position. Bol et al. (2003) found that N2O emitted from their 

pasture soil had a higher d15Nbulk and attributed this greater enrichment to denitrification. As 
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Pérez et al. (2006) explained, denitrification is less discriminating against the heavier 15N 

isotope than nitrification when forming N2O thus making N2O isotopic signatures useful tools 

to distinguish these processes. 

The inter-molecular distribution of 15N in N2O can provide useful insights into the main 

pathways of the soil N cycle that lead to N2O production (Wu et al., 2019). Due to the distinct 

ranges of SP, d15Nbulk and d18O values identified for N2O production processes such as 

nitrification and denitrification they can be distinguished using “isotopomer maps” (Zou et al., 

2014; Deppe et al., 2017; Lewicka-Szczebak et al., 2017; Congreaves et al., 2019).  

N2O isotopomer measurements have been used to determine the dominant N2O production 

pathways in intensively managed temperate grassland systems (Wolf et al., 2015; Ibraim et al., 

2019; Buchen et al., 2018). These studies identified shifts in site preference (SP = d15Na - 

d15Nb) related to management practices such as fertiliser application and changes in soil 

moisture conditions. Wolf et al. (2015) and Ibraim et al. (2019) attributed N2O emissions 

mostly to nitrifier-denitrification and bacterial denitrification. During denitrification processes 

N2O isotopic compositions were found to be largely dictated by the amount of N2O reduction 

to N2 (Ibraim et al., 2019). During N2O reduction to N2 the isotope effect of this reaction can 

result in higher SP values of the residual N2O (Well and Flessa, 2009). Unlike Buchen et al. 

(2018), who found no effect of season on N2O production pathways, Petersen et al. (2020) 

found that N2O isotopic compositions did vary with season. Petersen et al. (2020) associated 

the trends they observed with changes in water table level and mineral N accumulation. 

2.15 Connection between soil WFPS and N2O production 

Soil moisture is an important regulatory factor of N2O emissions as it influences N 

transformation pathways (Baggs, 2011; Bergstermann et al., 2011). Below 60 – 70% WFPS, 

Nõmmik (1956) found that the microbial activity resulting in denitrification was negligible. 
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Davidson (1991) stated that nitrification is the dominant source of N2O when WFPS is < 70%. 

However, even in a predominantly aerobic soil (conducive to nitrification), Burford and 

Stefanson (1973) found anaerobic microsites within the soil that gave rise to N2O produced by 

denitrification. The dynamic and heterogeneous nature of soil moisture means that conditions 

promoting nitrification and denitrification can often occur simultaneously (Abbasi and Adams, 

2000). This makes it very difficult to distinguish N2O source pathways, hence several 

approaches have been applied for such purposes. Stevens et al. (1997) differentially 15N 

labelled the soil NH4
+ and NO3

- pools to measure the proportions of enriched N2O from 

nitrification and denitrification under three different soil WFPS (40, 50 and 60%). Given the 

enriched N2O did not match the enrichment of either soil mineral N pool, Stevens et al. (1997) 

concluded that this was due to concurrent nitrification and denitrification, possibly caused by 

aerobic and anaerobic microsites occurring together in the soil. Using similar 15N labelling and 

inhibitor techniques, Bateman and Baggs (2005) showed that all of the N2O emitted at 70% 

WFPS resulted from denitrification, while nitrification was the main N2O production pathway 

between 35 and 60% WFPS. These ranges ascertained by stable isotope techniques closely 

correspond with earlier ranges of soil WFPS previously reported for nitrification (< 70%) and 

denitrification (> 70%) by Linn and Doran (1984) determined by a soil incubation study 

measuring N2O emissions using an ECD over a range of soil WFPS. 

Site preference has become a useful tool to investigate N2O production processes at natural 

abundance (Decock and Six 2013). Plotting SP vs d15Nbulk or d18O has been used to distinguish 

N2O produced from nitrification and denitrification processes (Koba et al., 2009; Toyoda et al., 

2011; Köster et al., 2013a; Zou et al., 2014) while Well at al. (2012) used SP and d18O isotopic 

signatures to detect the reduction of N2O to N2. Further N2O reduction can increase SP values 

of residual N2O and if overlooked could bias the interpretation of results towards nitrification 

sources (Well and Flessa, 2009). The use of such plots to distinguish N2O mixing and 
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fractionation processes has been described as ‘isotopomer mapping’ (Lewicka-Szczebak et al., 

2017). Typical endmember ranges for the nitrification (SP: 28 to 36 ‰) and denitrification 

processes (SP: 0 to -10 ‰) have been widely reported and utilised in isotopomer maps (Koba 

et al., 2009; Toyoda et al., 2011; Well et al., 2012; Decock and Six, 2013; Zou et al., 2014; 

Denk et al., 2017; Deppe et al., 2017; Lewicka-Szczebak et al., 2017).  

Deppe et al. (2017) combined isotopomer maps with acetylene inhibition and two 15N tracing 

techniques to source partition N2O associated with different NH4
+ fertiliser treatments. 

Discrepancies between all four methods highlighted the over simplified assumption that N2O 

was either produced during nitrification (NH2OH ® N2O) or denitrification. Similarly, 

Lewicka-Szczebak et al. (2017) combined isotopomer maps with two alternative reference 

methods (Helium incubation and 15N gas flux) to determine the effectiveness of quantifying 

N2O reduction to N2 from isotopomer maps and concluded that fractionation during reduction 

can be quantified using this approach under particular conditions. These authors noted that an 

averaged literature derived net isotope effect (hred
15NSP = -5‰) for N2O reduction was suitable 

to use for the calculation but SP values for N2O before reduction must be determined with 

caution for the most robust results. Recently, Denk et al. (2017) produced a comprehensive 

overview of SP values and isotope effects associated with numerous N2O production pathways 

which will prove useful for future interpretations of isotopomer maps. 

Surprisingly, given the understood impact of WFPS on N2O emissions from nitrification and 

denitrification Decock and Six (2013) found no discernible relationship between SP and WFPS 

based on values cited in the literature from soil mesocosm and field studies. Decock and Six 

(2013) hypothesised that the lack of trend may be due to SP dependency on microbial 

community composition but recommended that future studies using SP to test the effects of 

soil WFPS on N2O production should measure SP at increased temporal resolutions to detect 

gradual changes in SP associated with shifts in WFPS. Congreaves et al. (2019) re-examined 
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the relationship between soil moisture and N2O production pathways using N2O SP 

measurements with increased temporal resolution and produced two linear models to predict 

the fractions of N2O from nitrification (FN = 3.19 – 0.041x) and denitrification (FD = -2.19 + 

0.041x) for a WFPS range of 53 – 78% based on their results. Congreaves et al. (2019) found 

that high SP values and low N2O fluxes during dry conditions indicated nitrification, whereas 

low SP and high fluxes during wet conditions indicated denitrification. 

2.16 Laser spectroscopy based measurement techniques 

Laser based spectrometers that can simultaneously measure trace gas concentrations and their 

isotopic properties have become more widespread in recent years and now it is possible to 

measure N2O isotopomers using Mid-IR laser adsorption spectroscopy (Waechter et al. 2007, 

2008; Mohn et al. 2014). There are several types of laser spectroscopy techniques that carry 

out concentration and isotopic measurements of different gases. Schupp et al. (1993) reported 

carbon isotope ratios in methane measured with a Tuneable Diode Laser (TDL). Wienhold et 

al. (1994) used a TDL in conjunction with an eddy covariance system to measure N2O 

emissions from a fertilised grassland.  

Another laser spectroscopy technique that has been used for measuring trace gases is a 

Quantum Cascade Laser Absorption Spectroscopy (QCLAS). Tuzson et al. (2008) used a 

QCLAS to measure carbon dioxide isotopes. Waechter and Sigrist (2007) and Waechter et al. 

(2008) used QCLAS to determine N2O isotopomers. Griffith et al. (2009) used Fourier 

Transform Infrared (FTIR) spectroscopy to investigate intramolecular site preference of 15N in 

N2O. Mohn et al. (2010) developed a combined QCLAS and liquid nitrogen-free pre-

concentration technique to enable isotopic N2O measurements at near ambient concentrations. 

Crosson (2008) described the use of Cavity Ring Down Spectroscopy for measuring methane, 

carbon dioxide and water vapour. Crosson (2008) explained that CRDS instruments consist of 
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a laser, a high finesse optical cavity with two or more mirrors and a photo-detector and 

explained the basis of measurements using this analytical technique:  

Measurements are made by introducing a light from the laser into the cavity. The light intensity 

is allowed to build up over time within the cavity and is monitored using a photo-detector as 

the light is reflected by the mirrors. By rapidly turning off the laser and measuring the light 

intensity in the cavity as it decays exponentially with a time constant, τ, the “ring-down” 

measurement is made which depends on the losses due to the cavity mirrors and the absorption 

and scattering of the sample being measured. Most of the light remains trapped within the 

cavity for a long period of time once the laser is shutoff. This produces a path length of tens of 

kilometres passing through the sample which gives CRDS its high sensitivity.  

The Picarro G5101-i CRDS measures N2O concentration and isotopomers using a fine tuned 

optical filter in the measurement cavity to automatically configure specific wavelengths to 

match the adsorption spectrum of N2O isotopomers, and measure the signal at the specific 

isotopomer (14N15NO and 15N14NO) wavenumbers (Erler et al., 2015; Ji and Grundle 2019). 

The mid-infrared laser is periodically turned on and off while the light intensity of the 

respective wavelengths is constantly measured and algorithmically processed to derive the light 

dissipation rate which is related to the N2O concentration and the isotopomer signatures of the 

sample (Ji and Grundle, 2019).  

Laser spectroscopy instruments generally work by continuous measurement of a gas from a 

particular source. Given that many N2O and N cycling studies from soil and agricultural 

experiments use discrete gas samples from static chambers (de Klein and Harvey, 2012) the 

most appropriate approach to employ laser spectroscopy for such studies can be debated. 

Studies either needed to apply the laser analyser in situ for continuous measurements with the 

addition of multiplexors to control sampling between chambers (Wolf et al., 2015; Buchen et 
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al., 2018; Ibraim et al., 2019; Petersen et al., 2020) or methods to analyse small volume discrete 

samples using laser analysers ex situ needed to be developed (Berryman et al., 2011; Erler et 

al., 2015; Dickinson et al., 2017; Wassenaar et al., 2017; Ji and Grundle, 2019). Such methods 

for analysing small volume samples using laser spectroscopy operate on the basis of 

introducing the sample to a carrier gas stream in a controlled fashion. 

A justification for adapting laser analysers for discrete sample measurement are the distinct 

challenges with setting up equipment for automated N2O field measurements (de Klein and 

Harvey, 2012; Görres et al., 2016). Sampling can often be limited by the capacity of 

multiplexers which require complex timing programmes to control sample collection and 

measurement (Petersen et al., 2020). Instruments in the field generally require shelter to protect 

analysers from adverse weather conditions, along with cooling and air conditioning systems to 

minimise the impact of temperature fluctuations (Akiyama et al., 2000; Yamamoto et al., 

2014). This creates practical limitations to the scale of field experiments and the potential 

experimental designs that can be considered. Such limitations may restrict the number of 

chambers that can be deployed and therefore, the number of replicates of treatments that can 

be compared in a given experiment. 

2.17 Comparison of GC-IRMS and CRDS isotopic N2O measurements  

CRDS has several advantages over traditional GC-IRMS for N2O concentration and 

isotopomer measurements. These include smaller instrument size (field deployable), less time-

consuming sample preparation, real time continuous measurements and generally lower costs 

(Waechter et al., 2007, 2008; Köster et al., 2013b; Mohn et al., 2012; Harris et al., 2020). Inter-

molecular scrambling can be caused by ionisation during IRMS measurements that requires a 

technically complicated correction (Röckmann et al., 2003), but this is not an issue for laser 

spectrometers (Mohn et al., 2014). Several authors have completed comparisons between laser 

and GC-IRMS methods and found that measurements are similar between these methods but 
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issues related to matrix effects and spectral interferences must be accounted for (Köster et al., 

2013b; Erler et al., 2015; Ji and Grundle, 2019; Harris et al., 2020). It has been shown that the 

quantities of non-target molecular species such as CO2, CH4 and H2O can interfere with N2O 

isotopomer measurements by lasers (Köster et al., 2013b; Erler et al., 2015; Harris et al., 2020). 

To overcome such issues physical removal of non-target molecules, using commercially 

available driers and molecular sieves, prior to measurement or post-measurement corrections 

of matrix effects could be considered. Harris et al. (2020) pointed out that the specific 

wavelengths for N2O isotopomer adsorption differ slightly amongst different types of lasers. 

Therefore, corrections for interference by other molecular species would need to be determined 

on an instrument by instrument basis. Linearity effects on isotopic N2O measurements due to 

changes of N2O concentrations were tested by Erler et al. (2015) who found a maximum drift 

of 1 ‰ for d15Nbulk with increasing N2O concentrations and used a concentration correction 

equation to account for this drift. Ji and Grundle (2019) reported correction equations for 

linearity effects on d15Nbulk, d15Na and d15Nb. Harris et al. (2020) reported a comprehensive 

procedure for testing and correcting matrix effects, trace gas effects and linearity effects. 

Although laser spectroscopy methods have been shown to be comparable with GC-IRMS 

methods once the above issues are carefully addressed there is still much difficulty ensuring 

inter-laboratory comparability worldwide for isotopic N2O measurements (Mohn et al., 2014). 

These authors conducted an inter-laboratory comparison between IRMS and laser spectroscopy 

labs and highlighted the different sample preparation considerations necessary to measure a 

near ambient concentration N2O test gas using each lab’s protocol. For example, intricate pre-

concentration methods are often applied prior to measurements of near ambient N2O (Mohn et 

al., 2010). Mohn et al. (2014) used prepared N2O standards that were calibrated against 

international isotopic scales to compare the approaches applied and found variation amongst 

instruments and labs. The general consensus of studies that compare laser spectroscopy and 
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GC-IRMS methods is the need for internationally available isotopic N2O reference materials 

to improve comparability of results worldwide (Köster et al., 2013b; Mohn et al., 2014; Erler 

et al., 2015, Ji and Grundle, 2019; Harris et al., 2020). Ostrom et al. (2018) assessed the 

potential of two recently available N2O isotopomer standards (USGS51 and USGS52) and, 

although promising, these authors concluded that standards must be available at a greater range 

of N2O concentrations and in a similar matrix to the sample analysis needs of individual labs 

which would greatly enhance inter-laboratory calibration efforts. 

As mentioned above, determining how field structured soil impacts N cycling and N losses 

from different grassland sward compositions is particularly of interest to the current thesis. 

Many of the N2O isotopomer studies to date have been either carried out using soil incubations 

that destroy soil structure or in the field. Field studies limit the possibility to measure other N 

losses or to non-destructively measure soil physical properties of the exact soil location that 

the N2O was sampled from. Quantifying 3D physical properties such as soil porosity using X-

ray Computed Tomography (CT) is a non-destructive approach to measuring these parameters 

(Bailey et al., 2013; Tippkötter et al., 2009; Tracy et al., 2012, 2015; Tseng et al., 2018; Vogel 

et al., 2010). Combining X-ray CT scans of intact soil cores with measurements of GHG 

emissions has been carried out to relate soil physical and structural properties to gas diffusivity 

(Kravchenko et al., 2018; Mangalassery et al., 2013). Mangalassery et al. (2013) found that 

tillage practices that immediately impact soil aggregation and soil porosity have direct 

implications for GHG emissions. Kravchenko et al. (2018) found negative correlations between 

soil porosity and N2O emissions using X-ray CT scans. They reported that N2O emissions were 

greater from poorly aerated soil and that more diverse cropping systems increased soil porosity 

over the 9-year cropping period of their study. This is a particularly important consideration 

when studying N losses from different grassland sward compositions as the effect of sward 
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composition on soil structure may also contribute to N2O emissions and N leaching from those 

swards. 

2.18 Conclusion 

This review outlined the basics of N and its importance as an element for plants and animals, 

the history of nitrogen discovery, understanding the importance of N for agriculture and 

advancements in soil N research and measurement techniques. Stable isotope techniques 

utilising 15N have provided detailed insights into the soil N cycle, helping to uncover many N 

transformation pathways not previously realised. Improving the NUE and reducing N losses is 

key to improving the overall sustainability of agricultural systems, particularly for the Irish 

dairy sector. This is particularly challenging as the continued intensive inputs of synthetic N 

fertilisers cannot be sustained if harmful N pollution to the wider environment is to be 

mitigated. It is necessary to mitigate emissions of N2O from agriculture. Therefore, a greater 

understanding of soil N transformations that produce N2O is necessary to inform suitable 

mitigation strategies. Undisturbed soil structure and the heterogeneous nature of soil conditions 

in the field are likely to be hugely important to the processes regulating N2O emissions and 

other N losses. To this end, there is scope to investigate the potential of CRDS isotopic 

measurements of discrete N2O samples from static chamber experiments to indicate dominant 

N2O production pathways. Combining N2O emissions and N leaching monitoring with N2O 

isotopomer measurements and X-ray CT scans of soil physical properties could greatly serve 

to provide further insights to N cycling processes. Grass-clover and multispecies swards could 

potentially help mitigate N2O emissions and other N losses as they require less fertiliser N 

inputs, may cycle N differently to grass monocultures and potentially inhibit N transformation 

pathways that can produce N2O. Quantifying N2O emissions from different sward 

compositions and using N2O isotopomers to investigate their impacts on source pathways is 

warranted to test the efficacy of multispecies swards as an N2O mitigation strategy. 
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2.19 Figures 

 

 

Figure 2.1: Graphical representation of the earth’s N cycle (from Padilla et al., 2018). 
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Figure 2.2: Human population trends before and after the onset of Haber-Bosch derived N 

(from Galloway and Conway, 2002). 
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Figure 2.3: N inputs, transformations and losses (from Müller and Clough, 2014).  
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Figure 2.4: Enzyme regulated N2O production (from Wrage-Mönnig et al., 2018). 
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Figure 2.5: Model representation of mineralisation and immobilisation (from Fig.1 of Kirkham 

and Bartholomew, 1954). 
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Figure 2.6: NTrace model representation of soil N transformations (from Müller et al., 2007). 
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Chapter 3: 

 

Development and verification of a novel isotopic 

N2O measurement technique for discrete static 

chamber samples using Cavity Ring Down 

Spectroscopy	
 

Note: This chapter was adapted from a manuscript prepared to be submitted to Rapid 
Communications in Mass Spectrometry. 

Bracken, C J, G J Lanigan, K G Richards, C Müller, S R Tracy, R Well, R Carolan and P N C 
Murphy. ‘Development and verification of a novel isotopic N2O measurement technique 
for discrete static chamber samples using Cavity Ring Down Spectroscopy.’ (In 
preparation). 

Some of this work contributed to Chapter 7 of:  

Zaman M, Kleineidam K, Bakken L, Berendt J, Bracken C, Butterbach-Bahl K, Cai Z, Chang 
S, Clough T, Dawar K, Ding WX, Dörsch P, Eckhardt C, Fiedler S, Frosch T, Goopy J, 
Görres C-M, Gupta A, Henjes S, Hofmann M, Horn M, Jahangir MMR, Jansen-Willems 
A, Lenhart K, Heng LK, Lewicka-Szcebak D, Lucic G, dos Reis Martins M, Merbold L, 
Mohn J, Molstad L, Moser G, Murphy P, Sans-Cobena A, Šimek M, Urquiaga S, Well 
R, Wrage-Mönnig N, Zaman S, Zhang J, Müller C (2020) Measuring Emission of 
Agricultural Greenhouse Gases and Developing Mitigation Options Using Nuclear and 
Related Techniques Springer ISBN 978-3-030-55395-1, https://doi.org/10.1007/978-3-
030-55396-8.  

A Standard Operating Procedure (SOP) of the method presented in this paper was developed 
for use in the UCD Earth Institute Stable Isotope Elemental Analysis lab and is presented in 
the Appendix below.  
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3.1 Abstract 

Rationale: N2O isotopomers are a useful tool to study soil N cycling processes. Field 

measurement of N2O can be challenging and requires considerable equipment and technical 

skills. Cavity Ring Down Spectroscopy (CRDS) potentially makes such measurements more 

feasible and less expensive than previous approaches using gas chromatography (GC) and 

Isotope Ratio Mass Spectrometry (IRMS). 

Methods: A CRDS was coupled with a small sample isotope module (SSIM) to enable N2O 

concentration and isotopomer measurements of sample volumes < 20 ml, similar to static 

chamber samples. Numerical corrections accounted for dilution and isotopic mixing during 

sample measurement caused by the zero-grade air (ZA) carrier gas. A reference gas (Ref Gas) 

was used to determine the repeatability of the CRDS & SSIM method. N2O linearity effects 

were corrected numerically. A two-point calibration procedure normalised d results to the 

international isotope-ratio scales. N2O concentration measurements were compared with a GC 

lab and isotopomer measurements were compared with two IRMS labs (IRMS-A and IRMS-

B). 

Results: The repeatability (mean ± 1s; n = 10) of the CRDS & SSIM measurements of Ref 

Gas were 710.64 ppb (± 8.64), 2.82 ‰ (± 0.91), 5.41 ‰ (± 2.00), 0.23 ‰ (± 0.22) and 5.18 ‰ 

(± 2.18) for N2O concentration, d15Nbulk, d15Na, d15Nb and SP, respectively. There was a strong 

correlation between CRDS & SSIM and GC measurements (r = 0.99). CRDS & SSIM was 

more precise than GC except when N2O concentrations exceeded the manufacturer’s specified 

operating range (300 to 1500 ppb). CRDS & SSIM isotopic measurements could be normalised 

to the international isotope-ratio scales using stated values of isotopic N2O standards (AK1 and 

Mix1) to produce accurate results. CRDS & SSIM d15Nbulk and SP precision, 0.91 ‰ and 2.18 

‰ respectively, was approximately one order of magnitude less precise than typical IRMS 
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precision. 

Conclusions: The repeatability of CRDS & SSIM measurements makes this approach suitable 

for the measurement of static chamber samples from field experiments with the purpose of 

applying the N2O isotopomer mapping approach to distinguish dominant N2O production 

processes such as nitrification and denitrification. The CRDS & SSIM approach requires less 

extensive lab resources than traditionally used GC-IRMS. Further improvements to the present 

method could include automation and physical removal of contaminant molecules prior to 

sample analysis. This study further highlights the need for a consistent set of international N2O 

isotope reference materials that could be supplied to laboratories with appropriate compositions 

to allow for further inter-laboratory and inter-instrument comparisons and improve the 

reliability of such measurements, overall. This is all the more important given the role of N2O 

in anthropogenic climate change and the pressing need to develop our understanding of soil N 

cycling and N2O emission in order to mitigate such emissions.  
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3.2 Introduction 

Nitrous oxide (N2O) is an important product of many pathways in the soil N cycle (Wrage-

Mönnig et al., 2018). Oxidation of ammonium (NH4
+) by nitrification or the partial reduction 

of nitrate / nitrite (NO3
- / NO2

-) by denitrification are particularly important sources of N2O 

production in soils (Baggs, 2011). The inter-molecular position of 15N in N2O can provide 

useful insights into these processes. Using a dual-inlet IRMS it was found that the N atoms 

from 15N enriched ammonium during the decomposition of ammonium nitrate are primarily 

rooted to the terminal N position in the linear N2O molecule (Friedman and Bigeleisen, 1950). 

“Isomers” was the term they used to describe the different molecular compositions of N2O. 

The current terminology used to refer to the different isotopic compositions of N2O molecules 

are isotopomers – a molecular species with the same number of each isotopic atom (i.e. same 

relative molecular mass) but differing in their position (Coplen, 2011; Ostrom and Ostrom, 

2011). Isotopologues and isotopocules are more general terms to describe N2O molecules that 

differ in isotopic composition but do not necessarily have the same relative molecular mass 

(Coplen, 2011; Ostrom and Ostrom, 2011). 

Thermally decomposed NH4NO3 has been used to produce N2O standards, for isotopomer 

measurements by IRMS, with distinct d15Na (alpha) and d15Nb (beta), the terminology 

commonly used now to refer to the central and terminal N position of the N2O molecule 

(Toyoda and Yoshida, 1999). Isotopomer measurements are expressed in conventional delta 

notation (d15Na, d15Nb, d15Nbulk; i.e. R15N/14N relative to a standard) using the following 

equations (Toyoda and Yoshida, 1999):  

(1) d15Na = {15Ra
(sample)/15Ra

(standard) – 1} ´ 1000 

(2) d15Nb = {15Rb
(sample)/15Rb

(standard) – 1} ´ 1000 
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(3) d15Nbulk = {15Rbulk
(sample)/15Rbulk

(standard) – 1} ´ 1000 

Delta values are expressed relative to the international standard for N, which is atmospheric 

dinitrogen (N2), where, for Eqs. 1 – 3 above, 15Ra
(standard), 15Rb

(standard) and 15Rbulk
(standard) are 

substituted by 15R of air N2 which is 3.677 x10-3 (Mariotti, 1983). d15Nbulk is the average of 15Na 

+ d15Nb and site preference (SP) is calculated as d15Na - d15Nb. 

With the development of laser spectroscopy technologies, it is now possible to measure N2O 

isotopomers using Mid-IR laser adsorption spectroscopy (Waechter and Sigrist, 2007; 

Waechter et al., 2008; Mohn et al., 2014). Laser spectrometers, such as Quantum Cascade Laser 

Adsorption Spectrometers (QCLAS) and CRDS, have several advantages over traditional GC-

IRMS for N2O concentration and isotopomer measurements such as smaller instrument size 

(field deployable), less time-consuming sample preparation and real time continuous 

measurements (Waechter and Sigrist, 2007; Waechter et al., 2008; Mohn et al., 2014; Köster 

et al., 2013; Mohn et al., 2012, Harris et al., 2020). Laser spectrometers do not have the same 

issues related to inter-molecular scrambling caused by ionisation during IRMS measurements 

that requires a technically complicated correction (Mohn et al., 2014; Röckmann et al., 2003). 

It has been shown that matrix effects and spectral interferences caused by the quantities of non-

target molecular species such as CO2, CH4 and H2O can interfere with N2O isotopomer 

measurements by lasers (Köster et al., 2013; Harris et al., 2020; Erler et al., 2015). To overcome 

such issues, physical removal of non-target molecules using commercially available driers and 

molecular sieves prior to measurement or post-measurement correction of matrix effects could 

be considered (Harris et al., 2020). The specific wavelengths for N2O isotopomer adsorption 

differ slightly amongst different types of lasers, therefore, corrections for interference by other 

molecular species would need to be determined on an instrument by instrument basis (Harris 

et al., 2020). Linearity effects to isotopic N2O measurements caused by changes of N2O 
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concentrations were tested for d15Nbulk measurements only (Erler et al., 2015) and for d15Nbulk, 

d15Na and d15Nb measurements (Ji and Grundle, 2019) using a CRDS and correction equations 

applied to account for this drift.  

When measuring soil emitted N2O (N2O(soil)) it is necessary to differentiate the emitted N2O 

from that in the air (N2O(air)), based on the following mixing equation (Well et al., 2006): 

(4) !"#$%&'() = 	 (-./0	×	2345678
8 )	:	(-;/<×	2345=7>

8 )
-./0	:		-;/<

 

Where x can refer to bulk, a or b, and d15Nx can refer to SP. This correction is difficult for N2O 

measured in field experiments by laser spectroscopy as variability of SP and d15Nbulk increases 

with N2O concentration in samples decreasing towards ambient (330 ppb) (Petersen et al., 

2020). For laser spectroscopy, sample N2O concentrations ≥ 600 ppb may be required to 

accurately determine stable SP and d15Nbulk measurements (Petersen et al., 2020) otherwise 

sample pre-concentration would be necessary (Mohn et al., 2010). If soil N2O fluxes are 

sufficiently high, a suitably long static chamber closure period (e.g. 60 mins) prior to sample 

removal for N2O isotopomer analysis may be sufficient for N2O build-up (Petersen et al., 2020; 

Buchen et al., 2018). If using time point samples (e.g. 0, 30, 60 mins) to estimate soil N2O 

fluxes by GC then, taking N2O isotopomer samples from static chambers after the final N2O 

flux sample avoids any potential risk of a suction effect creating artificial soil N2O fluxes. If 

the isotopomer samples were to be taken between the flux sampling time points, a reduction of 

the internal static chamber pressure could lead to artificial fluxes (de Klein and Harvey, 2012). 

Automating N2O field measurements has distinct challenges with equipment set-up (de Klein 

and Harvey, 2012; Görres et al., 2016). Sampling can often be limited by the capacity of 

multiplexers that require complex timing programmes to control sample collection and 

measurement (Petersen et al., 2020). Instruments in the field generally require shelter to protect 
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analysers from adverse weather conditions, along with cooling and air conditioning systems to 

minimise the impact of temperature fluctuations (Akiyama et al., 2000; Yamamoto et al., 

2014). Automated systems tend to be very expensive and while they can provide excellent 

temporal resolution they may be unfeasible for capturing spatial variation. This creates 

practical limitations to the scale of field experiments and the potential experimental designs 

that can be considered. Such limitations may restrict the number of chambers that can be 

deployed, for example, and, therefore, the number of replicates of treatments that can be 

compared in a given experiment.  

We propose a more flexible approach that overcomes the limitations associated with 

automating field measurements and the technically complicated instrument considerations 

necessary for IRMS measurements of N2O isotopomers. The method presented, herein referred 

to as CRDS & SSIM, utilises a CRDS to make concentration and isotopic N2O measurements 

of samples < 20 ml, typical of those from static chambers, by diluting gas samples with a carrier 

gas. The CRDS manufacturer’s recommended carrier gas for measuring discrete samples with 

the SSIM is zero-grade air (ZA). The impurities of ZA are typically defined by the 

manufacturer for total hydrocarbons, moisture, carbon dioxide and carbon monoxide. 

However, typically, no definition of N2O impurity is provided. In practice, ZA can be expected 

to contain variable quantities of N2O, from supplier to supplier and from cylinder to cylinder, 

that may cause differing concentration dilution and isotope mixing during sample 

measurement. Molecular sieves could be installed in the carrier gas line to remove the N2O in 

the ZA (Harris et al., 2020) but the CRDS & SSIM method described here uses a numerical 

correction to account for dilution and isotopic mixing caused by the ZA carrier gas. This 

numerical correction is similar to an approach applied to discrete (50 ml) gas samples injected 

into a carrier gas line for d13C-CO2 by CRDS (Picarro G2131-i) (Dickinson et al., 2017). It was 

beyond the scope of the current study to test issues related to instrument configuration (e.g. use 
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of driers and molecular sieves) on N2O isotopomer measurements but such technical factors 

have recently been tested in detail by several authors (Harris et al., 2020; Erler et al., 2015; Ji 

and Grundle 2019).  

In this study, a CRDS (N2O-i; model G5101-i, Picarro Inc., Santa Clara, CA, USA) coupled 

with a Small Sample Isotope Module (SSIM; model A0314, Picarro Inc.) was tested as an 

alternative to traditionally used GC-IRMS to measure N2O concentration and isotopic 

composition in small volume (< 20 ml) discrete samples. The CRDS model used does not 

measure d18O. The method was designed for taking a gas sample from static chambers in the 

field after a suitable chamber closure period (60 mins) by syringe, storing and transporting the 

sample in 12 ml Exetainer vials (Labco, UK), and analysing for N2O concentration and 

isotopomer composition in the lab. An internal lab reference gas (Ref Gas) that contains a mix 

of N2O, CO2 and CH4 (to represent a gas matrix expected from static chamber samples) was 

used to test the repeatability of the new approach. Four calibration gases were used to compare 

N2O concentration measurements by CRDS & SSIM to GC. Three other N2O standards (AK1, 

Mix1 and Mix2) were used to compare the CRDS & SSIM technique with IRMS. Numerical 

corrections for N2O linearity effects were derived from AK1 measured at different 

concentrations. AK1 and Mix1 were used to normalise CRDS & SSIM d results to the 

international isotope-ratio scales using a two-point calibration approach (Harris et al., 2020). 

We present the repeatability of the CRDS & SSIM method by measuring a Ref Gas using 

sample volumes < 20 ml, akin to field samples assuming reasonably high soil N2O fluxes. We 

compare N2O concentration measurements between CRDS & SSIM and GC for a range of N2O 

concentrations and d15Na, d15Nb and d15Nbulk measurements between CRDS & SSIM and 

IRMS. The results are discussed with respect to the practicalities of running this new method 

compared to traditionally used GC-IRMS techniques.   
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3.3 Materials and Methods 

Terms denoted in italics inside inverted commas, e.g. “Fast Mode”, relate specifically to using 

the CRDS & SSIM method with the same instrument models described here. Such terms are 

defined upon first use throughout the document. 

3.3.1 Equipment details and configuration 

There were four main components for the discrete sample analysis by CRDS in this study (Fig. 

3.1): (1) SSIM; (2) CRDS; (3) ZA carrier gas (9.7 m3, 200 bar, BOC, Material Number 270028-

L) and (4) a 25 ml gas tight syringe (SGE, Model: 25MDR-LL-GT). Both the SSIM and CRDS 

require vacuum pumps supplied by the manufacturer (Picarro Inc.). The SSIM unit contains 

five solenoid valves and a 20 ml stainless steel gas tight chamber. The SSIM valve sequences 

were controlled by the programmed settings selected prior to sample analysis. The selected 

settings regulated the following steps: vacuuming and flushing, sample injection, dilution with 

ZA and sample delivery to the CRDS analyser. Samples were manually injected into the SSIM 

using a gas tight syringe with an open/close valve. A syringe with an open/close valve was 

necessary to prevent sample loss during the SSIM vacuuming step. Sample analysis was 

completed by following the software’s on-screen prompts. The total processing time for one 

sample was, on average, 10.5 minutes (in “Fast Mode”). “Fast Mode” is the fasted discrete 

sample analysis SSIM setting that can be selected. The internal SSIM cavity pressure (Torr 

(Instrument’s unit); 760 Torr = 1 Pa (SI unit)) fluctuated as the valve sequences changed. This 

“SSIM Pressure” was monitored on the user interface “GUI” of the CRDS analyser. Under 

vacuum the SSIM chamber reached approximately 0 Torr and, when full, reached 970-1000 

Torr. The pressure of the incoming ZA carrier gas was carefully regulated between 3 – 8 psi 

(manufacturer’s recommendation, approx. 20 – 55 kPa), to ensure the final “SSIM Pressure” 

after sample dilution was not below 970 Torr or above 1000 Torr potentially causing 
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inaccuracies in the estimation of sample volume and N2O concentration. 

The CRDS simultaneously measured the overall N2O concentration (ppb) and the 

concentrations of the different isotopomers to calulate d15Na (‰), d15Nb (‰) and d15Nbulk (‰) 

in real-time and when configured with the SSIM, the analyser automatically logged these 

measurements into a “.csv” file. The CRDS model uses a fine tuned optical filter in the 

measurement cavity to automatically configure specific wavelengths to match the adsorption 

spectrum of N2O isotopomers, and measure the signal at the specific isotopomer wavenumbers 

2187.853 and 2187.949 cm-1, for 15N=14N=O and 14N=15N=O respectively (Erler et al., 2015; 

Ji and Grundle, 2019). The mid-infrared laser is periodically turned on and off while the light 

intensity of the respective wavelengths is constantly measured and algorithmically processed 

to derive the light dissipation rate which is related to the N2O concentration and the isotopomer 

signatures of the sample (Ji and Grundle, 2019). As in Eqs. 1 – 3 above, the relative abundance 

of 15N compared to 14N in the alpha and beta isotopomers of the N2O molecule are expressed 

as d15Na (‰) and d15Nb (‰). d15Nbulk is the average of 15Na + d15Nb and SP is calculated as 

d15Na - d15Nb.  

3.3.2 Sample collection and preparation 

Sampling of soil emitted N2O was simulated by filling 1L Tedlar® bags with the Ref Gas and 

taking samples from them in a similar manner to sample retrieval from static chambers (de 

Klein and Harvey, 2012). Twenty ml samples were removed from the rubber septum port of 

the Tedlar® bags using a 60 ml plastic syringe with an attached three way valve and needle 

and were then injected into 12 ml pre-evacuated Exetainer vials (Labco Ltd.) capped with grey 

butyl rubber septa. To distinguish N2O(soil) it is recommended to remove samples, for N2O 

isotopomer analysis, from static chambers after a sufficient chamber closure period (e.g. 60 

mins) to enable N2O build up (when soil N2O fluxes are relatively high), thus avoiding the need 
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for sample pre-concentration prior to analysis (Petersen et al., 2020; Mohn et al., 2010; Buchen 

et al., 2018). For this reason, the chosen Ref Gas had an N2O concentration > 600 ppb. 

Samples were retrieved from vials post-storage using a gas tight syringe with an attached 

open/close valve and a side bore needle. When the needle was inserted into the sample vial and 

the syringe valve opened, remaining overpressure, an indication of successful storage, was 

noted visually if the syringe plunger retracted unassisted. After extracting the sample from the 

Exetainer vial, the syringe valve was kept closed upon sample injection into the SSIM to avoid 

sample loss during the SSIM vacuuming step. The syringe valve was opened when prompted 

by the instructions on the instruments “GUI”. Two commercially available 25 ml gas tight 

syringes were compared for the sample injection step. One had a built-in valve (Hamilton, 

Model: 1025SL), while the other had a luer lock fitting that enabled the attachment of a separate 

valve (SGE, Model: 25MDR-LL-GT). Ten repeat samples of the same gas were measured with 

each model and a t-test revealed no significant differences in N2O concentration and 

isotopomer measurements between the two syringe types. Therefore, the most cost effective 

SGE model was chosen. It was noticed that using side bore needles rather than straight bore 

needles for sample injection increased the number of sample measurements that could be made 

before the septum inside the SSIM “injector nut” needed to be replaced. 

3.3.3 Correction of dilution and isotopic mixing effects 

A “SSIM Pressure” (Torr) and syringe volume (ml) calibration curve based on an approach 

previously applied using a Picarro and SSIM for isotopic CH4 measurements (Görres et al., 

2017), was completed to estimate unknown volumes of gas samples injected into the SSIM. 

This provided a precise and consistent sample volume estimation compared to relying on the 

resolution of the gas tight syringe scale (0.5 ml) and also incorporated the uncertainty relating 

to different volumes of the needles and valves attached to the syringe. The calibration curve 
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was generated by injecting five different volumes of room air (0, 5, 10, 15, 20 ml) into the 

SSIM and recording the “SSIM pressure”, prior to triggering the ZA dilution step (i.e. “Sample 

Pressure”). When ZA dilution is triggered the peak “SSIM pressure” was recorded manually 

while monitoring the “GUI” (i.e. “Total Pressure”). The positive relationship between “Sample 

Pressure” (Torr) and syringe volume (ml), represented by a linear equation, was used to 

estimate the unknown sample volumes. The volume of ZA added during the SSIM dilution 

step was then determined by subtracting the estimated volume based on “Sample Pressure” 

from the estimated volume based on “Total Pressure”. The R2 of the calibration curve was 

used to indicate if there was a potential leak in the instrumentation set-up prior to measuring 

each batch of samples. Calibration data from four sample analysis days was combined and a 

linear regression model was fitted to this data to produce a representative calibration curve 

used to estimate unknown sample volumes.   

Prior to configuring the CRDS & SSIM set-up, the ZA was measured continuously by the 

CRDS (≥ 60 mins) and the raw data was averaged over this time to estimate N2O concentration 

(125 ± 1 ppb), d15Na (79 ± 10 ‰), d15Nb (-238 ± 9 ‰) and d15Nbulk (-78 ± 7 ‰) for the ZA 

cylinder. The volumes estimated from the calibration curve were used in Eq. 5 to correct for 

the dilution effect caused by the ZA.  

(5) ?@AB.(%DEF(G) = 	
H&IJ. KLM=N 	×	O&(. KLM=N :	 H&IJ. PQ 	×	O&(. PQ 	

	O&(. KLM=N 	:		O&(. PQ
 

The isotopic mixing caused by ZA was then corrected for d15Na and d15Nb using Eq. 6: 

(6) !"#$R	&S	T
(%DEF(G) 	=

	
(H&IJ. KLM=N 	×	O&(. KLM=N 	×	2345U	L>	V KLM=N )	–	(H&IJ. PQ 	×	O&(. PQ 	×	2345U	L>	V PQ )

H&IJ.(X=6YNZ)	×	O&(.(X=6YNZ)
 

d15Nbulk
(sample)

 (‰) was then calculated as the average of d15Na
(sample) (‰) and d15Nb

(sample) (‰) 

and SP(sample) was calculated as d15Na
(sample) - d15Nb

(sample).  
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Assuming that the isotopic composition of N2O within four calibration gas cylinders from the 

same supplier were similar, linearity effects caused by changes in N2O concentration were 

visually checked (Figure A3.1). Linearity effects were best explained by strong linear 

relationships with the inverse of the CRDS & SSIM measured N2O concentration (Figure A3.2) 

which has been shown in previous laser based method assessments (Harris et al., 2020). 

Therefore, it is assumed that the deviation of the CRDS & SSIM measured results caused by 

differences in N2O concentration are also explained by strong linear relationships with the 

inverse N2O concentration. Numerical corrections for linearity effects on d15Na, d15Nb were 

determined from the deviations of CRDS & SSIM measurements and the stated values of AK1 

(Dd15Na and Dd15Nb) which was measured at two concentrations (approximately 300 ppb and 

1000 ppb, Figure A3.3). d15Nbulk and SP were then calculated from the corrected d15Na and 

d15Nb values. The following two-point calibration was then applied using the stated and 

linearity corrected d values for AK1 and Mix1 to normalise the CRDS & SSIM results to the 

international isotope-ratio scales (Harris et al., 2020).  

(7) δNorm,	Sample	 = 	
2stated,	AK1	–	2stated,	Mix1
2corr,	AK1	–	2corr,	Mix1

⋅ !corr,	Sample	 − 	!corr,	AK1 	+ 	!stated,	AK1 

Where dNorm, Sample is the final normalised results, dstated, AK1 and dstated, Mix1 (presented in Table 

3.2 below) are the known values of the N2O standards, dcorr, AK1 and dcorr, Mix1 are the mean 

CRDS&SSIM measured values of the N2O standards post correction for linearity effects and 

dcorr, Sample is the CRDS&SSIM measured value of the unknown sample post correction for 

linearity effects. The repeatability of the CRDS & SSIM method was calculated as the mean 

and standard deviation (1s) of post-corrected N2O concentration, d15Nbulk, d15Na, d15Nb  and 

SP for the ten samples. Repeatability was also determined using the same methodology over a 

range of N2O concentrations (0.2 – 5.0 ppm) using four GC calibration gases which contained 

a mixture of N2O, CO2 and CH4 at various concentrations. 
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Following the identical treatment principle, the SSIM was firstly programmed to measure 

samples without ZA dilution (i.e. sample volumes ≥ 20 ml). Eight samples of the Ref Gas were 

measured with no ZA dilution to determine the N2O concentration and isotopic composition of 

the Ref Gas. Another eight samples were measured using the SSIM method programmed for 

ZA dilution, each time injecting a 10 ml sample of the Ref Gas. To test the effectiveness of 

Eqs. 5 and 6, t-tests were used to compare the means of the post corrected N2O concentration, 

d15Nbulk, d15Na, d15Nb and SP measurements following ZA dilution, and the measurements of 

the Ref Gas without ZA dilution. Using the same Ref Gas, three replicates of different sample 

volumes (5, 10 and 15 ml) were injected into the SSIM to determine if there was a significant 

difference between dilution volumes post data correction when using the CRDS & SSIM 

method with ZA dilution. It was found that injecting 20 ml samples during analysis with the 

SSIM programmed for ZA dilution produced erroneous results. Therefore, the statistical 

comparison was only carried out for samples volumes of 5, 10 and 15 ml. One-way ANOVA’s 

were used to determine if dilution volume had a significant effect on post-corrected N2O 

concentration, d15Nbulk, d15Na, d15Nb and SP values. Post-hoc Tukey HSD tests were carried 

out to test which dilution volumes were significantly different from each other. 

3.3.4 Comparison of CRDS & SSIM and GC 

Four calibration gases with stated N2O concentrations of 0.2 ppm, 0.5 ppm, 1.0 ppm and 5.0 

ppm were chosen to compare the CRDS & SSIM with GC for determination of N2O 

concentration in small volume gas samples. Ten 7 ml pre-evacuated septa capped vials were 

filled with 10 ml of each calibration gas to be measured by GC using a Bruker Scion 456 GC 

with a 63Ni electron capture detector (Bruker, Germany) and CombiPal auto-sampler. Ten 12 

ml pre-evacuated septa capped vials were filled with 20 ml of each calibration gas to be 

measured by the CRDS & SSIM method outlined above. A Pearson’s product-moment 

correlation test was used to determine the correlation between the two methods (n = 40) and a 
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linear regression was used to describe the relationship between CRDS & SSIM and GC 

measurements of N2O concentration. T-tests were used to test if means of the concentration 

measurements for each of the calibration gases (n = 10) were significantly different and greater 

than the inherent measurement error of the measurement techniques. An F-test for the 

comparison of standard deviation was carried out to determine if CRDS & SSIM was more 

precise than GC at each N2O concentration level tested. If the ratio of the two sample variances 

(i.e. the ratio of the squares of the standard deviations) exceeded the critical value (F9,9 = 

3.179), the null hypothesis of equal variances was rejected (Miller and Miller, 2010).  

3.3.5 Comparison of CRDS & SSIM with IRMS 

A total of forty 12 ml pre-evacuated septa capped Exetainer vials were filled with three N2O 

standard gases (AK1; 300 and 1000 ppb, Mix1; 1000 ppb and Mix2; 1000 ppb), that were 

previously calibrated to the international isotope-ratio scales, with known isotopomer values 

based on IRMS-A measurement (Delta V IRMS: Thermo Scientific, Bremen, Germany, 

coupled with an automatic Precon + Trace GC Isolink: Thermo Scientific, preparation system). 

IRMS-A has a typical repeatability for d15Nbulk and SP better than 0.1‰ and 0.5 ‰, 

respectively (Lewicka-Szczebak et al., 2017). Ten vials of each were measured by CRDS & 

SSIM. Results were first numerically corrected for N2O linearity effects (calibration curves 

shown in 3.11 Supplementary Information) and secondly a two-point calibration (Harris et al., 

2020) was applied using the d values for AK1 and Mix1 to normalise the CRDS & SSIM results 

to the international isotope-ratio scales as described above. One sample t-tests were used to 

determine if there was a significant difference between the final corrected and normalised 

CRDS & SSIM results and the stated values of AK1, Mix1 and Mix2 for d15Nbulk, d15Na, d15Nb 

and SP, determined by IRMS-A.  
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A second comparison between CRDS & SSIM and IRMS-B was carried out using another 

instrument (IRMS-B; Sercon 20-22 Stable Isotope Ratio Mass Spectrometer coupled with a 

Sercon CryoPrep-2 and Sercon auto sampler) and duplicate gas samples from a field 

experiment in which a 2% 15N-enriched urea fertiliser was applied (Bracken et al., 2020). Soil 

samples were taken periodically after fertiliser application and soil NO3
- was extracted using 

2M KCl and converted to N2O (Stevens and Laughlin, 1994). Six duplicate samples for 

comparison of d15Nbulk results between CRDS & SSIM and IRMS were chosen randomly from 

the different treatments and sampling dates of the field experiment. The 15N enrichment of the 

evolved N2O for six of the duplicates were measured by IRMS-B as previously described 

(Stevens et al., 1993) and ranged from 0.39 to 0.42 atom% 15N. The other six were measured 

using the CRDS & SSIM method. The atom% results from IRMS-B were converted stepwise 

to d15Nbulk (‰) using Eqs. 8 - 10 to compare the two sets of results: 

(8) x(sample) = 15N enrichment result (atom%) / 100 

(9) 15R(sample) = x (sample) / (1- x(sample)) 

(10) d15Nbulk (‰) = (15R(sample) / 15R(standard) -1) / 1000 

where x(sample) is the atomic fraction of 15N, 15R(sample) is the 15N/14N ratio of the measured sample 

and 15R(standard) is 0.003667 (Mariotti, 1983). After correcting for N2O linearity effects, CRDS 

& SSIM results were compared to IRMS-B results using a paired t-test to determine if the true 

difference in means of the duplicate samples was not equal to 0.  
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3.4 Results 

There was a strong positive linear relationship, R2 = 0.999, between “SSIM pressure” (Torr) 

and syringe volume (Fig. 3.2). The equation of the line representing the calibration curve 

indicated that 1 ml increases in sample volume will change “SSIM Pressure” by approximately 

45 Torr. The repeatability (mean ± 1s; n = 10) of the CRDS & SSIM measurements of Ref 

Gas were 710.64 ppb (± 8.64), 2.82 ‰ (± 0.91), 5.41 ‰ (± 2.00), 0.23 ‰ (± 0.22) and 5.18 ‰ 

(± 2.18) for N2O concentration, d15Nbulk, d15Na, d15Nb and SP, respectively. Table 3.1 also 

presents the repeatability of the CRDS & SSIM method without ZA dilution (i.e. samples ≥ 20 

ml) and the four calibration gases ranging in N2O concentration from 0.2 to 5.0 ppm. Linearity 

effects on isotopic N2O values due to changes in in N2O concentration were first visually 

assessed using the measurements of the four calibration gases (3.11 Supplementary 

Information, Fig. A3.1). Linearity effects could be explained by highly significant (p<0.001) 

strong linear relationships (R2 = 0.95 to 0.99) with the inverse of the CRDS & SSIM measured 

N2O concentration (Figure A3.2). Given the known isotopic N2O composition of AK1, two 

numerical corrections for linearity effects on d15Na, d15Nb were determined from the deviations 

of CRDS & SSIM measurements and the known values of AK1 which was measured at two 

concentrations (approximately 300 ppb and 1000 ppb, Figure A3.3).  

There was no significant difference between mean N2O concentration measurements using the 

CRDS & SSIM method with ZA dilution (723.2 ± 20.5 ppb) and without ZA dilution (726.9 ± 

7.97 ppb, Fig. 3.3 A). Dilution volume had no significant effect on the mean of post-corrected 

N2O concentration measurements for 5 ml (686.0 ± 13.1 ppb), 10 ml (699.2 ± 28.1 ppb) and 

15 ml (727.2 ± 34.8 ppb) dilution volumes (Fig. 3.3 B).  

There was no significant difference in the means of CRDS & SSIM measurements of d15Nbulk 

with ZA dilution (2.14 ± 0.76 ‰) and without ZA dilution (2.36 ± 0.38 ‰); d15Na with ZA 
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dilution (4.63 ± 1.61 ‰) and without ZA dilution (5.45 ± 0.73 ‰) and SP with ZA dilution 

(4.98 ± 1.70 ‰) and without ZA dilution (6.19 ± 0.74 ‰) (Fig. 3.4 A, C, D). There was a 

significant difference (p<0.001) in the means of CRDS & SSIM measurements of d15Nb with 

ZA dilution (-0.35 ± 0.18 ‰) and without ZA dilution (-0.74 ± 0.15 ‰) (Fig. 3.4 B). 

A one-way ANOVA revealed dilution volume had a significant effect on the mean of post-

corrected d15Nbulk measurements (P < 0.05), and the Tukey HSD test found the mean difference 

between 5 and 15 ml dilution volumes was 3.84 ‰ (P < 0.05) and the mean difference between 

10 and 15 ml dilution volumes was 3.32 ‰ (P < 0.05) (Fig. 3.5 C). Dilution volume had a 

significant effect on the mean of post-corrected d15Na measurements (P < 0.05), and the Tukey 

HSD test found the mean difference between 5 and 15 ml dilution volumes was 7.75 ‰ (P < 

0.05) and the mean difference between 10 and 15 ml dilution volumes was 6.85 ‰ (P < 0.05) 

(Fig. 3.5 A). Dilution volume had a significant effect on the mean of post-corrected SP 

measurements (P < 0.05), and the Tukey HSD test found the mean difference between 5 and 

15 ml dilution volumes was 7.83 ‰ (P < 0.05) and the mean difference between 10 and 15 ml 

dilution volumes was 7.06 ‰ (P < 0.05) (Fig. 3.5 D). There was no significant effect of dilution 

volume on the mean of post-corrected d15Nb measurements (Fig. 3.5 B). 

3.4.1 Comparison of CRDS & SSIM and GC 

A Pearson’s product-moment correlation test revealed a highly significant correlation (r = 0.99, 

P < 0.001) between CRDS & SSIM and GC N2O concentration measurements. There was a 

highly significant positive linear relationship between CRDS & SSIM and GC measurements 

over a range of N2O concentrations from 0.2 ppm to 5.0 ppm (P < 0.001, R2 = 0.98, Fig. 3.6). 

At N2O concentrations above the specified operating range of the CRDS (300 – 1500 ppb grey 

box, Fig. 3.6), the distance between the fitted regression line and the 1:1 dotted line increased 

and variability also increased. There was, however, a significant difference between CRDS & 
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SSIM and GC measurements of N2O concentration at each concentration level tested (0.2 ppm 

P < 0.001; 0.5 ppm P < 0.001; 1.0 ppm P < 0.001; 5.0 ppm P < 0.01, Fig. 3.7 A - D). Figure 

3.7 (B, C and D) clearly show that the CRDS & SSIM underestimated the stated N2O 

concentration of these calibration gases. The F-tests were significant at the 5% level for the 

0.2, 0.5 and 1.0 ppm N2O concentrations, indicating that CRDS & SSIM was more precise than 

GC for these measurements. The F-tests was not significant at the 5% level for the 5.0 ppm 

concentration indicating equal variance between the two methods at this N2O concentration. 

3.4.2 Comparison of CRDS & SSIM and IRMS 

There was no significant difference for d15Na, d15Nb, d15Nbulk and SP measurements using 

CRDS & SSIM and the stated values, determined using IRMS, for AK1 at 300 ppb and 1000 

ppb and Mix1 at 1000 ppb. The means and standard deviations of each are presented in Table 

3.2 along with the known isotopic composition of the N2O standards and the uncorrected and 

linearity corrected CRDS & SSIM results. There was a significant difference for d15Na (P < 

0.001), d15Nb (P < 0.001), d15Nbulk (P < 0.05) and SP (P < 0.001) measurements using CRDS 

& SSIM and the stated values of Mix2 at 1000 ppb (Table 3.2). However, the mean CRDS & 

SSIM results for Mix2 were within 2s from the stated values of Mix2 except for d15Nb. The 

precision of IRMS-A for d15Nbulk and SP is typically better than 0.1 ‰ and 0.5 ‰, respectively. 

As determined above, the precision of the CRDS & SSIM method for d15Nbulk and SP using 

Ref Gas was 0.91 ‰ and 2.18 ‰. 

The mean of the differences between duplicate samples of N2O converted from 2M KCl-

extracted soil NO3
- and measured by CRDS & SSIM or IRMS-B was 18.46 ‰ with a 95% 

confidence interval of -16.3 ‰ to 53.2 ‰. The mean of the differences was not significantly 

different from 0 based on the paired t-test, indicating that both methods produced similar 
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results. Concentrations determined by IRMS-B for the duplicate samples ranged from 

approximately 30 – 90 ppm N2O. 

 

3.5 Discussion 

The objective of the current study was to determine if the CRDS & SSIM method can be 

applied to measure N2O concentration and isotopomers from discrete gas samples (≤ 20 ml), 

typical of those from field deployed static chambers. When sample volumes are < 20 ml the 

CRDS & SSIM method dilutes and mixes samples with the ZA carrier gas requiring a 

numerical correction to be applied. The strong linear relationship between “SSIM Pressure” 

and syringe volume allowed the sample volume and the volume of ZA used to fill the remainder 

of the SSIM cavity to be confidently estimated from the manually recorded “Sample Pressure” 

and “Total Pressure”. The determined precision (1s) based on repeated measurements of the 

Ref Gas of this overall approach was < 9 ppb (N2O concentration) and ≤ 0.91‰ and ≤ 2.18‰ 

(d15Nbulk and SP, respectively). The reported ranges of SP and d15Nbulk used in isotopomer maps 

to distinguish N2O production processes generally lie between (SP = 27‰ to 36‰, d15Nbulk = 

-35‰ to -60‰) for nitrification and (SP = 0‰ to -10‰, d15Nbulk = 0‰ to -40‰) for 

denitrification (Decock and Six, 2013; Zou et al., 2014). However, the reported SP range for 

fungal denitrification (SP = 34‰ to 40‰) overlaps with the nitrification range which makes it 

difficult to distinguish this individual N2O source pathway from a nitrification source (Sutka 

et al., 2008; Wu et al., 2019). Given the wide separation of SP ranges for nitrification and 

denitrification processes, the precision of the CRDS & SSIM method reported here would make 

it a suitable analytical technique to distinguish these major process groups using an isotopomer 

mapping approach when soil N2O fluxes are high.  
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A comprehensive uncertainty analysis of isotopomer mapping model parameters used to 

determine bacterial denitrification, nitrification (or fungal denitrification) and N2O reduction 

to N2 found that IRMS measurements least affected the uncertainty of model estimates due to 

the high precision of IRMS (Wu et al., 2019). Better estimates of bacterial denitrification 

endmembers and the isotopic enrichment factor of N2O reduction is necessary to constrain such 

models to achieve better quantitative estimates of N2O production pathways (Wu et al., 2019). 

Incorporating the precision of the CRDS & SSIM method reported here into power calculations 

during experimental design would make it a useful method to detect treatment effects (e.g. 

different N management practices) on N2O isotopomers, thus indicating effects of experimental 

treatments on N2O production processes and the modes of action of potential N2O mitigation 

strategies.  

The manufacturer’s specified precision (1s) of the CRDS model (G5101-i) for a 10-minute 

measurement average is < 0.05 ppb and < 0.5 ‰ for d15Nbulk, d15Na, d15Nb for continuous gas 

measurement (Picarro Inc., 2015). It is clear from results presented here that discrete sample 

analysis by CRDS & SSIM reduces measurement precision slightly. Depending on the internal 

headspace volume of static chambers it may not be feasible to remove samples > 20 ml (de 

Klein and Harvey, 2012). Additionally, a slight loss of pressure and sample volume from vials 

during transport and storage may result in sample volumes < 20 ml (Laughlin and Stevens, 

2003; Rochette and Bertrand, 2003; Glatzel and Well, 2008), thus necessitating the CRDS & 

SSIM method with ZA dilution. The method precision reported here also incorporates the 

inherent measurement error caused by sample matrix effects and mixing with ZA. The gases 

tested in this study were a mix of N2O, CO2 and CH4 to simulate the expected gas matrix of 

static chamber samples. It was beyond the scope of the current study to test matrix effects on 

the adsorption spectrum for N2O isotopomers or test the use of physical traps to remove non-

target gas species prior to sample measurements. Recently, comprehensive tests of such 
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technical issues for an updated model of CRDS and other laser spectrometers recommended 

the physical removal of non-target molecular species using commercially available traps prior 

to measurement or alternatively the use of numerical corrections to account for matrix effects 

(Harris et al., 2020; Erler et al., 2015; Ji and Grundle, 2019). The specific wavelengths for N2O 

isotopomer adsorption differ slightly amongst different types of lasers, therefore, corrections 

for interference by other molecular species would be necessary on an instrument by instrument 

basis (Harris et al., 2020).  

The current study found that the precision of the CRDS & SSIM method improved when 

samples were measured without ZA dilution (<8 ppb and <0.75 ‰) highlighting that mixing 

with ZA increased variation. This was expected given the variability of d15Nbulk, d15Na, d15Nb 

within the ZA cylinder. The numerical correction (Eq. 5) for N2O concentration dilution 

worked well and apart from the significant difference d15Nb, Eq. 6 also worked well to correct 

for the dilution and isotopic mixing caused by the ZA carrier gas. The actual difference between 

d15Nb means was 0.39 ‰ which is within 2s of the reported ranges of CRDS & SSIM precision 

for d15Nb (Table 3.1). The concentration of N2O within the ZA was below the specified 

operating range of the CRDS which may have resulted in increased errors post correction using 

the CRDS measured ZA values. To check if this was the case a mixing equation was used to 

determine expected ZA isotopic values based on the samples measured with and without ZA 

dilution. Substituting the expected values from the mixing equation into Eq. 6 resulted in no 

significant difference between  d15Nbulk, d15Na, d15Nb  and SP measurements of the samples 

with and without ZA dilution. These results are presented in the appendix (Additional Note 

and Figure A3.4). They suggest Eq. 6 is more effective with a less variable estimate of the ZA 

isotopic values which may further improve the precision and accuracy of this approach.  
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It is recommended to aim for sample injection volumes between 10 - 15 ml based on the results 

presented in Fig. 3.5. Smaller sample volumes of 5 ml (i.e. 15 ml dilution volume) were furthest 

from the repeatability mean of the Ref Gas. This is likely due to the variability of the ZA carrier 

gas mentioned above. Injected sample volumes near 20 ml with ZA dilution caused large 

obvious errors post-correction. This was considered an effect of increased error associated with 

correcting for minimal amounts of ZA as well as increased variability in “SSIM Pressure” 

readings. Therefore, if sample volumes of ≥ 20 ml are retrieved from vials post storage and the 

CRDS & SSIM method is being used with ZA dilution, it is recommended to expel some of 

this sample prior to injection into the SSIM. Likewise, samples < 20 ml should never be run 

without ZA dilution as the reduced “SSIM Pressure” produces erroneous results that cannot be 

corrected. 

The current method was tested in “fast mode” (4-minute measurement average) to minimise 

the sample processing time. If an increased measurement precision is required and sample 

processing time is not limited, the CRDS & SSIM method could be run in “normal mode” (9-

minute measurement average). It would be expected that the extended measurement time 

would improve measurement precision, however, that was not tested in the current study. The 

average sample processing time in “fast mode” was 10.5 mins which is comparable to an 

automated method described to analyse small volumes of dissolved N2O in water samples using 

a CRDS combined with an SSIM (Ji and Grundle, 2019). Of course, if samples are in the 

gaseous phase, the purge-trap system of the Ji and Grundle (2019) method is unnecessary. 

Work is underway to develop a compatible auto-sampler that would automate the currently 

described method which could speed up sample processing times and increase the overall 

number of samples that can be processed per day. The previously described automated method 

reported a precision (1s, n = 5) of 0.41, 0.61 and 0.33 (‰) for d15Nbulk, d15Na and d15Nb, 

respectively for replicated measurements of a 0.5 nmol-N2O samples (approx. 683.6 ppb) (Ji 
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and Grundle, 2019). This is comparable to the precision reported here for repeated 

measurements of the Ref Gas without ZA dilution. This study has indicated a number of 

considerations that could be tested to improve future adaptions of the CRDS & SSIM approach 

for discrete sample (< 20 ml) analysis.  

If sample sizes > 20 ml could be guaranteed from static chamber experiments it would be 

recommended to use the CRDS & SSIM method without ZA dilution. Alternatively, a 

molecular sieve could be installed in the ZA carrier gas line prior to reaching the SSIM. The 

effectiveness of this approach would need to be tested. The user could also monitor on the 

“GUI” the amount of N2O removal in the ZA over time which would indicate when the 

molecular sieve would need to be replaced. Likewise, if field samples are expected to contain 

moisture levels > 2% then a commercially available drier could be installed at the sample 

injection port on the SSIM as recommended by the manufacturer. None of the samples 

measured in the current study exceeded this moisture level. Incorporating permeation driers 

and molecular sieves into the instrumental configuration to purify N2O samples of 

contaminants (e.g. CO2, CH4 and H2O) that may interfere with the adsorption spectrum for 

N2O isotopomer measurements may improve the CRDS & SSIM method (Köster et al., 2013; 

Harris et al., 2020; Erler et al., 2015). The current approach allows users to directly measure 

samples without the need for overly complicated instrumental configurations. By using an 

internal reference gas (e.g. Ref Gas) with a similar gas matrix to expected samples, potential 

instrumental drift over time can be monitored and corrected if necessary.  

A visual check for differences in isotopic values caused by changes in N2O concentration 

indicated that linearity effects impact the accuracy of CRDS & SSIM measurements, assuming 

the four calibration gas cylinders used had a similar isotopic N2O composition. Depending on 

the sample N2O concentration this could result in an over or under estimation of d15Nbulk and 

SP if not corrected. Better estimations of nitrification and denitrification endmembers are 
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required to improve model estimates of N2O mixing and reduction derived from isotopomer 

maps (Wu et al., 2019). Correction equations for linearity effects on d15Nbulk, d15Na and d15Nb 

have been reported for CRDS measurements and may need to be instrument specific for laser 

spectrometers (Harris et al., 2020; Erler et al., 2015; Ji and Grundle, 2019). To ensure linearity 

effects are accounted for in future adaptions of the CRDS & SSIM approach a reference gas 

with known isotopic composition should be measured over a suitable concentration range to 

determine appropriate numerical corrections.  

It was clear from the F-tests between the CRDS & SSIM and GC measurements over a range 

of N2O concentrations that the CRDS & SSIM method was more precise than the GC except 

when N2O concentration exceeded the CRDS manufacturer’s guaranteed operating range of 

300 to 1500 ppb. This is an important consideration for experimental designs if sample 

concentrations are expected to exceed this specified range. High concentration samples may 

need very precise dilution prior to measurement which can require highly technical gas flow 

equipment and competent operators (Köster et al., 2013). Both methods were equally variable 

at the 5.0 ppm N2O concentration. Even though there was a strong correlation between the two 

methods, both were significantly different at each N2O concentration tested and the CRDS & 

SSIM seemed to underestimate the stated concentration of the calibration gases used. This may 

again have been due to uncertainty of the ZA N2O concentration. Using a mixing equation to 

determine the expected N2O concentration of the ZA from the measured and stated 

concentration of the calibration gases suggest that CRDS & SSIM measurements would be 

much closer to the stated N2O concentrations of the calibration gases with better estimates of 

the ZA N2O concentration during dilution. If the stated N2O concentrations of the calibration 

gases are trusted based on certified measurements from an internationally accredited lab, a 

correction factor could be applied to CRDS & SSIM concentration measurements to account 

for this underestimation. By regressing the CRDS & SSIM measured concentrations from the 
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present study over the stated concentrations of the calibration gases produced the following 

linear equation which could be used for this purpose; y = 0.8x + 0.04 (P < 0.001, R2 = 0.99). 

This equation includes data collected well outside the specified operating range of the CRDS 

instrument. The following equation; y = 0.78x + 0.06 (P < 0.001, R2 = 0.99), is based on data 

for the three lowest concentraions measured which are within or closer to the instrument 

operating range. 

The current study indicated that normalisation of CRDS & SSIM values to the international 

isotope-ratio scales was possible using N2O isotope standards (AK1 and Mix1). Without 

normalising CRDS & SSIM results to the international isotope-ratio scales, comparisons with 

outputs from other labs and isotope studies would be meaningless and results would only be 

suitable for relative treatment comparisons within the individual study the method was applied. 

Mix2 was more enriched in 15N at both the a and b position than AK1 and Mix1, therefore 

outside the range of the two-point calibration used to normalise the CRDS & SSIM results to 

the international isotope-ratio scales. This likely explains why there was a significant 

difference detected for the CRDS & SSIM results of Mix2. It also highlights the need for a 

range of internationally available N2O isotopic standards that can be supplied for the particular 

needs of different labs enabling consistent normalisation and improved inter-laboratory 

comparability (Mohn et al., 2014). d15Na, d15Nbulk and SP were slightly overestimated and 

d15Nb slightly underestimated for Mix2 but were within 2s from the stated values of Mix2 

except for d15Nb. Improved estimates of the ZA carrier gas concentration and isotopic 

composition could potentially reduce such over or under estimations as may the removal of 

non-target gases that could cause spectral interference. Selecting N2O standards with isotopic 

compositions that capture the range of sample results is also important to improve the accuracy 

of results derived from the two-point calibration step. Duplicate d15Nbulk measurements of N2O 

samples from NO3
- conversions were not significantly different based on a paired t-test. 
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However, the concentration range of these samples was quite high and exceeded the operating 

range of the CRDS. Therefore, inherent measurement errors were likely and this may also have 

resulted in sampling artefacts. Often in soil N cycling experiments 15N tracers are used to 

enable N transformation rates to be modelled (Müller et al., 2007). Generally, this requires the 

determination of the 15N enrichment of soil NO3
- and NH4

+ converted to N2O and measured 

by IRMS (Stevens and Laughlin, 1994; Stevens et al., 1993; Stevens et al., 1997), along with 

the enrichment of the soil emitted N2O, to quantify fractionation factors for the N 

transformation pathways being modelled (Müller et al., 2007). Highly enriched N fertilisers, 

ranging from 10 to 98 atm% enrichment, have been used in the past for 15N tracer experiments 

(Lewicka-Szczebak et al., 2017; Stevens et al., 1997; Bateman and Baggs, 2005; Deppe et al., 

2017). Enriching N fertilisers with 15N is very expensive particularly at high enrichment levels 

or when large areas require fertiliser application. This study showed that the CRDS & SSIM 

measurements of N2O converted from soil NO3
- was similar to IRMS-B after using a much 

lower enriched fertiliser. The CRDS & SSIM potentially offers the opportunity to update such 

conversion methods (Stevens and Laughlin, 1994; Stevens et al., 1997) to suit the lower 

measurement ranges of laser spectrometers and perhaps enable more cost-effective N cycling 

studies to be carried out at natural abundance or very low 15N enrichment levels. 

The current study further highlights the need for internationally available N2O isotopomer 

standards suitable for labs to compare against given the specific operating ranges of their 

instruments and the expected sample gas matrix compositions (Mohn et al., 2014; Mohn et al., 

2016). The potential of two recently available N2O isotopomer standards (USGS51 and 

USGS52) was assessed and, although promising, it was concluded that standards must be 

available at a greater range of N2O concentrations and in a similar matrix to the sample analysis 

needs of individual labs which would greatly enhance inter-laboratory calibration efforts 

(Ostrom et al., 2018). An inter-laboratory comparison between IRMS and laser spectrometry 
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labs highlighted the different sample preparation considerations necessary to measure a near 

ambient N2O test gas using each labs protocol (Mohn et al., 2014). For example, intricate pre-

concentration methods are often applied prior to measurements of near ambient N2O (Mohn et 

al., 2010). Therefore, provision of isotopic N2O standards by an international body such as the 

IAEA (International Atomic Energy Association) at suitable concentration ranges and in a gas 

matrix that suits the particular needs of different labs would be useful to ensure consistent 

normalisation to the international isotope-ratio scale and improved comparability of reported 

N2O isotopomer results from different studies worldwide. 

 

3.6 Conclusion 

The repeatability of the CRDS & SSIM shows that it is suitable for measuring d15Nbulk, d15Na, 

d15Nb and N2O concentrations with the purpose of applying the N2O isotopomer mapping 

approach to distinguish major nitrification and denitrification sources using static chamber 

samples < 20 ml during periods of high soil N2O fluxes. With sufficient soil derived N2O, 

robust isotope values of soil emitted N2O can be determined by direct measurement of samples 

using the CRDS & SSIM method. CRDS & SSIM measurements of N2O concentration was 

more precise than GC. CRDS & SSIM measurement of isotopomers could be normalised to 

the international isotope-ratio scale using isotopic N2O standards to produce accurate results 

based on the stated isotopic values of the N2O standards. Isotopomer measurements by CRDS 

& SSIM were about one order of magnitude less precise than the typical precision of 

traditionally used GC-IRMS techniques. However, better estimates of the ZA concentration 

and isotopic composition during sample dilution and mixing could further improve the 

precision and accuracy of concentration and isotopomer determination by CRDS & SSIM. The 

application of numerical calibrations based on certified N2O standard gases is essential to 
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ensure results are normalised to the international isotope-ratio scales. Future improvements to 

the CRDS & SSIM method should consider automation and the incorporation of physical traps 

to reduce measurement uncertainties related to variation caused by ZA dilution and spectral 

interference by non-target gases. It would be necessary to obtain international isotopic N2O 

standards or internal lab standards with a suitable range of isotopic values that can be 

normalized to international isotope-ratio scales for N2O to ensure that reported results from the 

CRDS & SSIM method are comparable with results from other labs.  The CRDS & SSIM is a 

cost-effective approach in terms of initial set-up, that offers greater flexibility for the design of 

field experiments using static chambers in terms of the amount of treatments and replication 

possible compared to automated field measurements. It is becoming a more common approach 

to combine N2O isotopomer measurements with N2O flux measurements from field deployed 

static chambers to source partition soil emitted N2O. This novel CRDS & SSIM method 

provides a practical solution to do this without the need for extensive lab resources (like for 

IRMS systems). 
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3.9 Tables 

Table 3.1: Repeatability of five gas mixtures with different N2O concentrations using CRDS & SSIM discrete sample (< 20 ml) analysis (n = 10). 

 N2O Concentration (ppb) d15Nbulk (‰) d15Na (‰) d15Nb (‰) SP (‰) 

 Mean SD (1s) Mean SD (1s) Mean SD (1s) Mean SD (1s) Mean SD (1s) 

Ref Gas (0.8 ppm) No ZA (n = 8) 726.90 7.97 2.36 0.38 5.45 0.73 -0.74 0.15 6.19 0.74 

Ref Gas (0.8 ppm) 710.64 8.64 2.82 0.91 5.41 2.00 0.23 0.22 5.18 2.18 

Cal Gas (0.2 ppm) 213.83 3.95 -15.82 3.58 -33.80 7.49 2.16 0.61 -35.96 7.85 

Cal Gas (0.5 ppm) 442.43 6.50 -3.99 2.16 -8.45 4.49 0.48 0.32 -8.93 4.67 

Cal Gas (1.0 ppm) 836.07 17.17 2.79 1.51 5.88 3.00 -0.29 0.16 6.17 2.99 

Cal Gas (5.0 ppm) 4068.14 208.48 7.93 0.87 17.00 1.91 -1.13 0.22 18.13 2.08 

SD = standard deviation. 
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Table 3.2: Isotopomer values (‰) of N2O standards AK1, Mix1 and Mix2 (1000 ppb) at different stages of CRDS&SSIM method (mean ± 1s). 

 

  

 Stated Values Final Normalised Linearity Corrected Uncorrected CRDS&SSIM 

 d15Na d15Nb d15Nbulk SP d15Na d15Nb d15Nbulk SP d15Na d15Nb d15Nbulk SP d15Na d15Nb d15Nbulk SP 

AK1 

(300 ppb) 
-2.128 0.016 -1.056 -2.144 

-2.07 

(5.21) 

0.016 

(0.35) 

-1.02 

(2.48) 

-2.09 

(5.46) 

-2.08 

(3.99) 

0.018 

(2.61) 

-1.03 

(3.07) 

-2.10 

(2.78) 

47.53 

(4.35) 

-67.59 

(3.60) 

-10.03 

(3.08) 

115.12 

(5.08) 

AK1 

(1000 ppb) 
-2.128 0.016 -1.056 -2.144 

-2.17 

(3.94) 

0.016 

(0.38) 

-1.08 

(1.96) 

-2.19 

(4.00) 

-2.16 

(3.02) 

0.016 

(2.81) 

-1.07 

(2.17) 

-2.18 

(3.89) 

9.19 

(2.66) 

-22.43 

(2.78) 

-6.62 

(2.19) 

31.62 

(3.23) 

Mix1 

(1000 ppb) 
18.57 2.27 10.41 17.12 

18.57 

(4.93) 

2.27 

(0.50) 

10.42 

(2.53) 

16.30 

(4.86) 

13.72 

(3.78) 

-16.66 

(3.69) 

-1.47 

(2.37) 

30.39 

(5.77) 

29.28 

(4.08) 

-44.08 

(3.87) 

-7.40 

(2.36) 

73.37 

(6.39) 

Mix2 

(1000 ppb) 
53.06 2.57 27.79 52.83 

57.48 

(2.64) 

0.78 

(0.35) 

29.13 

(1.42) 

56.70 

(2.47) 

43.53 

(2.02) 

-5.65 

(2.61) 

18.94 

(1.15) 

49.18 

(4.06) 

51.11 

(2.11) 

-23.65 

(3.08) 

13.73 

(1.19) 

74.76 

(4.71) 
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3.10 Figures 

 

Figure 3.1: Equipment configuration.  
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Figure 3.2: Calibration curve of “SSIM Pressure” and syringe volume (regression line and 

95% confidence interval). This relationship can be used to estimate the unknown volume of 

injected gas samples. 
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Figure 3.3: Boxplot of N2O concentration results for reference gas using no ZA dilution mode 

compared to post corrected values 10 ml reference gas samples using ZA dilution mode (n = 

8, A) and N2O concentration results for reference gas using ZA dilution mode and different 

dilution volumes (n = 3, B). Mean (horizontal line) and standard deviation (shaded region) of 

reference gas without ZA dilution.  
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Figure 3.4: Boxplots of isotopic N2O results for a reference gas using no ZA dilution mode 

compared to post corrected values 10 ml reference gas samples using ZA dilution mode (n = 

8). Mean (horizontal line) and standard deviation (shaded region) of the reference gas without 

ZA dilution are highlighted for comparison.  
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Figure 3.5: Boxplots of isotopic N2O results for reference gas using ZA dilution mode and 

different dilution volumes (n = 3). Reference gas repeatability mean (horizontal line) and 

standard deviation (shaded region) with ZA dilution (n = 10, Table 3.1). 
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Figure 3.6: Comparison of N2O concentration measurements by CRDS & SSIM and GC. 

(Solid regression line and 99% confidence region; dotted line = 1:1 line, shaded region = CRDS 

specified operating range). 
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Figure 3.7: Boxplots comparisons of concentration measurements by CRDS & SSIM and GC 

methods (n = 10). Horizontal lines: stated N2O concentration of GC calibration gases 1-4.  
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3.11 Supplementary Information 

 

Figure A3.1: Linearity check using Calibration Gas cylinders (0.2, 0.5, 1.0 and 5.0 ppm) and 

assuming same isotopic N2O composition between cylinders. Isotopic N2O composition of 

cylinders was unknown and not measured by IRMS. 
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Figure A3.2: Highly significant, strong linear relationships between d15Nbulk, d15Na, d15Nb and 

SP with the inverse of the CRDS & SSIM measured N2O concentration (1/N2O ppb). Assuming 

a similar isotopic composition in each calibration gas cylinder. 
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Figure A3.3: Deviation of CRDS & SSIM d15Na and d15Nb measurements (Dd15Na and 

Dd15Nb; ‰) from stated values of AK1 plotted vs the inverse of the CRDS & SSIM measured 

N2O concentration (ppb) of AK1 at two concentrations (approximately 300 and 1000 ppb). 

Linearity effects numerically corrected based on expected deviations calculated from 

calibration curve line equations. 
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Additional Note: The t-tests to compare the non-diluted Ref Gas data with the new corrected 

data for ZA dilution revealed there was no significant difference in d15Nbulk with ZA dilution 

(2.45 ± 0.75 ‰) and without ZA dilution (2.35 ± 0.38 ‰). There was no significant difference 

in d15Na with ZA dilution (5.76 ± 1.60 ‰) and without ZA dilution (5.45 ± 0.73 ‰). There 

was no significant difference in d15Nb with ZA dilution (-0.86 ± 0.19 ‰) and without ZA 

dilution (-0.74 ± 0.15 ‰). There was no significant difference in SP with ZA dilution (6.62 ± 

1.72 ‰) and without ZA dilution (6.19 ± 0.74 ‰). Figure A4 below shows the boxplots of 

these comparisons. 

 

Figure A3.4: Comparison of non-diluted Ref Gas samples (Dilution Volume = 0 ml) with ZA 

diluted Ref Gas samples (Dilution Volume = 10 ml) using mixing equation calculated isotopic 

values for ZA rather than CRDS measured (≥1 hr mean) ZA isotopic values. 
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Chapter 4: 

 

Sward composition and soil moisture conditions 

affect nitrous oxide emissions and soil nitrogen 

dynamics following urea-nitrogen application 
 

 

 

 
 

 

Note: This chapter was adapted from a manuscript prepared for and submitted to Science of 
the Total Environment in December 2019. The paper was accepted and published online in 
March 2020. The reference to the journal article is as follows: 

 

Bracken, C J, G J Lanigan, K G Richards, C Müller, S R Tracy, J Grant, D J Krol, H Sheridan, 
M B Lynch, C Grace, R Fritch, and P N C Murphy. 2020. 'Sward composition and soil 
moisture conditions affect nitrous oxide emissions and soil nitrogen dynamics following 
urea-nitrogen application', Science of the Total Environment, 722(137780): 1 - 12. 
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4.1 Abstract 

Increased emissions of N2O, a potent greenhouse gas (GHG), from agricultural soils is a major 

concern for the sustainability of grassland agriculture. Emissions of N2O are closely associated 

with the rates and forms of N fertilisers applied as well as prevailing weather and soil 

conditions. Evidence suggests that multispecies swards require less fertiliser N input, and may 

cycle N differently, thus reducing N loss to the environment. This study used a restricted 

simplex-centroid experimental design to investigate N2O emissions and soil N cycling 

following application of urea-N (40 kg N ha-1) to eight experimental swards (7.8 m2) with 

differing proportions of three plant functional groups (grass, legume, herb) represented by 

perennial ryegrass (PRG, Lolium perenne), white clover (WC, Trifolium repens) and ribwort 

plantain (PLAN, Plantago lanceolata), respectively. Swards were maintained under two 

contrasting soil moisture conditions to examine the balance between nitrification and 

denitrification. Two N2O peaks coincided with fertiliser application and heavy rainfall events; 

13.4 and 17.7 g N2O-N ha-1 day-1 (ambient soil moisture) and 39.8 and 86.9 g N2O-N ha-1 day-

1 (wet soil moisture). Overall, cumulative N2O emissions post-fertiliser application were higher 

under wet soil conditions. Increasing legume (WC) proportions from 0% to 60% in 

multispecies swards resulted in model predicted N2O emissions increasing from 22.3 to 96.2 g 

N2O-N ha-1 (ambient soil conditions) and from 59.0 to 219.3 g N2O-N ha-1 (wet soil conditions), 

after a uniform N application rate. Soil N dynamics support denitrification as the dominant 

source of N2O especially under wet soil conditions. Significant interactions of PRG or WC 

with PLAN on soil mineral N concentrations indicated that multispecies swards containing 

PLAN potentially inhibit nitrification and could be a useful mitigation strategy for N loss to 

the environment from grassland agriculture. 	
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4.1.1 Keywords: Nitrous oxide, soil nitrogen cycling, multispecies swards, perennial ryegrass 

(Lolium perenne), white clover (Trifolium repens), ribwort plantain (Plantago lanceolata).  

4.1.2 Highlights 

• Measurement of N2O emissions and N cycling from varying sward compositions. 

• Post N application (40 kg N ha-1) N2O loss increased with white clover proportion. 

• N2O emissions from PRG were 2.5 fold higher in wet soil (WFPS >60%) compared to 

ambient. 

• Soil N dynamics suggest denitrification as dominant N2O source when WFPS >60%. 

• Plantago lanceolata (forage herb) potentially regulates N cycling pathways.  
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4.2 Introduction 

Improving the sustainability of food production systems, while also reducing associated GHG 

emissions, is a major global challenge (IPCC, 2019). Nitrous oxide (N2O), is a potent GHG, 

with the tropospheric concentration continuing to increase (Thompson et al., 2019; Makowski, 

2019). Anthropogenic soil N2O emissions are governed by the rate and form of N applied as 

well as other biotic and abiotic factors, such as microbial community composition and activity, 

soil texture, and climatic conditions (Braker and Conrad, 2011; Butterbach-Bahl et al., 2013). 

Soil N loss is therefore a significant economic and environmental barrier to achieving 

sustainable food production. 

Nitrogen can be lost from agricultural soils in a number of ways that include nitrate (NO3
-) 

leaching, and gaseous N forms such as nitric oxide (NO), ammonia (NH3), dinitrogen (N2) and 

N2O. Despite over a century of research into the N cycle, there are still numerous questions 

regarding N transformations and losses from terrestrial ecosystems (Müller and Clough, 2014). 

Thus, it is imperative to continue research into soil N cycling; developing food production 

systems that are N-use efficient while mitigating the threats posed by N loss to the environment. 

4.2.1 N2O losses from agricultural grassland soils 

Several N transformation pathways can lead to N2O production from soil (Butterbach-Bahl et 

al., 2013; Müller et al., 2014; Zhang et al., 2015). Nitrification is the oxidative conversion of 

NH4
+ to NO3

-
 during which N2O can be lost to the atmosphere (Davidson and Verchot, 2000). 

Denitrification reduces NO3
- to N2O and finally to N2 (Arnold, 1954; Gayon and Dupetit, 

1882). Microbial activity (fungal and bacterial) regulates N2O production from nitrification 

and denitrification in soil (Baggs, 2011). With conditions conducive to nitrification, Conrad et 

al. (1983) found that soil N2O emissions associated with NH4
+-N fertiliser application 

increased when compared to those associated with NO3
--N. Egginton and Smith (1986) showed 
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that when conditions favoured denitrification, soil N2O emissions associated with NO3
--N 

fertiliser application increased compared to those associated with NH4
+-N. This contrast 

emphasizes the importance of selecting the appropriate N fertiliser type and rate, to suit the 

land management practices, to align with antecedent soil and weather conditions, in order to 

reduce N loss as N2O. Increased availability of NO3
--N, together with wetter soil conditions, 

has been shown to increase soil denitrification rates producing higher N2O emissions (Arnold, 

1954; de Klein and van Logtestijn, 1994; Dobbie and Smith, 2003a, 2003b; Harty et al., 2017). 

Dobbie and Smith (2003b) and Krol et al. (2016) observed that rainfall around the time of N 

application and its effect on water-filled pore space (WFPS) was a key driver of N2O emissions. 

Wolf et al. (2015) used high temporal resolution field measurements of N2O isotopomers to 

distinguish the dominant process groups producing N2O from an intensively managed 

grassland and concluded that nitrifier-denitrification and denitrification were generally the 

most prevalent N2O sources under the conditions observed and explained variations in isotopic 

compositions as differences in the extent of N2O reduction to N2. These authors also observed 

shifts in SP associated with particular management (coinciding mowing and fertiliser 

application) and rewetting events. Ibraim et al. (2019) found similar isotopic N2O compositions 

associated with N2O measurements from an intensively managed grassland, reporting bacterial 

denitrification and nitrifier-denitrification as the primary N2O production processes and 

isotopic compositions were largely dictated by the extent of N2O reduction to N2. These authors 

also noted a shift to lower SP and d15Nbulk values associated with manure application and 

rainfall events. Buchen et al. (2018) similarly found that management events and soil 

conditions impact on N2O production pathways, however these authors did not observe an 

effect of season on N2O production pathways. 
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4.2.2 The influence of soil WFPS on N2O production 

Soil moisture is a major contributory factor to N2O emissions via its influence on N 

transformation pathways. Below 60 – 70% WFPS, Nõmmik (1956) found that the microbial 

activity resulting in denitrification was negligible. Davidson (1991) stated that nitrification is 

the dominant source of N2O when WFPS < 70%. However, even in a predominantly aerobic 

soil (conducive to nitrification), Burford and Stefanson (1973) found anaerobic microsites 

within the soil that gave rise to N2O produced by denitrification. The dynamic and 

heterogeneous nature of soil moisture means that conditions promoting nitrification and 

denitrification can often occur simultaneously (Abbasi and Adams, 2000). Furthermore, soils 

with an increased soil organic matter (SOM) content often show N2O production associated 

with the turnover or organic N (Zhang et al., 2015). The interaction between N inputs, microbial 

activity and soil WFPS is complex. Improved knowledge of these interacting factors under 

different agricultural systems is essential for the development of N2O mitigation options and 

improving N fertiliser use efficiency. 

4.2.3 Dry matter production and N recovery in multispecies swards  

Multispecies swards composed of different plant functional groups (e.g. grasses, N fixing 

legumes and herbs) have been investigated as alternatives to PRG monocultures due to their 

potential to meet primary productivity needs while requiring less fertiliser N inputs (Husse et 

al., 2017; Nyfeler et al., 2009, 2011; Suter et al., 2015; Lüscher et al., 2014). Niche 

differentiation and complementarity resulting from differential resource use by the individual 

plants within mixtures, benefiting the mixture as a whole (Loreau et al., 2001), are often cited 

as the mechanisms by which multispecies swards produce greater dry matter (DM) yields 

compared to monocultures. For example; deeper rooting species grown in mixtures can 

improve nutrient uptake from greater soil depths (Hoekstra et al., 2015; Jumpponen et al., 2002; 
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Massey et al., 2013). Cong et al. (2017, 2018) and Elgersma et al. (2014) found that herbs, such 

as Plantago lanceolata, have positive effects on DM yields when included in multispecies 

swards with Cong et al. (2017) also reporting a significant increase in root biomass of swards 

containing Plantago lanceolata. 

It has been shown that the inclusion of legumes in sward mixtures for their contribution of 

biologically fixed N, is a suitable means to replace fertiliser N requirements and maintain or 

often increase DM yields and N recovery compared to PRG monocultures (Grace et al., 2019; 

Kirwan et al., 2007; Nyfeler et al., 2009, 2011). Multispecies swards are also considered more 

resilient than monocultures to environmental stresses such as drought which may be vital for 

maintaining DM production and adapting to more frequent adverse weather conditions 

resulting from anthropogenic climate change (Finn et al., 2018; Hoekstra et al., 2015; Isbell et 

al., 2017). 

4.2.4 N2O emissions and N cycling associated with multispecies swards 

How multispecies swards influence N2O emissions is still not understood. Niklaus et al. (2006) 

proposed that plant community composition impacts N cycling, soil properties related to gas 

diffusivity and interactions of plants with soil microbial communities which influence soil N2O 

emissions. They found some reduction in N2O associated with species diversity but observed 

increased N2O emissions in the presence of legumes. Allan et al. (2013) found no significant 

effects on N2O emissions from multispecies swards but did find a significant legume effect on 

soil NO3
-. Abalos et al. (2014) only examined grass species diversity (not plant functional 

group diversity) but found that certain grass mixtures led to a N2O reduction through greater 

productivity and complementarity in root morphology. Niklaus et al. (2016) found that species 

richness reduced N2O emissions over time except from legume containing swards when 

fertiliser was added. Many authors have found that multispecies swards can reduce NO3
- 
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leaching and propose high winter activity and differences in root system architecture to explain 

this reduction (Leimer et al., 2015, 2016; Malcolm et al., 2014; Scherer-Lorenzen et al., 2003). 

Some studies have found a reduction in N2O emissions associated with the application of 

compounds extracted from Plantago lanceolata leaves (Dietz et al., 2013; Gardiner et al., 

2018). Recently, Carlton et al. (2019) reported that swards of perennial ryegrass, white clover 

and ribwort plantain (Plantago lanceolata) had significantly lower nitrate leaching than 

compositions of just perennial ryegrass and white clover, proposing that root exudates from 

ribwort plantain had an inhibitory effect on nitrification. These authors also found a lower 

abundance of ammonia oxidising bacteria (AOB), highlighting the importance of the 

interactions between multispecies swards and soil microbial communities in regulating soil N 

cycling. There is a growing interest in the use of plants as mitigation options for N2O emissions 

from agricultural grasslands (de Klein et al., 2019). More research is needed to determine what 

impact growing plants such as Plantago lanceolata in multispecies swards has on soil N 

cycling and N2O emission over time. 

We hypothesised that plant functional group (grass, legume, herb; represented by PRG, WC 

and PLAN) identity effects and plant functional group diversity effects (interaction between 

functional groups) may significantly affect N2O emissions depending on their proportions and 

soil moisture conditions. To test these hypotheses, we carried out an experiment that focused 

on plant functional group identity and diversity effects on N2O emissions, post N fertiliser 

application, from an agricultural grassland soil managed under two contrasting soil moisture 

conditions.   
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4.3 Materials and Methods 

4.3.1 Experimental site 

This experiment was carried out at University College Dublin (UCD) Lyons Farm (3°18’ N, 

6° 32’ W, ca. 80 m AOL) in Co. Kildare, Eastern Ireland. The general climate is cool temperate 

oceanic. The mean monthly total rainfall accumulation (1981 to 2010) for July and August is 

54.2 – 72.3 mm, respectively, with an annual mean total rainfall of 754.2 mm (Met Éireann, 

2018). The mean temperature (1981 to 2010) for July and August is between 15.7 and 15.4 °C, 

respectively, with an annual mean temperature of 9.7 °C (Met Éireann, 2018). The soil type 

has been previously classified as a grey brown podzolic soil with a silty clay loam texture 

(Lalor, 2004) (a Luvisol under the World Reference Base (WRB) soil classification system; 

IUSS Working Group WRB, 2014). Further details of the site’s soil characteristics are 

presented in Table 4.1.  

The experimental swards used in this experiment were established in August 2013 as part of a 

multi-species grassland sward experiment (Grace et al., 2018). Prior to this, the site had been 

managed under continuous tillage, most recently in maize (Zea mays). Plots (1.95 x 10 m), 

comprising of various seed mixes, were established in August 2013 (Grace et al., 2018). From 

2013 to 2016 the subset of plots used in this experiment received an annual fertiliser N rate of 

90 kg N ha-1 yr-1 and herbage was cut and removed 8 times per year (Grace et al., 2018). For 

this experiment, subplots of 1.95 x 4 m were used. Each plot was harvested to a height of 4 cm 

between April - October 2017 using a Haldrup forage harvester (Løgstør, Denmark) at 21 - 30 

day intervals. 

4.3.2 Experimental design 

Following the diversity-interaction modelling approach described by Kirwan et al. (2009), a 

constrained simplex experiment was set up by Grace et al. (2018). A subset of eight plots from 
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the Grace et al. (2018) study were used for this experiment. The simplex experimental design 

treats a sward as a mixture of component species (PRG, WC, PLAN) and assumes that the 

measured responses depend on the relative proportions of the component species within the 

mixture (Cornell, 2002). The estimate of the response variables of a specific composition 

derives from the compositions included in the design (Lawson and Wilden, 2016). Eight plots 

of pasture mixtures consisting of different proportions of three plant functional groups (grasses, 

legumes and forage herbs, represented by PRG, WC and PLAN) were selected from the larger 

experiment (Figure 4.1). As the diversity-interaction model (Simplex model) is based on a 

regression approach, it does not require replication of sward mixtures (Kirwan et al., 2009). 

The eight plots are referred to by the ratios of the different plant functional groups included 

within the original seed rates (Grace et al., 2018) e.g. grass monoculture = 100:0:0. A single 

species represented each functional group; the grass species was perennial ryegrass (PRG, 

Lolium perenne), the legume species was white clover (WC, Trifolium repens) and the forage 

herb species was ribwort plantain (PLAN, Plantago lanceolata). It was considered unlikely, in 

reality, that multispecies swards composed of < 40% grass would be adopted. As such, a 

practical agronomic constraint was imposed on the simplex design such that there must be a 

minimum of 40% grass (PRG) in each mixture.  

Two stainless steel collars for static chambers to measure N2O emissions were installed in each 

plot on 28 June 2017. This was approximately one week prior to the first sampling day. 

Chamber bases were only removed to facilitate grass harvesting and were returned to the same 

position immediately following this. The collars were inserted into the soil to a depth of ≥ 5 

cm (de Klein and Harvey, 2012). The collars were square (40 cm × 40 cm) and 12 cm high, 

and had a rim lined with a neoprene foam seal to prevent gas diffusion when the chambers were 

closed (Minet et al., 2016). The corresponding stainless steel static chamber lid height was 10 
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cm. Lids were weighed down during sampling with a 5 kg weight to provide an air-tight seal.  

4.3.3 Soil bulk density and water filled pore space (WFPS)  

Six soil samples were taken from each plot using stainless steel bulk density rings on 13 June 

2017. Gravimetric soil moisture and soil bulk density was measured by difference after drying 

for 24 hours at 105°C. The gravimetric soil moisture content and mean soil bulk density (1.16 

g cm-3) were used to calculate the mean water filled pore space (WFPS) of the plots, based on 

an assumed particle size density of 2.65 g cm-3 (Krol et al., 2015).  

Half of each plot was kept at ambient soil moisture while the other was watered to achieve a 

higher WFPS. To do this, 7.5 L of water was applied in two applications using a watering can 

fitted with a rose head (5 L on 30 June 2017 and 2.5 L on 05 July 2017) which simulated 30 

mm of rainfall in total. The estimated return period for 30 mm of rainfall in one day at this site 

is 1.09 years based on the available historical weather data (Met Éireann, 2018). The 30 year 

averages from the nearby weather station show that the greatest total daily rainfall recorded for 

July was 33.7 mm with a mean monthly total of 54.2 mm (Met Éireann, 2018). The target 

WFPS for the wet soil moisture conditions was 70 – 80%. To maintain the desired separation 

of WFPS between the ambient and wet soil moisture conditions, the wet areas received a 

second water application of 3L (equivalent of 12 mm rainfall) on 17 July 2017. The area 

incorporating the other static chamber in each plot was maintained under ambient soil moisture 

conditions. A buffer area (≥1 m) was used to separate the ambient and wet soil moisture areas. 

 4.3.4 Fertiliser application 

While the larger plot area received no fertiliser application throughout 2017, fertiliser N was 

applied by syringe in the form of a urea solution, at a typical rate of 40 kg N ha-1 for the time 

of year (Wall and Plunkett, 2016), to the base of each static chamber (0.16 m2) and to an area 
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adjacent to the chambers to be used for periodic soil sampling (0.09 m2). The fertiliser urea 

solution was prepared by dissolving a total of 41.16 g of lab grade urea in 2 L of 18 mQ water. 

At the base of each chamber 66.67 ml of the fertiliser was applied and 37.5 ml was applied to 

each of the adjacent areas to be used for periodic soil sampling. No other macro or micro 

nutrients were applied immediately prior to or during the experimental period. Table 4.1 

presents the most recently measured soil chemical properties of these plots. They had a mean 

soil pH of 7.2 and a Morgan’s-extractable phosphorous (P) and potassium (K) content of 29.2 

and 175.0 mg L-1, indicating that P and K were non-limiting based on the Irish Soil Index 

System (Wall and Plunkett, 2016). Plots were harvested to 4 cm on 06 July 2017 prior to 

fertiliser application on 11 July 2017 (Fig 4.2).  

4.3.5 Sampling N2O emissions and calculating daily flux 

Background N2O fluxes were measured on one occasion five days prior to fertiliser application 

and then regularly for a two-month period post fertiliser application. Gas samples were taken 

by syringe, through a rubber septum port on the lids of the static chambers, four times per week 

for the first two weeks, twice per week for the next two weeks and then once per week for the 

following month (Harty et al., 2016). In general, daily N2O fluxes are controlled by soil 

temperature (Livesley et al., 2008). Therefore, it is necessary to choose the most appropriate 

sampling time to represent the average daily flux and minimise diurnal variation (Laville et al., 

2011). Gas samples were taken in the mornings between 09.00 and 12.00 to obtain the most 

representative estimate of average daily N2O flux (Alves et al., 2012; Parkin, 2008; Smith and 

Dobbie, 2001). Headspace samples (10 ml) were taken during a 60-minute closure period at 

times 0, 30 and 60 minutes after the static chambers were closed. The syringe was flushed three 

times with ambient air prior to each sample removal. During sample removal, the syringe was 

plunged three times to evenly mix the gas within chambers. Ten ml gas samples were injected 

into 7 ml pre-evacuated glass vials with double-wadded PTFE/silicone septa (Labco, UK) to 
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achieve overpressure for storage.  

The N2O concentration was measured by gas chromatography (GC) using a Bruker Scion 456 

GC with a 63Ni electron capture detector (Bruker, Germany) in combination with a Combi-

PAL xt® auto-sampler (CTC Analytics AG, Switzerland). Five calibration standards were run 

at the beginning of each sample batch with verification standards run after every 10 samples. 

Occasionally, the first air sample (T(0 min)) concentrations were higher than ambient. de Klein 

and Harvey (2012) discussed a number of issues that can impact T(0 min) and defined outliers. 

The T(0 min) outliers were substituted with the average of the T(0) concentrations for that 

sampling date to avoid introducing sources of additional variation, as outlined by de Klein and 

Harvey (2012). Daily N2O fluxes were calculated based on the change in N2O concentration 

over the three sampling time points using the following equation (de Klein and Harvey, 2012): 

Eq. 1: F(daily) = (ΔC/Δt) x ((M x P) / (R x T)) x (V/A) 

Whereby: 

F(daily) is the daily N2O flux (g N2O-N ha-1 day-1); 

ΔC/Δt is the slope of the line between the N2O concentrations (ppm) at the three sampling time 

points; 

M is the molar mass of N2O-N (28 g mol-1); 

P is the atmospheric pressure (Pa) measured at Casement Aerodrome (53°30 ́N, -6°44 ́W) 

meteorological station (approx. 5.8 km east of the experimental site and similar elevation) at 

the time and date of sampling; 

T is the air temperature (K) measured at the plot at the time of sampling; 

R is the ideal gas constant (8.314 J K−1 mol−1); 
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V is the headspace volume of the closed chamber (approx. 0.026 m3); 

and A is the area covered by the base of the gas chamber (approx. 0.1695 m2).  

Cumulative N2O emissions for the two-month period post fertiliser application (g N2O-N ha-1) 

were determined by integrating the daily N2O fluxes from Eq. 1 using the trapezoidal 

integration method (de Klein and Harvey, 2012; Harty et al., 2016) to interpolate between 

sampling dates. 

4.3.6 Dry matter yields 

Herbage was harvested on three occasions from within each chamber base,	 using a small 

handheld pruning shears, to a height of 4 cm above the soil surface (Burchill et al., 2014); at 

15 days, 26 days, and 31 days post fertiliser application. Fresh herbage was separated into each 

plant functional group and weighed, followed by oven drying at 65°C for 48 hours (Burchill et 

al., 2014) and reweighing, to determine the herbage dry weight of each plant functional group 

within the sward mixtures. For each sward mixture, the individual plant functional group dry 

weights were summed to determine the total dry weight yielded for each sward mixture. Yields 

were expressed in units of kilograms of dry matter per hectare (kg DM ha-1). Herbage yields 

for each sampling date were summed to get the total post fertiliser yield. The average 

percentage inclusion of PRG, WC and PLAN in the herbage collected during this experiment 

(4 harvest dates, Figure 4.2) for each sward mixture was determined to compare the present 

botanical compositions of the swards for the short duration of this experiment within the static 

chambers (0.16 m2) with the ratios of the original seeding rates for the field plots (Table S4.1 

Supplementary Information). A more representative and longer-term quantification of the 

persistence of each species in the experimental swards from the entire plot area (19.5 m2) is 

presented by Grace et al. (2018). 
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4.3.7 Soil sampling and KCl-extractable TON and NH4
+ 

Two molar potassium chloride (KCl) was used to extract mineral N from soil samples that were 

taken periodically. These samples were taken from the fertilised area adjacent to the static 

chambers to avoid any physical disturbance of the area within the chamber. This extracted soil 

N represents the mineral N that might potentially be found in soil solution, and thus be available 

for plant uptake, or be vulnerable to loss via volatilisation or leaching (Maynard and Kalra, 

1993; Müller et al., 1998). The soil samples were analysed to determine the levels of soluble 

soil mineral N as total oxidisable N (TON; the sum of NO3
- and NO2

-) and NH4
+. Soil samples 

were taken to a depth of 10 cm using a 2 cm diameter soil corer. On each sampling date, 4 

evenly spaced cores were taken and placed in a labelled zip-lock bag and brought to the lab 

immediately for further processing. The first set of soil samples were taken five days prior to 

fertiliser application to determine the background levels of KCl-extractable TON and NH4
+. 

Soil samples were taken on four subsequent occasions (6, 15, 29 and 66 days after fertiliser 

application). Upon completion of the N2O sampling period (77 days after fertiliser application), 

30 cm deep intact soil cores were taken from within each chamber using a 5 cm diameter corer 

(Eijkelkamp Soil & Water, Netherlands). Each core was split into three depths; 0 – 10 cm, 10 

– 20 cm and 20 – 30 cm to assess the concentrations of KCl-extractable mineral N over depth 

in the soil. 

Soil samples were processed within 24 hours by sieving the fresh soil through 2 mm soil sieves. 

Soil sieves were cleaned with deionized water and dried between each sample. Fresh sieved 

soil (20 g) was weighed into centrifuge containers and 50 ml of 2 M KCl solution was added 

(1:2.5 ratio). The remaining soil from each sample was weighed and dried at 105ºC for 24 

hours and reweighed to measure the gravimetric soil moisture content. The centrifuge 

containers were shaken for 1 hour and soil solutions were then filtered into 50 ml plastic 

containers through Whatman no. 2 filter paper. Samples were immediately placed into a freezer 
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for storage. The frozen KCl extracts were defrosted overnight prior to chemical analysis. 

The methods used by Saghir et al. (1993), Stevens and Laughlin (1995), Watson and Mills 

(1998) and Watson et al. (2000) were adapted to measure TON and NH4
+ colorimetrically using 

a Shimadzu UV-1280 spectrophotometer with the wavelength set at 520 nm and 625 nm, 

respectively. 

The limits of detection (LOD) for the analyses of TON and NH4
+ concentrations, were 0.248 

ppm and 0.001 ppm, respectively, based on the mean concentration + 3 x standard deviation 0 

ppm calibration standard. All of the samples analysed for TON were above the LOD. However, 

for the final set of soil samples, to analyse NH4
+ over depth, many of the values were below 

the LOD, particularly at the two lowest depths; 10 – 20 cm and 20 – 30 cm. Prior to statistical 

analyses the values <LOD were corrected to zero. 

4.3.8 Meteorological and soil data 

Average daily air temperature (°C) and rainfall (mm) for the study period were acquired from 

the Met Éireann meteorological station at Casement Aerodrome (53°30 ́N, -6°44 ́W), 

approximately 5.8 km east of UCD Lyons Farm and with similar elevation (80 m) above sea 

level (Met Éireann, 2017). Surface soil moisture (% volume, 0 – 6 cm depth) and temperature 

(°C, 0 – 10 cm depth) were recorded on each sampling date using a ML2 Theta Probe (Delta-

T Devices Ltd., HH2, UK) and a TinyTag View 2 with a PB-5002-1M5 Thermistor Probe 

(Gemini Data Loggers, UK), respectively. 

4.3.9 Statistical analysis 

Results were statistically analysed using a simplex model in R (R Core Team, 2017). Identity 

effects and diversity effects of the three plant functional groups (represented by PRG, WC and 

PLAN) were modelled as described by Connolly et al. (2009) and Kirwan et al. (2009). 
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Functional group identity effects occur when the response associated with a monoculture of 

one of the plant functional groups is significantly different to the response of a monoculture of 

another plant functional. Functional group diversity effects occur when the response of the 

mixture of plant functional groups is significantly different from the response that would be 

expected based on the proportional composition of functional groups in the mixture. 

Interactions between functional group identity effects and two soil moisture levels as well as 

three-way interactions between functional group diversity effects and soil moisture levels were 

also tested. The model outputs and simplex contour plots were produced using the “lm” 

function and “mixexp” package in R (Lawson and Willden, 2016). Tests of significance were 

performed at the P<0.05 level.  All other plots were produced using the “ggplot2” package in 

R (Wickham, 2009).  

The effect of events such as fertiliser application and heavy rainfall which occurred during the 

experimental period on temporal variations of TON and NH4
+ was analysed by fitting soil 

sampling dates as a time parameter to the original simplex model. A general correlation model 

(with any correlation possible between sampling times) was used for testing TON responses 

and a compound symmetry model with constant correlation between sampling times was used 

for testing NH4
+ responses. Full models were initially fitted to the data followed by reduced 

models, removing insignificant terms and observing hierarchy. Final model selection was 

based on parsimony, Akaike Information Criteria (AIC) and likelihood ratio tests between the 

model options for incorporating the time factor. A similar approach was taken to incorporate 

soil depths (0 – 10 cm, 10 – 20 cm, 20 – 30 cm) into the simplex model to statistically analyse 

the TON and NH4
+ concentrations measured from the final set of destructive soil cores used to 

determine the effect of depth on TON and NH4
+.  
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4.4 Results 

4.4.1. Temporal trends in rainfall, temperature, N2O fluxes and mineral N 

There was a clear initial separation in WFPS of the ambient (approx. 60%) and wet (> 70%) 

chamber areas across all plots achieved by the additional water added to the wet chamber areas 

at the beginning of the experiment (Fig 4.2). Due to several days of persistent heavy rainfall 

(15.1 mm) in mid-July the mean WFPS for the ambient and wet chambers were within 5% of 

each other (Fig 4.2). There was a significant grass (PRG) functional group identity effect on 

soil bulk density (Table 4.2). The PRG only plot had a lower soil bulk density of 1.17 g cm-3. 

The maximum model estimated bulk density was 1.26 g cm-3 at a predicted legume (WC) to 

grass (PRG) ratio of 56:44. The lowest estimated bulk density was 1.14 g cm-3 at a predicted 

grass (PRG) to herb (PLAN) ratio of 64:36. 

Higher N2O fluxes corresponded with fertiliser application (11 July 2019), heavy rainfall and 

reductions in soil and air temperatures (Figs 4.2 and 4.3). Daily N2O fluxes initially peaked 

one day after fertiliser application. The highest initial peaks were 13.4 g N2O-N ha-1 day-1 from 

the 40:60:0 sward mixture (ambient soil moisture) and 39.8 g N2O-N ha-1 day-1 from the 

70:0:30 sward mixture (wet soil moisture). The highest daily N2O fluxes from both ambient 

and wet soil conditions occurred on 21 July 2017, coinciding with a period of high rainfall and 

WFPS; 17.7 g N2O-N ha-1 day-1 from the 40:30:30 sward mixture (ambient soil moisture) and 

86.9 g N2O-N ha-1 day-1 from the 40:60:0 sward mixture (wet soil moisture) (the mixture with 

the highest proportion of WC) (Fig 4.3).  

For the majority of the sward mixes the temporal trend for soil TON concentrations was to 

initially decline from approximately 5.0 - 10.0 mg kg-1 and then level out between 2.0 – 6.0 

mg kg-1 after 20 days (Fig 4.3). Unlike TON concentrations, NH4
+ concentrations, did not 
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appear to have an obvious temporal trend (declining / increasing) over time and ranged from 

approximately 0 – 4.0 mg/kg for most of the sward mixes (Fig 4.3). 

4.4.2 Cumulative post-fertiliser N2O emission 

The highest cumulative N2O emission for the two-month period post-fertiliser application 

under ambient soil conditions was 206.4 g N2O-N ha-1 from the 40:30:30 mixture. The highest 

cumulative N2O emission for the two-month period post-fertiliser application under wet soil 

conditions was 434.3 g N2O-N ha-1 from the 40:60:0 mixture. Cumulative post-fertiliser N2O 

emissions ranged from 22.1 - 206.4 g N2O-N ha-1 for the ambient soil and from 62.5 - 434.3 g 

N2O-N ha-1 for the wet soil.  

There was a strongly significant grass (PRG) and legume (WC) functional group identity effect 

(P<0.01) on cumulative N2O emissions (Table 4.2), with emissions increasing with increasing 

WC proportion and decreasing with increasing PRG proportion for both wet and ambient soil 

moisture conditions (Figs. 4.4 and 4.5). There was a significant grass (PRG) x soil moisture 

interaction (P<0.05, Table 4.2), with N2O emissions being much higher under wet soil 

conditions than ambient (Fig 4.4).	 

4.4.3 Dry matter yields 

Cumulative DM yield post-fertiliser application ranged from 760 – 3060 kg DM ha-1. The 

70:30:0 sward mixture (ambient soil moisture) produced the highest cumulative DM yield, 

while the 70:0:30 sward mixture (wet soil moisture) produced the lowest cumulative DM yield. 

There was a significant legume (WC) and herb (PLAN) functional group identity effect on DM 

yields with model predictions of DM yields increasing with increasing proportions of WC and 

PLAN (P<0.05; Table 4.2). The proportions of PRG, WC and PLAN (kg DM ha-1) within each 

of the mixtures at the time of the experiment is expressed as a percentage of the total DM (kg 

DM ha-1) and provided in Table S4.1 (4.11 Supplementary Information). 
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4.4.4 Soil mineral nitrogen dynamics 

There was a highly significant grass (PRG) functional group identity effect and time effect on 

TON concentrations in soil KCl extracts (P<0.001). There was also a strongly significant herb 

(PLAN) x grass (PRG) functional group diversity effect (P<0.01) as shown by the curved 

response with lower TON concentrations at the 50:50 mixed proportions of herb (PLAN) and 

grass (PRG) than at the 100% point of either herb (PLAN) or grass (PRG) (Fig S4.1, left). 

There was a significant legume (WC) functional group identity effect (P<0.05) on NH4
+ 

concentrations in soil KCl extracts, with NH4
+ concentrations tending to increase markedly 

with increasing WC content under wet soil conditions but having the opposite trend under 

ambient soil moisture conditions (Fig S4.2, right). There was no significant effect of time on 

NH4
+. There was a significant legume (WC) x herb (PLAN) functional group diversity effect 

with a curved response showing concentration predictions higher near the 50:50 mixed 

proportions of legume (WC) and herb (PLAN) than at the 100% point of either legume (WC) 

or herb (PLAN (P<0.05; Fig S4.2).  

Results of the last soil sampling 77 days post-fertilisation, which included three sampling 

depths, showed that there was a significant effect of depth (P<0.05) on TON concentrations, 

with concentrations tending to decrease with depth. Mean concentrations across all sward 

mixes were 3.99 (0 – 10 cm), 3.32 (10 – 20 cm) and 3.15 (20 – 30 cm) mg kg-1. There were 

also significant grass (PRG) (P<0.001) and legume (WC) functional group identity effects 

(P<0.05; Fig S4.3, right), with TON tending to increase in concentration with increasing PRG 

proportion and decrease with increasing WC proportion. There was a significant herb (PLAN) 

x grass (PRG) functional group diversity effect with a curved TON response showing 

concentrations lowest around the 50:50 herb (PLAN) to grass (PRG) ratio (P<0.05; Fig S4.3, 

left). 
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Using the corrected values for NH4
+ over depth; there was a strongly significant effect of depth 

on NH4
+ concentrations, with concentrations tending to decrease with depth. Mean 

concentrations across all sward mixes were 0.87 (0 – 10 cm), 0.05 (10 – 20 cm) and 0.05 (20 

– 30 cm) mg kg-1. There was a significant herb (PLAN) x soil moisture interaction (P<0.05; 

Fig S4.4, middle). There was a significant three-way interaction of the herb (PLAN) x grass 

(PRG) functional groups with soil moisture (P<0.05; Fig S4.4, left and middle). Around the 

50:50 herb (PLAN) to grass (PRG) ratio NH4
+ concentrations were higher under wet soil 

moisture conditions and lower under ambient for all three soil depths. 

 

4.5 Discussion 

4.5.1. Temporal N2O emissions 

It is clear from this study that N2O emissions from multispecies swards were strongly impacted 

by fertiliser N management practices and soil moisture conditions. Higher N2O emissions 

occurred directly post-fertilisation and under wetter soil conditions. N2O emissions peaked 

when WFPS was above 60%, suggesting denitrification as a dominant source of N2O emission 

over nitrification. In temperate grasslands, peak N2O emissions have been related to fertiliser 

N application timing while also inferring that rainfall contributed to greater emissions and 

seasonal variability of N2O (Jackson et al., 2015; Jones et al., 2007; Liu et al., 2015). Average 

daily N2O fluxes, based on data reported by those studies as well as studies in Ireland by Harty 

et al. (2016) and Krol et al. (2016), range from 0 g N2O-N ha-1 d-1 for unfertilized control plots 

to approximately 30 g N2O-N ha-1 d-1 for N fertilized plots, with some large daily peaks 

reported > 1000 g N2O-N ha-1 d-1. The observed daily N2O fluxes presented in Fig 4.3 fall 

within these previously reported ranges. 
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Temporal N2O emissions appeared to be directly related to soil TON concentrations which 

decreased as N2O emissions peaked, especially under wet soil conditions (Fig 4.3). Hatch et al. 

(1990, 1991) found that peak daily rates of net mineralization could range from 0.7 – 4.1 kg N 

ha-1 d-1 and that peak rates were related to re-wetting of soil after dryer weather. They found 

that total net mineralization was highest under grass/clover swards. In the current study such 

increased rates of daily mineralization, particularly in clover containing swards, may have 

increased the amounts of mineral N available to be lost as N2O during the second large peak in 

Fig. 3. Krol et al. (2016) statistically related N2O emissions with soil moisture at the time of N 

application and cumulative rainfall post application. Decreasing concentrations of soil TON, 

when WFPS is high, supports denitrification of NO3
- in soil solution to N2 and N2O as the main 

pathway for N2O production. The loss of N2 was not quantified but may have accounted for a 

substantial amount of the N loss particularly from plots under wet soil conditions (Selbie et al., 

2015). 

Despite the application of N as urea the NH4
+ concentrations were much more constant over 

time. This might suggest that urea was rapidly converted to NH4
+ which was then consumed 

through plant uptake or rapidly nitrified to NO3
-. Other reasons may be mineralization of 

organic N replacing NH4
+-N taken up from soil solution by plants or converted to NO3

- by 

nitrification (Müller and Clough, 2014; Müller et al., 2004, 2011). Adsorption of NH4
+ to 

organic matter and soil particles may also have occurred (Harty et al., 2017).  

Plots under wet soil conditions mostly remained above 60% WFPS as planned but occasionally 

were below 60%. Therefore, it was considered that the greater N2O emissions from plots under 

wet soil conditions were due to a contribution from both nitrification and denitrification sources 

(Abbasi and Adams, 2000; Davidson, 1991; Nõmmik, 1956). It is also notable that the larger 

N2O peaks under ambient soil conditions (Fig 4.3) occurred shortly after the heavy rainfall 

period when the WFPS for these plots was >60%. Under wet soil conditions, soils had >60% 
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WFPS for a considerably longer period of time (~39 days; 66% of time) compared to ambient 

soil conditions (~22 days; 37% of time) and mean cumulative N2O emissions were 

considerably higher (214.06 g N2O-N ha-1 and 108.65 g N2O-N ha-1, respectively).  

4.5.2 Cumulative N2O emissions and DM yields 

The model predictions for an increase in WC proportion from 0% - 60% (i.e. within the 

constraints of the seeding rates of Grace et al., 2018) showed an increase in cumulative N2O 

emissions from 22.3 to 96.2 g N2O-N ha-1 under ambient soil conditions and from 59.0 to 219.3 

g N2O-N ha-1 under wet soil conditions, respectively. The PRG only plots may have been N 

limited whereas the plots containing higher WC proportions may not have been as N-limited 

due to biological N fixation. This may also explain the significant increase in DM yield with 

increasing proportions of legume and herb.  

The significant legume (WC) functional group identity effect on cumulative N2O emissions 

indicates that applying the same N application rate, to multispecies swards with high 

proportions of legume, compared to PRG monocultures, is an inappropriate N management 

practice that can result in greater N2O emissions, particularly during periods of high WFPS. 

Multispecies swards with higher proportions of WC and PLAN were found to have higher DM 

yields than the PRG only sward. Larger proportions of legumes within the sward mixtures 

likely provided sufficient biologically fixed N to support DM production and the additional N 

applied as fertiliser was then underutilised by the plants, making it prone to loss to the 

environment. Mixtures containing legumes have shown potential for reducing synthetic 

fertiliser N requirements while maintaining or increasing DM production compared to high 

fertiliser N input grass monocultures (Grace et al., 2019; Kirwan et al., 2007; Nyfeler et al., 

2009), but benefits associated with mixtures greatly diminish if managed at high N fertiliser 

rates (Nyfeler et al., 2011). 
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Cumulative N2O emissions were also higher under wet soil conditions (Figs. 4.4 and 4.5).	

There was a significant grass (PRG) x soil moisture interaction, with 2.5 fold higher N2O 

emissions from the grass monocultures under wet soil conditions than ambient. Drier soil 

conditions were expected to favour N2O production from nitrification over denitrification. 

Interestingly, there were no significant interactions of soil moisture and the other mixture 

components; legumes (WC) and herbs (PLAN), nor were there any significant 3-way 

interactions of the functional groups with soil moisture. Perhaps, this is due to differences in 

the root systems of the mixtures and their effects on soil structure and porosity compared to 

the grass monocultures (Gould et al., 2016; Niklaus et al., 2006). The present study noted that 

predicted soil bulk density increased with an increasing proportion of legume (WC). A higher 

soil bulk density in swards with greater WC content supports the argument for greater 

contribution to the overall N2O emissions from denitrification due to the soil being more 

compact. Harrison-Kirk et al. (2015) found that N2O and N2 production ratios indicated that 

denitrification was more dominant under conditions of compaction and reduced porosity, after 

successive saturation and drying cycles. In the present study, the lowest model-predicted bulk 

density was 1.14 g cm-3 resulting from a simulated 64:36 ratio of grass (PRG) to herb (PLAN). 

Plots were established in 2013 providing four years of plant growth and root establishment. 

Consequently, PLAN roots over time may have transformed the porous architecture of the soil, 

thus reducing the soil bulk density and altering soil gas diffusivity properties as outlined by 

Friedl et al. (2018). The effects of different plants on long-term soil structure and subsequent 

N2O emissions and N cycling is an area of growing research interest that requires further 

investigation (de Klein et al., 2019). 

4.5.3 Soil TON and NH4
+ concentrations over time and depth 

The changes in TON concentrations over time may be attributed to disturbances such as the 

fertiliser application and heavy rainfall. Assuming that TON is largely NO3
-, which is very 
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mobile in soil, the decrease in TON concentration over time, despite fertiliser N application, 

might suggest that NO3
- was being removed from the soil solution through plant uptake, 

through a combination of plant uptake, immobilisation, conversion to N2 or N2O, and leaching 

(Müller and Clough 2014; Müller et al., 2004, 2011). The fact TON concentrations decreased 

significantly over time, while NH4
+ concentrations did not, indicates that denitrification was 

likely the most dominant N2O production pathway during this experiment. Given the relatively 

restricted drainage of the plots used, additional residual soil N from swards with higher WC 

proportions, that may have been leached from more freely draining soils (Leimer et al., 2015, 

2016; Scherer-Lorenzen et al., 2003), would have been available for conversion to N2O by 

denitrification particularly under the wet soil moisture conditions. This would be consistent 

with the higher N2O emissions observed under wet soil moisture conditions.  

The significant diversity effect of herb (PLAN) x grass (PRG) on TON concentrations analysed 

over time and the significant diversity effect of legume (WC) x herb (PLAN) on NH4
+ analysed 

over time suggest that perhaps NH4
+ was slower to convert to NO3

- under multispecies swards 

with PLAN. Carlton et al. (2019) found significantly lower NO3
- losses from mixtures 

containing Plantago lanceolata (PLAN) compared to those of just PRG and WC, associated 

with nitrification inhibition and a reduction in ammonia oxidizing bacteria. The long-term 

establishment of the plots used here may have allowed biological nitrification inhibitors from 

root exudates or leaf litter of PLAN (Dietz et al., 2013; Gardiner et al., 2018) to build up prior 

to this experiment or may have led to the differential soil microbial population development.  

The current study indicates that PLAN growing in multispecies swards	could potentially be an 

alternative biological nitrification inhibition option (as opposed to synthetic inhibitors, Di et 

al., 2014; Harty et al., 2016; Zaman et al., 2008) to be used as a mitigation strategy for both 

N2O emissions and nitrate leaching, while improving N use efficiency and the sustainability of 

grassland based agricultural systems (Carlton et al., 2019; de Klein et al., 2019). However, this 
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study made it clear that future research should take a balanced N fertiliser management 

approach, when comparing N2O emissions from multispecies swards, accounting for biological 

N fixation from legumes. There is a need to consider the effects of all components of 

multispecies swards as part of long term systems experiments to ensure that differences in N 

fertiliser management (including rate and timing) and species composition are quantified. This 

would enable appropriate management advice options to suit prevailing weather and soil 

conditions. 

 

4.6 Conclusion 

Increasing legume (WC) proportions from 0% to 60% in multispecies swards resulted in model 

predicted N2O emissions increasing from 22.3 g N2O-N ha-1 to 96.2 g N2O-N ha-1 (ambient soil 

conditions) and from 59.0 g N2O-N ha-1 to 219.3 g N2O-N ha-1 (wet soil conditions), after a 

uniform N application rate. Appropriate timing and application of lower quantities of fertiliser 

N to multispecies swards containing WC compared to PRG monocultures is important to 

mitigating N2O emissions, particularly in wet soil conditions. Consideration of biologically 

fixed N from WC and mineralization of organic N under multispecies swards is necessary to 

develop appropriate N fertiliser management strategies for multispecies swards.  

Soil moisture had a significant interaction with PRG resulting in over 2.5 times higher 

cumulative N2O emissions under wet conditions compared to ambient from the PRG 

monoculture. Soil mineral N dynamics suggested denitrification was the dominant production 

pathway of N2O, particularly under wet soil conditions, but that nitrification may also have 

contributed, particularly when WFPS dropped below 60%. Future 15N tracing studies could 

provide clearer insights on the effect of multispecies swards and soil moisture conditions on 

different N transformation pathways resulting in N2O production. Multispecies swards could 
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help reduce reliance on fertiliser N inputs, while maintaining DM production needs. Swards 

containing Plantago lanceolata (PLAN) showed potential for regulating soil N cycling 

(biological nitrification inhibition) which could be a useful strategy for mitigating N losses to 

the environment, either as N2O or leached NO3
- and improving the sustainability of grassland 

agriculture. 
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4.9 Tables 

Table 4.1: Site description and summary of soil properties. 

Site 

Location: UCD Lyons Research Farm (3°18’ N, 6° 32’ W)  Elevation: 80 m above sea level 

Soil Physical Properties 

Soil Type Soil Texture Sand (%) Silt (%) Clay (%) Bulk Density (g cm-3) 

Luvisol Clay Loam 24.83 (± 0.65) 43.57 (± 0.76) 31.63 (± 0.21) 1.20 (± 0.05) 

Soil Chemical Properties 

pH SOM (LOI%) TN (%) TC (%) P (mg L-1 soil) K (mg L-1 soil) Mg (mg L-1 soil) Ca (mg L-1 soil) S (mg L-1 soil) 

7.24  
(± 0.10) 

5.71  
(± 0.26) 

0.306  
(± 0.01) 

3.083  
(± 0.26) 

29.20 
(± 4.66) 

175.00  
(± 16.46) 

87.33  
(± 6.81) 

3606.00  
(± 100.54) 

10.23  
(± 0.72) 

    Index 4 Index 4 Index 3   

(SOM: Soil Organic Matter, LOI: Loss on Ignition, TN: Total Nitrogen, TC: Total Carbon, P: Phosphorus, K: Potassium, Mg: Magnesium, Ca: 

Calcium, S: Sulphur). Index refers to 1 - 4 scale (3 is adequate, 4 is high); Irish Soil Index (Wall and Plunkett, 2016).  
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Table 4.2: Statistical significance for the functional group identity and diversity effects and soil moisture interactions for soil bulk density (g cm-

3) cumulative N2O loss (g N2O-N ha-1) and cumulative DM yield (kg DM ha-1). 

Effect Type Parameter Bulk Density N2O DM Yield 

Functional Group Identity Effects 

Grass 

Intercept 
2.39e-12*** 1.26e-06 *** NS 

Legume NS 0.00356 ** 0.0301* 

Herb NS NS 0.0144* 

Functional Group Diversity Effects 

Grass x Legume NS NS NS 

Grass x Herb NS NS NS 

Legume x Herb NS NS NS 

Functional Group Identity and Soil 

Moisture Interaction Effects 

Grass x SM NS 0.04082 * NS 

Legume x SM NS NS NS 

Herb x SM NS NS NS 

Functional Group Diversity and Soil 

Moisture Interaction Effects 

Grass x Legume x SM NS NS NS 

Grass x Herb x SM NS NS NS 

Legume x Herb x SM NS NS NS 

SM = soil moisture. NS = not significant. *** < 0.001, ** < 0.01, * < 0.05. See Section 4.3.9 Statistical analysis for description of effect types. 
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4.10 Figures 

 

Figure 4.1: The simplex experimental design demonstrating the eight proportions of each of 

the functional groups (grass: legume: herb) with constraint imposed (minimum of 40% grass 

inclusion in each mixture). Adapted from Grace et al. (2018). 
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Figure 4.2: Estimated soil WFPS (%), rainfall (mm), air and soil temperature data as recorded on sampling dates. Large black arrows = fertiliser 

application. Upper plot: grey arrows = water applications to wet soil. Lower plot: small black arrows = herbage harvest dates. 
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Figure 4.3: Daily N2O emissions (g N2O-N ha-1 day-1); KCl-extractable soil TON-N and NH4
+-N concentrations (mg kg-1 soil) from different 

mixtures; black arrow = fertiliser application date, shaded area = heavy rainfall period. (Mixture Ratio = proportions of PRG:WC:PLAN). 
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Figure 4.4: Effects plot of predicted cumulative N2O emission (g N2O-N ha-1) with increasing 

proportions of individual plant functional groups under wet (solid line) and ambient (dotted 

line) soil moisture conditions. Horizontal lines: PRG monoculture (100:0:0) response. 

(Cumulative N2O emissions were for the two-month post fertiliser sampling period). 
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Figure 4.5: Contour plots of the two-month post fertiliser cumulative N2O emissions (g N2O-

N ha-1) post-fertiliser application under ambient and wet soil moisture conditions.   
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4.11 Supplementary Information 

 

Figure S4.1: Effects plots of predicted TON (mg kg-1 soil) for each soil sampling date with 

increasing proportions of individual plant functional groups under wet and ambient soil 

moisture conditions. Horizontal lines: PRG monoculture (100:0:0) response. 
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Figure S4.2: Effects plots of predicted NH4
+ (mg kg-1 soil) for each soil sampling date with 

increasing proportions of individual plant functional groups under wet and ambient soil 

moisture conditions. Horizontal lines: PRG monoculture (100:0:0) response. 
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Figure S4.3: Effects plots of predicted TON (mg kg-1 soil) for each soil sampling depth with 

increasing proportions of individual plant functional groups under wet and ambient soil 

moisture conditions. Horizontal lines: PRG monoculture (100:0:0) response. 
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Figure S4.4: Effects plots of predicted NH4
+ (mg kg-1 soil) for each soil sampling depth with 

increasing proportions of individual plant functional groups under wet and ambient soil 

moisture conditions. Horizontal lines: PRG monoculture (100:0:0) response. 
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Table S4.1: Original species ratios based on seeding rates (Grace et al. 2018) and 2017 species 

ratios as a percentage of total DM. 

Original Species Ratios 2017 Species Ratios 

PRG WC PLAN PRG WC PLAN 

100 0 0 100 0 0 

40 0 60 35 34 31 

55 35 10 41 59 0 

70 30 0 54 46 0 

40 30 30 39 61 0 

70 0 30 67 0 33 

60 20 20 34 66 0 

40 60 0 27 73 0 

 

Further description of simplex experimental design 

Simplex designs, and associated statistical methods, were specifically developed for the 

analysis of mixture experiments. In the current study, the sward is a mixture with three 

component species at various proportions; PRG, WC and PLAN (See Figure 4.1 above). Each 

of the eight mixtures were replicated once because the simplex model (also referred to as a 

diversity-interactions model) is based on a regression approach (Kirwan et al., 2009).  

The approach assumes the response variable (e.g. N2O) is dependent on the relative proportions 

of the component species (PRG, WC, PLAN). Regressing across the different proportions in 

the eight points in the simplex design estimates the coefficients associated with the individual 

species (identity effects i.e. predicted/modelled response in a monoculture), their interactions 

with each other (diversity effects i.e. how the three different pairwise combinations interacted 
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e.g. G*L, G*H, and H*L) and the additional soil moisture factor. The lack of replication is 

justified as there is no problem with estimation of the model coefficients (for example, the 

significant pairwise interactions, or “functional group diversity effects”, detected for TON 

responses) once no major source of variation is omitted from the model. This type of modelling 

is quite standard in industrial and pharmaceutical studies. Given the regression approach used 

in this analysis, one usually does not require replication. For example, 12 experimental units 

may have 12 different values of the predictor, each represented by one experimental unit, rather 

than, for example, 4 values of the predictor that are each replicated three times.  
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Chapter 5: 

 

Source partitioning using N2O isotopomers and 

soil WFPS to establish dominant N2O 

production pathways from different pasture 

sward compositions 

 

 

 

 

Note: This chapter was adapted from a manuscript prepared to be submitted to Science of the 
Total Environment. 

Bracken, C J, G J Lanigan, K G Richards, C Müller, S R Tracy, J Grant, D J Krol, H Sheridan, 
M B Lynch, C Grace, R Fritch, and P N C Murphy. ‘Source partitioning using N2O 
isotopomers and soil WFPS to establish dominant N2O production pathways from 
different pasture sward compositions.’ (In preparation). 
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5.1 Abstract 

Nitrous oxide (N2O) is a potent greenhouse gas (GHG) emitted from agricultural soils and is 

influenced by nitrogen (N) fertiliser management and weather and soil conditions. Source 

partitioning N2O emissions related to management practices and soil conditions could suggest 

effective mitigation strategies. Multispecies swards can maintain herbage yields at reduced N 

fertiliser rates compared to grass monocultures and may reduce N losses to the wider 

environment. A restricted-simplex centroid experiment was used to measure daily N2O fluxes 

and associated isotopomers from eight experimental plots (7.8 m2) post a urea-N fertiliser 

application (40 kg N ha-1). Experimental pastures consisted of differing proportions of grass, 

legume and forage herb represented by perennial ryegrass (Lolium perenne), white clover 

(Trifolium repens) and ribwort plantain (Plantago lanceolata), respectively. N2O isotopomers 

were measured using a cavity ring down spectrometer (CRDS) adapted with a small sample 

isotope module (SSIM) for the analysis of gas samples ≤ 20 ml. Site preference (SP = d15Na - 

d15Nb) and d15Nbulk ((d15Na + d15Nb)/2) values were used to attribute N2O production to 

nitrification, denitrification or a mixture of both processes over a range of soil WFPS (%). 

Daily N2O fluxes ranged from 8.26 to 86.86 g N2O-N ha-1 d-1. Overall, 34.2% of daily N2O 

fluxes were attributed to nitrification, 29.0% to denitrification and 36.8% to a mixture of both. 

A significant diversity effect of white clover and ribwort plantain on predicted SP and d15Nbulk 

indicated that the inclusion of ribwort plantain may decrease N2O emission through biological 

nitrification inhibition under drier soil conditions (31% - 75% WFPS). Likewise, a sharp 

decline in predicted SP indicates that increased white clover content could increase N2O 

emissions associated with denitrification under elevated soil moisture conditions (43% - 77% 

WFPS). Biological nitrification inhibition from ribwort plantain inclusion in grassland swards 

and management of N fertiliser source and application timing to match soil moisture conditions 

could be useful N2O mitigation strategies. 
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5.1.1 Keywords: Nitrous oxide, Site Preference, Soil WFPS, Isotopomer, Perennial Ryegrass 

(Lolium perenne), White Clover (Trifolium repens), Ribwort Plantain (Plantago lanceolata). 

 

5.1.2 Highlights 

• N2O samples from static chambers (< 20 ml) analysed using novel CRDS technique. 

• Site preference (‰) and soil WFPS (%) used to determine N2O production pathways. 

• Nitrification and denitrification attributed to approximately 34.2% and 29.0%, 

respectively, of daily N2O fluxes. 

• Diversity effect of white clover and ribwort plantain and higher predicted d15Nbulk 

associated with higher herb proportion under drier soil conditions indicating ribwort 

plantain may biologically inhibit nitrification. 

• Sharp decline in SP as white clover proportion increases under wet soil conditions 

suggests that increased denitrification may occur.  
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5.2 Introduction  

Agricultural soils are a major source of N2O emissions worldwide (Bouwman et al., 2013; 

Fowler et al., 2013). Nitrous oxide is a potent GHG, with global tropospheric concentrations 

continuing to rise (Thompson et al., 2019; Makowski et al., 2019). Increasing food production 

to feed growing human populations while reducing associated GHG emissions, such as N2O, 

is a major international challenge (Godfray et al., 2010; IPCC, 2019). The loss of N2O from 

agricultural soil depends on many factors, including the rates and forms of N applied, soil 

texture, and seasonality and weather conditions, as well as biotic factors such as above ground 

plant communities and below ground soil microbial communities and activity (Braker and 

Conrad, 2011; Harty et al., 2016; Krol et al., 2016; Butterbach-Bahl et al., 2013; Niklaus et al., 

2016). These interacting factors may promote or suppress N transformation pathways in soil 

that lead to N2O production (Butterbach-Bahl et al., 2013; Müller and Clough, 2014).  

N2O isotopic signatures can be used to estimate soil processes from which N2O has been 

derived. In particular, site preference (SP), has become a very useful tool to study these 

important processes of the soil N cycle (Denk et al., 2017). Congreaves et al. (2019) conducted 

a soil incubation experiment with high temporal resolution measurements of N2O isotopomers 

over a range of soil WFPS and showed that high SP values during dry conditions indicated 

nitrification, whereas low SP values during wet conditions indicated denitrification. 

Interestingly, given the inherent complexity of N2O production from soil, there is a detectable 

long-term global decrease in atmospheric N2O isotopic signatures (d15Nbulk, d15Na, d15Nb and 

d18O) with a significant increase in site preference (SP = d15Na - d15Nb) in modern periods, 

potentially indicating a relative shift from denitrification to nitrification associated with the 

increase of N2O emissions from agriculture (Prokopiou et al., 2017; 2018). Changes in N 

isotopic signatures since pre-industrial periods are considered strong evidence of the human 

influence on the global N cycle that renders the Anthropocene stratigraphically different from 
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earlier epochs like the Holocene (Waters et al., 2016). Concurrently, the increased use of 

synthetic N fertilisers since the mid-20th century has been linked to a huge increase in human 

populations globally (Galloway and Cowling, 2002). “The great acceleration”, has been 

marked by a sharp rate of change since the 1950s in many aspects of human enterprise, 

highlighting the great demands put on the earth’s natural resources (Steffen et al., 2007). 

5.2.1 Grassland sward composition and N management practices 

Sustainable management of grassland grazing systems, should aim to minimise N losses and 

optimise N uptake to improve the nitrogen use efficiency (NUE) (Burchill et al., 2016; 

Hoekstra et al., 2020). Multispecies swards containing different proportions of grasses, N 

fixing legumes and forage herbs have been proven to maintain DM production or even out-

yield high N input grass monocultures at much lower annual N fertiliser rates (Grace et al., 

2019; Kirwan et al., 2007; Nyfeler et al., 2009, 2011). Complementarity, which can be 

considered the combination of niche differentiation and facilitation effects, often arises when 

legumes, contributing biologically fixed N, are combined within mixtures with other species 

which access only soil N, thus improving overall productivity (Loreau and Hector, 2001). 

Kahmen et al. (2006) found that species or functional group identity effects determined 

absolute N exploitation rather than biodiversity effects as functional groups follow different N 

use strategies to meet their N demands. Complementarity of different N use strategies was 

suggested by Kahmen et al. (2006) as a potentially beneficial functional group diversity effect 

on ecosystem functioning. Another important factor that could see improved NUE associated 

with multispecies swards compared to grass monocultures is reduced N losses. Lower N2O 

emissions and NO3
- leaching from multispecies swards have been reported but N fertiliser rates 

and legume content complicate these findings (Niklaus at al., 2006, 2016; Leimer et al., 2015, 

2016; Malcolm et al., 2014; Scherer-Lorenzen et al., 2003).  
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In grazing systems, N deposition from urine patches can increase the point load of N up to 700 

kg N ha-1, intensifying the risk of N loss as N2O and NO3
- (Selbie et al., 2015). Compounds 

produced by ribwort plantain (Plantago lanceolata – PLAN), applied to urine patches, have 

been shown to reduce N2O emissions (Gardiner et al., 2018) while growing this species in 

swards of perennial ryegrass (Lolium perenne - PRG) and white clover (Trifolium repens - 

WC) has been shown to reduce NO3
- leaching from N applied at similar rates to urine 

deposition (Carlton et al., 2019). There is also evidence that cattle grazing swards containing 

forage herbs such as ribwort plantain deposit less faecal and urine N, potentially reducing the 

point load of N and risk of N loss (Minneé et al., 2017; Bryant et al., 2018). There is growing 

interest in the use of plants for their influence on soil N transformations, such as biological 

nitrification inhibition (Subbarao et al., 2007), to mitigate N2O emissions (de Klein et al., 

2019).  

Using measurements of N2O isotopomers could provide useful insights into the impact of such 

management practices on soil N cycling processes. For example, Wolf et al. (2015) used high 

temporal resolution field measurements of N2O isotopomers to distinguish the dominant 

process groups producing N2O from an intensively managed grassland and concluded that 

nitrifier-denitrification and denitrification were generally the most prevalent N2O sources 

under the conditions observed and explained variations in isotopic compositions as differences 

in the extent of N2O reduction to N2. These authors also observed shifts in SP associated with 

particular management (mowing and fertiliser application) and rewetting events. Ibraim et al. 

(2019) found similar isotopic N2O compositions associated with N2O measurements from an 

intensively managed grassland, reporting bacterial denitrification and nitrifier-denitrification 

as the primary N2O production processes and these authors also concluded that isotopic 

compositions were largely dictated by the extent of N2O reduction to N2. These authors also 

noted a shift to lower SP and d15Nbulk values associated with manure application and rainfall 
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events. Similarly, Buchen et al. (2018) using an isotopomer mapping approach applied to field 

data found that management events and soil conditions impact on N2O production pathways. 

5.2.2 Soil WFPS and N2O derived from nitrification and denitrification 

Nitrification, the oxidation of NH4
+ to NO3

-, can lead to N2O being lost from agricultural soils 

(Davidson and Verchot, 2000). Denk et al. (2017) highlighted that N2O produced from 

nitrification can result from NH4
+ converting to N2O through the intermediary substances 

NH2OH and NO2
-, each having their own associated isotope effects. Denitrification is the 

reduction of NO3
- to N2 during which N2O can also be produced (Arnold, 1954; Gayon and 

Dupetit, 1882). Similarly, the intermediary steps that take place during denitrification can lead 

to differences in observed isotope effects (Denk et al., 2017). Differences in environmental 

conditions such as temperature can also impact the isotope effects associated with nitrification 

and denitrification (Mariotti et al., 1981). The further reduction of N2O to N2 during 

denitrification has also been shown to be an important factor to consider when interpreting 

isotope effects from N2O isotopomers (Lewicka-Szczebak et al., 2017; Wu et al., 2019).  

It is generally accepted that soil WFPS is a key regulator of N2O emissions from both 

nitrification and denitrification processes and given the heterogeneous nature of soil, both 

processes can occur at the same time (Nõmmik, 1956; Davidson, 1991; Abbasi and Adams, 

2000). This makes it very difficult to distinguish N2O source pathways; hence, several 

approaches have been applied for such purposes. Stevens et al. (1997) differentially labelled 

the soil NH4
+ and NO3

- pools with 15N to measure the proportions of enriched N2O from 

nitrification and denitrification under three different soil WFPSs (40, 50 and 60%). The 

enriched N2O did not match the enrichment of either soil mineral N pool, and Stevens et al. 

(1997) concluded that this was due to concurrent nitrification and denitrification, possibly 

caused by aerobic and anaerobic microsites occurring concurrently in the soil. Using similar 
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15N labelling and inhibitor techniques, Bateman and Baggs (2005) showed that all of the N2O 

emitted at 70% WFPS resulted from denitrification, while nitrification was the main N2O 

production pathway between 35-60% WFPS. These ranges ascertained by stable isotope 

techniques closely correspond with earlier ranges of soil WFPS previously reported for 

nitrification (< 70%) and denitrification (> 70%) (Nõmmik, 1956; Linn and Doran 1984; 

Davidson, 1991). 

5.2.3 N2O isotopomers 

Nitrous oxide is a linear molecule with a central (alpha - a) and terminal (beta - b) N position 

(Toyoda and Yoshida, 1999). The ratios of 15N/14N in the alpha and beta position are 

characteristic of the N2O source (Friedman and Bigeleisen, 1950; Toyoda and Yoshida 1999). 

Isotopomers of N2O contain the same number of each isotopic atom but in different positions, 

i.e. 14N15NO and 15N14NO (IUPAC, 1997; Coplen, 2011). Isotope ratio mass spectrometry 

(IRMS) has been widely used to measure N2O isotopomers. However, in more recent times, 

laser spectroscopy techniques have become available which are particularly suited to 

measuring N2O isotopomers at natural abundance and ambient concentrations (Mohn et al., 

2014). N2O isotopomer measurements are typically expressed as d15N values in per mil (‰) 

using the following formula (Toyoda and Yoshida, 1999): 

d15Nx = {15Rx
(sample)/15R(standard) – 1} ´ 1000 

Where x represents either bulk, a or b and the international standard for N is atmospheric N2 

(3.677 x10-3; Mariotti, 1983). d15Nbulk can be expressed as the average of the d15Na and d15Nb 

and site preference (SP) is calculated from d15Na - d15Nb. Unlike d15Nbulk values of N2O, which 

are very dependent on the enrichment of precursors (NH4
+, NO3

- and NO2
-), SP is independent 

of the enrichment of precursors and differs due to nitrification or denitrification pathways 

(Toyoda et al., 2002; Pérez et al., 2006; Sutka et al., 2006). Yoshida (1988) found that d15Nbulk 
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values of N2O become highly depleted in 15N if nitrification is the production pathway. 

Denitrification preferentially selects isotopically light N2O during the reduction to N2 therefore 

leaving the residual N2O enriched in 15N (Barford et al., 1999). Popp et al. (2002) explained 

that N2O produced from NH4
+ will be enriched in 15N at the a position due to the preferential 

cleavage of 14N-16O bonds over 15N-16O bonds from the intermediates formed during the 

reaction sequence, resulting higher SP values. Toyoda et al. (2002) also proposed that the 

preferred dissociation of the 14N-O bond produces N2O enriched at the a position and depleted 

at the b position. Bol et al. (2003) found that N2O emitted from their pasture soil had a higher 

d15Nbulk and attributed this greater enrichment to denitrification. As Pérez et al. (2006) 

explained, denitrification is less discriminating against the heavier 15N isotope than nitrification 

thus making N2O isotopic signatures useful tools to distinguish these processes. Pérez et al. 

(2006) noted that shifts in SP may explain a shift in microbial process (i.e. nitrification or 

denitrification) due to a change in management practice (i.e. fertiliser application of irrigation). 

Site preference has become a useful tool to investigate N2O production processes under natural 

abundance conditions (Decock and Six 2013). Plotting SP vs d15Nbulk or d18O has been used to 

distinguish N2O produced from nitrification and denitrification processes (Koba et al., 2009; 

Toyoda et al., 2011; Zou et al., 2014) while Well at al. (2012) used SP and d18O isotopic 

signatures to detect the reduction of N2O to N2. Further N2O reduction can increase SP values 

of residual N2O and if overlooked could bias the interpretation of results towards nitrification 

sources (Well and Flessa, 2009). The use of such plots to distinguish N2O mixing and 

fractionation processes has been described as ‘isotopomer mapping’ (Lewicka-Szczebak et al., 

2017). Typical endmember ranges for the nitrification (SP: 28 to 36 ‰) and denitrification 

processes (SP: 0 to -10 ‰) have been widely reported and utilised in isotopomer maps (Koba 

et al., 2009; Toyoda et al., 2011; Well et al., 2012; Decock and Six 2013, Zou et al., 2014; 

Denk et al., 2017; Deppe et al., 2017; Lewicka-Szczebak et al., 2017).  
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Combining isotopomer maps with acetylene inhibition and two 15N tracing techniques to source 

partition N2O associated with different NH4
+ fertiliser treatments was carried out by Deppe et 

al. (2017). These authors indicated that the discrepancies between all four methods highlighted 

the over simplification that N2O was either produced during nitrification (NH2OH – N2O) or 

denitrification and that isotopomer maps helped indicate the coexistence of other N2O 

production pathways in their experiment. Similarly, Lewicka-Szczebak et al. (2017) combined 

isotopomer maps with two alternative reference methods (Helium incubation and 15N gas flux) 

to determine the effectiveness of quantifying N2O reduction to N2 from isotopomer maps and 

concluded that fractionation during reduction can be quantified using this approach under 

particular conditions. These authors noted that an averaged literature derived net isotope effect 

(hred
15NSP = -5‰) for N2O reduction was suitable to use for the calculation but SP values for 

N2O before reduction must be determined with caution for the most robust results. Recently, 

Denk et al. (2017) produced a comprehensive overview of SP values and isotope effects 

associated with numerous N2O production pathways which will prove useful for future 

interpretations of isotopomer mapping results in N2O production studies. 

Surprisingly, given the understood impact of WFPS on N2O emissions from nitrification and 

denitrification, Decock and Six (2013) found no discernible relationship between SP and WFPS 

based on values cited in the literature from soil mesocosm and field studies. Decock and Six 

(2013) hypothesised that the lack of trend may be due to SP dependency on microbial 

community composition but recommended that future studies using SP to test the effects of 

soil WFPS on N2O production should measure SP at increased temporal resolutions to detect 

gradual changes in SP associated with shifts in WFPS. A controlled soil incubation study by 

Congreaves et al. (2019) re-examined the relationship between soil moisture content and N2O 

production pathways. Using increased temporal resolution N2O SP measurements Congreaves 

et al. (2019) produced two linear models to predict the fractions of N2O from nitrification (FN 
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= 3.19 – 0.041x) and denitrification (FD = -2.19 + 0.041x) for a WFPS range of 53 – 78%, based 

on their results. 

This study assessed whether the approach of Congreaves et al. (2019) could be adapted for a 

15N tracer experiment that was carried out under field conditions. A previous study by Bracken 

et al. (2020) quantified N2O fluxes and cumulative N2O emissions post a single application of 

a 2% 15N labelled urea fertiliser (for the purpose of a 15N tracing study) to plots of different 

sward composition managed under two contrasting soil moisture conditions. The results of the 

Bracken et al. (2020) study suggested that denitrification was the most dominant source of N2O 

under wet soil conditions and that sward composition can influence soil N dynamics depending 

on the proportions of WC and PLAN. The range of soil WFPS estimated during the Bracken 

et al. (2020) study was comparable to Congreaves et al. (2019). Therefore, the current study 

aimed to assess if similar relationships between F(N) and F(D) with soil WFPS were observable 

under field conditions.  

N2O isotopomers, sampled on the same days as the N2O fluxes reported by Bracken et al. 

(2020), were measured using a novel CRDS technique and the results were used to produce an 

isotopomer map of SP and d15Nbulk (Decock and Six, 2013; Zou et al., 2014) to source partition 

nitrification from denitrification. As fungal denitrification SP ranges overlap with nitrification 

(Wu et al., 2019) this process was not distinguishable in the current study. Due to the 2% 15N 

labelled urea fertiliser application, visual interpretation of N2O production processes from 

previously reported ranges was not possible (Koba et al., 2009; Zou et al., 2014). Therefore, 

the current study tested if an adaption to the approach of Congreaves et al. (2019) who used 

measured endmember values for nitrification and denitrification to calculate F(N) and F(D) rather 

than literature reported values, was applicable to enriched N2O isotopomer values.  
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The current study aimed to test the hypothesis proposed by Bracken et al. (2020) that 

denitrification was more dominant under elevated soil moisture conditions, whereas 

nitrification likely contributed more under ambient soil moisture conditions. Given that SP 

varies if N2O is produced from nitrification or denitrification (Decock and Six, 2013), changes 

in SP caused by differences in proportions of PRG, WC and PLAN in the sward would be of 

interest as they may indicate an effect of sward composition on soil N cycling processes and 

resultant N2O emissions. Therefore, this study also tests the hypothesis that SP of derived N2O 

will change significantly based on the proportions of PRG, WC and PLAN within a sward. 

 

5.3 Materials and methods 

5.3.1 Experimental site 

The experiment was located at University College Dublin (UCD) Lyons Farm (53° 18¢ N, 6° 

32¢ W, ca. 80 m AOL) in Co. Kildare, Eastern Ireland. Climate conditions are cool temperate 

oceanic. Annual mean total rainfall and annual mean temperature for this site are 754.2 mm 

and 9.7° C, respectively (Met Éireann, 2018). The soil type is a grey brown podzol with silty 

clay loam texture (Lalor, 2004). This would be classified as a luvisol under the World 

Reference Base (WRB) soil classification system (IUSS Working Group WRB, 2014). A 

detailed description of the sites physical and chemical soil properties can be found in Table 4.1 

of chapter 4 (Bracken et al., 2020). 

The experimental plots used in this experiment were originally established in August 2013 as 

described by Grace et al. (2018). Prior to establishing the experimental pasture swards the site 

was under continuous tillage with a final crop of maize (Zea mays). During the Grace et al. 

(2018) study, the plots (1.95 ´ 10 m) used for the current experiment were managed at an 

annual N fertiliser rate of 90 kg N ha-1 yr-1 and all other macro and micronutrients were kept 
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non-limiting. Herbage was cut to 4 cm and removed 8 times per year between April and 

October using a Haldrup forage harvester (Løgstør, Denmark) at 21 to 30 day intervals (Grace 

et al., 2018). 

5.3.2 Experimental design 

The Grace et al. (2018) study followed the diversity-interaction approach described by Kirwan 

et al. (2009) by using a constrained simplex experimental design. Eight plots with differing 

proportions of grasses, legumes and forage herbs, represented by PRG, WC and PLAN, were 

selected from the Grace et al. (2018) study. This design considers the sward / pasture as a 

mixture of component species (PRG, WC, PLAN) and assumes the measured responses depend 

on the relative proportions of the component species within the sward (Cornell, 2002). Given 

the diversity-interaction model (Simplex model) uses regression to determine coefficient 

estimates, replication of the sward mixtures is not necessary (Kirwan et al., 2009).  

The eight sward mixtures are referred to by the ratios of their component species (PRG: WC: 

PLAN, Fig. 5.1). Lolium perenne (PRG), Trifolium repens (WC) and Plantago lanceolata 

(PLAN) as single species representing the three components of the sward mixtures. Each 

mixture contained a minimum of 40% grass (PRG) as a practical agronomic constraint. Each 

of the eight plots was split into two distinct areas with a buffer zone of ≥ 1 m between each 

area within the plot. One area was maintained under ambient soil moisture conditions while 

the other area was watered to increase the soil water filled pore space (WFPS) to a target of > 

70%. Two stainless steel static chamber bases (40 cm ´ 40 cm and 12 cm high) were installed 

in each plot, one per distinct area, to a depth of 5 cm into the soil (de Klein and Harvey, 2012). 

Each chamber base was lined with a neoprene foam seal to create an air tight seal when closed 

with the corresponding 10 cm high stainless steel chamber lids. During gas sampling chambers 

were closed for 60 mins and lids were weighed down with a 5 kg weight. 
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5.3.3 Soil moisture and water filled pore space (WFPS) 

As described in Bracken et al. (2020) the mean soil bulk density and soil moisture content was 

determined and used to estimate the WFPS assuming a particle size density of 2.65 g cm-3 (Krol 

et al., 2015). At the beginning of the experiment, to increase the soil WFPS in one half of each 

plot to > 70%, 7.5 L of water was applied by watering can in two applications (5 L followed 

by 2.5 L) which simulated a total of 30 mm of rainfall. Based on historical weather data the 

return period for this amount of rainfall at this site is approximately 1.09 years (Met Éireann, 

2018). A subsequent water application of 3 L (equivalent to 12 mm rainfall) was applied the 

area of elevated WFPS during the experiment when the WFPS of the two distinct areas came 

within 5%. Surface soil moisture (% volume, 0 – 6 cm depth) was measured on each sampling 

day using a ML2 Theta Probe (Delta-T Devices Ltd., HH2, UK) from four points around the 

outside of each static chamber. The average of these four measurements was used in Eq. 1 to 

track soil WFPS associated with each static chamber throughout the experimental monitoring 

period. 

Eq. 1. WFPS (%) = Soil Moisture / (1-(BD/PSD)) 

Whereby:  

Soil Moisture is % volume, average of four measurements using a ML2 Theta Probe; 

BD is the mean soil bulk density of the plots (1.2 g cm-3);  

PSD is an assumed soil particle density of 2.65 g cm-3 (Krol et al., 2015). 

5.3.4 Fertiliser application 

A 2% 15N labelled urea fertiliser was prepared using 40.33285 g laboratory grade urea (Sigma 

Aldrich) and 0.82312 g of 15N labelled urea (99.9% purity; Cambridge Isotope Laboratories, 

Inc.) dissolved in 2 L of 18.2 mQ water. A syringe was used to apply 66.67 mL of the 15N 
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labelled fertiliser to the soil surface in each of the chamber footings (0.16 m2) and a further 

37.5 mL to an adjacent area (0.09 m2) for periodic soil sampling, equivalent to a rate of 40 kg 

N ha-1. This was lightly watered in immediately after application using a watering can and rose 

head attachment to minimise N volatilisation to ammonia. No other macro or micro nutrients 

were applied to the plots prior to or during this experiment. For further details of the soil 

chemical properties refer to Table 4.1 of Chapter 4 (Bracken et al., 2020). 

5.3.5 N2O flux and isotopomer sampling 

Gas samples were collected by syringe through the rubber septa of the static chambers once 

prior to fertiliser application and then regularly for two months post fertiliser application as 

described by Bracken et al. (2020). Gas sampling took place between 09.00 and 12.00 each 

sampling day to obtain the most representative average daily N2O flux (Alves et al., 2012; 

Laville et al., 2011; Parkin, 2008; Smith and Dobbie, 2001). During the 60-min closure period 

chamber headspace samples (10 mL) were taken at times 0, 30 and 60 min after the static 

chambers were closed. These samples were injected into 7 mL pre-evacuated glass vials with 

double wadded PTFE/silicone septa (Labco Ltd., UK). Flux samples were analysed by gas 

chromatograph as described in chapter 4 (Bracken et al., 2020).  

Following the 60-min flux samples and prior to the removal of the static chamber lids, 20 mL 

samples for N2O isotopic analysis were removed and injected into pre-evacuated 12 mL 

Exetainer vials capped with grey butyl rubber septa (Labco Ltd, UK) to achieve over pressure 

for storage. The syringe was flushed three times with ambient air prior to each sample removal. 

During sample removal, the syringe was plunged three times to evenly mix the gas inside 

chambers. The 60-min chamber closure period was considered suitable for sufficient N2O 

build-up to enable distinction of soil emitted N2O from ambient air N2O if soil fluxes were 

reasonably high (Buchen et al., 2018; Petersen et al., 2020).  
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Isotope samples were measured by CRDS using a Picarro G5101-i combined with a SSIM unit 

for discrete gas samples (< 20 ml) using a manual injection method described in chapter 3 

(Bracken et al., In Prep). Equation 2 adapted from Well at al. (2006) was used to distinguish 

soil emitted N2O d15Nbulk, d15Na, d15Nb and SP, following the approach of Petersen et al. (2020), 

using a similar rule to omit samples with N2O concentrations < 450 ppb. This “sample 

concentration rule” was necessary since N2O isotopomers were measured using CRDS and 

Petersen et al. (2020) showed that laser based measurements become more unstable towards 

ambient atmospheric N2O concentrations (330 ppb). 

Eq. 2. d15Nx
(soil) = (d15Nx

(sample) ´ N2O(sample) - d15Nx
(air) ´ N2O(air)) / (N2O(sample) - N2O(air)) 

d15Nx refers to either  d15Nbulk, d15Na, d15Nb or SP. ‘Soil’, ‘air’ and ‘sample’ refer to N2O 

emitted from soil, N2O in ambient air and mixture of these two (i.e. sample measurement), 

respectively. Average values of tropospheric N2O in ambient air were used in Eq. 2 for 

d15Nbulk
(air) (6.8 ‰), d15Na

(air) (15.8 ‰), d15Nb
(air) (-2.3 ‰) and SP(air) (18.1 ‰) (Prokopiou et al., 

2017, 2018). 

5.3.6 N2O source partitioning using SP, d15Nbulk and soil WFPS 

An isotopomer map was used to describe the linear relationship between SP and d15Nbulk. The 

model of CRDS used in this study does not measure d18O. Therefore, isotopomer maps using 

SP and d18O (Well et al., 2012; Lewicka-Szczebak et al., 2017) and the additional estimation 

of N2O reduction to N2 was beyond the scope of the current study. Adapting the approach 

applied by Congreaves et al. (2019), minimum and maximum d15Nbulk values were used in the 

linear equation describing this relationship to determine endmember SP values for nitrification 

(SPN = -86‰) and denitrification (SPD = -144‰) rather than using literature derived 

endmember values. Equations 3 and 4 were then applied to calculate the fractions of 
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nitrification (FN) and denitrification (FD) (Deppe et al., 2017; Lewicka-Szczebak et al., 2017; 

Congreaves et al., 2019). An assumption that the minimum and maximum measured enriched 

d15Nbulk values were suitable to distinguish nitrification and denitrification (Popp et al., 2002; 

Toyoda et al., 2002) was necessary to calculate F(N) and F(D) from Eqs. 3 and 4 below. The FN 

and FD values were determined from measured SP values (SPx) and the endmember SPN and 

SPD values above using Eqs. 3 and 4. 

Eq. 3. FN = SPx - SPD / SPN -SPD 

Eq. 4. FD = 1 - FN 

FN and FD values > 1 were considered to be either 100% nitrification or denitrification and the 

fractions were set to 1. Three groups were used to distinguish dominant (≥90%) N2O 

production processes by the measured fractions of nitrification (FN); Nitrification = FN ≥ 0.9, 

Denitrification = FN ≤ 0.1, Mixture = 0.1 ≤ FN ≤ 0.9. Linear regressions were used to describe 

the relationships of FN and FD with soil WFPS. 

It was assumed in the current study that reduction of N2O to N2 due to complete denitrification 

was negligible given the soil WFPS did not exceed 80% (Davidson, 1991; Cardenas et al., 

2017). It was beyond the scope of the current study to determine reduction of N2O to N2 as 

done in previous studies (Lewicka-Szczebak et al., 2017; Deppe et al., 2017 and Congreaves 

et al., 2019), as the CRDS model used in the current study does not measure d18O. and SP 

values of N2O prior to reduction were not determined. Likewise, calculation of net isotope 

effects (Dd15N) or fractionation factors from the difference in 15N enrichment of soil NH4
+ or 

NO3
- compared to 15N enrichment of soil-emitted N2O over the measurement was beyond the 

scope of the current study. 
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5.3.7 Meteorological data 

Daily weather data, rainfall (mm) and mean air temperature (°C), were obtained from the Met 

Éireann meteorological station at Casement Aerodrome (53°30¢ N, 6°44¢ W), 5.8 km east of 

the experimental site and at a similar elevation (80 m AOL). Soil temperature (°C, 0-10 cm) 

was recorded on each sampling day from each plot using a TinyTag View 2 with a PB-5002-

1M5 Thermistor Probe (Gemini Data Loggers). 

5.3.8 Statistical analysis 

SP and d15Nbulk results averaged over sampling dates were statistically analysed using a simplex 

model in R (R Core Team, 2017). The diversity-interaction modelling (Simplex model) 

approach of Kirwan et al. (2009) was adapted to determine identity effects and functional group 

diversity effects of the three plant functional groups (represented by PRG, WC and PLAN). 

The effect of the proportions of PRG, WC and PLAN on SP values under ambient and elevated 

soil moisture were assessed using the simplex model. When the response associated with a 

monoculture of one of the plant functional groups was significantly different to the response 

of a monoculture of another plant functional group this was considered an identity effect. 

Functional group diversity effects arise when the response of a mixture of plant functional 

groups is significantly different from the response that would be expected based on the 

proportional composition of functional groups in the mixture. Interactions between functional 

group identity effects and two soil moisture levels as well as three-way interactions between 

functional group diversity effects and soil moisture levels were also tested. The model outputs 

and simplex contour plots were produced using the “lm” function and “mixexp” package in R 

(Lawson and Willden, 2016). Tests of significance were performed at the P < 0.05 level. All 

other plots were produced using the “ggplot2” package in R (Wickham, 2009).   
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5.4 Results 

A total of 272 N2O isotopomer samples were measured. However, based on the “sample 

concentration rule”, 38 sample results were retained for further analysis. The 64 retained 

samples accounted for 57.85% of total N2O emissions. Daily N2O fluxes for this subset of 

samples, which ranged from 8.26 to 86.86 g N2O-N ha-1 d-1 overall, and peak N2O fluxes, 

reflected fertiliser application and heavy rainfall events, and corresponding WFPS conditions, 

as detailed in the previous chapter (Bracken et al., 2020). The highest daily N2O flux occurred 

under elevated soil moisture conditions and following N application (Fig. 5.2, bottom). Daily 

N2O fluxes ranged from 8.26 to 17.70 g N2O-N ha-1 d-1 under ambient soil moisture conditions 

and from 8.91 to 86.86 g N2O-N ha-1 d-1 under elevated soil moisture conditions. Ambient soil 

moisture conditions ranged from 51% to 67% WFPS and elevated soil moisture conditions 

ranged from 52% to 75% WFPS (Fig. 5.2, top). As reported in the previous chapter (Bracken 

et al., 2020), cumulative post fertiliser N2O emissions ranged from 22.1 to 206.4 g N2O-N ha-

1 under ambient soil moisture and 62.5 to 434.3 g N2O-N ha-1 under elevated soil moisture.  

The temporal trend of d15Na shows that d15Na become particularly enriched shortly after 

fertiliser application but relatively much less enriched during and just after the heavy rainfall 

period (Fig. 5.3, left). The temporal trend of d15Nb shows that d15Nb becomes only slightly 

enriched relative to d15Na shortly after fertiliser application but becomes more enriched around 

the heavy rainfall period (Fig. 5.3, right). There was a highly significant (P<0.001) negative 

linear relationship (R2=0.25) between SP and d15Nbulk (Fig. 5.4, top). However, it is clear that 

the measured values (SP(soil): -218 to -35 ‰ and d15Nbulk
(soil): -3553 to 1562 ‰) do not fall 

within the approximate ranges typically reported for natural abundance values for N2O emitted 

from soils as a result of nitrification (SP: 28 to 36 ‰ and d15Nbulk: -60 to -30 ‰) and 

denitrification (SP: -10 to 0 ‰ and d15Nbulk: -40 to 0 ‰) (Fig. 5.4, bottom). The mean fraction 

of nitrification (FN), estimated using the isotopomer mapping approach, was 0.57 and the mean 



	 188	

fraction of denitrification (FD) was 0.43. N2O emissions were mostly attributed to a mixture of 

both processes (36.8%) overall. Nitrification (i.e. FN ≥ 0.9) was associated with 34.2% and 

denitrification (i.e. FD ≥ 0.9) was associated with 29.0% of N2O emission overall. 

There was no significant relationship detected between FN or FD and soil WFPS (P=0.16). 

However, it is clear over the observed range of soil WFPS that the trend in FN is to decrease 

while FD increases with increasing WFPS (Fig. 5.5). The intersection of the FN and FD lines 

indicates that denitrification becomes the most dominant N2O source at >66% WFPS. Of all 

the samples attributed to nitrification, 10 out of 13 were from static chambers in the “Wet” half 

of the plots but these samples were associated with a soil WFPS ≤66% except for one (74.8% 

WFPS). In general, low daily N2O fluxes with correspondingly high SP values at lower soil 

WFPS indicated nitrification, while high daily N2O fluxes with correspondingly low SP values 

at higher soil WFPS indicated denitrification (Fig. 5.6). 

The statistical significances of the simplex model outputs for SP and d15Nbulk are presented in 

Table 5.1. There was a strongly significant legume (WC) functional group identity effect on 

SP (P<0.01) and a significant interaction between legume (WC) ´ herb (PLAN) (P<0.05). 

There was a strongly significant interaction between legume (WC) ´ soil moisture for SP 

(P<0.01). There were significant three-way interactions between grass (PRG) ´ legume (WC) 

´ soil moisture and between legume (WC) ´ herb (PLAN) ´ soil moisture for SP (P<0.05). SP 

values decreased with increasing proportions of legume under elevated soil moisture conditions 

and SP values were lowest around the 50:50 proportion (mid-point) of the legume - herb and 

grass - legume axes under ambient soil moisture conditions (Fig. 5.7). Highest SP values were 

observed around the 25:75 proportion under elevated soil moisture conditions. These trends 

are also apparent in the contour plots presented in Fig. 5.8.  
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There were no significant functional group identity effects or interactions between functional 

groups (diversity effects) for d15Nbulk. There was a strongly significant interaction between 

legume (WC) ´ soil moisture (P<0.01) and a significant interaction between herb (PLAN) ´ 

soil moisture on d15Nbulk (P<0.05). There was a strongly significant three-way interaction 

between grass (PRG) ´ legume (WC) ´ soil moisture (P<0.01) and a significant three-way 

interaction between legume (WC) ´ herb (PLAN) ́  soil moisture on d15Nbulk (P<0.05). d15Nbulk 

values were lowest near the 50:50 proportion of the legume – herb axis and the 75:25 proportion 

of the grass – legume axis under ambient soil moisture conditions (Fig. 5.9). These trends are 

also apparent in the contour plots presented in Fig. 5.10. 

 

5.5 Discussion 

In the current study, the subset of daily N2O fluxes, representing the highest concentration 

samples from this experiment (>450 ppb N2O), clearly represented the responses to fertiliser 

application and heavy rainfall previously reported by Bracken et al. (2020). Similar responses 

to perturbations like fertiliser application and rainfall have been observed in other grassland 

studies (Wolf et al., 2015; Ibraim et al., 2019; Buchen et al., 2018) which found denitrification 

to be the dominant source of N2O production through the use of N2O isotopomer 

measurements. Based on the current results N2O was determined to be mostly derived from a 

mixture of nitrification and denitrification, with nitrification being slightly more dominant than 

denitrification overall. This was contrary to the hypothesis of Bracken et al. (2020). However, 

this may have been due to the reduced sample size post application of the “sample 

concentration rule”. Of the remaining samples, 37% were from ambient (drier) plots while 63% 

were from wet plots. However, there was considerable overlap in estimated soil WFPS ranges 

for those remaining samples (ambient plots: 51% to 67% and wet plots: 52% to 75%). 
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Simultaneous nitrification and denitrification due to spatial heterogeneity of aerobic and 

anaerobic sites in field soil may have occurred, thus mixing N2O from both processes and 

making the isotopic signatures of these pathways more difficult to distinguish (Abbasi and 

Adams, 2000). Results of this study would suggest mixing of N2O from both processes was 

more prevalent (36.8%). 

The predicted trend of FD with WFPS (Fig. 5.5) suggests that denitrification would have been 

more dominant on occasions when soil WFPS was >66%, although these relationships were 

weak and not significant in this study. This may have been due to the heterogeneous nature of 

field soil conditions and the lack of regulation over the soil WFPS in this experiment compared 

to the controlled conditions of similar soil incubation studies (Well et al., 2006; Bergstermann 

et al., 2011; Congreaves et al., 2019). It is also worth noting that the relationship between FN 

or FD and WFPS without correcting the calculated values of FN>1 and FD>1 back to 1 was 

almost significant (P=0.06). Congreaves et al. (2019) found significant linear relationships 

between FN or FD and WFPS for different soil types using a controlled soil incubation study 

using a high temporal resolution of N2O isotopomer measurements. Higher temporal N2O 

isotopomer measurements was recommended previously by Decock and Six (2013) who noted 

no discernible relationship between SP and WFPS from earlier sources of literature. In the 

current study, WFPS was estimated over a soil depth of 0 - 6 cm and it is possible that the 

evolved N2O was influenced by soil moisture at greater depths. Future field studies applying 

this approach should aim to utilise stricter controls of soil WFPS (e.g. maintain elevated soil 

moisture conditions >70% WFPS with continued irrigation) or perhaps measure soil moisture 

over a greater soil depth to determine if this improves the model fit between F(N) and F(D) and 

soil WFPS. Maintaining an elevated soil WFPS would be expected to restrict oxygen 

availability and encourage more activity from soil microorganisms that produce N2O under 

anaerobic conditions (Bateman and Baggs, 2005).  
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Except for the overlap of fungal denitrification with nitrification, the use of SP signatures could 

then be a useful tool for distinguishing the microbial driven pathways of nitrification and 

denitrification due to the differences in isotope effects that occur when N2O is produced either 

by the oxidation of NH4
+ or the reduction of NO3

- (Denk et al., 2017; Wu et al., 2019). Future 

studies should also consider the possibility of increased SP values caused by the further 

reduction of N2O to N2, particularly when soil WFPS exceeds 80%, which could bias results 

towards nitrification (Well et al., 2012; Lewicka-Szczebak et al., 2017; Congreaves et al., 

2019). This was beyond the scope of the current study and soil WFPS never exceeded 80% 

during the sampling period so this effect was assumed to be negligible. 

The measured SP(soil) and d15Nbulk
(soil) ranges are evidently due to the fertiliser N source used in 

the experiment. It was assumed that the 2% 15N labelled urea fertiliser applied in the present 

study would be quickly and almost fully hydrolysed to NH4
+ post application, thus, enriching 

the soil NH4
+ pool (Abbasi and Adams, 2000). It is understood that nitrification is more 

discriminatory of the heavy isotope (15N) than denitrification, thus producing more depleted 

N2O (Popp et al. 2002; Toyoda et al. 2002). This would explain the congregation of depleted 

points to the left of the isotopomer map (Fig. 5.4) which in general also have higher SP values. 

The samples classified as nitrification in this study were mostly depleted with very low d15Nbulk 

and occurred just after the application of the labelled urea fertiliser and prior to the heavy 

rainfall event outlined in Fig. 5.2.  

More samples were classified as denitrification post this heavy rainfall event which was 

approximately one week after fertiliser application. If nitrification was more dominant before 

the rainfall event this would have allowed sufficient time for much of the labelled NH4
+ to be 

converted to NO3
-. The temporal trends in d15Na and d15Nb (Fig. 5.3) further highlight that 

nitrification was more prevalent before the heavy rainfall event and that denitrification 
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occurred more after this event. If the subsequent N2O emissions were then derived mostly from 

denitrification this would explain the congregation of more enriched points to the right of the 

isotopomer map (Fig. 5.4) which in general also have lower SP values. Combining isotope 

effects reported for different reactions in the N cycle from an extensive range of literature 

sources, Denk et al. (2017) highlighted that SP values are clearly higher for nitrification sources 

of N2O production (with the exception of fungal denitrification) compared to denitrification 

N2O sources. SP is defined as d15Na - d15Nb. Therefore, when nitrification is more dominant, 

d15Na would be relatively high and d15Nb low, with the opposite expected for denitrification. 

In a similar way to Congreaves et al. (2019), this study generally found that higher daily N2O 

fluxes and low corresponding SP values were associated with denitrification, while low daily 

N2O fluxes and high corresponding SP values were associated with nitrification (Fig. 5.6). 

The diversity effect on SP, noted by the significant interaction between legume ´ herb and the 

significant three-way interaction between legume ´ herb ´ soil moisture under ambient soil 

moisture conditions is particularly interesting. As was highlighted by Bracken et al. (2020), 

significantly higher cumulative N2O emissions were associated with higher legume proportions 

under both soil moisture conditions. The predicted lowest values of SP at the 50:50 proportion 

of the legume – herb axis (Fig. 5.7) indicates a diversity effect of WC and PLAN in lowering 

the proportion of N2O derived from nitrification (Denk et al., 2017). Cumulative emissions 

decreased with higher herb and lower legume proportions, as found by Bracken et al. (2020). 

The inclusion of legumes and herbs such as white clover and ribwort plantain can not only 

reduce the requirements for high fertiliser N inputs (Nyfeler et al., 2009, 2011), but possibly 

also reduce N2O emissions due to a biological nitrification inhibition effect caused by the 

presence ribwort plantain (de Klein et al., 2019). The fact that this diversity effect was 

significant for ambient soil moisture conditions would be consistent with the prevalence of 

nitrification under these drier soil moisture conditions and inhibition of nitrification in the 
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presence of PLAN. Conversely, the lack of such a significant diversity effect under wet soil 

conditions might be explained by the prevalence of denitrification. 

Similarly, the higher predicted d15Nbulk associated with higher herb proportion under ambient 

soil moisture conditions on both the herb - grass and legume - herb axes (Fig. 5.9) also suggests 

that ribwort plantain could have a biological inhibition effect on nitrification, as N2O derived 

from nitrification is usually more depleted in 15N (Popp et al., 2002; Toyoda et al., 2002). 

Gardiner et al. (2018) have shown how compounds, such as aucubin, produced by ribwort 

plantain can inhibit nitrification and reduce N2O emissions. Carlton et al. (2019) also reported 

significantly less ammonia oxidising bacteria, that can produce N2O during nitrification, related 

to ribwort plantain grown in swards with PRG and WC. Further studies are necessary to 

improve our understanding of the long-term effects of ribwort plantain on N2O production 

processes at a field scale, but the results of this study and Bracken et al. (2020) would be 

consistent with ribwort plantain having a role in biological nitrification inhibition and 

suppression of N2O emissions.  

Under wet soil moisture conditions the predicted SP values steeply decline with increased 

proportions of legumes (Fig. 5.7) which would indicate that denitrification is increasingly 

important as the source of N2O as sward legume content increases, under wet conditions. This 

supports the findings of Bracken et al. (2020) who found the greatest N2O emissions under wet 

soil conditions with increasing proportions of legumes (approximately twice as great as those 

under ambient soil conditions). Hatch et al. (1990, 1991) showed net N mineralisation was 

greater under grass-clover swards after soil rewetting. This would suggest that there may 

already be higher levels of mineral N in soil solution associated with greater biological N 

fixation with increasing sward legume content, and that N applied as fertilizer and/or 

biologically fixed N that has been mineralized is then more vulnerable to denitrification under 

such wet soil conditions. The implication of these results suggest that particular care is needed 
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in managing N in legume-containing swards to avoid excess mineral N in soil solution, 

particularly under wet soil conditions when it is vulnerable to conversion to N2O via 

denitrification.  Avoiding application of N fertilizer when soils are wet or when they are likely 

to become wet, might be a possible management strategy to avoid such emissions. Improved 

monitoring and forecasting of soil moisture conditions might aid soil managers in making better 

decisions in this regard. There is a much flatter decline in d15Nbulk under wet soil conditions 

with increasing legume proportions. This would be expected if denitrification is more likely 

under these conditions since there would be less discrimination of the heavier 15N isotope (Popp 

et al., 2002; Toyoda et al., 2002). Advances in soil sensor and associated technologies and 

precision modelling and mapping approaches might facilitate the development of decision 

support systems for such a precision agriculture approach to mitigate N2O and other N 

emissions (Thomas et al., 2016). 

The present study aimed to assess the potential of using an adapted version of the isotopomer 

mapping approach described by Congreaves et al. (2019) to a field study in which a 15N labelled 

fertiliser was applied. Even though this approach is generally applied in natural abundance 

studies it proved suitable as measured endmember values based on the mixing line presented 

in Fig. 5.4 (top) enabled the determination F(N) and F(D). The 15N enrichment of the measured 

N2O isotopomers were high due to the application of the labelled urea fertiliser. The current 

study highlights that this adapted isotopomer mapping approach is another complementary 

source partitioning method that can be applied to enriched N2O data typically measured for the 

purpose of a 15N tracer experiment to provide more insights into the details of the soil N cycle 

(Müller et al., 2007, 2014). Combining such a field study with controlled incubations of the 

same soil could provide more detailed information relating to precise transition stages from 

nitrification to denitrification related to changes in soil WFPS (Congreaves et al., 2019).  
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It would also be beneficial to measure actual background SP values and N2O concentrations in 

the field prior to chamber closure to use in Eq. 2 rather than relying on representative average 

tropospheric values for N2O concentration and site-specific isotope composition (Prokopiou et 

al., 2017, 2018; Petersen et al., 2020). Given the numerous isotope effects of different soil N 

transformations (Denk et al., 2017) that could impact N2O isotopomer measurements it is 

recommended to carefully consider these during the experimental design of such field studies. 

Combining field studies with controlled incubation experiments and careful modelling of 

measured isotope effects could help increase our understanding of these processes at a field 

scale, as has been previously suggested by Decock and Six (2013). This could improve our 

ability to determine the effectiveness of management strategies, such as adopting multispecies 

swards that include ribwort plantain, to biologically inhibit nitrification and mitigate N2O 

emissions. 

 

5.6 Conclusion 

The current study attributed N2O emissions from this grassland soil mostly to a mixture of 

nitrification and denitrification using an N2O isotopomer mapping approach. The range of 

estimated WFPS under both ambient and elevated soil moisture conditions widely overlapped 

and rarely exceeded 70%. This may explain why denitrification was not detected as the 

dominant N2O source as formerly predicted. Predicted SP and d15Nbulk from the simplex model 

indicated that the inclusion of ribwort plantain may biologically inhibit nitrification under drier 

soil moisture conditions (31% to 75% WFPS) but not under wetter soil conditions (43% to 77% 

WFPS). Predicted SP and d15Nbulk under elevated soil moisture conditions (43% to 77% WFPS) 

suggest that increased denitrification may occur with higher proportion of legumes when soils 

are wet.  Such information is particularly useful to suggest possible management options that 
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may help mitigate N2O emissions. Appropriate management of N fertiliser source and 

application timing to soil moisture conditions could be a useful management strategy to lower 

N2O emissions. The combination of field scale measurements of N2O emissions and 

isotopomers with controlled higher frequency measurements from 15N tracer or natural 

abundance soil incubation studies would likely provide more detailed information required to 

improve the accuracy of field and farm scale models of N cycling and the impacts of different 

management strategies on N use and losses from such systems. 
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5.9 Tables 

Table 5.1: Statistical significance for the functional group identity and diversity effects and 

soil moisture interactions for SP and d15Nbulk (‰). 

Effect Type Parameter SP(soil) d15Nbulk 

Functional Group Identity 

Effects 

Grass 

Intercept 
NS NS 

Legume 0.00684** NS 

Herb NS NS 

Functional Group Diversity 

Effects 

Grass x Legume NS NS 

Grass x Herb NS NS 

Legume x Herb 0.03909* NS 

Functional Group Identity and 

Soil Moisture Interaction Effects 

Grass x SM NS NS 

Legume x SM 0.00752** 0.00143** 

Herb x SM NS 0.04608* 

Functional Group Diversity and 

Soil Moisture Interaction Effects 

Grass x Legume x 

SM 
0.02139* 0.00941** 

Grass x Herb x SM NS NS 

Legume x Herb x 

SM 
0.03798* 0.03396* 

SM = soil moisture. NS = not significant. *** < 0.001, ** < 0.01, * < 0.05. See Section 5.3.8 

Statistical analysis for description of effect types.  
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5.10 Figures 

 

Figure 5.1: Simplex experimental design showing the eight plots used containing differing 

proportions of PRG: WC: PLAN with a minimum of 40% PRG in each mixture. Adapted from 

Grace et al. (2018).  
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Figure 5.2: Temporal plot of soil WFPS and daily N2O fluxes subset data based on Eq. 2 

concentration rule (Legend = Mixture Ratio; Black arrows = fertiliser application; shaded area 

= heavy rainfall). Full dataset presented in Chapter 4 (Bracken et al., 2020). 
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Figure 5.3: Temporal plot of d15Na and d15Nb changes over the sampling period. Solid line = 

mean d15Na and d15Nb on each sampling date. Black arrows = 15N labelled urea fertiliser 

application; shaded area = heavy rainfall. 
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Figure 5.4: Isotopomer map of SP and d15Nbulk values used to determine nitrification (SPN) 

and denitrification (SPD) endmember values from measured data (top). Typical literature 

reported endmember ranges from nitrification and denitrification processes (adapted from Zou 

et al., 2014). 
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Figure 5.5: N2O source fractions over the observed range of soil WFPS. Dotted line = predicted 

fraction of nitrification (FN) and dashed line = predicted fraction of denitrification (FD). Arrow 

= intersection of FN and FD. 
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Figure 5.6: Daily N2O fluxes (black, left axis) and corresponding site preference (grey, right 

axis) influenced by soil WFPS.  
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Figure 5.7: Simplex model effects plots of predicted average site preference (‰) with 

increasing proportion of individual component species within the sward mixtures under 

elevated soil WFPS (solid line) and ambient soil WFPS (dotted line).  
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Figure 5.8: Simplex model contour plots of average site preference (‰) under ambient soil 

WFPS (left) and elevated soil WFPS (right).  
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Figure 5.9: Simplex model effects plots of predicted average d15Nbulk (‰) with increasing 

proportion of individual component species within the sward mixtures under elevated soil 

WFPS (solid line) and ambient soil WFPS (dotted line). 
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Figure 5.10. Simplex model contour plots of average d15Nbulk (‰) under ambient soil WFPS 

(left) and elevated soil WFPS (right). 
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Chapter 6: 

 

Nitrogen cycling, N2O emissions and nitrate 

leaching from grass monoculture, grass-clover 

and multispecies swards: a lysimeter 

experiment employing N isotope and X-Ray CT 

techniques 

 
 
Note: This chapter was adapted from a manuscript prepared to be submitted to a journal of 
suitable scope. 

Bracken, C J, G J Lanigan, K G Richards, C Müller, S R Tracy, and P N C Murphy. ‘Nitrogen 
cycling, N2O emissions and nitrate leaching from grass monoculture, grass-clover and 
multispecies swards: a lysimeter experiment employing N isotope and X-Ray CT 
techniques.’ (In preparation).  
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6.1 Abstract 

The loss of reactive forms of nitrogen from soil to the wider environment is a major concern 

worldwide for the sustainability of agricultural systems. Nitrous oxide (N2O) is a potent 

greenhouse gas contributing to anthropogenic climate change. Nitrate (NO3
-) leaching to water 

bodies can degrade water quality and aquatic ecosystems. Both of these N losses are associated 

with fertiliser N use in intensive conventional agricultural systems. In temperate grass-based 

agricultural systems, the use of multispecies swards containing grasses, N-fixing legumes and 

forage herbs has been suggested as a strategy to maintain herbage dry matter (DM) yield and 

quality, while reducing the need for high fertiliser N inputs and, therefore, potentially reducing 

N losses to the wider environment. This study investigated N2O emission, N leaching, DM 

yield and N uptake over 13-15 months from four different sward compositions and associated 

N management strategies (6 replicates, complete randomised block design) in a lysimeter 

experiment using a clay loam luvisol from a managed temperate Irish grassland. Treatments 

were: Perennial Ryegrass only (PRG, 250 kg N ha-1 yr-1), Perennial Ryegrass and Low White 

Clover (PRG+LWC, 90 kg N ha-1 yr-1), Perennial Ryegrass and High White Clover 

(PRG+HWC, 0 kg N ha-1 yr-1) and Perennial Ryegrass, White Clover and Ribwort Plantain 

(PRG+WC+P, 45 kg N ha-1 yr-1). N2O isotopomer mapping was used to calculate fractions of 

nitrification and denitrification and X-ray computed tomography was applied to quantify soil 

porosity. Cumulative N2O emissions (2.74 to 3.25 kg N2O-N ha-1), leached N (10.91 to 13.70 

kg N ha-1), DM yields (5083 to 5493 kg DM ha-1 yr-1) and N uptake (122 to 169 kg N ha-1 yr-

1) were not significantly different among treatments, however they did vary seasonally and 

monthly. During Spring, more N2O was emitted from the PRG and PRG+LWC than 

PRG+HWC and PRG+WC+P, associated with fertiliser N management. A numerically lower 

fraction of nitrification (F(N)) related to PRG+WC+P potentially indicates that biological 
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nitrification inhibition due to ribwort plantain could lessen N2O emissions. Increased soil 

porosity as determined by X-ray CT, was linked to lower cumulative N2O emissions. 

 

6.1.1 Keywords: Lolium perenne, Plantago lanceolata, Trifolium repens, nitrogen, urea, 

nitrous oxide, nitrate leaching, temperate grassland, lysimeter. 

 

6.1.2 Highlights 

• No significant treatment effects on cumulative N2O emissions and total leached N that 

accounted for 1.1% to 1.3% and 4.4% to 5.5% of N inputs (Fertiliser N + BNF = 250 kg N 

ha-1 yr-1), respectively. 

• Similar DM yields (5083 to 5493 kg DM ha-1 yr-1) and N uptake (122 to 169 kg N ha-1 yr-

1) achieved for all treatments. 

• Seasonally higher N2O emissions in Spring from PRG and PRG+LWC (1.39 and 1.19 kg 

N2O-N ha-1) than PRG+HWC and PRG+WC+P (0.81 and 0.85 kg N2O-N ha-1). 

• Greater organic N leached in Spring from PRG (3.7 kg ha-1), PRG+LWC (2.5 kg ha-1), 

PRG+WC+P (2.2 kg ha-1) than PRG+HWC (1.1 kg ha-1) associated with fertiliser 

application. 

• Nitrification source partitioned as dominant N2O pathway while F(N) indicated that ribwort 

plantain may inhibit nitrification. 

• Increased soil porosity (assessed using X-ray CT scanning) was correlated with lower N2O 

emissions.  
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6.2 Introduction 

The importance of sustainable food production and food security is increasing and becoming 

more challenging in the face of uncertainties presented by climate change (Godfray et al., 

2010). Nitrogen is generally considered the most widespread limiting nutrient to improve crop 

yields and quality. However, intensive and inefficient N use can lead to harmful environmental 

pollution (Spiertz, 2010) and cause greater harm than good (Sutton et al., 2011). Since the 

discovery of the Haber-Bosch process the availability of chemical N fertilisers produced from 

industrial N fixation has greatly increased, but so have the losses of reactive N to the 

environment (Müller and Clough, 2014). The onset of synthetic N fertiliser use in agriculture 

has disturbed the global N cycle since pre-industrial periods to such a degree that, for example, 

temporal shifts in N isotope ratios of NO3
- and N2O have been detected in ice cores from 

Greenland and the Antarctic and these N isotope shifts have, indeed, been used to argue for the 

concept of the Anthropocene as a stratigraphically distinct geological epoch (Waters et al., 

2016; Prokopiou et al., 2017; 2018). Since the ‘Great Acceleration’ took off in the mid 20th 

century there has been a significant detectable increase in the global site preference (SP=d15Na 

- d15Nb) N2O signature, indicating a relative shift from denitrification to nitrification due to the 

increase of N2O emissions from agriculture (Prokopiou et al., 2017; 2018). 

Nitrogen can be lost from agricultural soils in a number of forms. Gaseous N loss can happen 

as nitric oxide (NO), ammonia (NH3), dinitrogen (N2) and nitrous oxide (N2O), while leaching 

losses are mainly as nitrate (NO3
-). After fertiliser application, nitrogen loss in any of these 

forms represents reduced nitrogen use efficiency (NUE) (Galloway et al., 2004). N2O is a 

potent GHG that requires mitigation, with tropospheric concentrations continuing to increase 

globally (Thompson et al., 2019; Makowski, 2019). Nitrate leaching also requires mitigation 

due to the risks it poses to water quality and the wider environment (Cameron et al., 2013). 

Many studies of potential mitigation options have tended to focus on either N2O emission, or 
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nitrate leaching, separately (Minet et al., 2016; Rayner et al., 2020). This, however, can lead to 

the problem of “pollution swapping”, where one environmentally negative N loss pathway is 

“swapped” for another (Kanter, 2018).  A greater understanding of soil N cycling processes 

that regulate how N is used in different production systems, and the different loss pathways, is 

necessary to achieve greater NUE and implement better agronomic practices to prevent 

environmental damage and improve primary productivity (Lal, 2008; Spiertz, 2012; Müller and 

Clough, 2014).  

Grasslands are hugely important to agriculture globally, and in temperate maritime climates, 

such as Ireland or New Zealand, for example, animal production is mostly based on pasture 

grazing (O’Mara, 2012). Nitrogen use efficiency in managed grasslands is, therefore, a key 

driver of environmental and economic sustainability in such regions (Ryan et al., 2011). Since 

the abolition of dairy quotas in the EU, the expansion of the dairy sector (i.e. increased herd 

sizes) has raised concerns that the absolute N loss from these systems will make it considerably 

more difficult to reach agreed climate change and water quality targets (Sharma et al., 2018; 

Hoekstra et al., 2020). Offsetting fertiliser N inputs with biological nitrogen fixation (BNF) is 

often considered as a strategy to mitigate N loss and improve NUE in grass-based dairy systems 

(Egan et al., 2017, 2018; Guy et al., 2018a, 2018b). BNF can contribute over 40% to the total 

N inputs of such systems (Burchill et al., 2016). As an alternative to grass production using 

PRG monocultures with intensive fertiliser N inputs, multispecies swards composed of 

different plant functional groups (grasses, N-fixing legumes and herbs) have been considered 

to meet primary productivity needs while requiring less fertiliser N inputs (Husse et al., 2017; 

Nyfeler et al., 2009, 2011; Suter et al., 2015; Lüscher et al., 2014; Grace et al., 2019a). 

Combining plant functional groups that utilise soil resources (nutrients and water) differently 

can benefit the multispecies sward as a whole due to ecological niche differentiation and 

complementarity (Loreau et al., 2001; Hooper et al., 2005). Transgressive overyielding is the 
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mechanism commonly cited to explain greater dry matter (DM) yields from multispecies 

swards compared to the highest yielding monocultures (Nyfeler et al., 2009, 2011). 

Incorporating deeper rooting species into multispecies swards may benefit DM yield due to 

nutrient and water uptake at greater soil depths (Hoekstra et al., 2015; Jumpponen et al., 2002; 

Massey et al., 2013). Forage herbs such as ribwort plantain (Plantago lanceolata) have been 

shown to improve DM yields and increase root biomass of multispecies swards (Cong et al., 

2017, 2018 and Elgersma et al., 2014). The diverse resource use capabilities of multispecies 

swards compared to PRG monocultures may also improve their resilience to environmental 

stresses (e.g. drought) which can improve the long-term sustainability of DM yield in the face 

of more frequent adverse weather conditions resulting from anthropogenic climate change 

(Finn et al., 2018; Hoekstra et al., 2015; Isbell et al., 2017). 

Although the ability of multispecies swards to sustain herbage DM yields at lower fertiliser N 

inputs has been well established, more research is required to understand how they influence 

soil N cycling pathways and thus N losses to the wider environment. Soil emitted N2O comes 

from many N transformation pathways (Wrage-Mönnig et al., 2018), primarily through 

nitrification and denitrification processes, that are regulated by fungal and bacterial microbial 

activity (Baggs, 2011). Soil type / texture, greater organic matter content and inorganic N 

availability have been linked to increased N2O emissions while soil moisture influences the 

relative N2O fluxes regardless of the absolute amount of soil emitted N2O (Congreaves et al., 

2019). Correspondingly, N loss to water can occur through a number of physical pathways such 

as vertical leaching through soil profiles and overland or shallow subsurface flow which are 

also strongly influenced by soil type, texture and drainage (Clough et al., 1998). Malcolm et 

al. (2014) reported relatively high NO3
- leaching (416 to 448 kg N ha-1) from a well-drained 

fine sandy loam while Humphreys et al. (2008a) associated relatively low NO3
- leaching (5.4 

to 19.6 kg N ha-1) with a heavy clay-loam. Humphreys et al. (2008b) highlighted that due to 
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the soil type/texture and soil moisture conditions, at particular times of the year gaseous N 

losses (from denitrification) were a greater risk for N loss than leaching. 

Multispecies swards have been found to reduce N2O emissions and leached N but such losses 

can increase with the fraction of legumes in the swards and the addition of N fertiliser (Niklaus 

et al., 2006, 2016; Ribas et al., 2015; Bracken et al., 2020; Leimer et al., 2015, 2016; Malcolm 

et al., 2014; Scherer-Lorenzen et al., 2003). Hatch et al. (1990, 1991) found that net N 

mineralisation was highest under grass/clover pastures after soil rewetting. This could 

potentially provide an additional source of N contributing to N2O emission, particularly if 

codenitrification (the combination of mineralized N and reduced NO3
-) takes place (Selbie at 

al., 2015, Wrage-Mönnig et al., 2018). Biological nitrification inhibition occurs when plant 

roots exude chemical compounds that inhibit nitrification (Subbarao et al., 2007, 2012). 

Ribwort plantain has been shown to contain such compounds (aucubin) which suppress N 

mineralisation (Dietz et al., 2013) and inhibit nitrification thus significantly reducing N2O 

emissions (Gardiner et al., 2018). Nitrification inhibition has also been proposed for the 

reduction of NO3
- leaching when ribwort plantain was grown with PRG and WC (Carlton et 

al., 2019). 

As well as the direct impacts of sward composition and fertiliser N inputs to N cycling and 

losses, the indirect effects of sward composition on soil physical properties that regulate N 

cycling are of interest. Soil properties under field conditions are heterogeneous and temporally 

dynamic, influenced by weather conditions and plant morphological factors, which can 

subsequently impact N transformations and losses from soil (Fischer et al., 2015; de Klein et 

al., 2019). Due to the heterogeneous nature of field soil, simultaneous nitrification and 

denitrification can contribute to N2O production (Burford and Stefanson, 1973; Abbasi and 

Adams, 2000). This can make it difficult to distinguish N2O sources. However, N2O isotopomer 

measurements have been used to determine the dominant N2O production pathways (e.g. 
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nitrifier-denitrification and bacterial denitrification) in intensively managed temperate 

grassland systems (Wolf et al., 2015; Ibraim et al., 2019; Buchen et al., 2018). These studies 

related shifts in SP of soil emitted N2O to management practices such as fertiliser application 

and changes in soil moisture conditions. Petersen et al. (2020) found that N2O isotopic 

compositions varied with season due to changes in water table level and mineral N 

accumulation. Soil porosity is a key physical property that directly relates to soil moisture 

content and its influence on soil N cycling and losses (McCarty et al., 1999; Khalil and Baggs, 

2005; Bateman and Baggs, 2005; Bergstermann et al., 2011). Establishing these associations 

is often done through incubations of dried sieved soil which in turn destroys the soil structure 

present in field conditions. Soil structure influences many of the conditions that control the 

spatial and temporal variability in N cycling and loss processes; for example, soil drainage 

characteristics, soil temperature, soil aeration and redox conditions, plant water-availability 

and plant rooting. Fischer et al. (2015) found that multispecies swards could impact soil 

structure and improve infiltration. 

Quantifying 3D physical properties such as soil porosity using X-ray Computed Tomography 

(CT) is a non-destructive approach to measuring these parameters (Bailey et al., 2013; 

Tippkötter et al., 2009; Tracy et al., 2012, 2015; Tseng et al., 2018; Vogel et al., 2010). 

Combining X-ray CT scans of intact soil cores with measurements of GHG emissions has been 

carried out to relate soil structural properties to gas diffusivity (Kravchenko et al., 2018; 

Mangalassery et al., 2013). However, to the authors’ knowledge, combining the use of novel 

X-ray CT and N2O emission and nitrate leaching monitoring to understand the effect of 

grassland sward composition on soil structural properties and thus N cycling and loss processes 

under field soil structure conditions has not previously been studied. Therefore, understanding 

how grassland sward composition and fertiliser N management strategies influence soil 

structural properties that could impact soil WFPS and N cycling dynamics, particularly with 
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the contribution of BNF, are fundamental to developing suitable mitigation strategies for N 

losses. The use of plant based options, such as incorporating ribwort plantain in pasture swards, 

to mitigate N2O emissions and N losses has grown in interest recently (de Klein et al., 2019; 

Bracken et al., 2020). This paper monitors N2O emissions, N leaching, DM yields and N uptake 

and employs N2O isotopomers and X-ray CT to examine the effect of sward composition and 

fertiliser N management on N cycling at a lysimeter scale. 

The following hypotheses were tested in this experiment:  

• N losses (N2O emissions and N leaching) are lower from swards of PRG+LWC, 

PRG+HWC and PRG+WC+P managed at lower annual fertiliser N rates than a PRG 

monoculture managed data 250 kg N ha-1 yr-1.  

• Herbage DM yields and quality (N and C uptake, C:N, crude protein content) of swards of 

PRG+LWC, PRG+HWC and PRG+WC+P managed at lower annual fertiliser N rates can 

match or outperform a PRG monoculture managed data 250 kg N ha-1 yr-1. 

• Soil N cycling pathways (nitrification and denitrification) are directly influenced by sward 

composition, in particular, swards containing ribwort plantain (PRG+WC+P) inhibit 

nitrification. 

• Sward composition influences soils porosity which indirectly impacts N2O emissions and 

N leaching. 

A lysimeter experiment was carried out using intact soil cores extracted from previously 

established field plots. Six replicates of four experimental treatments were laid out in a 

completely randomised block design. The four treatments were a combination of sward 

composition and annual N fertiliser rate: PRG only with an annual N fertiliser rate of 250 kg 

N ha-1 yr-1; PRG+LWC with an annual N fertiliser rate of 90 kg N ha-1 yr-1; PRG+HWC with 

an annual N fertiliser rate of 0 kg N ha-1 yr-1 and PRG+WC+P with an annual N fertiliser rate 

of 45 kg N ha-1 yr-1. Annual fertiliser rates were based on white clover content to achieve a 



	 225	

balance N approach (fertiliser N + BNF = 250 kg N ha-1 yr-1). N2O emissions were sampled 

using a static chamber approach and monthly leachate was collected by funnels from the base 

of the lysimeters. N2O isotopomers were measured using a Cavity Ring Down Spectrometer 

(CRDS) and an isotopomer mapping approach was applied to source partition emissions from 

nitrification and denitrification. Soil structural properties related to porosity were non-

destructively quantified by X-ray CT and related statistically to N2O emissions and N leaching. 

 

6.3 Materials and Methods 

6.3.1 Experimental site 

The location of this experiment was Rosemount Environmental Research Station, University 

College Dublin, in Eastern Ireland (53°18' N, 6°13' W). The general climate is cool temperate 

oceanic. Using the approach described by Clagnan et al. (2020), 24 large intact soil cores (160 

mm ´ 450 mm) were extracted at the beginning of May 2018 from a selection of previously 

established grassland plots at UCD Lyons research farm (53°18’ N, 6° 32’ W). The plots were 

originally established in 2013 as part of the Smartgrass project to compare grassland swards 

containing varying proportions of grasses, legumes and herbs (Grace et al., 2018). To obtain 

the desired sward composition of the treatments outlined below, core extraction was targeted 

visually by placing the core extracting tool in areas of the chosen plots that contained the 

required plant groups (PRG, WC and P). The proportions of PRG, WC and P given in Table 

6.1 were approximated from the sward compositions reported by Grace et al. (2018). The PRG 

only, PRG+LWC, PRG+HWC and PRG+WC+P treatments were extracted from the 

multispecies swards of Grace et al. (2018) represented by a grass, legume and herb composition 

of 100:0:0, 70:30:0, 40:60:0 and 55:35:10, respectively, as determined by their original seeding 

rates. For the PRG+WC+P treatment the core extraction tool was centred over an individual 
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ribwort plantain that had an even proportion of PRG and WC surrounding it. The soil type is a 

Luvisol with a clay loam texture. See chapter 4 (Bracken et al., 2020) for a more detailed 

description of soil physical and chemical properties.  

The intact soil cores were installed, within a few days after extraction, as lysimeters in PVC 

pipes (length = 450mm, internal diameter = 160 mm) with 180 mm diameter funnels containing 

a fine mesh, small gavel and washed sand, attached at the base. The lysimeters were mounted 

in a custom-built frame on top of a horticultural potting bench to hold them upright and allow 

for the collection of leachate from below. The gap between the outer surface of the lysimeters 

and the rim of the funnels was sealed using silicone to prevent any external moisture being 

collected as leachate. Plastic bottles (500 ml) with adapted lids, to prevent leaks, were attached 

to the funnels to collect the leachate that drained from the lysimeters. The frame sidewalls were 

enclosed with plywood, each lysimeter was spaced at approximately 150 mm by using a grid 

at the top of the frame to separate the lysimeters from each other and keep them upright. The 

top of the lysimeters were approximately 50 mm above the grid. The space within the frame 

between individual lysimeters was filled with recycled plastic plant pots used as packing 

pieces. Lysimeters were left open to the atmosphere at the surface under natural precipitation, 

light, temperature and other atmospheric conditions.  

The remainder of May 2018, post installation of the lysimeters, was considered a settling in 

period. The experimental sampling and first fertiliser application began in June 2018. To enable 

gas sampling, Wavin PVC pipe couplers with end caps were used as static chamber lids for gas 

sampling following the guidelines of de Klein and Harvey (2012). Rubber septa were inserted 

into the end caps to provide a gas tight seal and act as sampling ports for gas removal by needle 

and syringe. The rubber “O-ring” inside the pipe coupler provided a gas tight seal during 

chamber closure periods when firmly secured over the top of the lysimeter. These chambers 

were used only at the time of gas sampling. 
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6.3.2 Experimental Design 

A statistical power calculation (Eq. 1) was used to determine the necessary replication (n) based 

on the typical variation found in lysimeter / mesocosm experiments measuring N2O emissions 

and isotopomers.  

Eq. 1 n = 2K(σ/d)2 

Where K is determined from the desired power and significance level for the test, σ is an 

estimate of the typical variation associated with this type of experiment (CV = σ*100/mean 

was used; 10%) and d is the size difference (e.g. 20%) that would be meaningful to detect. This 

resulted in a requirement of 5.25 and 6.5 replicates for a desired power of 90% and 95%, 

respectively at a significance level of 5%.  

Six replicates of four experimental treatments were laid out in a completely randomised block 

design. The four treatments were a combination of sward composition and annual N fertiliser 

rate: PRG only with an annual N fertiliser rate of 250 kg N ha-1 yr-1; PRG+LWC with an annual 

N fertiliser rate of 90 kg N ha-1 yr-1; PRG+HWC with an annual N fertiliser rate of 0 kg N ha-

1 yr-1 and PRG+WC+P with an annual N fertiliser rate of 45 kg N ha-1 yr-1 (Table 6.1). Annual 

N fertiliser rates were applied in splits as detailed below. Treatments are herein referred to by 

their abbreviations in Table 6.1.  

6.3.3 Fertiliser application 

To account for the contribution of BNF from WC, annual fertiliser rates were selected based 

on the results of Grace et al. (2018) who determined the N rates at which multispecies matched 

annual DM yields of PRG only swards managed at 250 kg N ha-1 yr-1. The equivalent 

PRG+LWC, PRG+HWC and PRG+WC+P swards matched DM yields of PRG with 250 kg N 

ha-1 yr-1 at 90, 0 and 45 kg N ha-1 yr-1, respectively (Grace et al., 2018). Herbage was cut to 4 

cm prior to the first fertiliser application at the beginning of June 2018. Fertiliser N was applied 
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as urea solution by syringe to the PRG only, PRG+LWC and PRG+WC+P treatments.  The 

PRG+HWC treatment received no fertiliser application throughout the experiment. 

Applications were split and timed based on the grassland N management advice of Wall and 

Plunket (2016) to meet the typical grass growth N demand curve, and depended on the specified 

annual N fertiliser rate and clover content of the swards. Further details of timings and split 

application rates are given in Table 6.1. Split fertiliser applications to PRG+LWC and 

PRG+WC+PL, were applied early in the growing season (March to May) as BNF would likely 

contribute more later in the growing season (Wall and Plunket, 2016). No other macro or micro 

nutrients were applied immediately prior to or during the experimental period as recent soil 

tests showed that P and K were non-limiting (Bracken et al., 2020).  

6.3.4 Meteorological data 

A monitoring lysimeter (derived from the same experimental site and with an established PRG 

only sward) was installed in the center of the frame with an access tube to measure soil moisture 

over four depths (100 mm, 200 mm, 300 mm and 400 mm) within the core using a PR2 Delta-

T profile probe (Delta-T Devices Ltd., HH2, UK). Water filled pore space (WFPS) was 

estimated based on a soil bulk density of 1.2 g cm-3 (average soil bulk density of field site where 

the cores were removed) and a standard particle size density of 2.65 g cm-3 (Krol et al., 2015). 

A TinyTag View 2 with a PB-5002-1M5 Thermistor Probe (Gemini Data Loggers, UK) was 

also installed in the monitoring lysimeter to measure soil temperature in the top 10 cm over the 

duration of the experiment. Rainfall was collected and measured at the experimental site using 

a rainfall gauge and air temperature at the time of gas sampling was also recorded from an on-

site weather station. Daily rainfall and average air temperature was also obtained from a local 

meteorological station (53°17’N, -6°08’W) for the purpose of calculating total monthly rainfall 

and average monthly air temperature for 2018 and 2019 and the long-term (beginning of station 

records 1997-2019) average total monthly rainfall and average monthly air temperature for the 
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same meteorological station (Met Éireann, 2020a). The 30-year (1981-2010) average total 

monthly rainfall and average monthly air temperature for Casement Aerodrome (53°30’N, -

6°44’W) was obtained as baseline for comparison with 2018 and 2019 weather conditions (Met 

Éireann, 2020b). 

6.3.5 Daily N2O flux and cumulative N2O emissions 

Prior to the first fertiliser application, background N2O fluxes were measured once. Following 

each fertiliser application, gas samples were taken by syringe, through a rubber septum port of 

the static chamber lids, 4 times per week for the first 2 weeks and then twice per week for the 

next 2 weeks (Harty et al., 2016). During the months without fertiliser application, sampling 

frequency was less intensive. Gas sampling declined to once per week for October and 

November; followed by once per month for December and January and then back up to twice 

per week in February. Due to the impact of soil temperature on N2O fluxes (Livesly et al., 

2008) it is necessary to choose an appropriate sampling time to represent the average daily flux 

(Laville et al., 2011). Gas samples were taken in the mornings between 09.00 and 12.00 to 

obtain the most representative estimate of average daily N2O flux (Smith and Dobbie, 2001; 

Parkin, 2008; Alves et al., 2012). Headspace samples (10 ml) were taken at 0, 30 and 60 

minutes after the static chambers were closed. The syringe was flushed three times with 

ambient air prior to each sample removal. During sample removal, the syringe was plunged 

three time to evenly mix the gas within chambers. Ten ml gas samples were injected into 7 ml 

pre-evacuated glass vials with double-wadded PTFE/silicone septa (Labco, UK) to achieve 

overpressure for storage.  

N2O concentrations were measured by gas chromatography (GC) using a Bruker Scion 456 GC 

with a 63Ni electron capture detector (Bruker, Germany). Sample injection into the GC was 

done using a Combi-PAL xt® auto-sampler (CTC Analytics AG, Switzerland). Five calibration 
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standards were run at the beginning of each sample batch with verification standards run after 

every 10 samples. Daily N2O fluxes were calculated based on the change in N2O concentration 

over the three sampling time points using the following equation: 

Eq. 2: F(daily) = (ΔC/Δt) x ((M x P) / (R x T)) x (V/A) 

Whereby: 

F(daily) is the daily N2O flux (g N2O-N ha-1 day-1); 

ΔC/Δt is the slope of the line between the N2O concentrations (ppm) at the three sampling time 

points; 

M is the molar mass of N2O-N (28 g mol-1); 

P is the atmospheric pressure (Pa) measured at a nearby Met Éireann meteorological station at 

the time and date of sampling; 

T is the air temperature (K) measured at the experimental site at the time of sampling; 

R the ideal gas constant (8.314 J K−1 mol−1); 

V is the headspace volume of the closed chamber (m3); 

and A is the area covered by the base of the gas chamber (m2).  

Cumulative N2O emissions (g N2O-N ha-1) were calculated using the trapezoidal integration 

method applied by Harty et al. (2016). 

6.3.6 N loss in leachate 

Leachate was collected on a weekly basis or when volumes reached ≥ 200 ml. Leachate volume 

was measured by mass. Weekly collected leachate samples were combined in 1 L plastic bottles 
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as composite monthly samples for each replicate and frozen. When a full month was collected 

the monthly samples were thawed overnight and evenly mixed before subsamples were 

removed for analysis of NH4
+-N, TON-N (Total Oxidisable N; combination of NO3

- and NO2
- 

Total N and Total Organic Carbon (TOC). Leached organic N was calculated as Total N minus 

NH4
+-N and TON-N. Sample collection bottles were thoroughly washed and triple rinsed with 

18mQ water to minimize N carry over from month to month. The sample N (Total N, NH4
+-N 

and TON-N) and TOC concentrations were measured using an Aquakem 600 discrete analyser 

(Thermo Scientific Inc.).	N flux from each lysimeter was calculated from drainage volume and 

concentrations and extrapolated to kg N ha-1. At the beginning of the experiment, June and July 

2018 were particularly dry months (see Table 6.2) resulting in too little leachate collected for 

chemical analysis. It was also noted during this period that several collection bottles with some 

leachate contained small amounts of suspended soil particles presumably associated with 

lysimeters settling in post installation. Therefore, chemical analysis of monthly leachate 

samples began in August 2018. 

6.3.7 Herbage dry matter yields, nitrogen uptake and C:N ratios 

Herbage was harvested to 4 cm above the soil surface using a small handheld pruning shears 

on a monthly basis from each lysimeter. No harvest took place in November 2018 as there was 

not enough growth. Therefore, the December 2018 harvest is a combination of growth during 

November and December. Fresh herbage weight was measured using an electronic balance, 

followed by oven drying at 65°C for 48 hours (Burchill et al., 2014) and reweighing to 

determine herbage dry weight. Monthly herbage yields were extrapolated to kg DM ha-1. The 

dried herbage was stored in air tight zip-lock bags before milling using a hammer mill through 

a 0.2 mm sieve prior to total N and C analysis using a Leco N analyser (LECO FP- 2000; Leco 

Corporation, St. Joseph, MI, USA). Monthly herbage yields were multiplied by %N and %C 

content to determine total N and C uptake (kg N or C ha-1).  Carbon and nitrogen ratios (C:N) 
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were calculated by dividing %C by %N. The crude protein content of each treatment was 

determined as g N kg DM-1 ´ 6.25 (AOAC, 1990). 

6.3.8 N2O isotopomers: d 15Nbulk, d 15Na, d 15Nb and site preference (SP) 

Upon completion of sampling for N2O fluxes, an additional headspace sample (20 ml) was 

taken for N2O isotopomer analysis, prior to the removal of the static chamber lid. The 60-

minute chamber closure period was considered suitable for sufficient N2O build-up to enable 

distinction of soil emitted N2O from ambient air N2O during periods of relatively high N2O 

fluxes (Buchen et al., 2018; Petersen et al., 2020). The syringe was flushed three times with 

ambient air prior to each sample removal. During sample removal, the syringe was plunged 

three times to evenly mix the gas within chambers. Twenty ml gas samples were injected into 

12 ml pre-evacuated glass vials with grey butyl septa (Labco, UK) to achieve overpressure for 

storage. Isotopomer samples were chosen for analysis based on peak N2O fluxes and timing of 

perturbation events such as fertiliser applications and weather events (e.g. heavy rainfall) 

during the experiment. Isotopomer samples were measured by CRDS (G5101-i; Picarro Inc., 

Santa Clara, CA, USA) combined with a small sample isotope module (SSIM; Picarro Inc., 

Santa Clara, CA, USA) for discrete gas samples (<20 ml) using a manual injection method 

described in chapter 3 (Bracken et al., In Prep). A numerical correction for linearity effects on 

isotopomer values caused by changes in sample N2O concentration was applied. Replicates of 

an internal reference gas, previously normalized to the international isotope ratio scales as 

described in chapter 3 (Bracken et al., In Prep), were run at the beginning, middle and end of 

each batch of samples. Drift of the reference gas was calculated and used to correct sample 

results. The 15N/14N ratios in the alpha (a) and beta (b) position and the bulk 15N/14N ratio are 

typically expressed as d15N values in per mil (‰) using the following formula (Toyoda and 

Yoshida, 1999): 
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d15Nx = {15Rx
(sample)/15Rx

(standard) – 1}´1000 

Where x represents either bulk, a or b and the standard for N is atmospheric N2 (3.677 x10-3; 

Mariotti et al., 1983). d15Nbulk is equivalent to the average of d15Na and d15Nb and site 

preference (SP) is calculated as d15Na - d15Nb. 

Equation 4 was used to distinguish soil emitted N2O d15Nbulk, d15Na, d15Nb and SP values from 

ambient air values following the approach of Petersen et al. (2019) using a rule to omit samples 

with N2O concentrations < 400 ppb.  

Eq.4: d15Nx
(soil) = (d15Nx

(sample) x N2O(sample) - d15Nx
(air) x N2O(air)) / N2O(sample) - N2O(air) 

d15Nx refers to either  d15Nbulk, d15Na, d15Nb or SP; ‘soil’, ‘air’ and ‘sample’ refer to N2O emitted 

from soil, N2O in ambient air and mixture of these two (i.e. sample measurement), respectively. 

Average values of tropospheric N2O (330 ppb) in ambient air were used in Eq. 4 for d15Nbulk
(air) 

(6.8 ‰), d15Na
(air) (15.8 ‰), d15Nb

(air) (-2.3 ‰) and SP(air) (18.1 ‰) (Prokopiou et al., 2017, 

2018). 

An isotopomer map and linear regression model for each treatment were used to determine the 

relationship between SP and d15Nbulk. The approach applied in chapter 5 (Bracken et al., In 

Prep.) adapted from Congreaves et al. (2019), was used whereby maximum and minimum 

d15Nbulk values were inputted into the linear equation describing this relationship, to determine 

endmember values for nitrification (SPN) and denitrification (SPD), rather than using literature 

derived endmember values. The fractions of nitrification (FN) and denitrification (FD) values 

were determined from measured SP values (SPx) and these endmember values in Eqs. 5 and 6 

(Congreaves et al. 2019). 

Eq. 5. FN = SPx – SPD / SPN - SPD 
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Eq. 6. FD = 1 - FN 

Where SPx is the final SP(soil) measurement value. Dominant nitrification was classified as FN 

> 60% and dominant denitrification as FD > 60 %. FN or FD between 40% – 60% was classified 

as a mixture of both processes. 

6.3.9 X-ray Computed Tomography (CT) analysis of soil porosity 

At the end of the N2O and leachate monitoring period the lysimeters were scanned using a 

General Electric Vtomex X-ray CT scanner. Prior to scanning, the lysimeters were placed in a 

large container filled with water until the soil cores were fully saturated. Lysimeters were 

removed and weighed, allowed to drain for three days to reach field capacity and then re-

weighed. The base of the lysimeters were then sealed with heavy duty tape to prevent any 

further water loss and stop any soil particles falling out inside the CT scanner.  

The multi-scan function was used to complete the scans in three sections given the large size 

of the lysimeter cores. Overall scan times were 60 mins (20 mins / section) with a total of 1200 

images captured (400 images / section). The X-ray voltage, current and power were set at 200 

kV, 530 µA and 106 W, respectively. Each scan had a voxel (volumetric pixel) resolution of 

105.462 µm. Image reconstruction and analysis was carried out using a combination of the 

software packages VGStudio MAX 3.0.5 and ImageJ 2.0.0-rc-69/1.52i; Java 1.8.0_172 [64-

bit]. VG Studio MAX was used initially to extract soil pores from the CT scan images. If the 

lysimeter scans were off vertical when opened in the VG Studio MAX software, the “Simple 

Registration” function was used to ensure they were aligned vertically before beginning the 

image analysis.  

While processing the first lysimeter scan a cylinder template was created using the “Ellipse” 

selection mode. The cylinder template had a diameter of 120.6 mm and a length of 364.8 mm. 

The cylinder template was applied to all subsequent scans and centered to avoid capturing edge 
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effects. The “Extract ROI” (region of interest) function was used to isolate the uniform cylinder 

template as a separate “Cylinder” volume from original overall “Volume 1”. The “Surface 

Determination” function was then used to threshold the air (soil pores) from the remaining 

material (soil, gravel, roots, OM), based on the histogram of “Background” and “Material” 

grayscale values. The “ROI from Surface” function was used to isolate the thresholded values 

from the “Cylinder” volume followed by the “Invert ROI” function to capture the data related 

to the soil pores. Finally, the “Extract ROI” function was used again to separate the “Extracted 

Pores” volume and this was used to calculate the object properties of volume (mm3) and surface 

area (mm2).  

An image stack of the “Extracted Pores” was saved for further analysis in ImageJ. The 

“Extracted Pores” image stacks (3458 images per lysimeter) were loaded as image sequences 

into the ImageJ software and the scale of the images was set based on the known diameter 

(120.6 mm) of the cylinder template used in VGStudio MAX. The images were further 

processed before analysis using the following steps. The “Enhance Contrast” function was 

applied with the saturated pixels value set to 0.5%. A “Median” filter was then applied with 

the pixel radius value set to 2.0. The “MultiThresholder” function was then used, applying the 

“HUANG” method to convert the image stack into binary images. The final processing step 

was to apply the “Despeckle” function three times to remove noise from the images. The 

“Analyse Particles” function was then applied to a uniform cropped section from the centre of 

the processed images and the data was outputted and saved in a .csv file. The data frame 

obtained provides a count of soil pores, the average pore size (mm), the total area covered by 

all soil pores (mm2) and the % area covered by soil pores (equivalent to % porosity) per image 

slice. Average values for each parameter were calculated per core. 
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6.3.10 Statistical analysis 

Response variables of overall cumulative N2O emissions, herbage DM yield, N and C uptake, 

CP content and C:N ratio, leached N, TOC and soil pore total volume, total surface area, median 

pore count, median pore size and median porosity were statistically analysed by ANOVA and 

significant treatment effects were distinguished using Tukey HSD post-hoc tests in R (R Core 

Team, 2017). Tests of significance were performed at the P<0.05 level. For response variables 

that did not fit the underlying assumptions of an ANOVA test, a non-parametric Kruskal-Wallis 

test was used and significant treatment effects were distinguished by a Dunn’s test using the 

‘dunn.test’ package in R (Dinno, 2017). Pairwise comparisons are significantly different using 

a Dunn’s test when P < alpha÷2 (i.e. P<0.025). 

A repeated measures ANOVA was fitted using a linear mixed effect “lme” model from the 

“nlme” package in R (Pinheiro et al., 2017) to determine if there was an effect of season or 

month and if season or month interacted with treatment effects. Pairwise contrasts were 

calculated using the “lsmeans” function in R (Lenth, 2016). Monthly response variables (i.e. 

cumulative N2O emissions, herbage DM yield, N and C uptake, CP content and C:N ratio, and 

leached N and TOC) were pooled to form seasons as follows; Summer 18 (June – August 

2018), Autumn 18 (September – November 2018), Winter 18/19 (December 2018 – February 

2019), Spring 19 (March – May 2019) and Summer 19 (June – August 2019). If a significant 

treatment ́  season interaction was detected monthly response variables were summed to obtain 

cumulative seasonal values. Cumulative seasonal responses were then statistically analysed by 

ANOVA or Kruskal-Wallis test as described above to determine which treatments were 

significantly different in a particular season. If a significant treatment ´ month interaction was 

detected an ANOVA or Kruskal-Wallis test as described above was used to determine which 

treatments were significantly different in a particular month. Figures were produced using the 

“ggplot2” package in R (Wickham, 2009). A correlation matrix was used to determine the type 



	 237	

and strength of relationship between extracted total pore volume, total surface area, average 

pore count, average pore size and average porosity and cumulative N2O emissions, cumulative 

leachate volumes and cumulative leached N and TOC. 

 

6.4 Results 

6.4.1 Temporal trends in temperature, rainfall and daily N2O fluxes 

Soil temperatures ranged from 3 to 20 °C and air temperatures ranged from 7 to 27 ° C over 

the course of the experiment. Estimated soil WFPS ranged from 23.6 to 55.38 %, 25.4 to 63.8 

%, 28.3 to 79.3 % and 24.5 to 79.2 % for the 0 – 10 cm, 10 – 20 cm, 20 – 30cm and 30 - 40 cm 

soil depths, respectively. Daily rainfall ranged from 0 to 77 mm. May to August 2018, 

inclusive, was a particularly dry and warm period compared to the same period during 2019 as 

indicated by the rainfall (mm), estimated WFPS (%) and temperature (°C) in Fig. 6.1. May to 

August 2018 received only 37% of the rainfall and was between 5% to 11% warmer compared 

to the long-term (1997-2019) monthly average for the same local meteorological station (Met 

Éireann, 2020a) as well as the available 30-year (1981-2010) monthly average for Casement 

meteorological station (Met Éireann, 2020b), see Table 6.2. The same period in 2019 received 

approximately 95% of the rainfall and was within 6% of the typical long-term average 

temperatures. Rewetting began to occur in late September / early October 2018. Estimated 

WFPS (%) did not drop as low as July – August 2018 for the remainder of the experimental 

period. During Spring and early Summer 2019 there was a much clearer separation of estimated 

WFPS (%) over the four depths.  

It is clear that the peak daily N2O fluxes closely correspond with fertiliser application dates, 

with a short time lag in some cases, particularly in June-September 2018, and then decline quite 

rapidly following the peak (Fig. 6.1). Peak daily N2O fluxes appear to have been greater during 
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2019 than 2018. Daily N2O fluxes ranged from -64.8 to 242.2 (PRG only), -30.3 to 89.0 

(PRG+LWC), -29.6 to 133.6 (PRG+HWC) and -35.4 to 44.6 (PRG+WC+P) g N2O-N ha-1 d-1.   

6.4.2 Cumulative and Seasonal N2O emissions 

No significant difference was detected between treatments for overall cumulative N2O 

emission over the study period (P=0.27). The mean (±1s) for each treatment was PRG (3.25 ± 

0.5), PRG+LWC (2.98 ± 0.2), PRG+HWC (3.01 ± 0.7) and PRG+WC+P (2.74 ± 0.3) kg N2O-

N ha-1 (Fig. 6.2). The pairwise comparison between PRG and PRG+WC+P was marginal 

(P=0.03; Dunn’s test) indicating that the inclusion of ribwort plantain appeared to have a 

beneficial effect by lowering the cumulative N2O emissions from PRG+WC+P compared to 

PRG. The repeated measures ANOVA revealed a significant effect of season (P<0.001) and 

month (P<0.001) and a significant treatment ́  season interaction (T´S; P<0.001) and treatment 

´ month interaction (T´M; P<0.001). Mean N2O emissions were lowest in Summer 18 (438.5 

± 126.3 g N2O-N ha-1) increasing each season and reaching a maximum in Summer 19 (1141 

± 152 g N2O-N ha-1). Figure 6.3 indicates this seasonal trend in N2O emissions and that 

emissions from PRG and PRG+LWC, in particular, appear higher in Spring 19 (March, April, 

May) than PRG+HWC and PRG+WC+P, i.e. when fertiliser application began in 2019. 

Seasonal comparisons of cumulative N2O emissions revealed a significant difference among 

treatments during Spring 19 (P<0.001, Table A6.1, Supplementary Information). During 

Spring 19, PRG (1385.3 ± 249) and PRG+LWC (1186.3 ± 143) produced significantly more 

cumulative N2O (g N2O-N ha-1) than both PRG+HWC (808.5 ± 135) and PRG+WC+P (846.1 

± 171). There were no significant differences between treatments for any other season tested 

(Table A6.1, Supp. Info.). Significant differences in monthly mean treatment cumulative N2O 

emissions were detected on 7 out of 15 months tested. Seasonal and monthly mean treatment 

cumulative N2O emissions are presented in Table A6.1 (Supp. Info.). 
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6.4.3 Leached N and TOC 

There was no significant difference in total leached TON, NH4
+, organic N and TOC (kg ha-1) 

between treatments (Fig. 6.4). There was a significant effect of season (P<0.001) and a 

significant effect of month (P<0.001) on TON, NH4
+ and TOC but no interaction of T´S or 

T´M.  Mean seasonal TON fluxes decreased from Autumn 18 (1.044 ± 0.56 kg ha-1) to Winter 

18/19 (0.662 ± 0.54 kg ha-1), increasing again in Spring 19 (1.238 ± 1.12 kg ha-1) and reaching 

a maximum in Summer 19 (1.72 ± 0.92 kg ha-1). The mean seasonal and monthly TON fluxes 

are presented in Table A6.2 (Supp. Info.).  

The mean seasonal NH4
+ fluxes decreased from Autumn 18 (0.112 ± 0.08 kg ha-1) to Winter 

18 (0.012 ± 0.03 kg ha-1), increasing slightly in Spring 19 (0.049 ± 0.08 kg ha-1) and reaching 

a maximum in Summer 19 (0.222 ± 0.34 kg ha-1). The mean seasonal and monthly NH4
+ fluxes 

are presented in Table A6.3 (Supp. Info.).  

The mean seasonal TOC fluxes decreased from Autumn 18 (18.98 ± 4.86 kg ha-1) to Winter 18 

(3.075 ± 1.34 kg ha-1), increasing slightly in Spring 19 (14.37 ± 8.30 kg ha-1) and reaching a 

maximum in Summer 19 (21.84 ± 8.94 kg ha-1). The mean seasonal and monthly TOC fluxes 

are presented in Table A6.5 (Supp. Info.).  

For organic N, there was also a significant effect of both season (P<0.001) and month 

(P<0.001) and a significant interaction of T´S (p<0.05) and T´M (p<0.05). Mean seasonal 

organic N fluxes decreased from Autumn 18 (1.068 ± 0.44 kg ha-1) to Winter 18/19 (0.378 ± 

0.20 kg ha-1), reaching a maximum in Spring 19 (2.389 ± 1.73 kg ha-1) and decreasing again in 

Summer 19 (1.875 ± 1.05 kg ha-1). The mean seasonal and monthly organic N fluxes are 

presented in Table A6.4 (Supp. Info.). Organic N leached during Spring 19 was significantly 

greater (P<0.01) from PRG (3.73 ± 2.27) than PRG+HWC (1.09 ± 0.58), there was no other 
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significant difference between treatment means for leached organic N during any other season 

(Table A6.4, Supp. Info.).  

6.4.4 Herbage dry matter yield and N and C content 

No significant difference was detected between treatments for DM yields (kg DM ha-1) (Fig. 

6.5). The mean (±1s) for each treatment was; PRG (5493 ± 637), PRG+LWC (5164 ± 532), 

PRG+HWC (5083 ± 676) and PRG+WC+P (5252 ± 1154) kg DM ha-1. There was a significant 

effect of season (P<0.001) and month (P<0.001) as well as a significant interaction of T´M 

(P<0.001) but not T´S. Mean seasonal DM yields in Summer 18 were 1652 ± 478 kg ha-1 while 

the lowest seasonal DM yields were in Autumn 18 (740.8 ± 220 kg ha-1) and Winter 18/19 

(753.5 ± 436 kg ha-1) and highest in Spring 19 (2100 ± 514 kg ha-1) and Summer 19 (2759 ± 

813 kg ha-1). During Spring 19 and Summer 18 (inclusive of lysimeter settling period), PRG 

had a significantly greater yield than PRG+WC+P (P<0.05) while during Autumn 18 and 

Summer 19, there were no significant differences among treatments for DM yields. PRG had 

a significantly lower DM yield than all other treatments during Winter 18/19. Seasonal and 

monthly mean treatment DM yields are presented in Table A6.6 (Supp. Info.). 

Cumulative herbage N uptake (kg N ha-1) was not significantly different between treatments 

(Fig. 6.5). Total N uptake for each treatment was PRG (121.7 ± 7.78), PRG+LWC (168.7 ± 

26.5), PRG+HWC (166.2 ± 38.1) and PRG+WC+P (161.4 ± 33.1). The repeated measures 

ANOVAs revealed a significant treatment effect on N uptake (P<0.05) with greater N uptake 

associated with both PRG+LWC and PRG+HWC than PRG only. There was also a significant 

effect of season (P<0.001) and month (P<0.001) as well as significant interaction of T´S 

(P<0.05) and T´M (P<0.001). Mean seasonal N uptake was 36.95 ± 12.54 kg N ha-1 during 

Summer 18. The lowest mean seasonal N uptake was in Autumn 18 (25.02 ± 9.51) increasing 

slightly in Winter 18/19 (31.08 ± 20.88). Seasonal N uptake was approximately twice as high 
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during Spring 19 (61.46 ± 12.23) and Summer 19 (63.98 ± 20.9). Seasonal and monthly mean 

treatment N uptake are presented in Table A6.7 (Supp. Info.). 

Total crude protein content (g CP kg DM-1) was significantly less (P<0.01, Fig. 6.5) for PRG 

(1790 ± 147) than PRG+LWC (2368 ± 123), PRG+HWC (2389 ± 144) and PRG+WC+P (2235 

± 158). The repeated measures ANOVAs revealed a significant treatment effect (P<0.001) as 

PRG only had a lower CP content than PRG+LWC, PRG+HWC and PRG+WC+P. There was 

a significant effect of season (P<0.001) and month (P<0.001) and a significant interaction of 

T´M (P<0.05) but not T´S. Mean seasonal CP content was 452.6 ± 52.5 in Summer 18 and 

decreased to a minimum during Autumn 18 (396.7 ± 59.9). It increased to a maximum during 

Winter 18/19 (713.9 ± 159.7) and decreased again in Spring 19 (632.4 ± 72.8) and Summer 19 

(443.3 ± 62.7). Seasonal and monthly mean treatment CP content are presented in Table A6.8 

(Supp. Info.). 

There were no significant differences between treatments for total carbon uptake (kg C ha-1); 

PRG (2327 ± 257), PRG+LWC (2221 ± 236), PRG+HWC (2188 ± 296) and PRG+WC+P 

(2246 ± 481). There was a significant effect of season (P<0.001) and month (P<0.001) and a 

significant interaction of T´M (p<0.001) but not T´S. Mean seasonal C uptake was highest 

during Spring 19 (908.7 ± 222) and Summer 19 (1180.4 ± 349), lower during Summer 18 

(696.5 ± 203) and lowest during Autumn 18 (321.0 ± 96.6) and Winter 18/19 (319.2 ± 193). 

Seasonal and monthly mean treatment C uptake are presented in Table A6.9 (Supp. Info.). 

The overall average C:N ratio for PRG was significantly greater than all other treatments 

(P<0.01, Fig. 6.5). The repeated measures ANOVAs revealed a significant treatment effect 

(P<0.001) with PRG having a higher C:N ratio than all other treatments. There was a significant 

effect of season (P<0.001) and month (P<0.001) on C:N ratios and a significant interaction of 

T´M (P<0.001) but not T´S. Mean season C:N rations were highest in Summer 18 (18.45 ± 
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2.50) and Summer 19 (18.69 ± 2.93), lower in Autumn 18 (14.22 ± 2.04) and Spring 19 (13.74 

± 2.21) and lowest in Winter 18/19 (11.05 ± 2.11). Seasonal and monthly mean treatment C:N 

ratios are presented in Tables A6.10 (Supp. Info.). 

6.4.5 N2O isotopomers 

There was a significant negative linear relationship between SP(soil) and d15Nbulk
(soil) for all 

treatments (Fig. 6.6, Top); PRG (P<0.05, R2 = 0.72), PRG+LWC (P<0.05, R2 = 0.80), 

PRG+HWC (P<0.05, R2 = 0.49), PRG+WC+P (P<0.05, R2 = 0.70). SP(soil) ranged from -535‰ 

to 113‰ and d15Nbulk
(soil) ranged from 126‰ to 885‰. No significant difference between 

treatments was detected for fractions of nitrification (FN) and denitrification (FD) (Fig. 6.6, 

Bottom). Source partitioning based on the calculated FN and FD found that nitrification 

(61.54%) was the most dominant N2O production process overall, followed by denitrification 

(26.92%) and then a mixture of both (11.54%). PRG+WC+P had a numerically lower mean 

and median FN than all three other treatments but the mean was not significantly lower. 

6.4.6 X-ray CT determined soil porosity and links to N losses 

There was no significant effect of treatment on extracted total soil pore volume (mm3), surface 

area (m2), average pore size (mm) or average porosity (%).  There was a significant treatment 

effect on average soil pore count (P<0.05). PRG+LWC had a significantly higher average pore 

count than PRG (P<0.05). The mean (±s) of X-Ray CT determined soil structural properties 

are presented in Table 6.3. The correlations (r) between X-ray CT determined soil structural 

properties, cumulative N2O emissions and cumulative leachate losses are presented in Table 

6.4. Extracted total pore volume had a significant (P<0.05) positive correlation with cumulative 

leached total N and NO3
-. Extracted total pore surface area had a significant (P<0.05) positive 

correlation with total leachate volume and total TOC lost as leachate. There was a significant 

(P<0.05) negative correlation between extracted total pore surface area and cumulative N2O 
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emissions. There was no significant correlation between average pore counts and cumulative 

N2O emissions or cumulative leachate losses. There was a significant negative correlation of 

both average pore size and % porosity with cumulative N2O emissions. Some other positive 

relationships were borderline significantly correlated; leachate volume and average pore size 

(P=0.09), leachate volume and % porosity (P=0.06), total leached NH4
+ and pore surface area 

(P=0.06), total leached NH4
+ and average pore size (P=0.13), total leached NH4

+ and % porosity 

(P=0.10), total organic N and pore volume (P=0.09), total leached TOC and average pore size 

(P=0.10) and lastly total leached TOC and % porosity (P=0.07). These borderline correlations 

suggest potential positive relationships between soil porosity and leachate volume, leached 

NH4
+ and leached TOC. 

 

6.5 Discussion 

The current study indicated that peak N2O fluxes corresponded with fertiliser application dates 

and that N2O fluxes were higher during periods of higher soil WFPS. The ranges and trends of 

daily N2O fluxes reported here are similar to those observed in previous studies of temperate 

grassland systems (Jackson et al., 2015; Jones et al., 2007; Harty et al., 2016; Krol et al., 2016). 

Higher emissions were observed in 2019 compared to 2018 which is likely due to the 

contrasting amounts of rainfall, particularly from May to August, thus resulting in much drier 

conditions in 2018 compared to 2019. The drier conditions in 2018 likely led to the narrow 

range in WFPS between all four soil depths whereas after rewetting occurred there was a much 

more distinct separation in soil WFPS between all four depths in 2019 (Fig. 6.1). The surface 

0-10 cm generally remained driest during 2019 with soil moisture increasing with depth. 

Monthly and seasonal significant differences in N2O emissions were mostly driven by fertiliser 

N application and changes in soil moisture as indicated by higher emissions from PRG around 

fertiliser applications or higher emissions from PRG+HWC after high rainfall periods (e.g. 
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October 2018). Rewetting was previously linked to increased N2O emissions from swards 

composed of high proportions of WC (Bracken et al., 2020). This suggests important 

management implications when aiming to mitigate N2O emissions at key times of the year.  

The maximum observed mean daily N2O flux was from the PRG only treatment shortly after 

the first fertiliser application of 2019 post the winter period, while the lowest mean daily N2O 

flux was from the PRG+WC+P treatment. The lowest mean cumulative N2O emission was also 

associated with the PRG+WC+P treatment, indicating a possible beneficial effect of including 

ribwort plantain by lowering cumulative N2O emissions, particularly compared to the PRG 

only treatment (P=0.03, Dunn’s test). This observation warrants further investigation into the 

effect of ribwort plantain for mitigating N2O emissions. Significantly greater N2O emissions 

occurred in Spring 19 (March, April, May) from PRG and PRG+LWC than from PRG+HWC 

or PRG+WC+P.  This corresponds to the period of highest fertiliser N application to the PRG 

(150 kg N ha-1) and PRG+LWC swards (90 kg N ha-1) (Table 6.1), the wettest soil conditions 

of the study, particularly at depth (20-40 cm) and a period when the soil was warming up after 

the winter (Fig. 6.1). In contrast, PRG+HWC received no fertiliser N over the same period and 

PRG+WC+P received 45 kg N ha-1. This may explain their lower emissions.  

A reduction in mineralisation and nitrification due to the presence of ribwort plantain may also 

explain why emissions where lower from the PRG+WC+P treatment during this period (Dietz 

et al., 2013; de Klein et al., 2019). This explanation is also supported by the lower amounts of 

leached NH4
+ observed from this treatment during Spring 19. Overall nitrification was found 

to be the most dominant N2O source in this study (over 80% of N2O isotopomers sampled 

during Spring 19). However, F(N) was numerically lower for PRG+WC+P which is consistent 

with nitrification inhibition by ribwort plantain as a mechanism for lower N2O emissions. 

Reduced winter metabolic activity and subsequently slower N uptake may also have 

contributed to higher Spring N2O emissions from PRG and PRG+LWC compared to 
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PRG+HWC and PRG+WC+P (Malcolm et al., 2014). The fact that DM yields and N uptake 

were higher in winter in all other treatments compared to PRG would be consistent with this.  

The fact that herbage N uptake was higher in Spring 19 from PRG+HWC than PRG may also 

have reduced the amount of soil mineral N available to be lost as N2O. This was not the case 

for the PRG+WC+P treatment as N uptake in Spring 19 was lower than PRG, suggesting that 

another mechanism drove the lower N2O emissions from this sward, i.e. lower mineralisation 

and nitrification rates, as suggested above. 

During the other seasons (Summer, Autumn, Winter) and over the whole period of annual N 

fertiliser application, cumulative N2O emissions were not significantly different between 

treatments. This might be considered somewhat surprising, given the large differences in 

fertiliser N input to the four sward types, ranging from 250 kg N/ha-1 to 0 kg N ha-1. Fertiliser 

N input was reduced in the clover-containing swards to account for BNF, and this result might 

suggest that BNF, and potentially other sources of soil mineral N, are vulnerable to emission 

as N2O to the degree that they can offset decreases in N2O emission associated with decreased 

fertiliser N input. Ribas et al. (2015) and Niklaus et al. (2016) certainly found that N2O 

emissions were positively correlated with the fraction of legumes in multispecies swards and 

increased with the application of fertiliser. Given that similar herbage DM yields were 

maintained, this might indicate that, regardless of the source of N input to the system, 

maintaining such yields may be associated with similar levels of N2O emission. It might also 

suggest that similar pools of soil mineral N might be supporting those similar yields, regardless 

of the source of N input, as would be consistent with the fact that there were no significant 

differences in overall herbage N uptake and N leachate loss either. On the average of two 

growing seasons, results from Burchill et al. (2016) suggest that BNF from a PRG+WC sward 

(22% WC) could contribute approximately 84 kg N ha-1. Conservatively extrapolating from 

this suggests that BNF from the PRG+HWC (70% WC) in this study could contribute almost 
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270 kg N ha-1 for a year. Assuming a balanced N approach was achieved and total N inputs 

(fertiliser N + BNF) were 250 kg N ha-1 for all treatments in this study, cumulative N2O 

emissions (1.1% to 1.3%) and total leached N (4.4% to 5.5%) represent only a small percentage 

of N inputs in this study. This may have significant implications for how changes in 

management practices associated with use of grass-clover and multispecies swards are 

accounted for in, for example, greenhouse gas inventories through appropriate activity data and 

associated emission factors. 

No treatment effects were detected for cumulative leached N in any form (TON, NH4
+, Org-

N) which may, as above, be due to the balanced N approach but could also have been related 

to relatively low N leaching due to restricted drainage associated with the soil type/texture 

(Luvisol/clay loam texture). At a farm or landscape scale, greater N loss would be expected 

from this soil type/texture through overland or shallow subsurface flow. Contrastingly, 

Malcolm et al. (2014) and Carlton et al. (2019), using a well-drained fine sandy loam, found 

significant reductions in leached NO3
- from multispecies swards and swards of PRG and WC 

containing ribwort plantain under high N applications rates similar to cattle urine deposition 

(>700 kg N ha-1) applied to all swards. These authors reported leached NO3
- ranges 10 to 100 

times greater than that observed in the current study. This highlights the importance of 

considering soil type/texture and N application rates when determining the risk of N leaching 

and appropriateness of mitigation strategies. Carlton et al. (2019) suggested the release of 

biological nitrification inhibitors from ribwort plantain slowed down nitrification thus reducing 

leached NO3
-. Again, this potential mechanism is consistent with the observed numerically 

lower F(N) in this study.  

Temporal variation in N leaching suggests, for the soil type used in the current study, an 

important management implication would be avoiding large single applications of fertiliser N 

in Spring. Maximum organic N was detected in leachate during this period and the amount was 
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significantly greater for PRG receiving fertiliser application than from PRG+HWC that 

received no fertiliser (PRG+LWC and PRG+WC+P were also numerically higher than 

PRG+HWC). Higher organic-N in leachate suggests direct loss of urea was the reason for this 

observation, implying macropore flow of urea N around application time. This is consistent 

with previous lysimeter observations by Clough et al. (1998). The correlations of X-ray CT 

results and soil structural properties in this study also indicate that greater porosity risks 

increased N losses in leachate except for NH4
+ (Table 6.4). It was clear during visual inspection 

of some scans that large air pockets existed, caused by the displacement of large stones from 

the edge of the soil cores during the core extraction. Similarly, image analysis data did not 

capture the edge of soil cores in contact with lysimeters where gaps may have created routes 

for preferential water flow.  

Although originally established as field plots in 2013 the sward compositions extracted as large 

intact soil cores in the current study had no significant treatment effect on the X-ray CT 

quantified soil structural properties with the exception of a significantly lower average pore 

count associated with PRG than PRG+LWC (Table 6.3). Pre-existing spatial heterogeneity in 

soil properties could primarily explain the lack of treatment effect. Similarly, sampling 

artefacts were notable during image analysis, as described above.  

Goss and Watson (2003) noted that root turnover and the release of root exudates contributes 

to carbon deposition in soil and that the importance of root turnover is greater in plant systems 

with longer lifespans (e.g. grasslands) than in short season annual crops. Soil carbon storage is 

an important GHG mitigation measure and grasslands have been shown to accumulate soil C 

(Poeplau et al., 2018). Poirier et al. (2018) stated that plant roots substantially contribute to the 

stabilisation of soil organic matter (SOM) and found that traits such as mycorrhizal association 

and rhizodeposition help microaggregation while high root branching favour 

macroaggregation. These factors suggest that multispecies grasslands could be used to enhance 
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soil C storage and SOM stabilisation with benefits to soil structure. Fischer et al. (2015) found 

that increased sward diversity could improve soil physical properties, particularly infiltration 

capacity and porosity (%), due to the increased stability of soil structure and macroporosity 

associated with increased organic matter. Greater infiltration capacity may explain the 

observed correlations of N leaching and soil pore measurements observed in this study. The 

influence of roots on soil porosity could be very important towards adopting different sward 

compositions as a strategy to mitigate N losses (de Klein et al., 2019). However, in this study 

sizeable amount of N lost in leachate may have resulted from preferential flow at fertiliser 

application times and, in fact, for the soil type used in this study, greater infiltration may 

actually improve NUE in a field scenario as the greater N loss risk would be overland flow. 

Therefore, further research is warranted at a field scale to determine if N loss to water over 

time can be mitigated by altering sward composition.  

Interestingly, there was a negative correlation between cumulative N2O losses and extracted 

total pore surface area, average pore size and porosity (%), although no effect of sward 

composition was detected on soil porosity values. This could suggest that soil structure may be 

a more important regulator of N2O emissions than sward composition, at east over the short 

time period of this experiment. This has implications for management practices that would 

influence soil structure and porosity such as soil trafficking and compaction and organic 

amendments. Mangalassery et al. (2013) found that tillage practices that immediately impact 

soil aggregation and soil porosity have direct implications for GHG emissions. Policies that 

encourage practices to reduce soil compaction and maintain or improve soil organic matter 

might be considered to maintain good soil structure and porosity and thereby minimize risks 

of N2O emission. Although there was no significant effect of sward composition on soil 

porosity over the short time period of this experiment, it might be expected over time that the 

multispecies sward, in particular, might improve soil structure and porosity through a number 
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of processes (Fischer et al., 2015). It is also possible that the grass-clover and multispecies 

swards, with their reduced fertiliser N use and, therefore, reduced machinery traffic, might have 

less compaction over time. Increased porosity suggests increased aeration thus promoting 

conditions for nitrification. Congreaves et al. (2019) linked lower N2O fluxes to lower soil 

WFPS and nitrification, with higher N2O fluxes associated with increased soil WFPS and 

denitrification. Kravchenko et al. (2018) found similar negative correlations between soil 

porosity and N2O emissions using X-ray CT scans. They reported that N2O emissions were 

greater from poorly aerated soil and that more diverse cropping systems increased soil porosity 

over the 9-year cropping period of their study.  

Wider benefits of multispecies swards especially those containing ribwort plantain would 

support arguments for their adoption at a farm scale. Increased crude protein content, consistent 

with the current results, may boost milk yields (Egan et al., 2018) and animal health benefits 

can be derived from grazing multispecies swards (Grace et al., 2019b). Plus, multispecies 

swards can support greater biodiversity, providing habitats for pollinators, which is key to 

improving the overall environmental sustainability of agricultural systems (Ebeling et al., 

2008; Batary et al., 2010). Cattle diet manipulation could also reduce urine N loss and 

subsequent N losses to the wider environment (Dijkstra et al., 2013; de Klein et al., 2019; Dodd 

et al., 2019). Further long-term research is warranted at farm scale to determine the whole 

system impact of adapting different sward compositions and N management practices on 

different soil types. Combining N loss monitoring with isotopomer mapping and X-ray CT 

techniques may provide further detailed insights to changes in N dynamics during the growing 

season and impacts of management practices on soil structural properties over a longer-period 

of time. 
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6.6 Conclusion 

N2O emissions and N leaching accounted for 1.1% to 1.3% and 4.4% to 5.5% of N input, 

respectively. Results from this study would suggest that, while similar DM yields (5083 to 

5493 kg DM ha-1 yr-1) and N uptake (122 to 169 kg N ha-1 yr-1) can be achieved for multispecies 

and grass-clover swards at much reduced fertiliser N input (0 to 36%), as has been found by 

others, emissions of N2O and N in leachate may not necessarily be reduced in proportion. This 

effect may well depend on soil properties and other factors. As the soil in this study was a clay 

loam with relatively restricted drainage, this may have limited leaching losses of N. Policy 

makers and managers should be cognisant of the importance of soil properties in influencing 

N losses via different pathways. 

Despite the lack of an overall significant difference in cumulative N losses from the four 

treatments, results suggest that PRG+HWC and PRG+WC+P treatments do have lower N2O 

emissions at key times of the year; notably the Spring, when fertiliser N input to the PRG only 

sward is highest. While not statistically significant, there was, in fact, a numerically lower mean 

cumulative N2O emission from the PRG+WC+P sward, suggesting that further investigation 

of the potential for such swards to mitigate N2O emissions would be warranted. The possible 

biological inhibition of nitrification due to the presence of ribwort plantain may explain the 

lower emissions and deserves more research, particularly at a field scale over multiple growing 

seasons to determine its effect on soil N transformations and losses at key times of the year.  

Although no effect of sward composition was detected on soil structural properties, soil 

porosity and pore size negatively correlated with N2O emissions. While increased N leaching 

was linked to higher pore volumes. N loss to water by overland flow may be a greater risk from 

the current soil type, consequently, improved infiltration due to multispecies swards may 

instead reduce N loss at a field scale which also requires additional exploration. Further farm 

scale research is essential with the incorporation of cattle herds to capture the effects of grazing 
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and urine and faecal deposition, along with measurements of other N losses (NH3 and N2) and 

GHGs to gain more comprehensive insights into the overall efficiency of different sward 

compositions. The combination of N2O isotopomer measurements and X-ray CT scans of soil 

structure are beneficial techniques to detect influences of sward composition on N dynamics 

and soil physical properties.	 	
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6.9 Tables 

Table 6.1: Experimental treatments: grassland sward composition, associated annual N fertiliser application rates and split application rates and 

timings. 

Treatment Abbreviation 
Estimation of Species Proportions 

(%) 

Annual Nitrogen Fertiliser Rate  

(kg N ha-1 yr-1) 

Perennial Ryegrass (Lolium perenne) PRG 100 250  

Perennial Ryegrass and Low White 

Clover (Trifolium repens) 
PRG + LWC 70 + 30 90 

Perennial Ryegrass and High White 

Clover 
PRG + HWC 30 + 70 0 

Perennial Ryegrass, White Clover and 

Ribwort Plantain (Plantago lanceolata) 
PRG + WC + P 

40 + 40 + 10  

(10% = 1 Ribwort Plantain) 
45 

Split Fertiliser Application Details 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

PRG 
2018 - - - - - 25 25 25 25 0 0 0 

2019 0 0 65 50 35 25 25 0 - - - - 

PRG+LWC 
2018 - - - - - 0 0 0 0 0 0 0 

2019 0 0 39 30 21 0 0 0 - - - - 

PRG+WC+P 
2018 - - - - - 0 0 0 0 0 0 0 

2019 0 0 19.5 15 10.5 0 0 0 - - - - 
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Table 6.2: Comparison of 2018/2019 mean total monthly rainfall (mm) and mean monthly temperature (°C) from local Met Éireann meteorological 

station with long-term average from local Met Éireann meteorological station (1997-2019) and 30-year average from Casement Met Éireann 

meteorological station (1981-2010). 

 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Total Rainfall (mm): 2018 91.8 29.6 113.1 78.4 20.1 1.2 43.5 27.8 46.9 57.9 174.2 115.4 

Mean Temp. (°C):  2018 6.4 4.5 5.1 9.0 12.5 15.7 17.1 16.6 13.6 10.6 9.0 8.3 

Total Rainfall (mm): 2019 22.1 25.9 75.0 56.9 31.3 81.6 31.6 88.3 111.8 85.8 195.2 76.0 

Mean Temp. (°C): 2019 6.3 8.1 8.4 9.0 11.7 13.7 17.1 16.5 14.1 10.4 7.4 7.2 

Mean Total Rainfall (mm): Local (1997-2019) 67.0 43.5 55.8 49.3 55.7 58.5 58.2 72.0 63.2 87.4 99.7 75.3 

Mean Temp. (°C): Local (1997-2019) 6.3 6.1 7.3 9.3 11.9 14.7 16.3 16.0 14.2 11.4 8.3 6.8 

Mean Total Rainfall (mm): Casement (1981-2010) 63.8 48.5 50.7 51.9 59.1 62.5 54.2 72.3 60.3 81.6 73.7 75.7 

Mean Temp. (°C): Casement (1981-2010) 5.1 5.1 6.8 8.2 10.9 13.6 15.7 15.4 13.3 10.3 7.2 5.4 
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Table 6.3: Treatment mean (±1s) of X-Ray CT determined soil structural properties. 

 PRG PRG+LWC PRG+HWC PRG+WC+P Grand Mean Significance 

Total Pore Volume (mm3) 79.30 ± 18.45 91.97 ± 35.48 77.66 ± 9.82 80.95 ± 32.23 82.47 ± 25.05 NS 

Total Pore Surface Area (m2) 4.70 ± 5.20 3.85 ± 1.64 6.65 ± 5.00 5.70 ± 4.52 5.22 ± 4.18 NS 

Average Pore Count 226.2 ± 29.6 410.2 ± 201 295.1 ± 177 364.0 ± 178 323.9 ± 166 * 

Average Pore Size (mm) 4.18 ± 8.0 0.92 ± 0.2 6.43 ± 7.4 3.73 ± 5.6 3.82 ± 6.0 NS 

Average Porosity (%) 15.71 ± 28.5 7.76 ± 4.87 30.64 ± 31.3 20.51 ± 24.7 18.65 ± 24.5 NS 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 

  



	 265	

Table 6.4: Correlations (r) between X-Ray CT determined soil structural properties, cumulative N2O emissions and cumulative leachate losses. 

 Pore Volume (mm3) Pore Surface Area (m2) Pore Count Pore Size (mm) Porosity (%) 

 r p-value r p-value r p-value r p-value r p-value 

N2O (g N2O-N ha-1) 0.19 0.37 -0.49 0.01 -0.19 0.37 -0.49 0.01 -0.51 0.01 

Leachate Volume (L) -0.01 0.95 0.43 0.03 0.11 0.62 0.35 0.09 0.39 0.06 

Total N Leached 

(kg N ha-1) 
0.45 0.02 0.10 0.65 0.20 0.35 -0.06 0.79 -0.01 0.99 

Total NH4
+ Leached  

(kg NH4+-N ha-1) 
-0.08 0.70 0.39 0.06 0.08 0.73 0.32 0.13 0.35 0.10 

Total NO3
- Leached 

(kg NO3
--N ha-1) 

0.46 0.02 -0.06 0.79 0.19 0.38 -0.20 0.34 -0.15 0.49 

Total Org-N Leached 

(kg Org-N ha-1) 
0.35 0.09 0.19 0.38 0.15 0.47 0.07 0.75 0.08 0.70 

Total TOC Leached 

(kg TOC-C ha-1) 
0.03 0.87 0.47 0.02 0.05 0.80 0.35 0.10 0.37 0.07 
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6.10 Figures 

 

Figure 6.1: Temporal weather and soil conditions recorded on-site for the experimental period 

and temporal trends of average daily N2O fluxes. Arrows = fertiliser application dates.   
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Figure 6.2: Mean treatment cumulative N2O emissions (kg N2O-N ha-1) for the period of the 

fertiliser rates shown in brackets (error bars: ±1s). 
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Figure 6.3: Repeated measures ANOVA comparison of mean treatment seasonal N2O 

emissions. 
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Figure 6.4: Mean treatment total leached nitrogen as TON, NH4
+, organic N and TOC (kg ha-

1) for August 2018 to August 2019 (error bars: ±1s).  
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Figure 6.5: Mean treatment DM yield (kg DM ha-1), herbage N uptake (kg N ha-1), crude 

protein content (g CP kg DM-1) and average C:N ratio for the period of the fertiliser rates shown 

in brackets (error bars: ±1s). 

0

1000

2000

3000

4000

5000

6000

PRG PRG + LWC PRG + HWCPRG + WC + P
Treatment

D
ry

 M
at

te
r Y

ie
ld

 (k
g 

D
M

 h
a−

1 )

0

500

1000

1500

2000

2500

PRG PRG + LWC PRG + HWCPRG + WC + P
Treatment

C
ru

de
 P

ro
te

in
 (g

 C
P 

kg
 D

M
−1

)

0

50

100

150

200

PRG PRG + LWC PRG + HWC PRG + WC + P
Treatment

H
er

ba
ge

 N
 U

pt
ak

e 
(k

g 
N

 h
a−

1 )

0

5

10

15

PRG PRG + LWC PRG + HWC PRG + WC + P
Treatment

C
:N

 R
at

io



	 271	

 

Figure 6.6: Top = Treatment split isotopomer maps of SP and d15Nbulk values used to determine 

nitrification (SPN) and denitrification (SPD) endmember values from measured data. Bottom = 

Boxplot comparison of fractions of nitrification (FN) and denitrification (FD) per treatment 

associated with peak N2O fluxes at fertiliser application dates. White diamond = treatment 

mean.  

1 2 3 4

250 500 750 250 500 750 250 500 750 250 500 750
−900

−600

−300

0

δ15Nbulk [o/oo]

Si
te

 P
re

fe
re

nc
e 

[o / oo
]

Treatment PRG PRG + LWC PRG + HWC PRG + WC + P

0.00

0.25

0.50

0.75

1.00

PRG PRG + LWC PRG + HWC PRG + WC + P
Treatment

Fr
ac

tio
n 

of
 N

itr
ifi

ca
tio

n 
(F

N
)

0.00

0.25

0.50

0.75

1.00

PRG PRG + LWC PRG + HWC PRG + WC + P
Treatment

Fr
ac

tio
n 

of
 D

en
itr

ifi
ca

tio
n 

(F
D
)



	 272	

6.11 Supplementary Information 

Table A6.1: Mean (±1s) treatment seasonal and monthly cumulative N2O emissions (g N2O-N ha-1). 

Treatment Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 510.1 ± 122 507.2 ± 164 843.4 ± 227 1385.3 ± 249 1127 ± 189 

PRG+LWC 418.1 ± 75.8 529.1 ± 108 847.5 ± 226 1186.3 ± 143 1133 ± 162 

PRG+HWC 452.9 ± 116 739.1 ± 254 1004.8 ± 406 808.5 ± 135 1099 ± 119 

PRG+WC+P 372.7 ± 165 572.3 ± 122 949.2 ± 247 846.1 ± 171 1204 ± 154 

Grand Mean 438.5 ± 126.3 587.0 ± 185 911.2 ± 276 1056.6 ± 297 1141 ± 152 

Significance NS NS NS *** NS 

 Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
54.65 

(9.29) 

352.2 

(46.2) 

130.2 

(82.7) 

187.6 

(97.2) 

119.6 

(47.8) 

200.0 

(60.6) 

391.2 

(90.4) 

272.1 

(132) 

180.1 

(69.3) 

510.1 

(163) 

430.0 

(235) 

445.2 

(95.1) 

318.3 

(49.1) 

363.8 

(105) 

444.9 

(111) 

PRG+LWC 
45.52 

(10.4) 

277.8 

(30.0) 

94.86 

(62.6) 

151.4 

(55.5) 

175.2 

(49.1) 

202.5 

(56.6) 

363.8 

(172) 

307.9 

(85.2) 

175.8 

(41.6) 

370.0 

(101) 

437.7 

(66.2) 

378.6 

(31.6) 

329.6 

(32.8) 

373.1 

(85.3) 

430.8 

(82.6) 

PRG+HWC 
64.96 

(33.4) 

362.1 

(90.5) 

25.87 

(44.3) 

168.4 

(50.6) 

230.0 

(115) 

340.8 

(167) 

464.2 

(223) 

298.3 

(185) 

242.4 

(162) 

197.8 

(50.8) 

284.4 

(80.0) 

326.3 

(107) 

315.4 

(58.5) 

371.6 

(55.6) 

412.3 

(116) 

PRG+WC+P 
38.20 

(9.97) 

249.2 

(85.1) 

85.26 

(83.8) 

177.2 

(47.0) 

195.8 

(78.2) 

199.3 

(112) 

332.4 

(229) 

377.5 

(125) 

239.3 

(53.2) 

252.2 

(57.6) 

264.8 

(92.9) 

329.2 

(103) 

375.6 

(71.2) 

360.5 

(92.1) 

467.4 

(154) 

Grand Mean 
50.83 

(20.27 

303.6 

(77.3) 

84.06 

(75.9) 

171.2 

(62.8) 

180.2 

(83.1) 

235.6 

(119) 

387.9 

(181) 

313.9 

(133) 

209.4 

(93.5) 

332.5 

(156) 

354.2 

(151) 

369.8 

(96.9) 

334.7 

(56.7) 

367.2 

(80.8) 

438.9 

(112) 

Significance * * * NS * NS NS NS * * * NS NS NS NS 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.2: Mean (±1s) treatment seasonal and monthly TON flux in leachate (kg TON-N ha-1). 

Treatment Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 0.827 ± 0.37 0.381 ± 0.30 1.039 ± 0.35 1.60 ± 0.97 

PRG+LWC 0.944 ± 0.49 0.647 ± 0.65 1.517 ± 2.05 1.27 ± 0.59 

PRG+HWC 1.093 ± 0.71 0.787 ± 0.78 0.985 ± 0.69 1.89 ± 1.31 

PRG+WC+P 1.312 ± 0.63 0.834 ± 0.28 1.409 ± 0.86 2.10 ± 0.62 

Grand Mean 1.044 ± 0.56 0.662 ± 0.54 1.238 ± 1.12 1.72 ± 0.92 

Significance NS NS NS NS 

 Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
0.448 

(0.44) 

0.371 

(0.27) 

0.290 

(0.14) 

0.167 

(0.12) 

0.015 

(0.02) 

0.363 

(0.30) 

0.003 

(0.00) 

0.320 

(0.21) 

0.451 

(0.20) 

0.269 

(0.22) 

0.359 

(0.18) 

0.687 

(0.59) 

0.558 

(0.47) 

PRG+LWC 
0.378 

(0.42) 

0.268 

(0.25) 

0.301 

(0.18) 

0.375 

(0.18) 

0.048 

(0.08) 

0.500 

(0.49) 

0.098 

(0.14) 

0.652 

(1.16) 

0.631 

(0.73) 

0.234 

(0.22) 

0.337 

(0.15) 

0.585 

(0.37) 

0.352 

(0.18) 

PRG+HWC 
0.714 

(0.55) 

0.341 

(0.32) 

0.304 

(0.18) 

0.448 

(0.50) 

0.239 

(0.53) 

0.442 

(0.23) 

0.106 

(0.19) 

0.219 

(0.30) 

0.514 

(0.30) 

0.252 

(0.17) 

0.446 

(0.34) 

0.999 

(0.81) 

0.448 

(0.36) 

PRG+WC+P 
0.789 

(0.74) 

0.428 

(0.32) 

0.502 

(0.35) 

0.383 

(0.17) 

0.003 

(0.00) 

0.785 

(0.25) 

0.046 

(0.08) 

0.202 

(0.09) 

0.730 

(0.51) 

0.478 

(0.29) 

0.522 

(0.23) 

0.856 

(0.37) 

0.723 

(0.30) 

Grand Mean 
0.582 

(0.54) 

0.352 

(0.28) 

0.349 

(0.23) 

0.343 

(0.29) 

0.077 

(0.27) 

0.523 

(0.35) 

0.063 

(0.13) 

0.348 

(0.60) 

0.581 

(0.46) 

0.308 

(0.24) 

0.416 

(0.23) 

0.782 

(0.55) 

0.520 

(0.35) 

Significance NS NS NS * * NS NS * NS * NS NS * 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.3: Mean (±1s) treatment seasonal and monthly NH4
+ flux in leachate (kg NH4

+-N ha-1). 

Treatment Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 0.087 ± 0.05 0.027 ± 0.06 0.069 ± 0.07 0.145 ± 0.16 

PRG+LWC 0.103 ± 0.07 0.003 ± 0.01 0.075 ± 0.14 0.166 ± 0.16 

PRG+HWC 0.141 ± 0.13 0.013 ± 0.02 0.022 ± 0.03 0.302 ± 0.44 

PRG+WC+P 0.117 ± 0.08 0.004 ± 0.01 0.029 ± 0.03 0.276 ± 0.50 

Grand Mean 0.112 ± 0.08 0.012 ± 0.03 0.049 ± 0.08 0.222 ± 0.34 

Significance NS NS NS NS 

 Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
0.033 

(0.02) 

0.0052 

(0.002) 

0.046 

(0.04) 

0.036 

(0.03) 
0 

0.027 

(0.06) 
0 

0.046 

(0.06) 

0.018 

(0.03) 

0.005 

(0.01) 

0.076 

(0.09) 

0.060 

(0.06) 

0.009 

(0.02) 

PRG+LWC 
0.041 

(0.03) 

0.0035 

(0.002) 

0.029 

(0.03) 

0.071 

(0.05) 
0 

0.003 

(0.01) 
0 

0.014 

(0.02) 

0.003 

(0.01) 

0.057 

(0.14) 

0.051 

(0.07) 

0.111 

(0.11) 

0.004 

(0.01) 

PRG+HWC 
0.124 

(0.17) 

0.0074 

(0.002) 

0.050 

(0.07) 

0.083 

(0.10) 
0 

0.013 

(0.02) 
0 

0.000 

(0.00) 

0.001 

(0.00) 

0.021 

(0.04) 

0.066 

(0.09) 

0.208 

(0.30) 

0.028 

(0.06) 

PRG+WC+P 
0.050 

(0.05) 

0.0024 

(0.001) 

0.057 

(0.03) 

0.058 

(0.05) 
0 

0.004 

(0.01) 
0 

0.009 

(0.02) 

0.009 

(0.01) 

0.012 

(0.02) 

0.120 

(0.27) 

0.129 

(0.18) 

0.027 

(0.05) 

Grand Mean 
0.062 

(0.09) 

0.0046 

(0.003) 

0.045 

(0.04) 

0.062 

(0.06) 
0 

0.012 

(0.03) 
0 

0.017 

(0.03) 

0.008 

(0.02) 

0.024 

(0.07) 

0.078 

(0.14) 

0.127 

(0.18) 

0.017 

(0.04) 

Significance NS *** NS NS - NS - * NS NS NS NS NS 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.4: Mean (±1s) treatment seasonal and monthly organic-N flux in leachate (kg Org-N ha-1). 

Treatment Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 1.045 ± 0.25 0.270 ± 0.15 3.726 ± 2.27 2.197 ± 1.28 

PRG+LWC 0.912 ± 0.30 0.384 ± 0.25 2.486 ± 1.72 1.414 ± 0.74 

PRG+HWC 0.955 ± 0.36 0.373 ± 0.27 1.094 ± 0.576 1.929 ± 1.38 

PRG+WC+P 1.361 ± 0.68 0.487 ± 0.09 2.249 ± 1.09 1.949 ± 0.75 

Grand Mean 1.068 ± 0.44 0.378 ± 0.20 2.389 ± 1.73 1.875 ± 1.05 

Significance NS NS * NS 

 Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
0.446 

(0.27) 

0.333 

(0.15) 

0.460 

(0.25) 

0.251 

(0.10) 

0.028 

(0.02) 

0.207 

(0.14) 

0.035 

(0.02) 

1.675 

(1.71) 

1.79 

(2.03) 

0.262 

(0.15) 

1.224 

(1.07) 

0.590 

(0.32) 

0.384 

(0.20) 

PRG+LWC 
0.570 

(0.29) 

0.280 

(0.15) 

0.273 

(0.16) 

0.359 

(0.06) 

0.054 

(0.02) 

0.279 

(0.22) 

0.051 

(0.02) 

1.309 

(0.84) 

0.934 

(0.84) 

0.243 

(0.23) 

0.635 

(0.45) 

0.562 

(0.28) 

0.217 

(0.07) 

PRG+HWC 
0.693 

(0.34) 

0.334 

(0.15) 

0.332 

(0.18) 

0.289 

(0.13) 

0.109 

(0.18) 

0.230 

(0.14) 

0.034 

(0.03) 

0.108 

(0.05) 

0.707 

(0.34) 

0.279 

(0.22) 

0.755 

(0.70) 

0.928 

(0.71) 

0.257 

(0.20) 

PRG+WC+P 
0.729 

(0.36) 

0.354 

(0.17) 

0.712 

(0.66) 

0.295 

(0.06) 

0.047 

(0.01) 

0.384 

(0.07) 

0.056 

(0.04) 

0.798 

(0.43) 

0.923 

(0.54) 

0.528 

(0.31) 

0.877 

(0.60) 

0.689 

(0.28) 

0.383 

(0.08) 

Grand Mean 
0.609 

(0.32) 

0.325 

(0.15) 

0.444 

(0.39) 

0.298 

(0.10.) 

0.060 

(0.09) 

0.275 

(0.16) 

0.044 

(0.03) 

0.973 

(1.09) 

1.088 

(1.15) 

0.328 

(0.25) 

0.873 

(0.73) 

0.692 

(0.43) 

0.310 

(0.16) 

Significance NS NS * * NS NS NS * NS * NS NS NS 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 

  



	 276	

Table A6.5: Mean (±1s) treatment seasonal and monthly TOC flux in leachate (kg TOC-C ha-1). 

Treatment Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 18.09 ± 6.50 2.249 ± 0.78 12.15 ± 3.61 20.69 ± 6.90 

PRG+LWC 17.48 ± 2.62 3.168 ± 1.21 11.25 ± 5.56 17.48 ± 6.68 

PRG+HWC 18.37 ± 5.94 2.959 ± 1.76 14.28 ± 9.65 23.13 ± 13.79 

PRG+WC+P 21.63 ± 3.61 3.92 ± 1.19 19.82 ± 11.24 26.07 ± 6.12 

Grand Mean 18.98 ± 4.86 3.075 ± 1.34 14.37 ± 8.30 21.84 ± 8.94 

Significance NS NS NS NS 

 Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
12.53 

(5.43) 

5.964 

(1.94) 

7.915 

(4.23) 

4.209 

(2.24) 

0.570 

(0.10) 

1.136 

(0.62) 

0.544 

(0.25) 

1.933 

(1.15) 

5.730 

(1.22) 

4.484 

(2.20) 

7.672 

(3.42) 

6.753 

(2.15) 

6.270 

(3.73) 

PRG+LWC 
13.83 

(6.03) 

6.398 

(1.36) 

6.375 

(2.17) 

5.063 

(1.67) 

0.805 

(0.30) 

1.618 

(0.91) 

0.745 

(0.32) 

1.912 

(0.88) 

5.455 

(2.72) 

3.882 

(2.55) 

6.789 

(2.40) 

7.038 

(3.62) 

3.648 

(1.21) 

PRG+HWC 
14.88 

(7.16) 

6.861 

(1.20) 

6.823 

(3.34) 

4.690 

(1.72) 

0.723 

(0.23) 

1.62 

(1.17) 

0.620 

(0.46) 

1.85 

(0.73) 

7.246 

(4.31) 

5.187 

(4.80) 

8.010 

(4.89) 

10.60 

(6.41) 

4.529 

(3.12) 

PRG+WC+P 
14.67 

(6.00) 

6.509 

(1.41) 

10.35 

(3.82) 

4.773 

(1.60) 

0.668 

(0.10) 

2.28 

(0.67) 

0.979 

(0.60) 

2.031 

(0.76) 

8.249 

(4.28) 

9.542 

(6.83) 

9.847 

(2.25) 

9.593 

(3.95) 

6.627 

(1.35) 

Grand Mean 
13.98 

(5.85) 

6.433 

(1.44) 

7.866 

(3.60) 

4.684 

(1.73) 

0.691 

(0.21) 

1.662 

(0.91) 

0.722 

(0.44) 

1.931 

(0.84) 

6.670 

(3.36) 

5.774 

(4.77) 

8.079 

(3.38) 

8.495 

(4.36) 

5.268 

(2.73) 

Significance NS NS NS NS NS NS NS NS NS * NS NS NS 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.6: Mean (±1s) treatment seasonal and monthly herbage yields (kg DM ha-1). 

Treatment Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 1879 ± 303 683.4 ± 104 311.0 ± 76.8 2619 ± 537 2792 ± 720 

PRG+LWC 1530 ± 158 724.9 ± 142 921.4 ± 471 1987 ± 250 2918 ± 949 

PRG+HWC 1552 ± 253 719.9 ± 117 901.5 ± 444 1910 ± 486 3043 ± 768 

PRG+WC+P 1655 ± 881 835.2 ± 402 879.9 ± 366 1882 ± 433 2285 ± 796 

Grand Mean 1654 ± 478 740.8 ± 220 753.5 ± 435.6 2100 ± 514 2759 ± 813 

Significance * NS * * NS 

 Jun Jul Aug Sep Oct Nov/Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
829.4 

(201) 

684.2 

(172) 

365.7 

(85.5) 

396.4 

(43.1) 

287.0 

(67.3) 

160.9 

(65.8) 

66.35 

(22.2) 

83.76 

(14.6) 

284.5 

(65.8) 

634.5 

(141) 

1700 

(435) 

1315 

(452) 

938.0 

(355) 

539.1 

(138) 

PRG+LWC 
747.2 

(186) 

505.1 

(122) 

277.8 

(160) 

189.1 

(44.6) 

535.8 

(176) 

602.9 

(316) 

106.2 

(50.5) 

212.3 

(137) 

371.5 

(160) 

555.7 

(136) 

1060 

(363) 

1084 

(281) 

868.3 

(503) 

965.4 

(215) 

PRG+HWC 
893.2 

(197) 

463.6 

(118) 

194.9 

(56.2) 

223.9 

(71.6) 

496.0 

(148) 

513 

(245) 

112.0 

(44.8) 

246.3 

(185) 

372.4 

(210) 

515.0 

(157) 

1023 

(136) 

950 

(177) 

1105 

(445) 

987.8 

(188) 

PRG+WC+P 
752.2 

(112) 

681.7 

(672) 

221.4 

(211) 

238.9 

(183) 

596.3 

(247) 

585.5 

(231) 

104.5 

(58.0) 

189.9 

(102) 

427.9 

(208) 

521.7 

(104) 

932.2 

(206) 

797 

(256) 

797.0 

(435) 

690.9 

(171) 

Grand Mean 
805.5 

(177) 

583.7 

(348) 

265.0 

(148) 

262.1 

(126) 

478.7 

(200) 

473.1 

(286) 

97.24 

(46.6) 

183.1 

(133) 

364.1 

(168) 

556.7 

(136) 

1179 

(424) 

1037 

(347) 

927.0 

(424) 

795.8 

(256) 

Significance NS NS * ** NS * NS NS NS NS ** NS NS *** 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.7: Mean (±1s) treatment seasonal and monthly N uptake (kg N ha-1). 

Treatment Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 34.80 ± 4.95 17.53 ± 2.86 8.693 ± 2.54 60.66 ± 7.72 52.93 ± 13.2 

PRG+LWC 35.14 ± 5.02 27.58 ± 7.22 39.00 ± 20.64 67.00 ± 4.87 68.72 ± 24.4 

PRG+HWC 37.62 ± 5.67 25.19 ± 7.44 38.98 ± 21.71 64.45 ± 20.73 81.30 ± 19.1 

PRG+WC+P 40.26 ± 24.9 29.76 ± 14.08 37.64 ± 17.26 53.71 ± 7.42 52.98 ± 14.2 

Grand Mean 36.95 ± 12.54 25.02 ± 9.51 31.08 ± 20.88 61.46 ± 12.23 63.98 ± 20.9 

Significance NS NS * * * 

 Jun Jul Aug Sep Oct Nov/Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
12.27 

(1.95) 

13.66 

(3.39) 

8.87 

(2.18) 

9.28 

(0.89) 

8.26 

(2.14) 

4.51 

(1.86) 

2.21 

(0.63) 

2.81 

(0.46) 

10.58 

(2.68) 

21.90 

(3.64) 

28.19 

(5.65) 

22.55 

(6.01) 

18.09 

(6.80) 

12.30 

(3.13) 

PRG+LWC 
14.03 

(2.37) 

12.84 

(3.44) 

8.27 

(4.33) 

5.80 

(1.03) 

21.78 

(8.10) 

25.14 

(13.2) 

5.31 

(1.96) 

9.44 

(6.21) 

15.51 

(6.61) 

23.34 

(6.01) 

28.15 

(11.41) 

24.16 

(8.31) 

19.63 

(11.76) 

24.93 

(6.66) 

PRG+HWC 
18.90 

(3.14) 

12.86 

(3.01) 

5.86 

(1.56) 

6.05 

(1.76) 

19.14 

(8.33) 

22.66 

(11.3) 

4.92 

(2.26) 

11.40 

(9.24) 

15.11 

(9.24) 

21.51 

(7.25) 

27.82 

(4.75) 

24.59 

(4.62) 

27.70 

(10.84) 

29.02 

(5.13) 

PRG+WC+P 
15.54 

(5.16) 

18.70 

(18.56) 

6.03 

(5.41) 

6.19 

(4.54) 

23.57 

(10.54) 

25.75 

(10.9) 

4.33 

(2.32) 

9.08 

(4.72) 

16.08 

(7.67) 

20.21 

(4.41) 

20.90 

(3.85) 

17.48 

(5.66) 

16.71 

(7.38) 

18.79 

(3.21) 

Grand Mean 
15.18 

(4.02) 

14.51 

(9.39) 

7.26 

(3.72) 

6.83 

(2.77) 

18.19 

(9.56) 

19.51 

(13.10) 

4.23 

(2.17) 

8.39 

(6.65) 

14.32 

(6.89) 

21.74 

(5.26) 

26.50 

(7.33) 

22.20 

(6.54) 

20.53 

(9.82) 

21.26 

(7.84) 

Significance * NS * NS * * NS * NS NS * NS NS *** 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.8: Mean (±1s) treatment seasonal and monthly crude protein content (g CP kg DM-1). 

Treatment Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 371.8 ± 23.0 326.1 ± 12.1 535.9 ± 186.4 556.8 ± 42.3 375.4 ± 48.1 

PRG+LWC 469.5 ± 25.8 448.2 ± 45.2 757.8 ± 92.8 692.3 ± 55.5 443.3 ± 49.9 

PRG+HWC 497.1 ± 12.6 406.6 ± 67.5 806.5 ± 60.7 679.0 ± 23.9 503.8 ± 31.9 

PRG+WC+P 472.2 ± 17.8 406.0 ± 19.9 755.5 ± 132.6 601.7 ± 63.4 450.6 ± 47.5 

Grand Mean 452.6 ± 52.5 396.7 ± 59.9 713.9 ± 159.7 632.4 ± 72.8 443.3 ± 62.7 

Significance *** *** * *** ** 

 Jun Jul Aug Sep Oct Nov/Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
94.69 

(11.6) 

125.3 

(12.9) 

151.8 

(10.3) 

147.1 

(13.8) 

179.0 

(24.3) 

176.6 

(22.5) 

219.3 

(118) 

211.8 

(15.6) 

232.2 

(13.8) 

218.4 

(17.7) 

106.1 

(19.1) 

111.3 

(19.2) 

120.8 

(15.8) 

143.4 

(15.9) 

PRG+LWC 
122.0 

(27.3) 

158.6 

(20.2) 

188.9 

(7.81) 

194.7 

(19.2) 

253.5 

(28.7) 

260.9 

(32.1) 

263.3 

(30.4) 

277.5 

(18.5) 

261.0 

(11.1) 

263.2 

(25.9) 

168.0 

(34.8) 

138.4 

(19.2) 

143.5 

(13.2) 

161.4 

(19.7) 

PRG+HWC 
134.2 

(15.2) 

174.0 

(7.61) 

189.0 

(8.15) 

171.5 

(17.3) 

235.2 

(53.8) 

255.7 

(29.4) 

269.4 

(18.0) 

281.4 

(17.1) 

249.7 

(11.0) 

259.8 

(15.1) 

169.5 

(9.65) 

162.0 

(16.2) 

157.4 

(11.2) 

184.3 

(13.3) 

PRG+WC+P 
126.4 

(28.8) 

172.2 

(16.0) 

173.6 

(9.74) 

165.8 

(7.73) 

240.2 

(24.4) 

269.1 

(22.9) 

266.5 

(37.2) 

263.8 

(21.9) 

235.4 

(7.8) 

241.5 

(8.77) 

149.8 

(11.6) 

137.3 

(9.55) 

140.1 

(28.1) 

173.2 

(21.4) 

Grand Mean 
119.3 

(25.6) 

157.5 

(24.3) 

175.8 

(17.7) 

169.8 

(22.4) 

227.0 

(43.8) 

240.6 

(45.6) 

255.9 

(60.5) 

260.5 

(32.6) 

244.6 

(15.7) 

245.7 

(24.7) 

148.3 

(33.4) 

137.2 

(23.9) 

140.4 

(21.7) 

165.6 

(22.7) 

Significance * *** *** *** * *** * *** ** ** *** ** * ** 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.9: Mean (±1s) treatment seasonal and monthly C uptake (kg C ha-1). 

Treatment Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 782.5 ± 130.3 289.5 ± 43.4 120.7 ± 32.9 1134.2 ± 221 1206.1 ± 320 

PRG+LWC 645.2 ± 63.9 318.0 ± 63.3 395.6 ± 206.1 861.8 ± 109 1238.3 ± 401 

PRG+HWC 658.2 ± 108.3 313.7 ± 51.8 388.2 ± 192.2 827.7 ± 221 1300.6 ± 331 

PRG+WC+P 700.2 ± 377.4 362.8 ± 176.0 372.3 ± 163.9 811.1 ± 184 976.6 ± 338 

Grand Mean 696.5 ± 202.7 321.0 ± 96.6 319.2 ± 192.6 908.7 ± 222 1180.4 ± 349 

Significance * NS * * NS 

 Jun Jul Aug Sep Oct Nov/Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
344.8 

(82.3) 

285.3 

(72.4) 

152.5 

(38.1) 

166.2 

(16.5) 

123.3 

(29.3) 

67.59 

(27.9) 

29.02 

(9.69) 

34.75 

(5.91) 

124.0 

(28.9) 

281.6 

(62.3) 

728.7 

(178) 

569.7 

(194) 

403.6 

(156) 

232.7 

(60.5) 

PRG+LWC 
314.4 

(76.7) 

212.7 

(50.4) 

118.1 

(68.1) 

81.90 

(19.5) 

236.1 

(78.9) 

259.3 

(136) 

53.01 

(13.4) 

92.11 

(59.5) 

162.2 

(69.5) 

244.5 

(59.9) 

455.2 

(158) 

460.5 

(118) 

369.1 

(214) 

408.8 

(92.3) 

PRG+HWC 
377.5 

(84.0) 

197.1 

(48.6) 

83.60 

(24.1) 

96.33 

(31.6) 

217.4 

(67.3) 

233.6 

(105) 

48.48 

(19.6) 

106.1 

(80.9) 

163.3 

(93.0) 

226.8 

(70.8) 

437.7 

(64.5) 

404.8 

(77.1) 

474.6 

(191) 

421.2 

(80.8) 

PRG+WC+P 
317.4 

(48.3) 

289.8 

(289.4) 

92.93 

(87.7) 

101.62 

(79.1) 

261.1 

(110) 

252.9 

(99.4) 

43.31 

(24.1) 

91.29 

(44.0) 

183.1 

(87.6) 

227.3 

(46.7) 

400.8 

(89.5) 

340.1 

(110) 

340.7 

(184) 

295.8 

(72.1) 

Grand Mean 
338.5 

(73.9) 

246.2 

(149.1) 

111.8 

(62.2) 

111.5 

(53.0) 

209.5 

(89.3) 

203.3 

(123.5) 

43.67 

(18.98) 

82.71 

(59.34) 

158.1 

(72.5) 

245.0 

(60.9) 

505.6 

(181) 

443.8 

(150) 

397.0 

(182) 

339.6 

(108) 

Significance NS * * * NS * NS * NS NS ** * NS *** 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Table A6.10: Mean (±1s) treatment seasonal and monthly C:N ratios. 

Treatment Summer 2018 Autumn 2018 Winter 2018/19 Spring 2019 Summer 2019 

PRG 21.99 ± 1.56 16.59 ± 0.45 13.95 ± 2.36 16.83 ± 1.91 22.15 ± 2.86 

PRG+LWC 17.82 ± 1.54 12.48 ± 1.11 10.08 ± 0.84 12.50 ± 1.33 18.25 ± 1.99 

PRG+HWC 16.47 ± 0.70 14.06 ± 2.60 10.09 ± 0.72 12.46 ± 0.38 16.05 ± 0.86 

PRG+WC+P 17.51 ± 1.50 13.74 ± 0.60 10.09 ± 0.45 13.19 ± 1.10 18.30 ± 1.90 

Grand Mean 18.45 ± 2.50 14.22 ± 2.04 11.05 ± 2.11 13.74 ± 2.21 18.69 ± 2.93 

Significance ** *** * ** ** 

 Jun Jul Aug Sep Oct Nov/Dec Jan Feb Mar Apr May Jun Jul Aug 

PRG 
27.78 

(3.11) 

20.99 

(2.25) 

17.20 

(1.30) 

17.96 

(1.64) 

15.21 

(1.98) 

15.03 

(2.18) 

13.73 

(4.38) 

12.36 

(0.80) 

11.76 

(0.62) 

12.77 

(1.07) 

25.97 

(4.50) 

24.94 

(4.25) 

22.51 

(2.62) 

19.00 

(2.13) 

PRG+LWC 
22.55 

(5.25) 

16.82 

(2.08) 

14.09 

(0.64) 

14.01 

(1.32) 

10.95 

(1.17) 

10.41 

(1.67) 

10.30 

(1.10) 

9.76 

(0.66) 

10.46 

(0.39) 

10.54 

(1.21) 

16.49 

(3.19) 

19.51 

(2.72) 

18.65 

(1.64) 

16.59 

(1.96) 

PRG+HWC 
19.89 

(2.25) 

15.31 

(0.53) 

14.20 

(0.56) 

15.78 

(1.64) 

12.36 

(3.87) 

10.64 

(1.67) 

10.07 

(0.64) 

9.57 

(0.50) 

10.97 

(0.43) 

10.60 

(0.47) 

15.79 

(0.77) 

16.54 

(1.46) 

17.11 

(0.96) 

14.52 

(0.96) 

PRG+WC+P 
21.88 

(5.36) 

15.45 

(1.28) 

15.21 

(0.91) 

16.01 

(0.90) 

11.47 

(1.29) 

10.09 

(0.85) 

9.86 

(1.21) 

10.22 

(0.63) 

11.38 

(0.23) 

11.28 

(0.42) 

18.04 

(1.35) 

19.48 

(1.12) 

19.76 

(3.84) 

15.66 

(1.94) 

Grand Mean 
23.03 

(4.93) 

17.14 

(2.82) 

15.17 

(1.53) 

15.94 

(1.94) 

12.50 

(2.76) 

11.54 

(2.46) 

10.90 

(2.61) 

10.41 

(1.27) 

11.14 

(0.64) 

11.30 

(1.22) 

19.12 

(5.03) 

20.12 

(3.99) 

19.51 

(3.09) 

16.44 

(2.38) 

Significance * * * *** * * NS * *** ** * * * ** 

NS: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
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Chapter 7: 

 

Summary, general discussion and future work 
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7.1 Summary 

Producing food to meet the demands of growing human populations while mitigating the 

impacts of anthropogenic climate change on the environment is one of the greatest challenges 

the world currently faces (Godfray et al., 2010). Agriculture significantly contributes harmful 

GHGs to the atmosphere which must be reduced if rising average global temperatures are to 

be kept within 1.5°C by 2050 (IPCC, 2019). However, despite efforts to constrain 

anthropogenic GHG emissions, atmospheric concentrations of one of the most potent GHG’s, 

N2O, continue to increase (Thompson et al., 2019; Makowski, 2019). Since the development 

of the Haber-Bosch process the availability and use of industrially fixed N has been linked to 

dramatic increases in human populations (Galloway and Cowling, 2002) and also harmful 

losses of N from agricultural soils to the wider environment (Müller and Clough, 2014). These 

major 20th century shifts also mark the onset of the Anthropocene as evidenced by changes to 

the 15N isotopic signature of N compounds in the environment due to increased use of 

anthropogenic N sources (Waters et al., 2016; Prokopiou et al., 2017, 2018).  

In Ireland, agricultural land is predominantly used for pasture based grazing for dairy and 

livestock production and national strategies such as Food Wise 2025 aim to increase the value 

of these outputs while improving the sustainability of such production systems (DAFM, 2015). 

However, the NUE of such grass based dairy systems has been shown to be relatively low 

(Burchill et al., 2016) and with expected increases in herd numbers there is increased risk of 

greater N loss to the environment (Hoekstra et al., 2020), all other things being equal. Grass-

clover and multispecies swards have been considered as a suitable strategy to maintain pasture 

yields while requiring less inorganic N inputs (Egan et al., 2018; Nyfeler et al., 2009, 2011, 

Grace et al., 2019). While these lower N input systems may be considered more 

environmentally sustainable it is necessary to investigate how such changes to management 
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strategies and N use impact soil N cycling and subsequent N losses such as N2O emissions and 

nitrate leaching.  

As such, this thesis aimed to investigate the role of sward composition and soil moisture 

conditions on soil N cycling and N losses (N2O emissions and N leaching). Central to 

understanding the underlying soil N cycling pathways was the development of a novel CRDS 

approach to measure small volume samples of N2O from static chamber experiments for the 

purposes of monitoring N2O emissions and source partitioning based on N2O isotopomers. A 

combination of field scale and lysimeter scale experiments were used to maintain intact soil 

structure and determine how soil moisture and porosity influenced N losses from different 

sward compositions. Monitored N2O emissions were source partitioned using the newly 

developed CRDS & SSIM technique. Soil structural properties were non-destructively 

quantified using X-ray CT and linked to N2O emissions and N leaching. The main hypotheses 

tested in this thesis were as follows: 

• CRDS can be adapted to measure small volume samples of N2O from static chamber 

experiments for the purposes of monitoring N2O emissions and source partitioning of N2O 

based on isotopomers; 

• Multispecies swards will reduce N2O emissions compared to PRG only and grass-clover 

swards; 

• The effect of sward composition and associated N fertiliser management on N2O emissions 

will be strongly influenced by soil moisture conditions, with high water filled pore space 

being associated with greater N2O production from denitrification; 

• Multispecies swards will regulate N transformation processes, both directly (e.g. biological 

nitrogen fixation, inhibition of nitrification) or indirectly (e.g. through affecting soil 

physical properties) over time in ways that differ from PRG only or grass-clover swards 

and that will influence N2O emissions. 
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These hypotheses were investigated in the form of a series of experiments, as summarised for 

the following chapters. 

Chapter 3: Development and verification of a novel isotopic N2O measurement technique for 

discrete static chamber samples using Cavity Ring Down Spectroscopy 

The objectives of this study were 1) to develop a suitable method to measure N2O concentration 

and N2O isotopomers from small volume (<20 ml) discrete gas samples using CRDS for the 

purpose of distinguishing dominant N2O production pathways, and 2) to compare the newly 

developed method to traditionally used GC-IRMS techniques. The main findings of this study 

were as follows: 

• The repeatability (mean ± 1s; n = 10) of the CRDS & SSIM measurements of Ref Gas 

were 710.64 ppb (± 8.64), 2.82‰ (± 0.91), 5.41‰ (± 2.00), 0.23‰ (± 0.22) and 5.18‰ (± 

2.18) for N2O concentration, d15Nbulk, d15Na, d15Nb and SP, respectively. 

• This precision is suitable to distinguish between nitrification and bacterial denitrification 

N2O production processes that have distinct isotopic signatures as previously reported in 

the literature. 

• CRDS & SSIM and GC N2O concentration measurements were significantly correlated (r 

= 0.99) and CRDS & SSIM was more precise, within the instrument’s specified operating 

range (300 to 1500 ppb). 

• CRDS & SSIM isotopic measurements could be normalised to the international isotope-

ratio scales using stated values of isotopic N2O standards (AK1 and Mix1) to produce 

accurate results.  

• CRDS & SSIM d15Nbulk and SP precision, 0.91‰ and 2.18‰ respectively, was 

approximately one order of magnitude less precise than typical IRMS precision. 
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• Improved estimates of the ZA carrier gas N2O concentration and isotopic composition may 

further improve the precision and accuracy of the CRDS & SSIM method or alternatively 

using physical traps to remove interfering and non-target molecules from the ZA and N2O 

samples could also advance the method. 

Chapter 4: Sward composition and soil moisture conditions affect nitrous oxide emissions and 

soil nitrogen dynamics following urea-nitrogen application 

The objectives of this study were to 1) quantify post urea-N application cumulative N2O 

emissions and changes in soil mineral-N concentrations from swards of differing plant 

compositions under contrasting soil moisture conditions and 2) determine if species identity or 

diversity effects and interactions with soil moisture influence N2O emissions and soil mineral-

N dynamics. The main findings of this study were as follows: 

• Two N2O peaks coincided with fertiliser application and heavy rainfall events; 13.4 and 

17.7 g N2O-N ha-1 day-1 (ambient soil moisture) and 39.8 and 86.9 g N2O-N ha-1 day-1 (wet 

soil moisture) and, overall, cumulative N2O emission post-fertiliser application was higher 

under wet soil conditions. 

• After urea-N application at a rate of 40 kg N ha-1 to all experimental plots, increasing 

legume (WC) proportions from 0% to 60% in multispecies swards resulted in model 

predicted N2O emissions increasing from 22.3 to 96.2 g N2O-N ha-1 (ambient soil 

conditions) and from 59.0 to 219.3 g N2O-N ha-1 (wet soil conditions). 

• Soil N dynamics indicated that denitrification was the dominant source of N2O under wet 

soil conditions when soil WFPS was elevated. 

• Ribwort plantain significantly interacted with perennial ryegrass and white clover and 

predicted trends in soil mineral N concentrations indicated that sward compositions 

containing ribwort plantain potentially inhibit nitrification. 
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• Improved recommendations of N fertiliser rates and timing based on soil moisture content 

and BNF from legumes could improve NUE and lower N2O emissions. 

Chapter 5: Source partitioning using N2O isotopomers and soil WFPS to establish dominant 

N2O production pathways from different pasture sward compositions 

The objectives of this study were 1) to utilise the newly developed CRDS & SSIM method to 

measure N2O isotopomer samples and determine the most dominant N2O production pathways 

of the above Chapter 4 study, and 2) to investigate if species identity or diversity effects and 

interactions with soil moisture influence N2O isotopic signatures. The main findings from this 

study were as follows: 

• It was possible to apply the novel CRDS & SSIM method to measure N2O isotopomer 

samples (<20ml) and source partition production pathways using an adapted isotopomer 

mapping approach. 

• Overall 34.2% of daily N2O fluxes were attributed to nitrification, 29.0% to denitrification 

and 36.8% to a mixture of both.  

• A significant diversity effect of white clover and ribwort plantain on predicted SP and 

d15Nbulk indicated that the inclusion of ribwort plantain may lower N2O through biologically 

nitrification inhibition under drier soil conditions (31% - 75% WFPS), as suggested from 

the previous chapter. 

• A sharp decline in predicted SP indicated that increased white clover content could 

stimulate denitrification under elevated soil moisture conditions (43% - 77% WFPS) which 

supports the findings of the previous chapter. 

• Biological nitrification inhibition from ribwort plantain inclusion in grassland swards and 

management of N fertiliser source and application timing to soil moisture conditions could 

be useful N2O mitigation strategies. 
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Chapter 6: A lysimeter scale examination of N cycling and N2O emissions from four different 

grassland sward compositions using a balanced N fertiliser plan 

The objectives of this study were 1) to quantify N2O and leached N losses over a full year from 

four different sward compositions managed at a balanced annual N rate, 2) to utilise N2O 

isotopomer measurements to source partition peak fluxes associated with fertiliser application, 

and 3) use X-ray CT to determine the impact of sward type on soil porosity and if N2O 

emissions were linked to differences in soil pore volume and surface area. The main findings 

from this study are as follows: 

• There was no significant difference in cumulative N2O emissions between treatments; PRG 

(3.25 ± 0.5), PRG+LWC (2.98 ± 0.2), PRG+HWC (3.01 ± 0.7) and PRG+WC+P (2.74 ± 

0.3) kg N2O-N ha-1. 

•  Cumulative leached N (10.91 to 13.70 kg N ha-1), DM yields (5083 to 5493 kg DM ha-1 

yr-1) and N uptake (122 to 169 kg N ha-1 yr-1) were not significantly different among 

treatments. PRG had a higher C:N ratio and lower crude protein content than all other 

treatments. 

• PRG+WC+P had lower overall total N2O emissions, although not statistically significant, 

and had a numerically lower F(N). Significantly lower emissions at key times of the year, 

and other results would suggest processes (winter activity and biological nitrification 

inhibition) acting to lower N2O emissions and nitrate leaching. 

• Significantly more N2O was emitted and organic N leached during Spring from the PRG 

and PRG+LWC than PRG+HWC and PRG+WC+P, associated with higher fertiliser N 

inputs and application timing. 
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• Greater DM yields and N uptake in Winter for PRG+LWC, PRG+HWC and PRG+WC+P 

and slower N uptake in Spring from PRG may have contributed to lower amounts of soil 

mineral N vulnerable to loss during Spring. 

• Potential biological nitrification inhibition due to the presence of ribwort plantain could 

help lower N2O emissions and N leaching and warrants further research, particularly at a 

farm scale. 

• There was no significant effect of sward composition on X-ray CT determined soil 

structural properties. Soil porosity and pore size negatively correlated with N2O emissions 

and total pore volume was positively correlated with leached N. 

• Improved soil structure stability, higher organic matter and improved infiltration over time 

associated with multispecies swards compared to PRG monocultures could help lower N 

losses to the wider environment. 

 

7.2 Discussion 

This thesis has highlighted the potential of CRDS measurements of discrete small volume (<20 

ml) samples of N2O for the purpose of source partitioning. In chapter 3, the repeatability of the 

novel CRDS & SSIM method indicated that it is precise enough to distinguish well established 

ranges (SP ‰) for nitrification and bacterial denitrification processes and detect relative 

treatment effects. Within the instrument’s operating range, N2O concentration measurements 

were more precise than GC measurements. CRDS & SSIM measurement of isotopomers could 

be normalised to the international isotope-ratio scale using isotopic N2O standards to produce 

accurate results. However, isotopomer measurements by CRDS & SSIM were about one order 

of magnitude less precise than the typical precision of IRMS. The availability of internationally 

accepted N2O reference materials would improve the inter-laboratory comparability of isotopic 

N2O measurements (Mohn, et al., 2014). Further improvement to the CRDS & SSIM method 
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might include automation and the incorporation of physical traps to remove interference from 

non-target molecules. 

Temporal N2O emissions reported in chapters 4 and 6 highlighted that peak daily fluxes 

occurred around fertiliser application dates and periods of heavy rainfall and wet soil 

conditions. In chapter 4 the highest peak daily flux immediately post fertiliser application was 

13.4 g N2O-N ha-1 day-1 from the 40:60:0 sward mixture (ambient soil moisture) and 39.8 g 

N2O-N ha-1 day-1 from the 70:0:30 sward mixture (wet soil moisture). The highest peak daily 

flux coinciding with a period of high rainfall and WFPS was; 17.7 g N2O-N ha-1 day-1 from the 

40:30:30 sward mixture (ambient soil moisture) and 86.9 g N2O-N ha-1 day-1 from the 40:60:0 

sward mixture (wet soil moisture). These results emphasise the importance of considering 

appropriate N application rates and timings along with soil moisture conditions to minimise 

losses of N as N2O.  

The new European Green Deal strives to make Europe the first climate-neutral continent by 

2050 with no net emissions of GHG’s (EU, 2019). Several policy areas are addressed by this 

new plan including sutainable agriculture facilitated through the Common Agricultural Policy 

(CAP). The CAP recognises the impact of climate change for European farming, highlighting 

issues such as changing rainfall patterns, rising temperatures, variability in seasonality and 

extreme weather events (EC, 2020). Achieving such policy objectives is increasingly 

complicated in the face of changing rainfall intensity and duration patterns. Hopkins and del 

Prado (2007) highlighted that northern parts of Europe are expected to receive greater amounts 

of rainfall and that intense precipitation events are expected to increase in frequency. As this 

study has indicated, N2O emissions are sensitive to such changes in precipitation and associated 

soil moisture conditions. This emphasises the need for more research to develop predictive 

models of N2O emissions associated with forecast weather and soil conditions to improve N 

fertiliser management practices and minimise emissions from agriculture. 
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In chapter 5 source partitioning using the CRDS & SSIM method found that a mixture of 

nitrification and denitrification was dominant as soil WFPS overlapped frequently between 

plots maintained under ambient and elevated soil moisture conditions. However, the simplex 

predicted trends of SP and d15Nbulk supported the suggestions of chapter 4, that under wetter 

soil conditions (43% to 77% WFPS) and swards with higher legume proportions, N2O was 

more likely to come from denitrification. These modelled trends also showed that ribwort 

plantain could play an important role in the inhibition of nitrification under drier soil conditions 

(31% to 75% WFPS) which may help explain the lower observed N2O emissions associated 

with swards containing ribwort plantain in both chapters 4 and 6.  

Applying the same rate of N to all swards in chapter 4 may have unfairly biased legume 

containing swards as they potentially would have additional N from BNF and increased N 

mineralisation (Hatch et al., 1990, 1991). Therefore, chapter 6 aimed to use a balanced N 

approach by adjusting N application rates based on the white clover content of the examined 

sward compositions. The results of this chapter showed that daily N2O fluxes ranged from -

64.8 to 242.2 (PRG only), -30.3 to 89.0 (PRG+LWC), -29.6 to 133.6 (PRG+HWC) and -35.4 

to 44.6 (PRG+WC+P) g N2O-N ha-1 d-1.  Therefore, the highest peak daily flux occurred from 

the PRG only sward managed at 250 kg N ha-1 yr-1 while the lowest peak daily flux occurred 

from the PRG+WC+P sward managed at 45 kg N ha-1 yr-1. Over a full year there was no 

significant difference in cumulative N2O emissions from the four treatments. It is important to 

note that the PRG+HWC treatment received no N fertiliser application at all. This result 

appears to suggest, under some circumstances, biologically fixed N, or other pools of soil N, 

are also vulnerable to conversion to N2O, to the point that they can offset the reductions in N2O 

emission associated with reduced fertiliser N input.  

The PRG+WC+P treatment had lower overall total N2O emissions, although not quite 

statistically significant, and had significantly lower emissions at key times of the year. A 
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number of other results would be suggestive of processes (winter activity and biological 

nitrification inhibition) acting to reduce N2O emission and N leaching. There are a number of 

lines of evidence that would suggest further investigation of multispecies swards and the 

processes regulating N cycling and N2O emission and nitrate leaching from them, is warranted;  

particularly, multispecies swards containing ribwort plantain. Including additional soil types 

would strengthen future research in this area, helping to develop more specific 

recommendations for different soil types and textures. Only one soil type was used during this 

research (a clay loam texture, Luvisol, with restricted drainage) that would be considered low 

risk of N leaching, unlike freer draining soils that reported reductions in N leaching associated 

with multispecies swards (Malcolm et al., 2014; Carlton et al., 2019). Humphreys et al. (2008) 

highlighted that gaseous N losses through denitrification are a greater risk from heavier clay 

soils at particular times of the year when conditions are wet. The results of this thesis would 

support that suggestion.  

The potential of multispecies swards to meet herbage yield needs while requiring less inorganic 

N inputs than PRG monocultures has been well established (Nyfeler et al., 2009, 2011; Grace 

et al., 2019). Although at a small experimental scale, yield results from chapters 4 and 6 

similarly indicate that multispecies swards can yield as much or even outperform PRG 

monocultures at much lower rates of fertiliser N. The incorporation of legumes such as white 

clover provides biologically fixed N (Burchill et al., 2014). Herbs such as ribwort plantain can 

be beneficial to incorporate into multispecies swards due to differential resource use and 

growth rates, metabolic root activity during inactive PRG growth periods and possible root 

exudates that regulate soil N cycling (de Klein et al., 2019). However, matching or increasing 

yields is only one half of the sustainability challenge and chapter 4 indicated that under the 

same N application rate, swards containing higher proportions of white clover produced 

significantly greater cumulative N2O emissions. Chapter 6 also found no significant difference 
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in cumulative N2O emissions between treatments. This is notable, given that PRG+HWC 

received no fertiliser N inputs. This emphasises the importance of accounting for the 

contribution of biologically fixed N when determining appropriate N application rates during 

farm nutrient management planning and when estimating N2O emission from clover-containing 

swards.  

If we could understand better	the timing of BNF, soil N mineralisation and sward demand for 

mineral N, and the factors that control them (soil structure/porosity, temperature, moisture 

conditions), we could better design appropriate fertiliser N strategies for these swards so as to 

support the desired level of herbage production, while minimising the pool of excess mineral 

N available for loss. Undoubtedly this needs further experimental and modelling work to get 

to this level of understanding in N dynamics associated with grass-clover and multispecies 

swards. If we could implement experiments to provide the data to develop robust models, these 

models could be used to develop such fertiliser N strategies for different grass-clover and 

multispecies swards. In terms of management strategies to reduce N2O emissions, avoiding 

excess N under wet soil conditions, specifically WFPS >70%, is a key implication from these 

results. The potential for a national soil moisture monitoring and forecasting scheme to provide 

a warning system would be very beneficial to incorporate into decision support tools for 

nutrient management planning. 

Chapter 4 was a short-term monitoring period for N2O emissions post a single fertiliser 

application applied at the same rate to all plots. Extrapolating results past this to make 

inferences regarding emissions over the course of a full growing season would be 

inappropriate. Longer term field-scale research would be beneficial to determine cumulative 

N2O emissions from grass-clover and multispecies swards. Chapter 6 involved a yearlong 

monitoring period at a lysimeter scale which restricted the level of species diversity that could 

be assessed in sward treatments given the relatively small number of lysimeters and their small 
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surface area. The four treatments chosen were managed at a balanced annual N rate based on 

the white clover content and the results found no significant difference in cumulative N2O 

emissions or cumulative leached N losses between treatments. Again, this emphasises that 

replacing N fertiliser application does not totally offset N2O emissions and that swards 

containing legumes even with no N fertiliser being applied can still emit sizeable amounts of 

N2O. This is an important consideration for national level reporting of GHG emissions. 

Depending on a countrie’s calculation approach (IPCC, 2008), they may not incorporate 

activity data or emissions factors for N2O emissions from legumes. In these situations,	any 

reduction in fertiliser N use would directly, and relatively easily, be incorporated into national 

inventories as a proportionate reduction in N2O emissions (Murphy et al., 2018). Therefore, 

further knowledge of the role of biologically fixed N in N2O emission and how best to manage 

fertiliser N in grass-clover and multispecies swards is needed to improve recommendations of 

timing and rates of N fertiliser for such swards. This would then help improve related 

calculations of N2O emissions for national GHG inventories. The reduced demand for 

industrially fixed N for grass-clover and multispecies swards could potentially help reduce 

indirect emissions associated with the production and transport of such fertilisers (upstream 

emissions) which is another important consideration for policy makers (Ryan et al., 2011). 

More research is required to assess the overall N balance and N cycling processes associated 

with different sward compositions which should include quantification of emissions of other 

forms of N such as NH3 and N2, which are typically more important, quantitatively, than either 

N2O or nitrate.  

This thesis also highlighted the importance of considering soil moisture conditions as this can 

significantly increase the amount of N lost as N2O post fertiliser application. Denitrification is 

generally considered the dominant N2O source when soil WFPS exceeds 70% (Davidson, 

1991). The transition from nitrification to denitrification as regulated by soil microbial activity 
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(Baggs, 2011) occurs over a soil moisture gradient (Congreaves et al., 2019). In chapter 4, the 

changes in soil mineral N concentrations over time indicated that denitrification was likely the 

most dominant source of N2O production, particularly under wetter soil conditions. Again, 

these trends may only be relevant to similar soil types/textures to that used in this study. 

Chapter 4 results were further investigated in chapter 5 through the use of an isotopomer 

mapping approach (Zou et al., 2014; Congreaves et al., 2019). The information obtainable from 

isotopomer maps is useful to understand underlying soil N transformation processes driving 

N2O production, which in turn can suggest more meaningful mitigation options. Improved 

precision of the CRDS & SSIM method along with quantification of possible N2O reduction to 

N2 should be considered in future studies as this could improve the accuracy of isotopomer 

map estimates of N2O sources (Lewicka-Szczebak et al., 2017; Wu et al., 2019).  

Several mechanisms have been proposed for how ribwort plantain included in multispecies 

swards may impact soil N cycling and reduce N losses (de Klein et al., 2019). These include 

increased winter activity (Malcolm et al., 2014), production of compounds that inhibit 

nitrification (Gardiner et al., 2018, 2020), changes to soil physical properties due to increased 

root growth (Cong et al., 2017) and changes to soil microbial communities (Carlton et al., 

2019). Chapter 5 indicated that SP and d15Nbulk values are significantly affected by the 

proportions of ribwort plantain which suggests this plant can influence soil N transformations 

that lead to N2O production. A combination of nitrification inhibition and changes to soil 

physical properties are possible explanations for lower N2O emissions associated with swards 

containing ribwort plantain. Chapter 6 highlighted that even though sward composition didn’t 

significantly affect X-ray CT determined soil structural properties, N2O emissions were 

negatively correlated with soil porosity. This indicates that more porous soil potentially emits 

less N2O, possibly due to more prevalent aerobic conditions being more conducive to 

nitrification (Congreaves et al., 2019). Chapters 4 and 5 also found less emissions were 
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associated with nitrification which would also be consistent with this explanation. The links 

between soil porosity and N2O emissions in chapter 6 suggest that soil structure may be a more 

important regulator of N2O emissions than sward composition, at least over the short time 

period of this experiment. This has implications for management practices that would influence 

soil structure and porosity such as soil trafficking and compaction and organic amendments. 

Mangalassery et al. (2013) found that tillage practices that immediately impact soil aggregation 

and soil porosity have direct implications for GHG emissions. Policies that encourage practices 

to reduce soil compaction and maintain or improve soil organic matter might be considered to 

maintain good soil structure and porosity and thereby minimize risks of N2O emission. 

Although there was no significant effect of sward composition on soil porosity over the short 

time period of this experiment, it might be expected over time that the multispecies sward, in 

particular, might improve soil structure and porosity through a number of processes (Fischer 

et al., 2015). It is also possible that the reduced fertiliser N use and, therefore, reduced 

machinery traffic, associated with grass-clover and multispecies swards might cause less 

compaction over time. Kravchenko et al. (2018) found similar negative correlations between 

soil porosity and N2O emissions using X-ray CT scans with higher N2O emissions from poorly 

aerated soil, concluding that more diverse cropping systems increased soil porosity over the 9-

year cropping period of their study. 

In conclusion, CRDS & SSIM is a useful method to measure N2O concentrations and 

isotopomers of small volume discrete samples. This method can then be utilised for the purpose 

of isotopomer mapping which can provide information on underlying soil N transformations. 

Multispecies swards appear to be an efficient way to maintain DM yields while reducing the 

requirements for inorganic N fertiliser application. However, careful management 

considerations are necessary with regards to legume proportions and soil moisture conditions 

as N2O emissions can increase with increasing amounts of white clover and higher soil WFPS. 
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Ribwort plantain appears to regulate soil N transformations such as nitrification and, therefore, 

could be a potentially useful biological mitigation option for N2O emissions and other N losses 

such as nitrate leaching. Defining appropriate N application rates and timings based on sward 

clover content and soil moisture is of utmost importance if multispecies swards are to be 

considered suitable N2O mitigation options.  

 

7.3 Future work 

Successful adaptation and calibration of CRDS instruments for the purpose of measuring N2O 

isotopomers in small volume discrete samples has significant implications for future studies of 

soil N cycling and N2O emissions from agricultural soils. CRDS is a more cost effective and 

less technically complicated alternative to IRMS (Harris et al., 2020). Future improvements to 

the CRDS & SSIM technique should include efforts to eliminate matrix effects caused by 

contaminant gases and N2O in the ZA carrier gas by using commercially available scrubbers 

while numerical corrections should be developed for linearity effects caused by differing N2O 

concentrations of samples (Erler et al., 2015; Ji and Grundle, 2019; Harris et al., 2020). 

Automation and additional sample processing techniques such as accurate dilution for when 

soil fluxes are high or pre-concentration for when soil fluxes are low should also be considered 

for incorporation into the overall method as this would broaden the possible range of samples 

that could be measured and the overall scope of studies that the novel CRDS & SSIM method 

can be applied to. Given CRDS can measure N2O isotopomers at ambient concentrations and 

natural abundance it also has a major implication for 15N tracer studies (Müller et al., 2007) as 

lower substrate enrichment levels could be possible, yielding lower product N2O enrichment 

levels compared to those required by previous NH4
+ and NO3

- conversion methods that used 

IRMS (Stevens and Laughlin, 1994; Stevens et al., 1997). 
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Adoption of multispecies swards, particularly those containing ribwort plantain, managed at 

lower fertiliser N rates has the potential to lower N2O emissions and N leaching as seen in 

chapters 4, 5 and 6. As chapters 4 and 6 highlighted, swards containing high proportions of N 

fixing legumes can produce large fluxes of N2O emissions, particularly under wet soil 

conditions around times of heavy rainfall. This trend has been seen previously in the literature 

(Niklaus et al., 2006, 2016; Ribas et al., 2015) and could be influenced by increased N 

mineralisation rates (Hatch et al., 1990, 1991). Therefore, more research is needed to develop 

effective nutrient management strategies for these multispecies swards. 

Considering the bigger picture, adoption of multispecies swards at a farm level may also have 

other extensive benefits. Animal grazing of multispecies swards may reduce intensive point 

source loading of N in urinary deposition (de Klein et al., 2019) which could reduce N leaching 

in freer draining soils (Malcolm et al., 2014; Carlton et al., 2019) and reduce N runoff in soils 

with restricted drainage such as that used in this research. In fact, multispecies swards could 

improve infiltration (Fischer et al., 2015) which may also help reduce runoff and improve N 

utilisation for poorly drained soils. In relation to dairy production, increased crude protein 

content, consistent with the current results, may boost milk yields and protein content (Egan et 

al., 2018).  

Long-term farm and field scale research is necessary to quantitatively establish these whole 

farm benefits. Future whole system research should consider quantifying a total N budget that 

incorporates inorganic and organic N inputs as well as additional N losses such as NH3 and N2 

which can be substantial N losses (Burchill et al., 2016). The combination of farm-level field 

scale research with smaller scale soil incubations using soil sourced from the corresponding 

field site would be useful to provide data for robust model development to enable effective N 

fertiliser management strategies for grass-clover and multispecies swards. The use of multiple 

approaches to quantify soil N transformations should be applied to the soil incubation studies 
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to further verify the accuracy of N2O isotopomer mapping approaches (Deppe et al., 2017; 

Lewicka-Szczebak et al., 2017; Wu et al., 2019). Parallel measurements of soil moisture, N2O 

emissions and soil mineral N concentrations and enrichments in the field could indicate how 

expected N cycling actually occurs under field conditions. This could lead to the development 

of improved prediction models for N application advise based on soil moisture and weather 

forecasts. 

Field structured soil is heterogenous and can result in processes such as nitrification and 

denitrification occurring simultaneously (Abbasi and Adams, 2000). Therefore, retaining and 

assessing soil structure as it exists in the field will help improve extrapolations and 

interpretations of results from smaller scale experiments to inform larger field scale 

management of N. In a long-term farm level study of multispecies swards intact soil cores 

could be sampled temporally and X-ray CT scanned to determine how different sward 

compositions influence the field structure of soil and soil porosity over time. This could be in 

turn linked to long-term data on trace gas emissions particularly N2O (Kravchenko et al., 2018). 

Another important consideration for such long-term research studies would be to characterise 

and quantify the soil microbial communities associated with different sward compositions and 

assess if they change temporally with the establishment and development of the sward. Such 

changes can influence N losses (Carlton et al., 2019) and it would be interesting to see if 

changes in soil microbial communities shift with changes in soil physical properties and plant 

root architecture (Cong et al., 2017; Kravchenko et al., 2019). Combining CRDS & SSIM N2O 

isotopomer analysis with modern microbial techniques that track the genes encoding enzymes 

involved in nitrification and denitrification to model N transformations leading to N2O 

production could provide unique mechanisitic insights that could suggest improved 

management strategies to minimise soil N losses (Baggs, 2011; Müller and Clough, 2014). 
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To improve the overall sustainability of grazing systems, policy makers need to consider a wide 

range of factors to avoid adoption of beneficial management practices for one circumstance 

that could be detrimental for other issues. Currently, any reduction in fertiliser N inputs 

typically represents a proportionate reduction in N2O emissions for national GHG inventories 

(Murphy et al., 2018) without incorporating activity data and N2O emissions linked to BNF 

into these calculations. Establishment of effective N management strategies for multispecies 

swards should be followed with determination of appropriate emission factors for the adoption 

of such management practices. Such a disaggregated approach to calculation of emission 

factors could have significant implications for future GHG inventory reporting from the Irish 

agriculture sector (Harty et al., 2016).  

Multispecies swards have been found to be more resilient to extreme changes in environmental 

conditions (e.g. drought) which is important for sustaining DM yields in the face of threats 

from anthropogenic climate change (Finn et al., 2018). Animal health benefits can also be 

derived from grazing multispecies swards which may help reduce dependence on antibiotic use 

(Grace et al., 2019). In light of the global biodiversity crisis (Marques et al., 2019), multispecies 

swards can support greater biodiversity, providing habitats for pollinators, for example, which 

is key to improving the overall environmental sustainability of agricultural systems (Ebeling 

et al., 2008; Batary et al., 2010). Such wide-ranging benefits highlight how the appropriate 

implementation of multispecies swards and N management strategies based on soil type and 

environmental conditions could not only reduce harmful N losses but may also benefit many 

other aspects necessary to improve the overall sustainability of grassland agricultural systems.  
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Appendix 

 

 

Stable Isotope Analysis Lab 

CRDS & SSIM Standard Operating Procedure 

SOP Code: AG 

(School) 

ESRM 

(Section) 

001 

(SOP No.) 

V1 

(Version) 

Location: Lab S0.80, UCD Earth Institute  

Author: C Bracken 

P.I. Dr P Murphy 

Title: General Operation of Picarro G5101-i Isotopic N2O analyser 

Purpose: Measure discrete N2O samples (≤20 ml) 

Date: 2019-10-29 

 

This is a working SOP that may be subject to alterations as the methods described within are 

further developed. Please ensure that the SOP is appropriate for your intended work before use. 

It is the operator’s responsibility to follow the method, to record which version of the SOP is 

used and to note any deviations from the written SOP. 
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General Operation of Picarro G5101-i Isotopic N2O analyser 

1. Scope 

The Picarro G5101-i analyser can be used to determine N2O concentration, 15Nbulk isotope 

ratios and isotopomer values (15Nα and 15Nβ) by continuous or discrete sample 

measurement. Small volume discrete samples (≤ 20 ml) can be measured using the 

SSIM2 (small sample isotope module) peripheral unit in conjunction with the Picarro 

G5101-i analyser. Larger volume samples (e.g. Tedlar bags) can be measured by direct 

input into the G5101-i analyser or through the 16-port distribution manifold. The 16-port 

distribution manifold allows for partial automation of measurement and can be used in 

conjunction with the SSIM2 for smaller volume samples. The instrument’s operating 

range for N2O concentration is between 300 – 1500 ppb. 

 

2. References 

• Picarro Inc. G5101-i Analyser for Isotopic N2O Quick Start Guide. 40051 Rev A. 

• Picarro Inc., 2015. PICARRO G5101-i N2O Concentration and Isotopes 

Analyser. 

• Picarro Inc., 2010. 16-Port Distribution Manifold User’s Guide Model A0311. 

Rev B. 

• Picarro Inc., 2016. A0311 16-Port Distribution Manifold for Multiple Sampling 

Applications. 

• Picarro, Inc., 2013. Small Sample Isotope Module User’s Manual. Rev G. 

• Picarro, Inc., 2013. PICARRO A0314 Small Sample Isotope Module 2. 

• Picarro, Inc. G2201-i Analyser for Isotopic CO2 and CH4. 

 

3. Principle 

Samples are measured using mid-IR laser by CRDS (cavity ring down spectroscopy). 

Measurement precision increases with measurement time. Several options are available 

for delivery of N2O samples into the analyser and how long measurements take. Sample 

volume and the required precision of measurements should be considered to decide 

which operational set-up is the most appropriate.  
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4. Apparatus 

• Picarro G5101-i isotopic N2O analyser and pump. 

• Picarro SSIM2 peripheral unit. 

• Picarro 16-port distribution manifold. 

• Gas tight syringe. 

• Pressure regulators. 

• Stainless steel tubing. 

• Swagelok fittings.  

• Injector nut for SSIM2. 

 

5. Consumables 

• Zero Air. 

• N2O working standards. 

• Septa for injector nut on SSIM2. 

• Septa capped vials for discrete gas samples. 

• Tedlar bags for larger volume gas samples. 

• Side port needles for sample injection to SSIM2. 

 

6. Sampling 

For discrete gas samples follow a suitable sampling procedure as outlined by De Klein 

and Harvey (2012). Small volume samples (≤ 20 ml) should be stored in septum capped 

vials, ensuring to overpressure when filling to prevent inward contamination by ambient 

air. Vials can be stored in a cool dry place. Larger volume samples in Tedlar bags should 

be measured ASAP as storage reliability decreases greatly after 24 – 48 hours. 
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7. Operational Procedure 

• To start the analyser ensure the power switches are on for the pump, analyser and 

monitor. Turn the power switch at the rear of the analyser from O to I. NB: the 

power switch on the pump should always be in the on position, the pump will 

power up when the analyser is turned on. To turn on the analyser press the 

button on its front. Windows will load on the monitor and the analyser software 

will run through the system checks. 

• After the system checks are complete the GUI (Graphical User Interface) will 

appear. It will begin by measuring the Cavity Pressure, DAS (Data Acquisition 

System, i.e. the analyser) temperature and Etalon temperature. Once the correct 

temperatures and pressures are reached a message will appear on the bottom of 

the GUI screen; e.g. “Pressure locked”, “Cool Box Temperature locked”, 

“Preparing to measure”, Measuring…”. The GUI will then begin to show the 

continuous N2O measurements in real time. It may take up to 1 hour for the 

analyser to begin N2O measurements. Before measuring samples allow the laser 

to stabilise for up to 24 hours by measuring room air. 

• Continuous samples (e.g. incubation experiments) can be measured by directly 

connecting a piece of tubing from the sampling container to the inlet at the back 

of the analyser and segmenting the data into the respective time periods. 

 

Discrete samples (≤ 20 ml) 

• To measure small volume discrete samples (≤ 20 ml) allow the laser to run 

continuously for 24 hours to ensure the laser has been given sufficient time to 

stabilise. 

• Before operating the SSIM2 check that the “Valve Sequencer MPV” is turned 

off. To do this click Shutdown on the GUI and select “Software Only”. Double 

click on the Picarro Utilities icon located on the desktop and double click on 

“Setup Tool”. Under the “Port Manager” tab check that the “Valve Sequencer 

MPV” is turned off. If necessary change this setting to off and close the Picarro 

Utilities folder. 
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• Restart the GUI software by double clicking on the Picarro Switcher Mode icon 

located on the desktop and select the Isotopic N2O option followed by clicking 

Launch.  

• In the standard GUI mode the H2O parameter is not available from the Data Key 

drop down menus. This is necessary to check for pressure leaks in the system. To 

access this, log into the service GUI mode under the settings tab of the GUI. The 

password is “picarro”.  

• In the cylinder cabinet open the zero air (ZA) cylinder followed by opening the 

valve to the lab (do not open the exhaust valve – this will drain the ZA 

cylinder). Record the overall pressure remaining in the cylinder before and after 

each use. The pressure regulator in the cabinet should be set to 3.5 bar when the 

cylinder and line valve are open. This will drop to around 3 bar when the pressure 

regulators at the lab bench are opened. (See Picture 1, Appendix)  

• At the lab bench, open the black valve at the first pressure regulator on the ZA 

line to the SSIM2 and adjust slowly to 1.5 bar. This will rise to 2 bar when it 

meets the resistance of the SSIM2. (See Picture 2, Appendix) 

• The second pressure regulator has been set to 3 psi (following Picarro’s 

recommendations), check to ensure this is the case and only adjust if necessary. 

Never allow the final pressure into the SSIM to go above 8 psi. The indicator 

on the valve may flicker during operation due to valve switching within the 

SSIM2. (See Picture 2, Appendix) 

• Connect the stainless steel tubing from the SSIM to the analyser. Finger tighten 

and then apply a ¼ turn using the adjustable spanner. (See Picture 3a & 3b, 

Appendix) 

• Connect the grey (valve switching controls) and black (pressure detector) cables 

from the analyser to the SSIM. (See Picture 3a, Appendix) This will power on the 

SSIM, indicated by the green light on the front of the unit.  

• NB Turn on the SSIM vacuum pump. This must be done before launching 

the SSIM software. 

• Launch the SSIM software by double clicking on the “SSIM Pressure Detector” 

icon. This locates the COM port (COM 7) of the analyser that the SSIM2 is 

connected to. Leave this software window open while using the SSIM2. (See 

Picture 4a & 4b, Appendix) 
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• Measure the Zero Grade Air only for 30 minutes before beginning sample 

analysis. This is to obtain the average N2O concentration, 15Nbulk, 15Nα and 15Nβ 

of the Zero Grade Air, necessary for correcting concentration dilution and isotope 

mixing. (See Data Correction Spreadsheet) 

• Double click on the “SSIM Coordinator” from the desktop and select G5101-i. 

Configure the settings to suit the measurement procedure required. There are nine 

parameters (1 – 9) to be set. (See Picture 5, Appendix) 

 

1. Multi-Port Valve: 1 = Use 16 Port Distribution Manifold; 2 = Don’t Use 16 Port 

Distribution Manifold. [Select 2 for SSIM only]. 

2. If using Multi-Port Valve: Number of Sample Ports (between 1 and 8). [Select 1 for 

SSIM only]. 

3. Number of Repeats per Sample (between 0 and 5). [Select 1]. 

4. Number of Repeats per Standard (between 0 and 5). [Select 0]. 

5. Standard Mode: 1 = Between Each Sample; 2 = Beginning and End. [Select 2]. 

6. Measurement Mode: 1 = One Time; 2 = Continuous Loop. [Select 2]. 

7. Measurement Speed: 1 = Standard, 2 = Fast. [Select 2] (Fast is approx. 10 min per 

sample / Standard is approx. 15 min per sample) 

8.  Sample Loading: 1 = Manual; 2 = Automatic; 3 = Syringe. [Select 3]. 

9. Sample Dilution: 1 = No Dilution; 2 = Dilute Sample with ZA. [Select 2 for samples 

< 20 ml. Select 1 for samples > 20 ml].  

 

• Click OK. Select G5101-i for reference standard. See Picture 6, Appendix) 

• SSIM pressure measurements should be available in the GUI data key drop down 

tabs. Select this parameter to monitor SSIM pressure visually on the left side of 

the GUI. 

Note: Under vacuum the SSIM pressure should be ~8 Torr or below. When a sample is injected 

the max pressure is reached upon filling the cavity with sample / ZA. The max pressure should 

read between 980 – 1000 Torr. If the pressure is too high down regulate the second pressure 

regulator. If the pressure is too low up regulate the second pressure regulator being very careful 

not to exceed 8 psi. 
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• Overlay the SSIM Coordinator screen on to the bottom right corner of the GUI 

screen. This allows the user to monitor the parameters on the left side of the GUI 

while following the prompts of the SSIM Coordinator. (See Picture 7, Appendix) 

• Follow the steps indicated on the SSIM Coordinator screen to process each 

sample. 

• The first prompt requires the operator to inject the sample syringe with the valve 

closed and to click “Resume” under “Control”. The SSIM coordinator will then 

run through several valve sequencing steps. (See Picture 8, Appendix) 

• The next prompt to the operator is to open the syringe valve and to click 

“Resume” under “Control”. The SSIM coordinator will then run through several 

valve sequencing steps. 

• The operator will then be prompted to inject the sample. The sample will begin 

to draw itself in but the operator may be required to manually complete the 

injection depending on the sample volume. Once the sample is fully injected, 

close the syringe valve. Allow the SSIM pressure reading to settle and record this 

pressure value followed by clicking “Resume” under “Control”. NB - Always 

manually record the SSIM pressure as it settles after sample injection, and 

record the max SSIM pressure when the ZA dilution is carried out. This is 

used to work out the actual volume of a sample using the pressure vs volume 

calibration curve. (See Data Correction Spreadsheet) 

• The SSIM coordinator will then begin the dilution process. NB – watch the 

SSIM pressure readings and record the maximum pressure reached during 

the dilution step. (See Data Correction Spreadsheet) 

• The SSIM will then begin the sample measurement. At this stage the syringe can 

be removed from the injector nut to prepare for the next sample injection. 

• Before each measurement day complete a pressure vs volume calibration curve. 

Use room air injected at the following volumes: 0 ml, 5 ml, 10 ml, 15 ml and 20 

ml. To complete the 0 ml point do not inject the syringe, instead allow the zero 

air to fill 20 ml (cavity volume) into the SSIM.  

 

Note: The calibration curve should be almost perfectly linear with a R2 = 0.99+. Deviations 

from the curve or lower R2 values may indicate a leak. Check the injector nut and septum, 
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change septum if necessary. Check the ZA line connections from the SSIM unit to the analyser. 

Tighten loose connections if necessary by finger tightening + ¼ turn with an adjustable 

spanner. Never over tighten as this can lead to leaks. 

• To check the instrument precision and avoid measurement drift it is 

recommended that a room air / zero blank is run after every 10 samples. A 

reference standard or working standard may also be used if available. 

• To discontinue SSIM use and return to continuous measurement reverse the order 

of the SSIM set up steps. Close the SSIM Coordinator window. (Note: a system 

alarm will appear on the GUI, this is normal) Close the SSIM pressure detector 

window. Turn off the SSIM vacuum pump. Disconnect the grey and black cables 

from the SSIM. Disconnect the stainless steel tubing from the SSIM output. Close 

the black valve on the first pressure regulator at the lab bench and close this 

regulator by turning in the decrease direction. Close the valve and the ZA cylinder 

in the cylinder cabinet.  

 

Note: A system alarm will probably appear on the top left of the GUI  and a message stating 

“Pressure unlocked”. This results from the SSIM being disconnected. To resolve; click 

Shutdown and select “Stop Analyser Software Only”. Wait a couple of minutes and relaunch 

the analyser software by double clicking on the Picarro Switcher Mode icon on the desktop 

and selecting G5101-i Isotopic N2O and click launch. Monitor the system as it relaunches and 

wait until it begins measuring N2O parameters. 

 

• To turn off the instrument completely click shutdown on the GUI and select “Turn 

Off and Prepare for Shipping”. 

 

NB: Never leave the analyser measuring ZA overnight, this will lead to drift.  

  



	 318	

8. Expression of Results 

• N2O concentration is expressed as ppb. 

• δ 15Nbulk is expressed as permil (‰). 

• δ 15Nα is expressed as permil (‰). 

• δ 15Nβ is expressed as permil (‰). 

 

9. Quality Assurance 

• Prior to taking gas samples in the field (i.e. from static chamber) ensure vials are 

properly sealed and that they have been flushed and evacuated three times. 

• Ensure samples are injected with slight overpressure (e.g. 20 ml into 12 ml vial) 

to avoid inward contamination that would dilute the sample concentration. 

• Ensure samples are stored in a cool dry place. Process samples as quickly as 

possible. Vials lose pressure over time. Avoid storing in direct sunlight. 

• The laser should be given sufficient time to stabilise. 24 hours is recommended 

prior to measuring samples. 

• Before each measurement day, complete a pressure vs volume calibration curve 

as described above. Check for leaks based on any variation detected. 

• Ensure the septum in the injector nut is replaced approximately every 100 

injections. 

• Use side bore needles to reduce the damage caused to the septum. 

• For acceptable precision and accuracy ensure that sample concentrations are 

within the stated operating range of the analyser (300 – 1500 ppb N2O). 

• Minimise moisture (H2O) in samples. Use drying tubes to introduce samples to 

the analyser if necessary. 

• Use a gas tight syringe to inject discrete samples into the SSIM. If using a plastic 

syringe and with a three-way valve, replace when necessary due to wear and tear.  

• Never leave the analyser measuring ZA overnight. This will cause measurement 

drift. 
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10. Reporting of Results 

Raw data files are automatically generated by the analyser and is stored on the 

instrument’s computer as a DataLog_User file. These raw data files can be found by 

following the file path: C:\UserData\DataLog_User\Year\Month\Day. An example of the 

file naming convention is: JBDS5030-20170331-140739Z-DataLog_User. JBDS5030 

refers to the instrument serial number. 20170331 is the Year, Month and Date the file 

was started. 140739 is the Hour, Minute and Second of when the file was started. There 

are number of values available for the N2O parameters measured. The dry corrected 

values are the appropriate values to select for analysis. 

 

When measuring discrete samples using the SSIM there is sufficient time between 

samples to record the real time values on a separate spreadsheet that has been premade 

with sample reference numbers included. 

 

11. Safety 

• When using syringes and needles for sampling and analysis, take extra care to 

avoid needle stick injuries. 

• Regularly check the pressure reading of the instrument and the pressure regulators 

on the ZA line. 

• Never handle pressurised gas cylinders without the appropriate safety training 

and certification. 

• If moving the instrument, always ensure it is shut down using the shut down and 

prepare for shipping option (use this every time the analyser is being turned off!) 

this ensures the cavity returns to ambient pressure and does not remain under 

vacuum. 

• There are a number of valve sequences during operation of the SSIM. Ensure to 

follow the prompts carefully to avoid loss of sample or pressure build ups. 

• Read and follow the information in the Risk Assessments for the Stable Isotope 

Analysis lab. 
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12. Trouble Shooting 

• Start-up: 

If the chiller line contains large air bubbles this may stop the circulation of water in the 

line. This can lead to the baseplate temperature being exceeded which causes the 

analyser to enter safe mode (error message appears in GUI). This problem should be 

avoided by keeping the water level in the water buffer tank (externally mounted on the 

chiller cover) topped up to 90% of its full volume with deionised water. To do this 

unscrew the black cover and use a wash bottle to add in fresh deionised water. This can 

be done while the analyser is running. If the error message does appear this may require 

the instrument to be shut down and for the chiller line be flushed following the 

instructions provided in the installation manual for the installation of the water buffer 

tank. 
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13.  Appendix 

 

Picture 1: Zero Grade Air cylinder and pressure regulator in Lab S0.80 cylinder cabinet. 

 

 

Picture 2: Lab bench pressure regulators 

Initial	pressure	regulator,	set	
to	3.5	bar		

Final	pressure	regulator,	set	to	3	
psi	(should	not	exceed	8	psi)	

Intermediate	pressure	regulator,	
set	to	2	bar	
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Picture 3a & 3b: Connections from SSIM to CRDS analyser. 

 

 

  

Picture 4a & 4b: SSIM Pressure Detector icon and software window. 
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Picture 5a & 5b: SSIM Coordinator icon and configuration window. 

 

 

 

Picture 6: Reference standard selection window. 
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Picture 7: SSIM Coordinator overlaid on GUI. Regularly monitor H2O and SSIM pressure on 

GUI. 

 

 

Picture 8: Gas tight syringe with three-way valve for sample injection. 


