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Abstract 

The current food production system is responsible for 19 to 29% of the overall global 

emissions of greenhouse gases. In particular, it contributes about 75% of the global 

anthropogenic nitrous oxide (N2O) emissions, a greenhouse gas with 298 times greater 

radiative forcing than carbon dioxide (CO2). These emissions mostly result from the large 

quantities of synthetic nitrogen (N) fertilizer applied in arable agriculture. In the UK, intensive 

cultivation practices are the main contributors to the ~£1.2 billion annual costs of soil 

degradation, which represents 30% of the UK farm gate income. To ensure future food 

security whilst addressing these environmental and economic challenges, a transition to less 

intensive food production systems and a better understanding of the mechanisms and 

controls of N2O emissions are needed. However, this better understanding can only be 

complete by constraining the denitrification process. 

Denitrification is the anaerobic microbial respiration process which transforms soil nitrate 

(NO3
-) into gaseous dinitrogen (N2). When incomplete, it can be a predominant source of N2O 

in soil, while its full sequence of reaction is the only natural terrestrial sink for N2O emissions. 

The high sensitivity needed to distinguish small soil-N2 fluxes from the high N2 atmospheric 

background (~78%) unfortunately restricts its measurement to peak events. A new 

methodology is therefore needed to resolve the enigma of denitrification quantification in 

soil.  

In contrast with conventional farming management, regenerative agriculture aims to restore 

degraded lands and maintain soil fertility using crop rotations, including 3– 4 year “ley” 

mixture comprising of grasses and nitrogen-fixing legumes such as clovers. These leys have 

the double benefit of increasing soil organic carbon and naturally fertilizing soil with nitrogen, 
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reducing reliance on synthetic fertilizer. However, little is known about the impact of these 

leys on the soil nitrogen cycle and their potential contribution to greenhouse gas emission 

reduction. 

The present work aims to investigate the importance of denitrification in conventional 

agriculture and long term ley rotations; in particular in response to N fertilizer application. To 

address the challenges of denitrification quantification, a new methodology combining 15N 

tracer and N2-depleted artificial atmosphere has been developed and subsequently used for 

a one-year field campaign. This successful campaign was the first UK attempt to characterize 

in situ denitrification rates under artificial atmosphere.  

The newly developed method enabled the detection of soil-N2 fluxes 90% of the time, with 

an 8 fold greater sensitivity than conventional methods and allowing the simultaneous 

incubation of 24 soil cores; capturing spatial variability at farm scale. The field campaign 

spanned from March 2022 to May 2023 and was characterized by a large denitrification 

activity in the arable control following fertilizer application. Indeed, 15 kgN ha-1 were lost in 

this field (~8% of the 200 kgN ha-1 applied) through denitrification between April and October 

2022. Our measurements indicated that 9 % of this flux occurred as N2O rather than N2. The 

application of fertilizer in leys also resulted in 3 times higher N2O emissions and an N2O sink 

efficiency dropping from 93% to 85%.  

The present work improves the characterization and understanding of the denitrification 

process and highlights the high existing correlation between nitrous oxide sink efficiency and 

soil nitrate availability; calling for new strategies of fertilizer application in agricultural fields. 
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Chapter 1: Introduction 

1.1) The origins of agriculture 

 

Emerging more than 10 000 years ago (Stephens et al., 2019), during the Neolithic revolution, 

agriculture has enabled the rise and sustainability of the human species (Sanderman et al., 

2017). It appeared simultaneously in different parts of the world such as China, India, the 

Middle East, Mesoamerica or Sub-Saharan Africa (Figure 1); where humans started to 

domesticate plants and animals by controlling their reproduction and evolution (Nayak et al., 

2022). From these niches, agriculture expanded to the whole world and cereals like wheat 

and barley started to be produced in Europe around 6 000 BC (Jovanović et al., 2021). The 

food security provided by agriculture enabled a wide-scale transition from hunter/gatherer 

societies to sedentary populations (Bocquet-Appel & Bar-Yosef, 2008) and later to the rise of 

the first great civilizations. During antiquity, several innovations enabled to increase yields 

and ensure the stability of these civilizations, such as irrigation (Yannopoulos et al., 2020), 

application of manure (Araus et al., 2014), crop rotation (White, 1970), animal traction 

(Pigière & Smyth, 2023) or the stocking of cereals (Ben-Noun, 2017). These innovations 

continued in the Middle Ages with the development of new tools (windmill, metal scythes…) 

or new crop rotation plans, such as the three-field system. In this system, a crop is planted 

the first year, a different one the second year and finally the field is left to fallow during the 

third year. Fallowing is an agricultural technique in which arable land is intentionally left 

unsown for one or more growing seasons. This practice allows the land to replenish its 

fertility. Crop rotation, as a part of this system, also helped control pest life cycles and the 

development of pathogens that often occur with monoculture. This system continued for 
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centuries. However, the exponential rise of the human population in the last three centuries 

has necessitated drastic changes in agricultural practices and land uses (Ramankutty & Foley, 

1999).  

 

Figure 1: The birth of agriculture and its expansion into the world. 

This map from Diamond & Bellwood (2003) represent the inferred places and dates (based 

on radiocarbon data) of the different agricultural homelands.  

 

The second agricultural revolution occurred during the 18th century in Britain and was mainly 

carried out by Jethro Tull and Charles Townshend. This revolution saw a huge increase in 

yields per land and labour. For example, wheat yields increased by about 25 % between 1700 

and 1800  (Overton, 1996). The limiting factor of cereal yields before 1830 was nitrogen and 

the newly developed methods during this revolution enabled to fix this issue. The major 

development was the Norfolk four-course system, imported from the Waasland region (actual 

Belgium), which replaced the medieval three-field system. It involved a sequence of four 

crops: wheat, turnips, barley, and clovers and thus reduced the need for fallow periods. The 
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introduction of turnips and clover into the crop rotation had great benefits for the agricultural 

system and became known as "ley-farming" in England (Overton, 1996). Clovers, originating 

from the legume family, have the unique ability to fix atmospheric nitrogen into the soil 

through Biological Nitrogen Fixation (BNF), effectively addressing the nitrogen limitation that 

fields faced in the 18th century. 

Turnips and clovers both served as fodder and grazing crops, allowing livestock to be raised 

year-round. Additionally, turnips can be cultivated during the winter and have deep roots that 

can access minerals inaccessible to shallow-rooted crops. The other major innovations of this 

second agricultural revolution were newly improved ploughing techniques, selective breeding 

of livestock and the introduction of new crops. This new system of farming significantly and 

sustainably increased food production, without endangering soil health, local environment 

and fauna, soil and air pollution or contributing to global warming. As mentioned by Overton 

(2011), during the third agricultural revolution, “an essentially organic agriculture was 

gradually replaced by a farming system that depended on energy-intensive inputs dependent 

on the exploitation of fossil fuels”.  

1.2) Conventional and regenerative agriculture 

 

Modern conventional agriculture was born with the third agricultural revolution (so called 

“Green revolution”), which started in the early 20th century and combined the use of synthetic 

nitrogen fertilizer, chemical pesticides, the selection of high-yield species, controlled 

irrigation, and mechanization of agriculture. In 1918, the German Fritz Haber received the 

Nobel Prize for the synthesis of ammonia from atmospheric dinitrogen. Under high 

temperature (450°C) and high pressure (200 atm), this process revolutionized agriculture and 

science by allowing the industrial fixation of dinitrogen (Figure 2). This process enabled to 
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reach much greater nitrogen contents in soil compared to the natural fertilization performed 

by clovers in the Norfolk four course-system. The ammonia produced with the Haber process 

still enables today the production of 174 million tonnes of nitrogen fertilizer per year, 85% of 

which is used in fertilizers (Pfromm, 2017).  

 

Figure 2: Laboratory reactor used by Fritz Haber to synthetize ammonia ca. 1909. 

Public domain picture.  

 

However, farmers quickly realized that application of fertilizer to the traditional wheat 

varieties would not result in increased grain yield because straws grew too tall and lodged 

(Silverstone & Sun, 2000). Therefore, smaller varieties of wheat had to be found or bred so 

higher application of nitrogen fertilizer would result in higher yields. The semi-dwarf wheat 

variety “Norin 10” was developed in Japan and brought back to the United States after World 
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War II. The Rht1 and Rht2 genes present in Norin 10 reduced its height to 60–110 cm, 

compared to >150 cm for regular wheat (Lumpkin, 2015). Norman Borlaug used this variety 

of wheat to create new semi-dwarf and disease-resistant varieties, for which he won the 

Nobel Peace Prize in 1970. Currently, almost all commercial wheat employs one of the Rht 

mutant alleles (Silverstone & Sun, 2000). Other than wheat, hybrid high-yielding varieties of 

corn and rice were also developed. However, high-yielding varieties did not always result in 

high yields after plantation. Typically, in a well-irrigated area and with the use of fertilizer, 

these varieties offered a 40% higher yield. In dry areas however, the gains were often inferior 

to 10 % (Pingali, 2012). Therefore, massive investments in irrigation infrastructure were made 

(Cassman & Pingali, 1995). The synthesis of chemical pesticides also greatly helped this green 

revolution. The use of pesticides has grown steadily since the late 1940s (Pimentel, 1996) and 

has reached about 2.5 million tonnes per year today (FAO, 2022a).  

Today, conventional agriculture produces 9.5 billion tonnes of food (FAO 2022b), however, it 

has a large impact on the environment. It is responsible for 10 to 12% of overall global 

emissions of greenhouse gases (Kristensen et al., 2011). As a fuel-dependent industry 

(cultivation, application of manure, transport of animals, processing and transport of feed) it 

is an important source of carbon dioxide (CO2). However, most of the warming potential of 

agriculture comes through methane (CH4) and nitrous oxide (N2O) emissions. Methane is a 

greenhouse gas with 25 times greater radiative forcing than CO2 (IPCC, 2013) and its emissions 

mainly result from ruminant livestock. On the other hand, nitrous oxide has 298 times greater 

radiative forcing than CO2 (IPCC, 2013) and is also involved in the depletion of the ozone layer 

(Ravishankara et al., 2009). Agriculture is responsible for 75% of N2O emissions globally 

(Velthof & Rietra, 2018), these emissions mostly result from the application of N fertilizer in 

arable fields. Around 120 million tonnes of N fertilizer are used yearly (FAO, 2017) ; however, 
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it is estimated that half of this fertilizer is lost to the environment (Lassaletta et al., 2014), in 

particular as N2O. It can also be emitted as nitric oxide (NO) or as ammonia (NH3). Nitric oxide 

is also involved in the depletion of the ozone layer and can cause acid rain (Pilegaard, 2013). 

Volatilisation of ammonia is another big consequence of fertilizer application and may result 

in acidification of water and soil (Haas et al., 2001). The excesses of N fertilizer can also leach 

in the form of nitrate (NO3
-) and contaminate waterways, causing eutrophication (Guerci et 

al., 2013). Eutrophication of water results from an excess of nutrients, causing increased plant 

and microbial growth (especially algae). This growth is at the expense of the already present 

species and results in lower amounts of dissolved oxygen. Conversion of native soil to 

agricultural uses generally comes with a loss of soil organic carbon (SOC), with median losses 

of 26% in the top 30 cm (Sanderman et al., 2017). The main driver of the loss of SOC in 

agricultural lands is the use of tillage (Juřicová et al., 2022). These losses lead to poor soil 

structure which facilitates soil erosion by wind and water which in turn, further accelerates 

the loss of SOC. In the context of rising atmospheric CO2 levels, soil carbon sequestration 

could be part of the solution to fight global warming, while the loss of SOC from agricultural 

practices only increases atmospheric CO2 concentrations (Houghton, 2007). The destruction 

of ecosystems for cultivation and application of pesticides also result in the endangering of 

local species, affecting the biological cycles of soil. Finally, intensive conventional agriculture 

causes economic issues. For example, in the UK, it is the main contributor to the ~£1.2 billion 

annual costs of soil degradation, which represents 30% of the UK farm gate income (Graves 

et al., 2015). Continuous cropping, ploughing, short rotations and intensive use of agro-

chemicals have contributed to declines in soil quality, constraining yields and profits 

(Townsend et al., 2016). 
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To mitigate these impacts, regenerative agriculture aims to restore degraded lands and 

prevent the loss of arable soils while addressing the climate change issues associated with 

agriculture. It revolves around five key principles: minimum mechanical soil disturbance (i.e., 

no tillage), permanent soil organic cover, species diversification, keeping living roots in the 

soil and integrating animals (Miller-Klugesherz & Sanderson, 2023). Ley-farming, as 

introduced during the second agricultural revolution (see chapter 1.1), is a perfect example 

of regenerative agriculture. During one year (or up to four years in the case of soil 

restoration), the field is under permanent organic cover and is being regenerated for the next 

culture. In particular, the presence of legumes associated with nitrogen-fixing bacteria 

enables the ley to naturally fertilize soil. It has been estimated that BNF has the ability to fix 

roughly 200 million tonnes of nitrogen annually (Biswas & Gresshoff, 2014), which is more 

nitrogen than is currently produced using the Haber process. Bringing animals into the mix 

not only enables the leys to be grazed and thus prepared for the next culture, but also 

participates in soil quality improvement and higher economic returns (Cooledge et al., 2022). 

Leys participate to soil species diversification which, as mentioned previously, is an efficient 

way to control pest life cycles and development of pathogens compared to monoculture. 

Regenerative agriculture often results in an increase of soil organic carbon and thus in water 

retention capacity (Guest et al., 2022), reducing the risk of flooding under high precipitation 

conditions. Currently, it is estimated that only 1.4% of total agricultural land is dedicated to 

organic farming (which includes regenerative agriculture), with 181 countries practicing 

organic activities (FiBL & IFOAM, 2019). 
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1.3) The nitrogen cycle in soil 

Nitrogen is a key nutrient for any life form on earth and exists in many forms that are 

exchanged and transformed in complex biogeochemical cycles (Butterback-Bahl, 2011). 

 

Figure 3: The nitrogen cycle in soil 

Nitrogen is transformed via many complex processes and is exchanged between atmosphere, 

soil and biological individuals (microbes and animals). Abiotic processes are not represented 

in this figure for clarity. 

Living organisms use nitrogen for the synthesis of complex organic molecules (such as amino 

acids, nucleic acids, chitin and proteins). These organic compounds are released in the soil via 

root exudates, biological excretions or the necromass (dead plants, microbes or animals in 

soil). Once in the soil, these molecules are decomposed by soil microbes via mineralization of 

soil organic matter (Figure 3). This mineralization consists in successive depolymerisations of 

the complex organic molecules down to simple plant-available minerals (ammonium in the 
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case of nitrogen). On the other hand, soil microorganisms can also assimilate these nitrogen 

minerals for their own metabolism, reducing the amount of available nitrogen. This is referred 

as nitrogen immobilization. Ammonium in the soil can be transformed into nitrates through 

nitrification (Davidson et al., 1991), an aerobic metabolic process. Nitrate is also a nutrient 

available for plants and microbes but can be transformed into inert gaseous dinitrogen (N2) 

via denitrification (see chapters 1.4 and 1.5), which is a microbial respiration process under 

suboxic conditions. Incomplete denitrification leads to emissions of N2O. Dissimilatory 

reduction of nitrate to ammonium (DNRA) is another anaerobic microbial respiration process, 

which transforms nitrate in ammonium. If this ammonium is assimilated to the microbe’s 

metabolism at the end of the process, it is referred as assimilatory reduction of nitrate to 

ammonium (ANRA; Sparacino-Watkins et al., 2014). In-between nitrification and 

denitrification, nitrifier-denitrification is a process in which soil ammonia is oxidized into 

nitrite; and this nitrite is then reduced according to the sequential steps of the denitrification 

process (i.e. into NO, N2O and N2). This process differs from coupled 

nitrification/denitrification by the fact that the whole sequence is carried out by a single 

organism. Nitrifier-denitrification is carried out by autotrophic nitrifiers (Wrage et al., 2001). 

Anaerobic ammonium oxidation (Annamox) is a metabolic microbial process in which 

ammonium and nitrite are converted into dinitrogen. Although predominant in aquatic 

ecosystems, anammox bacteria have been found in agricultural soils (Humbert et al., 2010). 

Other abiotic processes can further transform nitrogen in soil (such as chemo-denitrification 

or decomposition of hydroxylamine) but these are considered negligible compared to the 

biological processes (Zhu-Barker et al., 2015). The inputs of nitrogen in soil can come from 

different ways. In the absence of anthropogenic disturbance or animal inputs, nitrogen enters 

soil via BNF, N2 adsorption onto clay or lightning interaction with air (Figure 3). In either case, 
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nitrogen comes from the atmosphere, which is the biggest pool of nitrogen on earth 

(constituted of 78% N2). However, the robust triple covalent bond in the N2 molecules renders 

them largely unusable by the majority of living organisms. The tremendous amount of energy 

released by lightning can break this bond and ionize N2 and H2O in the atmosphere to produce 

nitrite (NO2
-); which can then penetrate soil through raindrops. However, this pathway 

contributes at most to about 10 % of the total annual yield of natural soil nitrogen inputs 

(Jeffery Leigh, 2002). On the other hand, N2 adsorption onto clay is usually negligible.  BNF 

was for a long time the main source of nitrogen in soil (Ladha et al., 2022). This process can 

occur symbiotically with certain families of bacteria, such as rhizobium (Figure 4). These 

bacteria infect plant cells to form root nodules in which they exchange organic nitrogenous 

molecules with the host plant against carbon rich photosynthesis compounds. The rhizobium 

bacteria primarily associate with legumes (clover, beans, lentils, soybeans, chick peas, etc.). 

 

Figure 4: Biological nitrogen fixation performed by legumes 
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Modified version from Wikimedia commons “Nitrogen fixation Fabaceae (CC BY-SA 4.0)”. This 

figure illustrates how legumes (here beans) fix nitrogen from the atmosphere. This process is 

actually carried by bacteria (from the Rhizobium family) living symbiotically in nodules located 

at the root of the plant. 

 

There also exist free living N fixing bacteria in soil, which contribute more to N inputs in the 

soil that was previously thought (Ladha et al., 2016). For a long time, the only anthropic N 

input was organic amendment, such as compost or manure; which’s nitrogen content is 

variable and generally low (NFU, 2022). Today however, synthetic N fertilizer is the main 

source of nitrogen input in soil, with yearly applications as high as 450 or even 750 kgN ha-1 

(Jarvis et al., 1991). These excesses have driven the consequences mentioned in section 1.2 

but they also have altered the biological cycle of microorganisms (Sivojiene et al., 2021). For 

example, under amendment of fertilizer, large N2O emissions from soil microorganisms are 

typically observed (Loick et al., 2017). 
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1.4) Sources of N2O in soil 

 

Figure 5: The different sources of N2O in soil. 

Both microbial and abiotic processes are at the origin of N2O emissions. 

 

The emissions of N2O from soil can originate from several sources (Figure 5). The three main 

sources are denitrification (the biological pathway in which nitrate is transformed into N2O), 

nitrification (the biological pathway in which ammonium is transformed into N2O) and soil 

abiotic processes. As mentioned previously, denitrification is a microbial respiration process 

under suboxic conditions and is primarily performed by microbes living in soil anaerobic 

microsites. Since oxygen does not diffuse much in soil, nitrate is used as an alternative 

electron acceptor. Nitrate is indeed the soil inorganic substance which’s reduction yields the 

highest energy (ΔG ~ -28.4 kcal mol-1 e-1 compared to -29.9 kcal mol-1 e-1 for O2; Megonigal et 

al., 2004). The denitrification process occurs in step as: 
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NO3
- + 2 H+ + 2 e- → H2O + NO2

- [1] 

NO2
-+ 2 H+ +  e- → H2O + NO  [2] 

2 NO + 2 H+ + 2 e- → H2O + N2O [3] 

N2O + 2 H+ + 2 e- → H2O + N2  [4] 

It is a sequence of reductions from nitrate, to nitrite (NO2
-), to nitric oxide, nitrous oxide and 

finally to dinitrogen (N2). Each reaction necessitates a specific reductase enzyme. A wide 

range of bacterial groups are capable of performing denitrification: Bacillus, Enterobacter, 

Micrococcus, Pseudomonas, Spirillum, Proteus, Aerobacter and Flavobacterium (Meng et al., 

2014). Fungi also possess the capability for denitrification although in general, they lack the 

reductase enzyme necessary to reduce N2O into N2 (Matsuoka et al., 2017). For this reason, 

it is assumed that fungi contribute mostly to N2O emissions (Laughlin et al., 2002). Co-

denitrification is an alternative denitrification reactional pathway in which one N atom is 

derived from the nitrate pool while the second one derives from the organic pool (Spott et 

al., 2011). For this reason, it is considered a hybrid process.  

As previously mentioned, nitrification is a metabolic process nitrifying bacteria use for their 

own metabolism and growth. It occurs under aerobic conditions in two distinct steps: 

NH3 + O2 → NO2
- + 3 H+ + 2 e-  [5] 

NO2
- + H2O → NO3

- + 2 H+ + 2 e- [6] 

N2O can be formed during either of these steps. In the case of autotrophic nitrification, two 

distinct microbial communities carry out a sole reactional step in syntrophy. Ammonia 

oxidizer bacteria (and archaea) carry out the first reactional step, the product of which is used 

by nitrite oxidizer bacteria (and archaea) to carry out the second reactional step. 
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Heterotrophic nitrification on the other hand is carried out by a wide range of fungi and 

bacteria who can transform organic and inorganic N into nitrate. The cellular rate of  

heterotrophic nitrification are lower than this of autotrophic nitrifiers and it is unclear what 

are the benefits of nitrification for heterotrophs, although it can be significant in acid soils or 

soils with high C:N ratios and biomass (Prosser, 2004). One possible explanation is that 

heterotrophic nitrification participates to the provision of nitrate under aerobic conditions 

which would then be available for denitrifying organisms once the conditions become 

anaerobic (Castignetti & Hollocher, 1984). 

As mentioned previously, nitrifier-denitrification can be a source of N2O in soil since it follows 

the sequence of both nitrification and denitrification, which can both emit nitrous oxide.  

Finally, N2O can be formed abiotically via chemo-denitrification, where soil nitrate and nitrite 

are chemically reduced by ferrous iron (Fe(II)) in the same stepwise process as classic 

denitrification (Buessecker et al., 2019). Other abiotic sources of N2O include nitrite 

decomposition, hydroxylamine decomposition or reaction of nitrite with hydroxylamine, but 

all these abiotic processes are considered negligible (Bremner, 1997). 

1.5) The importance of the denitrification process 

 

Denitrification is a key process of nitrogen removal in soil. In agricultural lands, it is one of the 

main ways of fertilizer loss (along with nitrate leaching and ammonia volatilization; Lassaletta 

et al., 2014). As mentioned in the previous paragraph, denitrification is a source of N2O, 

however, due to its full sequence of reaction, it is also the only natural sink for respiratory 

reduction of N2O into N2. Denitrification measurements are unfortunately rare. Firstly, 

because it is a highly variable process (both temporally and spatially;  Philip Robertson, 1997), 



15 
 

and secondly because the high atmospheric N2 background renders the detection of soil 

emitted N2 molecules particularly difficult (Groffman et al., 2006). Currently, the 15N Gas flux 

method (15NGF) is the best suited technique to measure in situ denitrification dynamics. 

Briefly, it uses a 15N-labelled nitrate tracer applied to incubated soil to derive the fluxes of 

denitrified N2O and N2 via their isotopic signature in the headspace of the incubation vessel. 

As for all the methods of denitrification measurement, it is currently limited by its sensitivity; 

which makes in situ N2 flux detection difficult outside of peak events. A further 

characterization of denitrification is the partitioning of N2O sources, notably the contributions 

of bacteria and fungi to denitrified N2O emissions. Whilst this is not currently doable using a 

15N tracer, newly developed methods using naturally abundant (NA) isotopes enable to 

constrain the different processes mentioned in chapter 1.4. 

Although environmentally benign, characterization of N2 emissions is of primary importance 

to determine the denitrification product ratio (PR), defined as the proportion of denitrified 

N2O relative to the total denitrification emissions (N2O + N2). This PR enables to fully 

characterize the last process step, the reduction of N2O into N2 and thus the efficiency of 

denitrification as sink of nitrous oxide (e.g. a product ratio of 5% means that the nitrous oxide 

sink efficiency was 95%). Increased temperature and moisture tend to decrease the PR but 

increase the magnitude of flux, which might lead to higher N2O fluxes (Granli & Bockman, 

1994; Clayton et al., 1997). It has also been shown that pH reduction (through the application 

of lime) leads to the decrease of the PR and magnitude of N2O emissions (Zhang et al., 2023). 

On the other hand, increased PR has been correlated with higher levels of nitrate 

concentration (Blackmer & Bremner, 1978; Warner et al., 2019). The main expected 

difference between conventional and regenerative agriculture is probably the nitrate levels, 



16 
 

which are highly increased under amendment of fertilizer. Therefore, we expect a higher 

denitrification PR and N2O emissions in conventional agriculture. 

1.6) Research questions and thesis layout 

This present work aims to first elucidate the enigma of denitrification quantification, before 

investigating its importance in conventional and regenerative agriculture; in particular in 

response to N fertilizer application. 

Our research questions were: 

- How much can we increase the limit of detection of the 15NGF by combining it with an 

artificial atmosphere?  

- Is the denitrification process stimulated by the addition of a 15N-NO3 tracer? And by 

the addition of large quantities of nitrogen fertilizer?  

- How much fertilizer is lost to the environment via denitrification after application? 

- How do leys compare to conventional agriculture in terms of denitrification during and 

outside of the cultivation period? Is there a significant difference between unfertilized 

and fertilized ley? 

- Is denitrification constant over time or does it follow temporal patterns?  

- How much global warming potential can be saved with regenerative agriculture? 

- Can we combine the 15NGF and naturally abundant isotopes to completely partition 

the sources of N2O?   

We hypothesized that denitrification would be a less efficient sink for nitrous oxide emissions 

in conventional agriculture than in regenerative agriculture and that the application of 

fertilizer would result in large quantities of nitrogen lost via denitrification. Furthermore, we 
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hypothesized that denitrification would exhibit large temporal variations that have not been 

properly characterized so far due to the technical difficulties involved. Finally, we 

hypothesized that denitrified N2O emissions in conventional agriculture would be dominated 

by bacteria rather than fungi. 

In Chapter 2 of this thesis, we will study the strengths and weaknesses of 15N Gas Flux method 

for the measurement of in situ denitrification and the associated technical challenges to 

overcome in order to increase its sensitivity. Chapter 3 describes the one-year method 

development in which we combined the 15NGF to an artificial atmosphere for field 

measurement of denitrification, using either modified static chambers or plastic liners. 

Chapter 4 is dedicated to a one-year field campaign where we further validated the new 

denitrification measurement method as well as measured in situ denitrification, greenhouse 

gas emissions and key soil parameters (nitrate and ammonium contents, moisture, dissolved 

organic and nitrogen contents or laboratory potential of mineralization). These 

measurements took place in two types of long-term ley rotations (regenerative agriculture) 

and an arable control (conventional agriculture).  In Chapter 5, we are combining the 15NGF 

to naturally abundant 15N isotopes to completely partition the sources of N2O of the arable 

soil studied during the one-year campaign.  Finally, Chapter 6 will synthetize all the results of 

the present thesis and offer a future outlook perspective on potential research for the 

measurement of denitrification and its importance in agriculture. 

1.7) Experimental design  

This PhD benefited from the Sustainable Agriculture Research and Innovation Club (SARIC) 

project “Restoring soil quality through re-integration of leys and sheep into arable rotations”. 

As described by the project’s name, the aim was to evaluate the impact of long ley rotations 
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(5 years) coupled with sheep grazing on restoration of damaged agricultural lands. Two types 

of leys were studied in this project, grass/clover ley and herbal ley. The traditional 

grass/clover mix is the most predominant form for ley and rotational grazing in the UK 

(Kingston-Smith et al., 2013) and its high proportion of white and red clovers (trifolium repens 

and trifolium pratense respectively) usually enables higher levels of nitrogen in the soil. Herbal 

leys have been promoted for over a century in temperate regions (Jordon et al., 2022) and 

consist in more complex mixes of legumes, perennial forbs and grasses which bring a wide 

range of ecological benefits in addition to nitrogen fertilization; amongst which: enhanced 

soil health and reduced soil erosion thanks to deep and dense rooted systems, improved 

biodiversity or enhanced pest and disease resistance. 

The SARIC project benefited from four split-field experiments where a single agricultural field 

was split into three parts, one for an herbal ley, one for a grass clover ley and one for 

conventional agriculture. 

 

Figure 6: The experimental layout at the Allerton Project site. 
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The methodological development of Chapter 3 was performed at The Allerton Project Game 

& Wildlife Conservation Trust (Loddington, UK), part of the SARIC project (Figure 6). However, 

with this project coming to an end at the end of 2021, another site had to be selected for the 

one-year field campaign of Chapter 4. The FarmED site near Shipton-under-Wychwood in the 

Cotswolds (UK) offered an ideal setup for the one-year field campaign, with strips of herbal 

leys of different age and a conventional agriculture control plot. Since this site did not have a 

conventional grass/clover ley however, we had to find a nearby field under such management 

(Figure 7).  

 

 

Figure 7: Experimental layout for the one-year field study of Chapter 4. 
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FarmED site (left) and nearby grass/clover ley (right) studied during our one-year field 

campaign. The red pins represent static greenhouse gas chamber locations while the blue pins 

represent the sampling locations for denitrification measurements (see chapter 4).  
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Chapter 2: The 15N Gas Flux Method for measuring 

denitrification  
 

The following chapter aims to study and characterize the 15N Gas flux method for the 

measurement of denitrification; which will be the main technique used in this thesis and 

which will be enhanced in Chapter 3 to derive a new methodology. This chapter explores the 

biogeochemical principles of the 15NGF, its refinement through time and how the 4 key 

assumptions we identified can cause errors. It then identifies various actions and solutions 

for mitigating the impact of these errors on the measurement of denitrification, using 

literature compilation and relevant denitrification simulation. Finally, it explores the main 

weakness of the 15NGF (its poor sensitivity towards N2 detection) and suggests several 

recommendations to enhance it, which will be used in Chapter 3. 

This chapter is published as a peer-reviewed paper in the Soil Biology and Biochemistry 

Journal as: 

Micucci, G., Sgouridis, F., Mcnamara, N. P., Krause, S., Lynch, I., Roos, F., Well, R., & Ullah, S. 

(2023). The 15 N-Gas flux method for quantifying denitrification in soil : Current progress and 

future directions. Soil Biology and Biochemistry, 184(June), 109108.  

https://doi.org/10.1016/j.soilbio.2023.109108 

The literature compilation, simulations, research, and organization of this paper were carried 

out by Gianni Micucci under the supervision of Sami Ullah and Fotis Sgouridis. All the cited 

co-authors reviewed and corrected the manuscript (especially world denitrification expert 

Reinhard Well from Germany).  



27 
 

The 15N-Gas Flux Method for quantifying 

denitrification in soil: current progress and 

future directions 

Gianni Micucci1,*, Fotis Sgouridis2, Niall P. McNamara3, Stefan Krause1, Iseult Lynch1, Felicity 

Roos4, Reinhard Well5 and Sami Ullah1,6 

• 1. School of Geography, Earth and Environmental Sciences, University of 

Birmingham, Edgbaston, B15 2TT Birmingham, United Kingdom. 

• 2. School of Geographical Sciences, University of Bristol, BS8 1SS Bristol, United 

Kingdom. 

• 3. UK Centre for Ecology & Hydrology, Lancaster Environment Centre, LA1 4AP 

Lancaster, United Kingdom. 

• 4. UK National Trust, SN2 2NA Swindon, United Kingdom. 

• 5. Thünen Institute of Climate-Smart Agriculture, Bundesallee 65, 38116, 

Braunschweig, Germany. 

• 6. Birmingham Institute of Forest Research, University of Birmingham, Birmingham, 

UK. 

Keywords: Denitrification, 15N Gas Flux Method, Nitrogen Cycling, Nitrous Oxide Emission, 

Stable Isotope Tracing. 



28 
 

2.1) Abstract 

Denitrification in soil is a challenging process to quantify under in situ conditions, which 

seriously hampers the ability to accurately close or balance the nitrogen budget of terrestrial 

ecosystems. The 15N Gas Flux method is one of the best-suited techniques for in situ 

measurement of denitrification. Using a stable 15N-NO3
- tracer injected or applied on the 

surface of soil under a closed static chamber, this method enables the measurement of both 

N2O and N2 denitrification fluxes. Its main limitation is certainly the poor sensitivity towards 

N2 emissions, which is a common weakness of all denitrification measurement methods. We 

have also identified 4 assumptions on which this technique relies to be accurate: 1) the tracer 

is distributed homogenously in the confined soil volume, leading to the formation of a single 

isotopic pool in equilibrium, 2) absence of hybrid molecule forming processes, 3) quantitative 

recovery of produced denitrification products in the flux chamber headspace (no diffusive 

losses) and 4) no stimulatory impacts of nitrate tracer addition on the dynamics of the 

denitrification process. In this review, we revisit the principles of the 15N Gas Flux method, 

explore its evolution through time as well as the different models of calculation that have 

been developed; before assessing the impact of the 4 above-mentioned assumptions through 

literature compilation and simulation. Finally, we elaborate and discuss key technical aspects 

of this method to help the reader in understanding and optimally applying the 15N Gas Flux 

method for the measurement of denitrification.  

The outcome of this review shows that in order to address the main limitation of the 15N Gas 

Flux method (poor N2 sensitivity), a hybrid approach using an artificial N2-depleted 

atmosphere in addition to 15N isotopic tracer seems to be a promising lead, although only a 

few studies have used it so far (even less so in the field). In particular, we demonstrate here 
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the existence of a threshold of 10% atmospheric N2 concentration background, below which 

the sensitivity increases drastically. We also show here that the 4 assumptions mentioned 

above are unlikely to be fully fulfilled in the field. The non-homogenous distribution of the 15N 

tracer in soil has been shown by various authors to cause a 25% underestimation of the rate 

of denitrification at maximum. Through simulation, we show here that the presence of hybrid 

molecules should have a moderate impact on total fluxes (N2 or N2O similarly) as long as they 

contribute for no more than 50% of the total emissions (at which point they cause a 12.5% 

overestimation). The underestimation of denitrification due to subsoil diffusion, which has 

been reported to be as high as 37%, remains a challenge to quantify. Finally, the impact of 

substrate isotopic tracer and water additions on a hypothetical stimulation of the 

denitrification process needs further validation. A decision tree has been implemented at the 

end of this study to help users applying the 15N Gas Flux method optimally.  Overall, our 

findings show that this method still holds a substantial promise for a more accurate 

quantification of in situ denitrification whilst considering the recommended mitigation of the 

methodological weaknesses in future research. 

2.2) Introduction: 

Denitrification is defined as the sequential reduction of soil nitrate (NO3
-) through microbial 

respiration under anoxic or suboxic conditions. This nitrate is firstly transformed into nitrite 

(NO2
-), then into gaseous nitric oxide (NO), gaseous nitrous oxide (N2O) and finally into 

dinitrogen gas (N2) through microbial redox reactions. In soil, denitrification is considered one 

of the major pathways of reactive nitrogen (N) removal, which is of particular importance for 

agricultural lands receiving large inputs of N fertilizer (Lassaletta. et al., 2015). The last 

intermediate of this sequential reaction is N2O, which is a greenhouse gas 298 times more 
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potent in inducing global warming than CO2 over a 100-year period (IPCC, 2013); and which is 

also involved in the depletion of the ozone layer (Ravishankara et al., 2009). Denitrification 

has the ambiguous role of being both the only natural sink for respiratory reduction of N2O 

into N2 and a source of N2O itself through incomplete denitrification. It is thus of primary 

importance to fully characterize this process and in particular the last step of the sequence, 

the reduction of N2O into N2. However, several difficulties have prevented scientists from 

accurately measuring denitrification for more than a century now (Almaraz et al., 2020). First, 

the large temporal and spatial variabilities of this process render it difficult to measure, and 

then model, global soil denitrification rates (Groffman et al., 1989; Seitzinger et al., 2006). 

Secondly, in situ measurements are hampered by technical complications; the biggest of 

which being undoubtedly the quantification of small N2 denitrification fluxes against the high 

atmospheric N2 background. Scientists have been working on developing methods to 

overcome this challenge and today, three techniques are mainly used to measure 

denitrification rates from soil (Well et al., 2019a); the 15N Gas Flux method (15NGF), the He/O2 

Gas Flow Soil Core method (He/O2 GFSC) and the Acetylene Inhibition Technique (AIT). The 

15NGF uses a stable isotopic tracer (15NO3
-) to quantify denitrification by monitoring the 15N 

signature of the soil-evolved N2 (and N2O) using Isotope Ratio Mass Spectrometry (IRMS). The 

He/O2 GFSC uses a gas-tight incubation system under laboratory conditions to remove 

atmospheric N2 so that the soil-evolved N2 can be measured via gas chromatography (GC). 

Finally, the AIT is an indirect method of measurement which uses gaseous acetylene (C2H2) to 

block the N2O reductase enzyme of denitrifier microbes, preventing them from reducing N2O 

into N2. Total denitrification is then determined by measuring N2O emissions. This last 

technique has been widely used because of its simplicity and low cost, however, it has now 

become unpopular due to several limitations (Saggar et al., 2013). In particular, it has been 
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shown that acetylene catalyses the oxidation of NO, causing a “scavenging” of NO and thus 

inhibiting the sequence of denitrification (Bollmann & Conrad, 1997; Nadeem et al., 2013). 

Furthermore, acetylene has an inhibitory effect on nitrification (which converts NH4
+ into NO3

-

), leading to a decrease of the denitrification substrate in soil (Seitzinger et al., 1993). Finally, 

it has been shown that acetylene only partially inhibits the reduction of N2O to N2 (Simarmata 

et al.,1993; Yu et al., 2010). Overall, the use of the AIT leads to an unpredictable 

underestimation of denitrification. Laboratory studies (Yu et al., 2010) as well as field studies 

(Sgouridis et al., 2016) compared the AIT to 15N tracer techniques and found significantly 

lower denitrification rates when using the AIT. The He/O2 GFSC offers accurate measurements 

(Butterbach-Bahl et al., 2002; Cárdenas et al., 2003; Wang et al., 2013; Loick et al., 2016), but 

its need for a sophisticated gas-tight incubation system limits its use to laboratory studies 

only. The sensitivity of this method is also generally low and depends on the ability to reduce 

the atmospheric N2 concentration (Friedl et al., 2020). Denitrification being complexly linked 

to its microenvironment, it is highly desirable to measure it in situ. The 15NGF is considered 

today, the most viable method for in situ measurement of denitrification. Nonetheless, it also 

has key limitations and relies on certain assumptions that cannot always be met, tested or 

validated; inevitably causing biases in the estimation of denitrification. In particular, we 

identified the poor sensitivity towards N2 emissions due to the very high atmospheric N2 

background as being the main limitation of this technique. Similarly, we identified 4 main 

assumptions upon which this method relies: 1) homogenous distribution of the label in soil 

leading to the formation of a single isotopic pool in equilibrium, 2) absence of hybrid molecule 

forming processes, 3) quantitative recovery of produced denitrification products in the flux 

chamber (no diffusive losses) and 4) no stimulatory impacts of tracer addition on the 

dynamics of the denitrification process. These assumptions are explained and detailed in this 
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review and are in good accordance with those identified in the recent study of Friedl et al. 

(2020). The other limitations identified by Friedl et al. (2020) are included in the technical 

challenges of this study (Chapter 2.6). The 15NGF is not the only existing 15N tracer technique 

for the measurement of denitrification, Myrold (1990) made a review about all the existing 

ones (which are summed up in Table 1 along with analytical improvements and developments 

in recent years). However, the 15NGF is currently the most widely used one for application in 

soil. It is thus important to revisit its history and explain its fundamental concepts, key 

hypotheses, further refinements over time and its accuracy in light of assumptions and recent 

advances in measurements under field conditions, which is the purpose of this study. 

Furthermore, this study suggests further directions via which to address the main limitations 

of the 15NGF and fine-tune it for more accurate and robust measurements. Such an approach 

is imperative to resolve the enigma of accurate quantification of denitrification in soil. 
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Table 1: Table of the different existing 15N techniques for measuring denitrification as 
reviewed by Myrold (1990) with further refinements and references. 

Technique Principle Pro Cons Further reference 
Variations in 
natural 15N 
abundance 

Studying the isotopic 
composition of soil N 

products. The 
different reactions of 

the N cycle will 
slightly discriminate 
between 14N and 15N 

atoms. 

Does not require 
expensive 15N 

tracer  
Can discriminate 

origins of N2O. 

Sensitive to temperature 
changes and C additions. 
Different pathways of N 

transformations have their 
own isotopic signature, 
making interpretation 

difficult. 

Zaman et al. (2021 see 
chapter 7), Lewicka-

Sczczebak et al. (2020b) 

15N-labeled 
fertilizers in 

mass balance 
studies 

Classic mass balance 
approach but the use 
of 15N isotopes allows 

for a better 
sensitivity. 

Integrates 
biological activity 

over space and 
time. 

Can easily be 
adapted to large 
plots in the field. 

Difficulties to budget 
accurately the different 15N 

pools, to design proper 
boundaries when in field.  

The use of microplots is not 
so accurate in fields.  

Accumulation of additive 
errors. 

Meyer et al. (1989). 

15NO3 Isotope 
Dilution and N 
cycle process 

models 

Application of 15N-NO3 
tracer and following 

the NO3 concentration 
and its 15N 

abundance. 

Integrative in 
time and space 

and in estimating 
rates of other N 
cycle processes. 

Assumes that the rate of 
nitrification and 

denitrification are constant.  
If the previous hypothesis is 

not true, this method 
requires a more difficult 

algebraic model.  
Only consider denitrification 
as NO3 transformation and 

thus does not take in 
account immobilization, 

leaching, plant uptake and 
DNRA. 

Müller et al. (2014). 

Direct 
measurements 

of 15N2 and 
15N2O 

evolution 

15NGF method and 
alternative versions. 

See this study. See this study. See this study. 

15N isotopic 
dilution 

Creating a 15N 
enriched atmosphere 

and monitor its 
dilution as 

denitrification occurs. 

Less disruptive 
to the soil and 
easily moved 

from location to 
location in the 

field. 

Assumes that rate of 
denitrification is constant 

and that no N2 is fixed.  
Not a good sensitivity. 

Yang et al. (2011)                                 
and Well & Butterbach-
Bahl (2013) “Comments 
on Yang et al. study of 

(2011)”. 

 

2.3) Evolution of the 15NGF 

The use of a 15N stable isotopic tracer for studying N transformations in soil started in the 

middle of the 1950’s (Wijler & Delwich, 1954; Hauck & Melsted, 1956). In particular, Hauck & 

Melsted (1956) added a 15N-enirched nitrate solution to soil incubated under laboratory 
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conditions. As this enriched nitrate was denitrified, gaseous 15N-labelled N2 was emitted and 

mixed with atmospheric N2 (present at natural 15N abundance ~0.37%). Hauck et al. (1958) 

used these data to show that the isotopic rate of exchange between 15N and 14N atoms was 

too slow to generate an isotopic equilibrium between the atmospheric and denitrifying pools. 

In other words, emitted and atmospheric N2 molecules don’t exchange 15N isotopes at an 

appreciable rate, preventing the formation of a single isotopic pool in equilibrium (see 

Chapter 2.4). Using this property, it was possible to quantify the fluxes of denitrification and 

thus, the 15NGF method was created (Hauck et al., 1958; Hauck & Bouldin, 1961). However, 

this technique was not popular at that time for several reasons. Firstly, compared to other 

15N tracer techniques (see Table 1), it requires large amounts of expensive and highly labelled 

tracer as well as complex gas handling and mass spectrometric techniques (Arah et al., 1993). 

Inversely, the AIT approach being cheaper and easier to use was preferred and saw an 

explosion of its use in the 1970’s (Myrold, 1990). The unpopularity of the 15NGF at that time 

can also be explained by the fact that triple collector IRMS, which can measure two ratios at 

the same time (contrarily to a double-collector IRMS), were only commercially available in the 

1980’s (Mulvaney, 1984). Triple collector IRMS are particularly convenient to study 

denitrification since N2 and N2O both require two measured ratios (see Chapter 2.4). Finally, 

further studies were necessary to fully develop this method. 

In the 1980’s and 1990’s, the 15NGF saw a renewed interest thanks to numerous experimental 

and theoretical publications. It began with the work of Siegel et al. (1982) who reported a 

detection limit of 5 g N2-N ha-1 day-1 using highly enriched 15N label and newer mass 

spectrometers, where previous studies reported a detection limit from 100 to 1 000 g N2-N 

ha-1 day-1 (Myrold, 1990; citing Focht & Stolzy, 1978; Rolston et al., 1978; Rolston et al., 1982). 

At the same time, Mulvaney & Kurtz (1982) presented a new method that enabled the 
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measurement of N2O production with the 15NGF. It was then possible to estimate 

simultaneously fluxes of N2 and N2O using a single method, which was of great convenience. 

At this point, the theory of the 15NGF was also investigated more deeply. New equations were 

derived by Mulvaney (1984) and further refined by Mulvaney & Boast (1986) to quantify 

denitrification. In 1988, a four-part series of articles critically evaluated the theory and 

assumptions of the 15NGF method, especially the hypothesis that soil forms a sole isotopic 

pool after tracer injection (Boast et al., 1988; Vanden Heuvel et al., 1988; Mulvaney, 1988 and 

Mulvaney & Vanden Heuvel, 1988; see Chapter 2.4.1 of this study for further details). It was 

followed by the work of Arah (1992) who derived new equations to measure denitrification 

rates and then proposed a model for apportioning the sources of N2O using the 15NGF method 

(Arah, 1997; see Chapter 2.4.3). This model was later used and refined by Bergsma (2001). 

Finally, it is worth mentioning that Laughlin & Stevens (2003) proved that 15N labelled N2 and 

N2O could be stored in 12 mL Extainer® vials without any change of the 15N enrichment. They 

even developed a model to account for diffusive losses, enabling a safe storage for 50 weeks. 

All this progress explains why the 15NGF has increasingly become more popular at the start of 

the 2000’s up to now (Stevens et al., 1997; Clough et al., 2001; Stevens & Laughlin 2002; 

Laughlin & Stevens 2002; Ruser et al., 2006; Cuhel et al., 2010; Baily et al., 2012; McGeough 

et al., 2012; Sgouridis et al., 2015; Buchen et al., 2016; Krause et al., 2017; Deppe et al., 2017; 

Liu et al., 2022 amongst others).  

The latest and most promising progress for the 15NGF, is surely the use of a hybrid method. 

Indeed, as will be shown later in this study (Chapter 2.6.2), the use of isotopes alone does not 

always guarantee a detection of denitrification fluxes. Thus, some studies have tried 

combining the 15NGF method with the He/O2 GFSC. The aim is to use 15N isotopes under a N2-

depleted atmosphere, which highly increases the limit of detection. Early work of Spott et al. 
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(2006) reported a detection limit of 4 µg N2-N m-2 h-1 or (0.96 g N2-N ha-1 day-1). Although 

more expensive and more difficult to use, a small number of studies have used this hybrid 

method in the laboratory (Meyer et al., 2010; Scheer et al., 2016; Lewicka-Szczebak et al., 

2017; Lewicka-Szczebak & Well 2020; Kemmann et al., 2021). 

Recently, Well et al. (2019a) and Buchen-Tschiskale et al. (2023) brought this hybrid technique 

to the field and successfully measured denitrification with a sensitivity as low as 0.5 g N-

(N2+N2O) ha-1 day-1. 

Other recent progresses on the 15NGF include a simulation designed to account for diffusive 

losses (Well et al., 2019b; see Chapter 2.5.2 of this study) and an evaluation of different tracer 

addition approaches (Lewicka-Szczebak & Well, 2020a) for both in situ and laboratory 

measurements.  

Denitrification is still challenging to measure currently but after almost 70 years of 

development, the 15NGF remains the most robust technique for its evaluation in situ.  

2.4) Theory of the 15NGF 

The principle of the 15NGF consists of applying a 15NO3
- tracer into soil incubated under a gas 

tight vessel and measuring the abundance of 15N atoms in both denitrified N2 and N2O inside 

the headspace of the vessel. For in situ measurements, a chamber is usually fitted over a collar 

of confined 15N-labelled soil volume. Laboratory incubations typically take place in sealed jars. 

Because of the already present N2 and N2O molecules in the atmosphere (with their natural 

15N abundance), equations had to be derived to discriminate the emitted fluxes of nitrogen 

(either N2 or N2O).  
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2.4.1) Isotopic equilibrium of the pools 

We will only study the case of N2 to illustrate the concept of pool at isotopic equilibrium here 

(but similar relations exist for N2O). In the studied system, there are two pools contributing 

to the mix of N2 molecules, the atmosphere where the molecules have a natural 15N 

abundance (aa ≈0.37%) and the emitted molecules from the soil denitrifying pool. The 

denitrifying pool emits N2 molecules with a 15N abundance (ap) that depends on the 

enrichment level and quantity of tracer injected. When a pool is at isotopic equilibrium, the 

distribution of an isotope YX within the molecules of this pool will follow a binomial law 

according to the abundance ap of this isotope in the considered pool. This means that the 

probability to find k YX isotopes in the n atoms of X inside a molecule equals:  

𝑝([𝑌𝑋] = 𝑘) = (𝑛
𝑘
)𝑎𝑝

𝑘(1 − 𝑎𝑝)
𝑛−𝑘          [7a] 

𝑎𝑝 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑠𝑜𝑡𝑜𝑝𝑒𝑠 𝑋𝑌   𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑜𝑜𝑙

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑋 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑜𝑜𝑙
          [7b] 

where [YX] is the number of YX isotopes inside a molecule containing n atoms of X. 

In particular, for N2 containing two N atoms, a pool with a 15N abundance ap will have the 

following distribution of isotopologues (molecules with same atomic identity but different 

isotope composition): 

%28N2 = (1-ap)²           [8a] 

%29N2 = 2 × ap × (1- ap)            [8b] 

%30N2 = (ap)²           [8c] 

For example, considering that after tracer addition the incubated soil is at isotopic equilibrium 

and has an abundance ap = 20% of 15N atoms, the distribution will be 64%, 32% and 4% of 
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28N2, 29N2 and 30N2 respectively. This ideal distribution assumes that no isotopic discrimination 

occurs during production of N2O and its reduction to N2. In theory, this hypothesis is not true 

due to equilibrium and kinetic isotope effects. Indeed, lightest atoms tend to react faster and 

thus, 14N atoms will react preferentially, inducing a discrimination (also called isotopic 

fractionation) in favour of the lightest isotopologue (28N2). However, the ideal distribution is 

experimentally a good approximation (Cho & Sakdinan, 1978) especially when using highly 

enriched 15N nitrate.  

2.4.2) Equations for N2 flux determination: 

Since Hauck et al. (1958) demonstrated that no isotopic exchange occurs at an appreciable 

rate between atmospheric N2 and emitted N2, the mix is therefore in a non-equilibrium state 

with two pools of different isotopologue distributions. Knowing these distributions, two main 

sets of equations were derived as shown below:  

2.4.2.1) The Mulvaney & Boast model: 

This model was clearly established for both double and triple collector IRMS by Mulvaney 

(1984) with some mathematical approximations. It was later refined by Mulvaney & Boast 

(1986) without any approximations. Although it was shown that the simplified equations only 

induce a significant error when the tracer enrichment in the soil is lower than 20%, only the 

model without simplification will be considered here. These equations are based on the work 

of Hauck & Bouldin (1961) and use the differences of the R29 and R30 ratios of N2 before and 

after soil incubation following 15N tracer addition. For an IRMS with a triple collector, R29 is 

the ratio of 29N2 to 28N2 and R30 is the ratio of 30N2 to 28N2. Hence: 

𝑅290 =
29N2  𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒  

28N2  𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
 (𝑏𝑒𝑓𝑜𝑟𝑒 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛)          [9a] 



39 
 

𝑅29𝑡 =
29N2  𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒+

29N2  𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑  

28N2  𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒+
28N2  𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑  

 (𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛)          [9b] 

𝛥𝑅29 = 𝑅29𝑡 − 𝑅290          [9c] 

Dividing the top and bottom parts of the R29t ratio by the total amount of N2 and using the 

above-mentioned distribution of isotopologues (equations [8a] to [8c]) enable to rewrite R29t 

as: 

𝑅29𝑡 =
(1−𝑑)(%29N2  𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒)+𝑑(%

29N2  𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑)  

(1−𝑑)(%28N2  𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒)+𝑑(%
28N2  𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑) 

          [9d] 

𝑅29𝑡 =
(1−𝑑)[2𝑎𝑎(1−𝑎𝑎)]+𝑑[2𝑎𝑝(1−𝑎𝑝)]  

(1−𝑑)(1−𝑎𝑎)²+d(1−𝑎𝑝)² 
           [9e] 

where d is the proportion of N2 that derives from denitrification, 

𝑑 =
𝑁2 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑁2 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 + 𝑁2 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
           [9f] 

Similar equations exist for R30. 

Note that ap and aa have been used here for the 15N abundance of the soil denitrifying pool 

and of the atmosphere respectively, rather than 15XN and γ as in Mulvaney & Boast (1986) to 

keep a consistent nomenclature. 

The authors then isolate ap from these equations to determine d with the following equations: 

𝑎𝑝 =
−𝐵+√𝐵2−4𝐴𝐶

2𝐴
            [9g] 

where, 

𝐴 = 1 − 2𝑎𝑎 + 2(1 − 𝑎𝑎)
𝛥𝑅30

𝛥𝑅29
          [9h] 

𝐵 = 2𝑎𝑎
2 − 2(1 − 𝑎𝑎

2)
𝛥𝑅30

𝛥𝑅29
          [9i] 
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𝐶 = 2𝑎𝑎(1 − 𝑎𝑎)
𝛥𝑅30

𝛥𝑅29
 −  𝑎𝑎

2          [9j] 

And finally, 

𝑑 =
∆𝑅29(1−𝑎𝑎)

2

2(1−𝑎𝑝)(𝑎𝑝−𝑎𝑎)

(1−𝑎𝑎)
+∆𝑅29(1−𝑎𝑎)2−∆𝑅29(1−𝑎𝑝)

2           [9k] 

Technically, the ratio d is defined for a number of molecules (in mol), but under the headspace 

of an incubation vessel of constant volume, it is possible to express the concentration of soil-

evolved N2 by: 

[𝑁2]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 =
𝑑

1−𝑑
[𝑁2]𝑎𝑡𝑚            [9l] 

where, [N2]denitrified is the concentration of denitrified N2 (ppm), [𝑁2]𝑎𝑡𝑚 is the concentration 

of atmospheric N2 (ppm).  

This concentration is also given by: 

[𝑁2]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑑[𝑁2]𝑡𝑜𝑡𝑎𝑙            [9m] 

where, [N2]total is the total concentration of N2 after incubation (denitrified + atmosphere, in 

ppm). 

Since the total N2 concentration does not vary significantly after denitrification (typically 10-

8< d < 10-4), some authors have also calculated the quantity of evolved N2 as: 

[𝑁2]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑑[𝑁2]𝑎𝑡𝑚            [9n] 

which is a good approximation to the result given with equation [9l] since (1 − 𝑑) ≈ 1. 

2.4.2.2) The Arah model: 

A second set of equations has been derived by Arah (1992). These equations are based on a 

mixing model of the 15N pools (denitrified and atmospheric) rather than a difference before 
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and after incubation. These equations have been rewritten by Russow et al. (1996) and later 

by Spott et al. (2006). The latter version is the most commonly used and is the one presented 

here. 

Again, soil is incubated in an isolation vessel which encloses the native atmosphere inside it. 

Initially, the 15N abundance in the headspace of the vessel is the natural 15N abundance aa. 

After the duration of the incubation, it will change due to the denitrification of the soil 15N-

NO3
- to a new abundance am, given by: 

𝑎𝑚 = (1 − 𝑑) × 𝑎𝑎 + 𝑑 × 𝑎𝑝          [10a] 

where we denote again ap to be the enrichment of the soil denitrifying pool while d is still 

the proportion of N2 that derives from denitrification (see equation [9f]). am and aa can be 

calculated as: 

𝑎𝑚 =
𝑅29+2𝑅30

2(1+𝑅29+𝑅30)
 (𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛)          [10b] 

𝑎𝑎 =
𝑅29+2𝑅30

2(1+𝑅29+𝑅30)
 (𝑏𝑒𝑓𝑜𝑟𝑒 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛)          [10c] 

The same mixing equation can be used for the proportion of 30N2. Let us call αi the proportion 

of 30N2 in the pool i: 

𝛼𝑚 = (1 − 𝑑) × 𝛼𝑎 + 𝑑 × 𝛼𝑝          [10d] 

Where i has been replaced with: 

• m for the mix (atmospheric N2 + denitrified N2). 

• a for the atmospheric pool. 

• p for the denitrifying pool. 



42 
 

One can calculate αm as: 

𝛼𝑚 =
𝑅30

1+𝑅29+𝑅30
 (𝑎𝑓𝑡𝑒𝑟 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛)          [10e] 

Using the binomial distribution, the authors isolate quantities ap and d by: 

𝑎𝑝 =
𝛼𝑚−𝑎𝑎𝑎𝑚

𝑎𝑚−𝑎𝑎
          [10f] 

𝑑 =
𝑎𝑚−𝑎𝑎

𝑎𝑝−𝑎𝑎
          [10g] 

The concentration of evolved N2 inside the incubation vessel is then calculated similarly to 

the model of Mulvaney & Boast (equations [9l] to [9n]). 

2.4.2.3) Discussion and further refinements: 

Theoretically, both systems of equations are valid. They indeed give the same and correct 

results when simulating a mix of two pools at isotopic equilibrium. This can be seen in Table 

2 which simulates a mix of atmospheric N2 and denitrified N2 in a 4 L chamber, considering 

atmospheric pressure and assuming ideal gas law.  

Table 2: Simulation of a mix between atmospheric and denitrified N2 

Simulation of a 4L chamber, considering isotopic equilibrium of atmospheric and soil 

denitrifying pools, as well as atmospheric pressure inside the chamber and the ideal gas law. 

A coefficient d equal to 5.10− 5 has been set for this simulation. The “Atmosphere” and 

“Denitrification” lines at the top contain the data used for the simulation. Mulvaney and Boast 

(1986) and Arah (1992) models both yielded the correct results. This simulation also enables 

to better apprehend the difference in order of magnitude between the quantities of 

denitrified and atmospheric N2. See Chapters 2.4.2.1 and 2.4.2.2 for explanations of the 

calculated coefficients 
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Figure 8: Measured 15N enrichment of the soil denitrifying pool for different 15N enrichment 
targets (20, 30, 40 or 50%) 

Enrichments calculated using either the Arah (red) or Mulvaney (blue) equations during a 

laboratory experiment. The mean of each series is represented by a large point in the middle 

of the associated box. 

It can be seen from Figure 8 that using the same raw data, the two systems of calculation 

yielded different results. Paired student-t tests for each enrichment showed that these 

systems were statistically different. It is also interesting to note that in exactly each case, the 

calculated 15N enrichment with the Arah model was strictly superior to the one calculated 

with the Mulvaney model. After 24 hours, the two models were very comparable, with the 

Arah model being on average only 2.22% higher. But overall, the Mulvaney model seems to 

be closer to the targeted enrichment and to have a smaller variability (full study to be 

published). Ideally, further data would be needed to confirm this trend.  
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It can also be noted that R30 data are often below the limit of detection of the instrument 

and difficult to read (see Chapters 2.6.2 and 2.6.3 of this study), which makes both systems 

of calculation difficult to use. To solve this issue, Spott et al. (2006) derived an equation from 

the Arah model that solely uses R29 (after incubation) data. Thus, d can be calculated as: 

𝑑 =
1

1− 
𝑅29(1−𝑎𝑝)

2
−2𝑎𝑝(1−𝑎𝑝)

𝑅29(1−𝑎𝑎)
2−2𝑎𝑎(1−𝑎𝑎)

           [11a] 

This equation is a rewritten version of equation [9k] from the Mulvaney & Boast (1986) model. 

However, it requires the user to know the degree of enrichment of the soil denitrifying pool 

ap which cannot be determined with R29 data alone. A useful tip is to use the enrichment 

calculated from the N2O data (see Chapter 2.4.3 of this study) and hypothesize that N2O and 

N2 have the same degree of 15N enrichment. This is a reasonable assumption since they both 

originate from the same denitrifying pool, but it could be biased due to heterogeneity of 15N 

label application and denitrification dynamics (Zaman et al., 2021, chapter 7.2.6.2). However, 

the isotopic data for N2O are usually easier to read since the atmospheric background of N2O 

is much lower (~0.330 ppmv, part per million volumetric). In some cases, if the N2O data 

cannot be used either (e.g. low N2O emissions), it is possible to measure the 15N enrichment 

of the soil denitrifying pool ap by measuring the 15N enrichment of the soil nitrate aNO3 (as in 

Kulkarni et al., 2014). In theory, ap and aNO3 should be similar, but this is generally not the 

case due to the dynamics of denitrification in soil, heterogeneity of the label application and 

dilution of the label by nitrification (Buchen et al., 2016; Deppe et al., 2017; Lewicka-Szczebak 

& Well 2020a; Friedl et al., 2020; Zaman et al., 2021, chapter 7.2.6.2). This is why ap is more 

generally referred as the “15N enrichment of the NO3
- pool undergoing denitrification” and 

why it needs to be recalculated before the coefficient d. 
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Although the atmospheric R29 and R30 ratios are supposedly constant, it is recommended to 

make measurements at t=0 for improved accuracy. Thus, for the model of Mulvaney & Boast 

(1986), it is probably best to recalculate the 15N abundance of atmosphere aa just as in the 

model of Arah (equation [10c]) rather than using the average natural 15N abundance: 

𝑎𝑎 =
𝑅29+2𝑅30

2(1+𝑅29+𝑅30)
 (𝑡 = 0)           [11b] 

In the case of the Spott et al. (2006) equation using only R29 (equation [11a]), one can 

recalculate the atmospheric 15N abundance aa as: 

𝑎𝑎 =
𝑅29

2+𝑅29
 (𝑡 = 0)          [11c] 

Finally, the two-pool model can be biased if other sources of N2 production are present. If a 

third source comes from an unlabelled soil pool and is at isotopic equilibrium, then this 

dinitrogen is produced at natural 15N abundance with the same isotopologue distribution as 

the atmospheric N2. Hence, a two-pool model is still applicable considering that one of the 

two pools is the sum of (atmosphere + third source).  

The production of hybrid N2 could however bias the calculations as shown in section Chapter 

2.5.2. 

2.4.3) Methods for determination of N2O 

The total concentration of N2O can be monitored with GC measurements however, the 

complementary use of the 15NGF enables measurement of the purely denitrified N2O 

contribution, allowing for source partitioning. If hybrid processes are omitted (see Chapter 

2.5.2), the composition of total measured N2O after incubation can be represented as shown 

in Figure 9 (Bremner, 1997; Wrage et al., 2001; Zou et al., 2014). 
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Figure 9: Composition of total N2O after incubation. 

The labelling of the nitrate pool enables the contribution of the denitrification source to be 

determined against the other sources of N2O.  

 

The concentration of atmospheric N2O is assumed to stay constant during the incubation and 

is given by a GC measurement at t=0 (although it can theoretically be reduced to N2 via 

denitrification). 

The source partitioning with the use of the 15NGF enables discrimination between nitrate-

derived N2O and the other sources (see Figure 9). Nitrification is most likely the biggest of 

these additional sources of N2O, thus we will distinguish “denitrification” and “nitrification” 
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as sources of N2O from soil for the labelled and unlabelled pools respectively (after 

subtraction of atmospheric N2O). It can be added that theoretically, some of the 15N tracer 

applied as nitrate can be transformed into ammonium through dissimilatory nitrate reduction 

to ammonium (DNRA) and then be emitted as N2O through nitrification, thus biasing the 

source partitioning. This is however unlikely to cause a significant error during the course of 

an incubation experiment.   

The measurement of denitrified N2O enables quantification of two important parameters of 

denitrification, which are: 

The proportion of emitted N2O that originates from denitrification (source partitioning 

coefficient “SPC”), 

𝑆𝑃𝐶 =
𝑁2𝑂𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑁2𝑂𝑒𝑚𝑖𝑡𝑡𝑒𝑑
           [12a] 

and the proportion of denitrification products emitted as N2O, referred as product ratio (PR), 

𝑃𝑅 =
𝑁2𝑂𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑁2 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑  + 𝑁2𝑂𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑
= 1 − 𝑁𝑂𝑆𝐸          [12b] 

Where NOSE is the nitrous oxide sink efficiency, thus a product ratio of 5% means that 95% 

of the denitrified N2O emissions were successfully converted into N2. 

These quantities are probably better characterized by using fluxes calculated from different 

time step measurements, rather than just the concentration after one time step. However, 

using multiple time steps for the 15NGF can be rather expensive. 

Using the 15NGF method to measure denitrified N2O allows the accurate determination of the 

product ratio (equation [12b]), since both N2O and N2 have been measured with the same 

technique. For example, if the denitrifying pool is not uniformly labelled, N2 emissions will be 
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underestimated (see Chapter 2.5.1). Assuming that N2O derives from the same soil mineral 

pool as N2, the amount of emitted N2O from denitrification will be underestimated in the 

same way and thus the denitrification product ratio will be determined more accurately 

(Bergsma, 2001). Furthermore, if the N2O emitted by denitrification does derive from the 

same mineral pool as N2, then it will have the same 15N abundance (Arah, 1997). Using the 

15NGF for N2O measurement then offers an independent determination of the soil 15N 

abundance ap (Bergsma, 2001) and is useful to determine N2 flux without R30 data (see 

Chapter 2.4.2.3). Partitioning the sources of N2O is also possible by studying the position of 

naturally abundant 15N isotopes in the N2O molecules (Yoshida & Toyoda, 2000; Yu et al., 

2020), however, more potential exists in the use of 15N tracer (Stevens et al., 1997).  

The first analyses of N2O using 15N isotopes were performed between the 1970’s and the 

1980’s (Guiraud & Berlier, 1970; Cho & Sakdinan, 1978; Focht et al., 1979 and 1980). The 15N 

isotope was used to discriminate CO2 from N2O since they both have an atomic mass of 44. 

Thus, the determination of emitted N2O was made from the measurements at m/z 45 and 46 

(Cho & Sakdinan, 1978). However, mass spectrometers at that time were not really designed 

for measurements at those values and the presence of natural oxygen isotopes complicated 

the measurements both for CO2 and N2O (Mulvaney & Kurtz, 1982). Mulvaney & Kurtz (1982) 

developed another method involving the dilution of denitrified N2O with a known amount of 

N2 at natural 15N abundance. They then reduced the N2O gas into N2, leading to a two-pool 

system easily resolved with the equations previously derived for N2. Work from Stevens et al. 

(1993) represents the first attempt to directly quantify the amount of evolved N2O through 

the ratios m/z=44,45,46. Using an N2O reference of known amount and isotopic composition, 

the authors were able to directly quantify the fluxes of denitrified N2O. Later, both Stevens et 

al. (1997) and Arah (1997) developed models to measure the relative contributions of 
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nitrification and denitrification to N2O emissions. Stevens et al. (1997) labelled either the NO3
- 

or NH4
+ pool and then linked the 15N abundance of these pools to the contributions of 

denitrification and nitrification, respectively. On the other hand, Arah (1997) used the 

measured 15N abundance from emitted N2 and hypothesized that the denitrified N2O evolves 

from the same mineral pool, having thus the same 15N abundance. However, Arah (1997) 

states that emitted N2O evolves in an atmosphere where its initial concentration is negligible. 

This is not totally true, as the concentration of atmospheric N2O is approximately 0.330 ppmv. 

Bergsma et al. (2001) succeeded to have sensitivity at both this low atmospheric level and at 

higher concentration and enrichment levels (after incubation following application of 15N 

tracer) by modifying the head amplifier of their IRMS. By doing so, they developed a new 

model where N2O emissions from denitrification can be measured similarly to the way N2 

emissions are measured. Concretely, the same equations as the ones presented in the 

Chapters 2.4.2.1 and 2.4.2.2 can be applied if the ratios R29’ and R30’ (where a prime has 

been used to distinguish N2O ratios) are modified to take oxygen isotopes into account: 

𝑅29′ = 𝑅45 − 𝑅17          [12c] 

𝑅30′ = 𝑅46 − (𝑅29)(𝑅17) − 𝑅18          [12d] 

where R45 and R46 are the ratios for 45N2O and 46N2O respectively, R17 is the 17O/16O ratio 

and R18 is the 18O/16O ratio. R17 and R18 are constant at natural abundance, Bergsma et al. 

(2001) used the values of 0.000373 and 0.0020052 respectively, based on the work of Hayes 

(1993). 

The model of Bergsma et al. (2001) hypothesises that N2O derived from nitrification has the 

same 15N natural abundance as atmospheric N2O. This transforms a three-pool model into a 

two-pool model, one of these two pools being the sum of (atmosphere + nitrification), as 
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shown in Figure 9. The equations presented in Chapters 2.4.2.1 or 2.4.2.2 enable the 

calculation of d’, the fraction of N2O emitted from denitrification similarly to how d is 

calculated for N2 emissions. This coefficient then needs to be multiplied by the total amount 

(or concentration) of N2O measured by GC. 

[𝑁2𝑂]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑑′[𝑁2𝑂]𝑡𝑜𝑡𝑎𝑙            [12e] 

where, [N2O]denitrified is the concentration of denitrified N2O (ppm) and [N2O]total is the 

concentration of total N2O (ppm) measured by GC. 

The quantity (1-d) is the sum of the contributions of atmosphere and nitrification. Nitrification 

can be determined as: 

[𝑁2𝑂]𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = [𝑁2𝑂]𝑡𝑜𝑡𝑎𝑙 − [𝑁2𝑂]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 − [𝑁2𝑂]𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒           [12f] 

where, [N2O]nitrification is the concentration of nitrified N2O (ppm) and [N2O]atmosphere is the 

concentration of atmospheric N2O (ppm), measured by GC at time 0. 

The method of Bergsma et al. (2001) is probably to date, the best method for the evaluation 

of denitrified N2O. Furthermore, modern IRMS have a higher range of sensitivity for N2O 

analysis and modifying the amplification of the instrument is no longer necessary unless the 

sample is very concentrated (approx. 5ppm of N2O, as a general guidance). Similarly to the 

case of N2, calculations can be biased if hybrid N2O is produced, see Chapter 2.5.2. 

2.5) Assumptions of the 15NGF method 

We identified 4 assumptions upon which the 15NGF relies to be accurate. These assumptions 

are: 
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1) The tracer is distributed homogenously in the confined soil leading to the formation of a single 

isotopic pool in equilibrium. 

2) No hybrid molecules are formed during the incubation. 

3) The denitrification products are recovered quantitatively in the flux chamber (no diffusive 

losses). 

4) No stimulatory impacts of tracer addition on the dynamics of the denitrification process. 

In the following section, we discuss how these different assumptions might cause under or 

over-estimation of the measured denitrifying flux and how we can mitigate their impact.  

2.5.1) Homogenous distribution of the tracer in the soil 

2.5.1.1) Spatial variations  

The calculations of the 15NGF are based on the hypothesis that the soil denitrifying pool of 

the incubated soil is at isotopic equilibrium. This is very unlikely since soil is highly 

heterogeneous and because it is virtually impossible to achieve a perfectly homogeneous 

application of tracer into the soil. For example, in their study of tracer distribution using 

Bromide (Br-), Berendt et al. (2020) found a theoretical 15NO3
- enrichment of 57-59 at% in the 

upper 2.5 cm and 26-57 at% in 5-10 cm when targeting a 60% enrichment using different 

application methods. Furthermore, denitrification presents great spatial variability, occurring 

typically in anaerobic microsites of soil (Buchen et al., 2016).   

Bergsma et al. (1999) used a ternary diagram to represent the distribution of N2 isotopologues 

as can be seen in Figure 10. 

Each side of the triangle represents one of the isotopologues 28N2, 
29N2 and 30N2 and any point 

in the diagram is defined by its unique relative proportions of the three isotopologues. The 

red line represents isotopic equilibrium. Thus, any pool in such equilibrium is represented by 
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a point on this curve that solely depends on its 15N abundance. As Bergsma et al. (1999) 

explained, the two initial pools (A for atmosphere and P for soil) fall on the red curve. The mix 

(M) is a point that falls on the segment between A and P depending on the relative 

proportions of atmospheric and emitted N2. The point M is necessarily below the equilibrium 

curve, as are all mixes of different pools at isotopic equilibrium (given that those pools have 

different 15N abundances). In the same idea, the non-ideal soil denitrifying pool could be 

thought of as the result of different smaller sub-pools at isotopic equilibrium with various 15N 

abundances, due to the heterogeneity of soil and injected tracer distribution. Then the actual 

distribution of isotopologues of the denitrified molecules would be represented by a point 

Pactual somewhere beneath the equilibrium curve and necessarily on the line (AM).  

Now, when measurements are made, only the composition of atmosphere (A) and the mix 

(M) are determined. The hypothesis of isotopic equilibrium of the soil denitrifying pool infers 

that the point P belongs to the red curve (Pcalculated), thus overestimating the real point Pactual, 

as shown in Figure 10. The real proportion d of denitrified N2 is determined by the ratio 

AM/APactual but the one actually calculated is given by AM/APcalculated, causing a systematic 

underestimation. 
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Figure 10 : Ternary diagram representation of the relative proportions of N2 isotopologues in 
a mix between denitrification and atmosphere 

Point A represents the atmospheric N2. Point M is the mixture of atmospheric and denitrified 

N2. Point Pcalculated represents the estimated isotopologue composition of the denitrifying pool 

following the isotopic equilibrium hypothesis. Point Pactual represents a more realistic 

isotopologue composition if we consider the soil denitrifying pool as the result of smaller sub-

pools at isotopic equilibrium, due to the heterogeneity of soil and injected tracer distribution. 

Please note this is a schematic view for easier reading, in reality point M will be much closer 

to point A because of the large proportion of atmospheric N2. 

 

 

Boast et al. (1988) and later Arah (1992) both modelled this system in a series of equations to 

prove that the 15N abundance is always overestimated while the proportion d is always 

underestimated when multiple sub-pools exist. Through simulation, Vanden Heuvel et al. 
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(1988) showed that larger errors arise when the range of enrichments of the sub-pools 

increases and when the number of pools decreases. This reflects the need to have a 

homogenous distribution of the tracer in the soil.  

Through a series of simulations, Arah (1992) realised that overall, the fraction d seems to be 

underestimated by 24% independently of the magnitude of the flux when multiple sub-pools 

exist. This result has been confirmed independently by Bergsma et al. (1999) using a different 

model, where the range of the 15N abundances of the sub-pools is distributed uniformly 

between all of these sub-pools. When using a range from natural abundance to any greater 

value, they found a systematic underestimation of 25%, which is very close to the result of 

Arah (1992).  

The validity of these conclusions was tested in laboratory studies by Mulvaney (1988) who 

measured fluxes of N2O emissions via either GC or the 15NGF (after chemical reduction of total 

N2O into N2 for the 15NGF, see Mulvaney & Kurtz, 1982). Firstly, a good correlation was 

observed between the two techniques when forming N2O via chemical oxidation of 15N-

labelled NH2OH/HCl. This means that the emitted N2O existed as a sole isotopic pool. The 

same experiment but with two pools of different 15N abundances confirmed that the quantity 

d is underestimated with the 15NGF when multiple pools are present, but only significantly 

when there is a considerable difference in enrichment between the two pools. An 

underestimation of 10% was reported in this study using a pool enriched at 32% in 15N atoms 

and one at 53%. Laboratory experiments on soil and soil slurries (to ensure a thorough mixing 

of the label) offered mixed results. Although the 15NGF often underestimated the rate 

measured by GC, it also overestimated it in some cases. Mulvaney & Vanden Heuvel (1988) 

did the same experiment in the field and found similar results, i.e.; the 15NGF often 
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underestimated the N2O concentration (by up to 33%) and overestimated it only sometimes 

(by up to 11%). According to the authors, the underestimations by more than 25% and the 

overestimations were explained by analytical errors and it was concluded that correct 

measurements can still be obtained even without perfect distribution of the 15N label in the 

soil. It can be noted that Figure 2 from Mulvaney & Vanden Heuvel (1988) offers a good visual 

representation of the spatial heterogeneity of the 15N abundance in soil after tracer injection.  

Stevens et al. (1997) also studied the impact of the non-homogenous 15N label distribution on 

the isotopic equilibrium of the soil denitrifying pool by measuring N2O emissions but used 

acetylene (C2H2) to block nitrification this time. The 15N abundance of N2O was then calculated 

via either R45 or R46 using a one-pool model and values were compared to see if they agreed. 

Good correlation was observed (Table 2 of the cited reference) which indicates again that the 

assumption of isotopic equilibrium of the soil denitrifying pool is experimentally a good 

approximation, even without perfect label distribution. 

2.5.1.2) Temporal variations: 

As mentioned by Russow et al. (1996), mineralization and nitrification tend to modify the 15N 

abundance of the soil denitrifying pool after injection of the tracer. Similarly to spatial 

heterogeneity, if the 15N abundance of nitrate varies over time, the soil denitrifying pool 

cannot be considered at isotopic equilibrium. The temporal variations are however a bit 

different as they change the overall 15N abundance of soil nitrate (total number of 15N-labelled 

nitrate molecules in the studied soil). This is especially relevant for long incubations (>10 

hours in the cases of Cuhel et al., 2010; Morse & Bernhardt 2013; Sgouridis & Ullah, 2015 or 

Xi et al., 2022). It is thus desirable to know the kinetic of dilution of the label in the soil.  
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It would be very difficult to assess generalities, as the magnitude of transformation of nitrates 

will vary greatly from one soil to another. Experimental data show that the disappearance of 

the label can be quite slow. Stevens et al. (1997) observed a decrease from 10% to 5% over 

ten days and under three different moisture contents (Figure 3 d,e,f, of cited reference). Ruser 

et al. (2006) observed very little variations over 70 days, usually less than 10% drop (Figure 4 

of cited reference). Bergsma et al. (1999) observed a drop from 82% to 72% after three days 

and half. Rummel et al. (2021) observed different patterns of dilution of the 15N label for 

different fertilization/plant treatments over a 10-day period (Figure 3 of the cited reference). 

Although quite variable, we can observe that only a small decrease occurs in the first days. 

If a significant drop in the 15N abundance is observed however, it is possible to use the 

heuristic model of Bergsma et al. (1999) to have an estimation of the induced error and 

correct for the dilution effect. 

2.5.2) Formation of hybrid N2 and N2O 

The full extent of microbial metabolic transformations in soil is still not totally understood 

today, yet several reactions could affect the calculations of the 15NGF through formation of 

hybrid N2 and N2O molecules. The term “hybrid” here refers to the fact that within the same 

molecule, one nitrogen atom comes from the labelled nitrate pool while the other one comes 

from another source (considered at natural 15N abundance if not labelled). Reactions leading 

to the formation of hybrid N2 and N2O include co-denitrification, anammox and other abiotic 

processes (Phillips et al., 2016). Co-denitrification was formally identified in the laboratory by 

Shoun et al. (1992) when amending a fungal strain (“Fusarium oxysporum”) with NO3
- 

enriched at 99% in 15N atoms and observing a significant signal at m/z=29 through a mass 

spectrometer. This meant that a large number of 29N2 molecules were denitrified, which was 
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not possible given that the nitrate pool was almost exclusively labelled with 15N atoms, which 

should have led to the production of 30N2 molecules only. Tanimoto et al. (1992) 

demonstrated that one of the two nitrogen atoms was derived from the organic pool of the 

soil (azide compounds and salicylhydroxamic acid in the case of their study). As explained by 

Spott et al. (2011b), co-denitrification is microbially mediated around neutral pH and most 

co-denitrifying species are already known as regular denitrifiers (Pseudomonas sp., Fusarium 

sp., etc.). Furthermore, co-denitrification has already been reported to occur within the three 

domains Archaea, Bacteria, and Eukarya. Little is known about this process, including its 

potential magnitude during in situ measurements and unfortunately, relatively few studies 

have focused on its measurement (Laughlin & Stevens, 2002; Spott & Stange, 2011a; Long et 

al., 2013; Selbie et al., 2015; Lewicka-Szczebak et al., 2017; Clough et al., 2017; Rohe et al., 

2021). In particular, Laughlin & Stevens (2002) found that 92% of the emitted N2 was due to 

co-denitrification rather than denitrification in their study, while Selbie et al. (2015) found a 

similar percentage of 97%. Lewicka-Szczebak et al. (2017) detected lower contribution from 

co-denitrification (18% and 5% respectively in two different experiments). 

Anammox is the biological process that converts NO2
- and NH4

+ into N2 (see chapter 1.3). It is 

of primary importance in coastal, aquatic and oceanic ecosystems (Thamdrup and Dalsgaard, 

2002). However, anammox bacteria have been found in different terrestrial ecosystems such 

as marshes, lakeshores, permafrost soils or agricultural soils (Humbert et al., 2010).  

Abiotic processes leading to the formation of hybrid N2 and N2O molecules include chemo-

denitrification and decomposition of hydroxylamine (see Phillips et al., 2016 and Zhu-Barker 

et al., 2015 for further explanations of these processes).  
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Phillips et al. (2016) described precisely the different ways hybrid N2 or N2O molecules can be 

formed but overall, biotic co-denitrification is probably the predominant process in terrestrial 

systems. 

2.5.2.1) Simulation: How could the presence of hybrid N2 and N2O molecules affect the 

calculations of the 15NGF? 

It could be hypothesised that subsequent to the previously mentioned work of Boast et al. 

(1988), the 15N abundance of the soil denitrifying pool ap should be overestimated and the 

proportion of N2 molecules deriving from denitrification d underestimated since there is a 

second pool of nitrogen in the soil. The case is very different here because of the hybrid 

molecules. The labelled nitrate pool is still considered at isotopic equilibrium, but the hybrid 

molecules have a different isotopologue distribution. For the emitted N2 molecules, this 

distribution can be expressed as: 

%28𝑁2 = (1 − H)(1 − 𝑎𝑝)
2 + 𝐻(1 − 𝑎𝑝)(1 − 𝑎𝑎)          [13a] 

%29𝑁2 = (1 − 𝐻)2𝑎𝑝(1 − 𝑎𝑝) + 𝐻 (𝑎𝑎(1 − 𝑎𝑝) + 𝑎𝑝(1 − 𝑎𝑎))          [13b] 

%30𝑁2 = (1 − 𝐻)𝑎𝑝
2 + 𝐻(𝑎𝑝𝑎𝑎)          [13c] 

Note the appearance of a new term H. It refers to the fraction of emitted hybrid N2 (hence 0 

< H < 1) and includes all sources of hybrid molecules. We consider the pool of co-substrate 

(from which the second N atom derives in the hybrid N2 and N2O molecules) at natural 15N 

abundance aa and we note again ap the 15N abundance of the soil denitrifying pool. Note that 

the distribution of isotopologues is analogous to that of Spott & Stange (2011a, equations 1, 

2 and 3), although here there is no contribution of purely non-hybrid denitrification from the 

co-substrate. In their case, the co-substrate (hydroxylamine) could be denitrified on its own 
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abiotically but we will take the more general case where the pool of co-substrate cannot 

perform denitrification on its own.  

Let us compare the ratios R29 and R30 after incubation in the case of pure denitrification and 

in the case where some hybrid molecules are emitted (H ≠ 0) for the same amount of total 

denitrified molecules (same coefficient d): 

𝑅29𝐷 =
(1−𝑑)[2𝑎𝑎(1−𝑎𝑎)]+𝑑[2𝑎𝑝(1−𝑎𝑝)]  

(1−𝑑)(1−𝑎𝑎)²+d(1−𝑎𝑝)² 
          [13d] 

𝑅29𝐻 =
(1−𝑑)[2𝑎𝑎(1−𝑎𝑎)]+𝑑[(1−𝐻)2𝑎𝑝(1−𝑎𝑝)+𝐻(𝑎𝑎(1−𝑎𝑝)+𝑎𝑝(1−𝑎𝑎))]  

(1−𝑑)(1−𝑎𝑎)²+d[(1−H)(1−𝑎𝑝)2+𝐻(1−𝑎𝑝)(1−𝑎𝑎)]
          [13e] 

𝑅30𝐷 =
(1−𝑑)𝑎𝑎

2+𝑑(𝑎𝑝)²

(1−𝑑)(1−𝑎𝑎)²+d(1−𝑎𝑝)² 
          [13f] 

𝑅30𝐻 =
(1−𝑑)𝑎𝑎

2+𝑑[(1−𝐻)𝑎𝑝
2+𝐻𝑎𝑝𝑎𝑎]

(1−𝑑)(1−𝑎𝑎)²+d[(1−H)(1−𝑎𝑝)2+𝐻(1−𝑎𝑝)(1−𝑎𝑎)] 
          [13g] 

The subscript “D” refers to the case of classic denitrification and “H” to the case where hybrid 

sources are present.  

With the presence of hybrid molecules, the coefficient d is renamed “dtotal” and can be more 

explicitly defined as: 

𝑑𝑡𝑜𝑡𝑎𝑙 = 𝑑𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 + 𝑑ℎ𝑦𝑏𝑟𝑖𝑑          [13h] 

where, 

𝑑𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = (1 − 𝐻) 𝑑𝑡𝑜𝑡𝑎𝑙           [13i] 

𝑑ℎ𝑦𝑏𝑟𝑖𝑑 = 𝐻 × 𝑑𝑡𝑜𝑡𝑎𝑙           [13j] 

Similarly, we define: 
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𝑎𝑝 𝑡𝑜𝑡𝑎𝑙 = 𝐻(
𝑎𝑎+𝑎𝑝

2
) + (1 − 𝐻)𝑎𝑝           [13k] 

Which is the 15N enrichment of the emitted molecules and could be considered as the 

apparent 15N enrichment of the soil denitrifying pool, which includes the non-labelled pools 

contributing to the formation of hybrid molecules. 

 

Given the complexity of the calculations, we made a simulation using Excel (Microsoft, 

Redmond, WA). For six realistic values of ap (5%, 10%, 20%, 30%, 40% and 50%), eleven 

realistic values of d (ranging from 1.10-8 to 1.10-3) were used with nine values of H (from 0.01% 

to 100%) as shown in Table 6 from the Supporting Information (Chapter 2.8.1), to create 594 

different cases. Using a perfect distribution of isotopologues (as per equations [13d] to [13g]), 

the ideal gas law and assuming atmospheric pressure in a chamber of 4 L, ideal values of R29 

and R30 have been calculated. Then, using the calculations of both Arah (1992) and Mulvaney 

& Boast (1986), the 15N abundance of the soil denitrifying pool ap calculated and the coefficient 

dcalculated have been back-calculated as they would be if ignoring the contribution of co-

denitrification. These values have been compared to their real counterpart values used for 

the simulations and error has been determined as a percentage as: 

%𝑒𝑟𝑟 𝑑𝑡𝑜𝑡𝑎𝑙 = 100 (
𝑑𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑−𝑑𝑡𝑜𝑡𝑎𝑙

𝑑𝑡𝑜𝑡𝑎𝑙
)         [14a] 

%𝑒𝑟𝑟 𝑑𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 100 (
𝑑𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑−𝑑𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝑑𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
)         [14b] 

The first equation refers to the error made in the quantification of all emitted molecules 

(dtotal) where the second equation refers to the error made regarding only the purely non-

hybrid molecules emitted through classic denitrification (ddenitrification). 
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Similarly, we define: 

%𝑒𝑟𝑟 𝑎𝑝 𝑡𝑜𝑡𝑎𝑙 = 100 (
𝑎𝑝 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑−𝑎𝑝 𝑡𝑜𝑡𝑎𝑙

𝑎𝑝 𝑡𝑜𝑡𝑎𝑙
)         [14c] 

%𝑒𝑟𝑟 𝑎𝑝 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 100 (
𝑎𝑝 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑−𝑎𝑝 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝑎𝑝 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
)         [14d] 

which refer to the errors made in the calculation of the 15N-enrichment of the soil denitrifying 

pool considering respectively, the total apparent enrichment (ap total) or the enrichment of the 

labelled pool only (ap denitrification). 

2.5.2.2) Results of the simulation 

Firstly, it should be noted that the values obtained in the cases where H=100% will not be 

taken in account as the coefficients dcalculated are superior to 1. It seems that the 15NGF does 

not work when H becomes very close to 100%. It still gives a coefficient d inferior to 1 for 

H=99.90% (at which point the error on dtotal > 1 000% however) but not if H=99.99%. Similarly, 

we will not study the cases where H=0.01% and H=0.1% because the repartition of errors at 

these levels is somewhat more chaotic than in the other cases. However, the magnitude of 

error on dtotal, ddentrification, ap total and ap denitrification for H=0.01% and H=0.1% is more than 

negligible as can be seen in Table 7 from the Supporting Information (Chapter 2.8.1). Also, 

the estimations of dtotal, ddentrification, ap total and ap denitrification based on either the method of 

Arah (1992) or Mulvaney & Boast (1986) did not differ significantly. Although the calculations 

of Mulvaney & Boast (1986) were more accurate in 263 cases out of 396 (we did not consider 

the cases where H = 100, 0.1 or 0.01%), the difference between the two methods was always 

less than 0.2%.  
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The first objective was to determine the correlations between the three parameters (H, d and 

ap) and the errors made on dtotal, ddentrification, ap total and ap denitrification. 

Thus, we ran correlation tests with SPSS (IBM Corp. Released 2019. IBM SPSS Statistics for 

Windows, Version 26.0. Armonk, NY: IBM Corp) using either Kendall’s tau-b or Spearman 

coefficients. We did not use the Pearson coefficient as upon visual inspection and Shapiro-

Wilk tests, the errors were never distributed normally. The correlation tests were run on sub-

datasets where two parameters were constant while the studied one varied. The results in 

Table 8 from the Supporting Information (Chapter 2.8.1) show that the errors made on dtotal, 

ddentrification, ap total and ap denitrification are all independent of d and dependent of H. On the other 

hand, the errors on ap total and ap denitrification were dependent on ap where the ones on dtotal 

and ddentrification were not.  

Obviously, the 15N abundance of the soil denitrifying pool (ap denitrification) will be 

underestimated due to the presence of unlabelled pools contributing to the formation of 

hybrid molecules. The results of this simulation indicate that the apparent 15N abundance of 

the denitrifying pool (ap total) will also be underestimated when hybrid molecules are formed. 

This can be seen in Figures 16 and 17 from the Supporting Information (Chapter 2.8.1) which 

show the evolution of the errors made on ap total and ap denitrification with either H or ap for 

different scenarios. All of these errors are negative, thus causing a systematic 

underestimation. This is contrary to the conclusions of Boast et al. (1988) who showed that 

the 15N abundance of the soil denitrifying pool should be overestimated when multiple pools 

are present. However, the case here is different again because the presence of hybrid 

molecules changes the distribution of isotopologues. Similarly, the presence of hybrid sources 

systematically causes an overestimation of the fraction d (either dtotal or ddenitrification), 

inversely to the case of multiple pools in isotopic equilibrium as described by Boast et al. 
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(1988). We can see this result in Table 9 from the Supporting Information (Chapter 2.8.1) 

which shows the average errors made on dtotal and ddentrification for different values of H. These 

averages were calculated using all combinations of ap and d for the same values of H (n=66), 

since it was shown that dtotal and ddentrification were not correlated with ap and d. Using this 

property, we can extrapolate the results of a specific case (fixed ap and d) to represent the 

evolution of the errors made on dtotal and ddentrification with H for all cases. Figure 11 represents 

this evolution for the case ap = 40% and d = 1.10-4 that we will consider a general trend here. 

This means that no matter how enriched the soil denitrifying pool is or the amount of soil-

emitted molecules, the error caused by the presence of hybrid molecules can be read on 

Figure 11. 
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Figure 11: (a) Evolution of the error made on the calculation of dtotal (blue) and ddentrification 
(pink) with H when ignoring the hybrid sources of denitrification, based on 396 simulated 
cases; (b) same evolution but represented in a logarithmic scale (log 10). 
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The horizontal red line represents an error of 100%. The presence of hybrid molecules 

systematically causes an overestimation of all emitted molecules (dtotal) and of molecules 

emitted through classic denitrification (ddentrification). The magnitude of these overestimations 

does not depend on ap nor d. 

 

We can see that, no matter the quantity of tracer used or the number of emitted molecules, 

the overestimation of the total number of molecules is insignificant (<1%) until the 

contribution of hybrid molecules reaches approximately 20%. At 50% of hybrid contribution, 

the overestimation is 12.5% which can still be acceptable given the general accuracy of the 

15NGF. Higher hybrid source contributions however cause great overestimation (80% for 

H=80%) until H becomes very close to 100%, at which point the error tends to infinity. If 

studying the quantity of molecules solely emitted through classic denitrification, then the 

overestimation increases dramatically. It reaches 1% when H=1% already, 26% when H=20% 

and predicts more than twice the real amount when H=50%. 

We verified that all these results and trends were still valid even at a very high enrichment of 

the soil denitrifying pool and found similar results even at the extreme limit ap = 100%. 

Since the errors made on dtotal, ddentrification, ap total and ap denitrification are not correlated with the 

parameter d, the same conclusions should be drawn for N2O. The study is similar with the 

exception of the atmospheric background being much smaller (around 0.330 ppmv) and thus 

higher d values are typically found. We tested this hypothesis by duplicating the N2 tables and 

by only changing the atmospheric background and the range of d values used in the 

simulations (see Table 6 from the Supporting Information (Chapter 2.8.1)). Thus, for sub-

datasets of constant H and ap values, we compared the means of the errors made on dtotal, 

ddentrification, ap total and ap denitrification for N2 and N2O and expressed a relative difference as: 
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%𝑒𝑟𝑟 𝑊(𝑁2 − 𝑁2𝑂) = 100 |
𝑊𝑁2𝑂−𝑊𝑁2

𝑊𝑁2

|          [14e] 

where W is the mean of the errors made on either dtotal, ddentrification, ap total or ap denitrification for 

sub-datasets of constant H and ap values (n=11). Table 10 from the Supporting Information 

(Chapter 2.8.1) shows that on average, the model for N2O did not vary significantly from the 

model for N2. The highest relative mean of error difference between the two models was for 

dtotal and was 1.5 × 10-3 %, the highest coefficient of variation (CV) of a sub-dataset of constant 

H and ap values was 1.18 × 10-8 %; thus, we will consider that similar conclusions can be drawn 

for N2 and N2O. 

In conclusion, the formation of hybrid molecules affects N2 and N2O emissions similarly (given 

that the same organism reduces NO and N2O to N2O and N2, respectively). In contrast to the 

heterogeneous application of the tracer (assumption 1, Chapter 2.5.1), it causes an 

overestimation of the measured quantity of molecules (both the total amount of evolved 

molecules and the purely denitrified ones) and an underestimation of the enrichment of the 

soil denitrifying pool (both the total apparent pool which includes the co-substrates and the 

labelled nitrate pool). The overestimation of the flux does not depend on the quantity of 

tracer injected (15N enrichment of the soil denitrifying pool ap) nor the total quantity of 

emitted molecules (d) but only on the proportion of hybrid molecules (parameter H). This 

might not be true at very low contribution of hybrid molecules (H<1%) but the magnitude of 

error at this level is so small that it is rendered insignificant. We can add that the 

underestimation of the 15N enrichment depends on the quantity of tracer injected and the 

proportion of hybrid molecules, but not on the number of emitted molecules. The total 

apparent enrichment (ap total) is not a crucial parameter since the hybrid pool is not at isotopic 

equilibrium and thus the isotopologue distribution from this source cannot be determined 
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with it. But it could be an important tool, especially if one wants to prove that hybrid sources 

contribute to denitrification.  

These results are in accordance with the study of Spott & Stange (2007), which found that 

denitrification is indeed overestimated when hybrid molecules are formed. Their study only 

focused on the overestimation of purely denitrified molecules (ddenitrification, which is called “B” 

in the cited study, see Figure 3 of Spott & Stange, 2007). However, we did not find that this 

overestimation was dependent on the 15N enrichment of the soil nitrate pool, nor on the 

fraction of atmospheric N2 (neither with the model of Arah nor with the model of Mulvaney 

& Boast). We did find however, as in the study of Spott & Stange (2007), that this 

overestimation is dependent on the proportion of emitted hybrid molecules.  

2.5.2.3) Mitigation 

Laughlin & Stevens (2002) have developed a method to calculate the contribution of co-

denitrification based on previous work by Clough et al. (2001). This model should be 

applicable no matter the process (or processes) emitting hybrid molecules in a mix with 

classical denitrification and atmosphere. However, it is important to remember that this 

method is largely dependent on the assumption that the soil denitrifying pool is at isotopic 

equilibrium, which as shown before, is unlikely to be true due to heterogeneous distribution 

of the 15N label (Chapter 2.5.1). Violation of this principle could even lead to the assumption 

that hybrid molecules are being emitted when actually, only classic denitrification is 

occurring. The best solution would probably be to confirm the presence of hybrid molecules 

before trying to calculate their contribution, which is unfortunately not easy. Clough et al. 

(2001) demonstrated that 
𝛥𝑅29

𝛥𝑅30
= 272  when co-denitrification occurs (or other processes 

emitting hybrid molecules) but it is very important to note that this is only the case when all 

emitted molecules are hybrid (H=100%). In the case of classic denitrification (H=0), the 
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quantity 
𝛥𝑅29

𝛥𝑅30
 only depends on the 15N enrichment of the soil denitrifying pool (the natural 

15N abundance of the atmosphere being considered constant). This can be seen in equation 

17 of the study of Mulvaney & Boast (1986). Thus, if the quantity 
𝛥𝑅29

𝛥𝑅30
 is not equal to its 

hypothetic value using the 15N abundance of the soil denitrifying pool, one might suspect the 

presence of hybrid molecules as in Laughlin & Stevens (2002). However again, because the 

soil isotopic equilibrium hypothesis might be violated, this might not be a reliable option. 

Spott & Stange (2007) have developed a model to quantify the contributions of anammox and 

denitrification to N2 emissions in aquatic environments when both processes are occurring 

simultaneously, based on previous work from Tharmdrup & Dalsgaard (2002). According to 

Spott & Stange (2007), this model can also be used for terrestrial systems when hybrid 

molecules are emitted. The case is obviously more delicate here since the atmosphere plays 

a much bigger part in the mix, reducing greatly the sensitivity. The authors also emphasized 

the need to know if hybrid molecule sources are actually present before using this model. 

Spott & Stange (2011a) proved the presence of a source of hybrid molecules in soil using a 

sophisticated system combining a soil suspension in water and a flushing of the headspace by 

a stream of Helium. Precise equations for the exact determination of the contributions of non-

hybrid and hybrid molecules were derived as well as the factor Rbinom, which enables quick 

assessment of the presence of multiple sub-pools (see Chapter 2.5.1.1) or hybrid molecules. 

Unfortunately, this precise model can only be used in the absence of atmospheric N2 (using a 

Helium atmosphere in the example of the cited study), which complicates its use. These new 

equations were later used by Lewicka-Szczebak et al. (2017) under artificial atmosphere which 

might explain why they found a more reasonable percentage of co-denitrification (5 and 18% 

in two different experiments) than Laughlin & Stevens (2002) or Selbie et al. (2015), who both 
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used the method of Laughlin & Stevens (2002) and found contributions of 92 and 97% 

respectively of co-denitrification. Figure 11 shows that if these two contributions were true, 

applying the 15NGF without taking them in account would result in high overestimations (> 

260 and 780% respectively for dtotal, and > 4 400 and 29 000% respectively for ddenitrification). 

The contributions of 5 and 18% found by Lewicka-Szczebak et al. (2017) would result in 

overestimations of 0.07 and 0.99% respectively for dtotal, and 5.3 and 23.16% respectively for 

ddenitrification. 

2.5.3) Quantitative recovery of denitrification products in the flux chamber 

Similarly to other incubation techniques, the 15NGF is subject to error due to diffusive losses 

when used in situ. As Myrold (1990) mentioned, the fluxes of gas emissions from soil are a 

function of not only the production rate but also transport processes. Although convective 

movements can occur, diffusion is considered the predominant process of gas transport in 

soil (Clough et al., 2005). Diffusion in one dimension can be modelled by Fick’s first law, which 

states that the diffusion of molecules is proportional to the gradient of their concentration:  

𝐽𝑖 = −𝐷𝑖
𝑑𝐶𝑖

𝑑𝑧
          [15a] 

Where Ji is the flux of molecules of the species i (in mol.m-2.s-1), Ci is the concentration of the 

species i (in mol.m-3), Di is the binary gas coefficient of the species i (in m².s-1), and z is the 

distance from the production zone in this case. 

In a first approximation for short-term experiments and for unlabelled gases (N2O in this 

case), Hutchinson & Mosier (1981) suggested the following model to predict the evolution of 

concentration of unlabelled N2O inside a chamber based on Fick’s first law:  

𝑑𝐶𝑡

𝑑𝑡
=
𝐴

𝑉

𝐷𝑝

𝑑
(𝜑 − 𝐶𝑡)         [15b] 



71 
 

Equation [9b] was rewritten with the nomenclature of Pedersen (2000), where ϕ is the 

hypothetical constant concentration in the production zone at the depth d, Ct is the 

headspace concentration (mol.m-3) at time t, V is the volume of the headspace in the chamber 

(m3), A is the area of soil incubated (m2) and Dp is the binary molecular diffusion coefficient 

of the studied gas in the air at ambient temperature and pressure (in m².s-1). 

It is possible to theoretically resolve the model of Hutchinson & Mosier (1980) to determine 

the concentration profile of unlabelled N2O in the headspace of the chamber as a function of 

time (Pedersen et al., 2010): 

𝐶(𝑡) = 𝜑 + (𝐶0 − 𝜑)𝑒
(−𝜅𝑡)         [15c] 

With 𝜅 =
𝐷𝑝.𝐴

𝑉.𝑑
. 

Plotting this evolution as in Pedersen et al. (2001) can give a good idea of how 

underestimation of a non-labelled gas flux can happen, as illustrated in Figure 12. 
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Figure 12: Theoretical evolution of unlabelled N2O concentration inside an accumulation 
chamber with time (light blue) 

The red line represents a linear regression made using the three hypothetic measurements 

made at different time steps (light blue crosses). The black line represents the real emission 

rate of N2O, as would be measured without the diffusion issues caused by the accumulation 

of emitted N2O inside the headspace of the chamber.  

 

The concentration initially increases in an almost linear trend but as accumulation occurs in 

the headspace of the chamber, this trend slowly declines to reach a plateau. Measuring the 

initial flux 𝑓0 =
𝑉

𝐴

𝑑𝐶

𝑑𝑡𝑡=0
 is thus the best estimate of the magnitude of gas emissions since the 

effects of diffusion are negligible at that time. If diffusion is ignored and a linear model is 

applied, then the emission rate is largely underestimated (slope of the red line compared to 
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the slope of the black line). Several models of diffusion have been developed for non-labelled 

gases and are summed up in Table 3. 

Table 3: Main diffusion models applicable for measurement of a non-labelled greenhouse 
gas using an accumulation chamber. 

Parkin et al. (2012) reviewed most of these models for comparison (at the exception of the 

stochastic extension of the HM and the NDFE models) and estimated their limits of detection. 

 

Method Profile Pros Cons Reference 

Linear 
regression 

Line Easy and does not 
require more than two 

measurements per plot. 

Probably the least 
accurate estimation. 

Forthofer et al. (2007). 

Hutchinson & 
Mosier 1981 

(“HM”) 

Exponential Needs "only" three 
measurements per plot, 

improved accuracy. 

Relies on the 

condition 
(𝐶1−𝐶0)

(𝐶2−𝐶1)
>1 

(where Cn is the 
concentration at the 
time step n), which is 
not true always true. 
Needs regular time 
intervals between 

measurements. 

Hutchinson & Mosier 
(1981), Anthony et al. 

(1995). 

Stochastic 
model 

Exponential HM approach but more 
than 3 points can be 

used for better 
sensitivity, time intervals 
don't have to be equals. 

Complicated 
mathematical 

expression. 

Pedersen et al. (2000 & 
2001). 

Quadratic 
model 

Quadratic Easier than other 
models. 

Does not take in 
account the complex 

physical and 
physiological 

mechanisms of gas 
emission in soil. 

Wagner et al. (1997). 

Non-steady-
state 

Diffusive Flux 
Estimator 

(NDFE)  

Square root 
(at long 
times) 

Uses the general 
equation of diffusion 

(more precise). 

Complicated 
mathematical 

expression. 

Livingston et al. (2006), 
Hossler and Bouchard 

(2008). 

Extended HM Exponential Robust against 
horizontal gas transport 

and patterns of non-
linearity. Included in the 

“HMR” R package 
available on CRAN 

(http://www.r-
project.org). 

Qualified handling of 
data in the 

concentration range 
near the 

detection limit of the 
experimental system. 

Pedersen et al. (2010). 
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The case is however different with the 15NGF due to the presence of 15N-labelled molecules. 

Firstly, we can note that the one-dimensional law of Fick mentioned above is normally defined 

for a binary mix and is somewhat simplistic. The real multicomponent model is described by 

the equations of Stefan and Maxwell, which are more complex. Jaynes & Rogowski (1986) 

showed, however, that for a tracer in a multicomponent mix, the tracer will diffuse according 

to Fick’s first law. A new diffusion coefficient DFi must be calculated as shown by equation 17 

of the cited reference. Furthermore, in soil, the flux Ji needs to be multiplied by a coefficient 

of tortuosity τ and the air-filled porosity of the soil ε (m3 of air per m3 of soil) to better describe 

the heterogeneous nature of this medium (Jaynes & Rogowski, 1983; Hutchinson & 

Livingston, 2002). This leads to the following relation: 

𝐽𝑖 = −𝜏𝜀𝐷𝐹𝑖
𝑑𝐶𝑖

𝑑𝑧
         [15d] 

The complexity of the system leads to the calculation of new (and somewhat challenging) 

parameters but overall, the diffusion of 15N-labelled molecules is still ruled by a Fickian model. 

This means that these new parameters can be determined with experimental data. 

The main issue with the gas dynamics in the 15NGF however, is that the production of 15N-

labelled gases (N2 and N2O alike) after labelling causes build-up of their concentration in pore 

space (referred as “storage flux”). This leads to fluxes according to concentration gradients 

(Fick’s first law) to the atmosphere, but also to the subsoil, sooner or later reaching a steady 

state concentration profile in case of a constant production. Already at this steady state, 

before closing the flux chamber, a significant part of the produced gases diffuses to subsoil 

(up to 40% according to Well et al., 2019b). Closing the chamber leads to increasing 

concentration of 15N-labelled molecules inside the chamber headspace, leading to a decrease 

in surface flux with accumulation time while subsoil and storage fluxes go up.  
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The total flux of denitrification is the sum of the surface, storage and subsoil fluxes; but only 

the surface flux is measured with the 15NGF. Therefore, diffusion dynamics lead to severe 

underestimation of denitrification if subsoil and storage fluxes are not taken into account, 

where this bias is higher for extend accumulation times. Well et al. (2019b) showed that the 

ratio between surface flux to the sum of storage and subsoil fluxes at a given accumulation 

time depends on the geometry of the cylinder confining the 15N-labelled soil, the depth 

distribution of the 15N label, depth of distribution of denitrification, gas diffusivity and soil 

moisture. The share of surface flux increases with soil moisture, diffusivity and length of 

confinement (height of the collar confining the labelled soil). It decreases with depth of 

labelling and accumulation time.  

Well et al. (2019b) showed through simulation that ignoring diffusive losses could lead to 

great underestimation (from 28% to 71%) but a parallel field study using a bottom-closed 

cylinder showed that their model was not in perfect adequacy with the experiment, predicting 

twice the observed underestimation. This is largely due to the inability to assess the 

complexity of the processes occurring in the soil, especially temporal and spatial dynamics of 

denitrification as well as diffusivity. Nonetheless, the bottom-closed cylinder experiment 

revealed an underestimation of 37% of the flux of denitrification due to diffusive losses. 

It can also be said that increased storage flux can modify the product ratio of denitrification 

(equation [12b]). Indeed, accumulation of N2O in pore space tends to favour N2O reduction 

into N2 (Well et al., 2019b). 
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There is no evident solution to mitigate the effects of diffusion on the 15N-labelled molecules 

for accurate measurement of denitrification with the 15NGF. Using a diffusion model as 

presented in Table 3 will only get a more accurate estimation of the surface flux at t=0 and 

will not account for subsoil and storage fluxes. While a bottom closed cylinder as in Well et 

al. (2019b) is principally suitable, it leads to serious disturbance of the soil and root system 

and is thus not adequate for continuous experiments with repeated sampling. The main 

strength of the 15NGF is precisely the possibility to be used in situ with little disturbance to 

the soil. The other solution could be to a use simulation as in Well et al. (2019b) and allow 

sufficient time after labelling the soil (few hours to a day; since it was shown in Chapter 

2.5.1.2 that soil is still labelled for at least several days after application of the tracer) before 

closing the flux chamber. This would allow equilibration of the tracer solution and build-up of 

near-steady-state profiles of gas concentrations and diffusive fluxes and thus a better 

quantification of denitrification.  

2.5.4) Stimulation of denitrifying microbes (fertilization effect) 

As the 15N tracer is injected in the form of a nitrate solution (the substrate of denitrification), 

it is possible that microbial activity may be stimulated and thus more denitrification products 

emitted, leading to an overestimation of this process. Although acknowledged by various 

authors (Groffman et al., 2006; Sgouridis & Ullah, 2015; Dodds et al., 2017; Warner et al., 

2019; Lewicka-Szczebak & Well, 2020a) it has not in fact been investigated extensively. As 

mentioned by Groffman et al. (2006), Yang et al. (2014) and Sgouridis & Ullah (2015), this is 

mainly an issue in natural environments where low levels of nitrogen are available, typically 

where the only sources of nitrogen are natural (such as fixation and mineralization) or 
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eventually from atmospheric deposition. On the other hand, agricultural lands managed 

under intensive nitrogen fertilization should not be as sensitive to added nitrates. 

When studying denitrification in agricultural soil, Loick et al. (2017) “fed” microbes large 

amounts of nitrate and glucose. This resulted in higher N2O and N2 emissions compared to 

their control treatment (see Figure 2 of the cited reference). Similarly, Clayton et al. (1997) 

studied the influence of different nitrogen treatments on denitrification from fertilised 

grasslands over two years. In Figure 1 of the cited reference, it is visible that when treated 

with calcium nitrate (CN), N2O fluxes are considerably greater than the control. It is also worth 

mentioning that the added nitrates particularly stimulated emissions under wet and warm 

conditions in the same study (by almost two orders of magnitude). Jarvis et al. (1991) also 

correlated high in situ rates of denitrification with fertilizer application, especially again when 

the soils were wet or after a rainfall event.   

It is difficult to compare these studies to the use of the 15NGF given that the amount of applied 

tracer will vary from one study to another (and will be much lower than a fertilizer 

application); but they show however that a denitrification stimulation can occur when adding 

nitrate to soil. Ideally, further studies would be necessary to thoroughly assess the impact of 

added nitrates on the denitrification process under the use of the 15NGF, but some 

fertilization effect has to be accepted (especially for the natural environment), and thus 

observed rates may have to be interpreted with care. In agricultural systems, the tracer is 

often injected to mimic a realistic fertilization input from farming practices as in Buchen et al. 

(2016). In such a case, we can expect a stimulation as observed in the studies mentioned in 

the previous paragraph; however this stimulation would be the realistic consequence of 

fertilizer application anyway. For natural ecosystems, tracer is usually added to target a small 
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15N enrichment ap of the soil nitrate pool, like 5% in the case of Kulkarni et al. (2014).  As will 

be shown in Chapter 2.6.2 of this study, the use of a 15N tracer does not always guarantee a 

perfect sensitivity and measurements are often below the limit of detection of the IRMS. It is 

thus desirable to inject as much tracer as possible without stimulating denitrification.  

2.6) Recommendations for addressing technical challenges 

2.6.1) Tracer application methods  

Different methods of tracer application have been used in the past, such as injection through 

a syringe, application using a watering can or via a sprayer, as reviewed by Berendt et al. 

(2020). As shown in the same study, none of these three methods achieves perfect 

homogenisation of the tracer in the soil and losses are inevitable. The authors indeed found 

a theoretical 15N enrichment of 57-59 % in the upper 2.5 cm and 26-57 % in 5-10 cm when 

targeting a 60% enrichment using a Bromide (Br-) tracer. This is particularly relevant as in the 

15NGF, the tracer is also an anion (NO3
-) and can therefore move more freely in the soil 

solution than a cation, which would rather remain in the upper layers. In the same study, 

distribution of the tracer is also shown to be more homogenised in dry soils. Application using 

a syringe can be challenging if they get clogged, however, this problem can be solved by using 

a metal wire inside the needle (obturator) as in Davidson et al. (1991). 

Lewicka-Sczcebak & Well (2020a) studied in detail the injection approach through three 

different methods; injection into an intact core (I+I), injection into a homogenised core (H+I) 

or mixed into a homogenised core (H+M). Obviously, the advantage of using the 15NGF is to 

perform measurements directly in situ, which means that only the I+I approach is usable in 

the field. It was found that the determined N2 fluxes and the denitrification product ratios did 

not differ significantly between intact and homogenised cores. Similarly, although soil 
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properties are more homogeneous in mixed cores, it appears that the 15N label is actually 

more evenly distributed in the I+I treatment. Notably, within the I+I treatment, the measured 

values of ap from the gas emissions are closer to the determined 15N abundance of the soil 

nitrate aNO3.  

When choosing the injection method, the best way to homogenize the distribution of the 

tracer is to define a grid on the surface of the incubated soil and to use several injections of 

equal volume at different depths (Davidson et al., 1991; Tauchnitz et al., 2015; Sgouridis et 

al., 2016; Lewicka-Sczcebak & Well 2020a). Wu et al. (2011) determined in their experiments 

that the best compromise was 38 injections at 4 different depths. Buchen et al. (2016) used a 

more sophisticated system using a peristaltic pump and steel capillaries for better distribution 

of the tracer. 

Finally, it is important to remember that since the tracer is diluted in water, injections will 

increase the soil moisture, which in turn will stimulate denitrification (Jarvis et al., 1991; 

Hwang & Hanaki, 2000). Usually, a soil moisture increase inferior to 3-5% is considered 

reasonable (Buchen et al., 2016; Sgouridis et al., 2016). 

2.6.2) Sensitivity of the 15NGF and use of a N2-depleted atmosphere: 

The N2 emitted from denitrification is challenging to measure and even the use of a 15N tracer 

does not always guarantee a good signal on the IRMS. In cause is the sensitivity needed to 

detect the small amounts of produced N2 against the high atmospheric N2 background. Baily 

et al. (2012) reported the same limits of detection as Stevens & Laughlin (2001) on their IRMS, 

which were 8.0 × 10-6 for R29 and 3.2 × 10-7 for R30. Sgouridis et al. (2016) reported 7.7 × 10-

7 for R29 and 6.1 × 10-7 for R30 while Friedl et al. (2017) reported 9.1 × 10-7 for R29 and 9.8 × 

10-7 for R30. A simulation using Excel (Microsoft, Redmond, WA) has been used to determine 
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how these limits of detection translate in terms of coefficient d that can be measured for a 

conventional use of the 15NGF. Considering a 4 L incubation chamber, the ideal gas law and 

atmospheric pressure, different realistic values of ap (ranging from 5% to 50%) and d (ranging 

from 1.10-8 to 5.10-4) were used to calculate the associated ΔR29 and ΔR30, assuming isotopic 

equilibrium of the atmospheric and soil denitrifying pools. The values of d were translated 

into theoretical gas fluxes for informal reference, considering a 0.05 m² basal area of the 

incubation chamber and a time of incubation of 1-hour. The results are reported in Table 4. 

The values of ΔR29 and ΔR30 that were beneath the smallest cited limit of detection appear 

in red, while the values greater than the highest cited limit of detection appear in green. The 

values in between are in yellow. This means that the values in red probably cannot be 

detected with the current routinely available technology whereas the values in yellow can 

only be detected if the IRMS has a good sensitivity. As expected, ΔR29 and ΔR30 tend to be 

more detectable when increasing both ap and d. Unfortunately, they are not detectable in 

most cases. Typically, d is rarely superior to 1.10-6, which is not detectable even at a high 15N 

abundance (50%) of the soil denitrifying pool. In addition, values in green in the simulation 

are only just above the detection limit in most cases, which is not ideal for accurate 

measurements. It is not rare to have gaps in a dataset of N2 measurements because of this 

poor sensitivity (Mulvaney & Kurtz, 1984; Kulkarni et al., 2014; Buchen et al., 2016 amongst 

others; acknowledged by Friedl et al., 2020 as one of the main challenges of the 15NGF).  
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One way to improve this sensitivity is to only use the R29 data in combination with the 15N 

abundance ap calculated through the N2O data, as explained in Chapter 2.4.2.3. Using this 

method, Baily et al. (2012) reported a sensitivity 16 times greater than when calculating ap 

from the N2 data. In order to optimize the R29 ratio, a 50% 15N enrichment of the soil 

denitrifying pool represents an ideal target. Indeed, for a pool of N2 at isotopic equilibrium, 

this is the enrichment for which the proportion of 29N2 is the highest (equations [8a] to [8c]) 

as shown on Figure 13. 

 

Figure 13: Evolution of the three N2 isotopologue proportions for different values of the soil 
denitrifying pool 15N abundance (considering isotopic equilibrium). 

The proportion of 29N2 is maximal for a 15N enrichment of 50%.  
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If no denitrification stimulation occurs, targeting a 50% 15N enrichment of the soil denitrifying 

pool is a good way to increase sensitivity. 

Another way to increase sensitivity is to use a hybrid method as mentioned before. More 

precisely, it means using an N2-depleted atmosphere in addition to 15N tracer. This new 

atmosphere should still contain a small amount of N2 since the calculations of the 15NGF 

require an [N2] background. Similarly to Table 4, we can calculate the new ΔR29 and ΔR30 if 

the atmospheric background contains less N2. We took the same cases as before (ap ranging 

from 5% to 50% and d ranging from 1.10-8 to 5.10-4) but now with a variable [N2] background 

that contains either 78% (atmospheric), 20%, 10%, 5% or 1% of N2 (see Table 9 from the 

Supporting Information ,Chapter 2.8.2). The results for the case where ap equals 20% can be 

seen in Table 5a (ΔR29 only, for clarity) and show as expected that ΔR29 tends to be more 

easily detected as the N2 background drops. For identical values of ap and d, we can express 

the ratio G29 defined as: 

𝐺29 =
ΔR29 (low N2 background) 

ΔR29 (atmospheric N2 background)
 (and G30 similarly for ΔR30)          [16a] 

If this ratio equals 4 (as it is approximately the case when d = 5.10-8, ap = 20%, and [N2] = 20%), 

then the limit of detection is increased 4 times. These ratios are compiled in Table 5b for the 

case ap=20%.  
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b) Evolution and comparison of G29 and G30 ratios (see equation [10a] in chapter 2.6.2) 

with different N2 backgrounds for the cases where ap = 20 %. We can see that G29 and 

G30 are identical for every similar situation (identical parameters ap, d and [N2] 

background). Furthermore, these ratios are almost invariant with d (nor with ap as shown 

in Annex 2, chapter 2.9.2).  

 

 
 
 

d [N2] = 20% [N2] = 10% [N2] = 5% [N2] = 1%  

 

 

 

G29 G30 G29 G30 G29 G30 G29 G30  

1E-8 3.90 3.90 7.80 7.80 15.60 15.60 78.00 78.00  

5E-8 3.90 3.90 7.80 7.80 15.60 15.60 78.00 78.00  

1E-7 3.90 3.90 7.80 7.80 15.60 15.60 78.00 78.00  

5E-7 3.90 3.90 7.80 7.80 15.60 15.60 78.00 78.00  

1E-6 3.90 3.90 7.80 7.80 15.60 15.60 78.00 78.00  

5E-6 3.90 3.90 7.80 7.80 15.60 15.60 77.98 77.98  

1E-5 3.90 3.90 7.80 7.80 15.60 15.60 77.96 77.96  

5E-5 3.90 3.90 7.80 7.80 15.59 15.59 77.81 77.81  

1E-4 3.90 3.90 7.80 7.80 15.59 15.59 77.61 77.61  

5E-4 3.90 3.90 7.78 7.78 15.53 15.53 76.11 76.11  

 

 

Upon inspection of this table, it appears that G29 and G30 are equal for every identical situation 

(same parameters d, ap and [N2] background). Furthermore, the values of G29 and G30 do not 

seem to depend on the values of d and ap. This is demonstrated in the Supporting Information 

(Chapter 2.8.2) and therefore; much like Figure 11, we can extrapolate a specific case (here 

we used d = 5.10-7 and ap= 50%) to plot the evolution of the ratio G29 (equal to G30) as a 

function of the [N2] background for every scenario. Figure 14 represents this evolution: 
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Figure 14: Evolution of G29 (or G30) with a background of [N2] ranging from 78% to 1% with an 
increment of 1%, as calculated through simulation. 

Maximum is G29 = 78 when [N2] = 1%. Minimum is G29 = 1 when [N2] = 78%. 

 

We can see from Figure 14 that no matter the quantity of tracer applied or the number of 

molecules emitted, the sensitivity dramatically increases when the background in [N2] < 10%. 

It is approximately enhanced 10 times when [N2] = 8%. If the background drops below 1%, 

even better sensitivity can be obtained; for example, G29 is equal to 156 and 780 when the 

[N2] background reaches 0.5% and 0.1%, respectively. It can be very challenging to maintain 

these low levels of N2 however, even in the laboratory as can be seen in Well et al. (2019a). 

As mentioned previously, this method has not been used extensively because of its 

complexity (laboratory studies: Meyer et al., 2010; Scheer et al., 2016; Lewicka-Szczebak et 
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al., 2017; Lewicka-Szczebak & Well, 2020; Kemmann et al., 2021; in situ studies: Well et al., 

2019a; Buchen-Tschiskale et al., 2023). 

Finally, it is important to remember that R29 and R30 after incubation are necessarily greater 

than their initial values, as shown in the Supporting Information (Chapter 2.8.3). Therefore, 

any value of R29 or R30 after incubation lower than its initial value can only be noise from the 

IRMS and cannot give any realistic value. 

Similarly, it is also worth noting that (R29)0 and (R30)0 are supposedly constant and equal to 

7.35 × 10-3 and 1.35 × 10-5, respectively. These values are easily found using a binomial 

distribution with a 15N enrichment equal to natural abundance aa (~0.37%): 

𝑅29(0) = 
2×0.003663×(1−0.003663)

(1−0.003663)²
= 7.35 × 10−3          [16b] 

𝑅30(0) = 
0.003663²

(1−0.003663)²
= 1.35 × 10−5          [16c] 

Thus, a good way to calibrate the IRMS is to perform tests on atmospheric samples and try to 

find these values as in Lewicka-Szczebak et al. (2013). Care must be taken for m/z=30 as 

shown next. 

2.6.3) Interferences at m/z=30 and gas-purification preparation unit 

If trace amounts of oxygen are present in the ion source of the IRMS, various species with 

m/z= 30 can be formed; such as (13C17O)+, (12C18O)+ or (14N16O)+ (Russow et al., 1996). It has 

been suggested that the removal of hindering gaseous species such as H2O, CO2, CO and N2O 

(the last one only when studying N2) would allow for a better sensitivity (Lewicka-Szczebak et 

al., 2013). Siegel et al. (1982) were the first ones to develop a gas-purification preparation 
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unit for the use of the 15NGF. More recently, such systems were also developed and used by 

Lewicka-Szczebak et al. (2013), Yang et al. (2014) and Sgouridis et al. (2016).   

However, this usually does not solve entirely the problem as shown by the results in Table 2 

from Lewicka-Szczebak et al. (2013); where R30 from the atmosphere is approximately 10 

times greater than the expected value. As explained in the same study, the magnitude of 

NO+ formed in the ion source of the IRMS depends on the quantity of injected N2. Thus, the 

authors applied a drift correction as a linear function of 28N2. Russow et al. (1996) solved this 

problem more directly by using standards and a linear drift correction as: 

𝑅30𝑡𝑟𝑢𝑒 = 𝑎 × 𝑅30𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝑏           [17a] 

Excellent correlation was obtained (R²=1) and the coefficient a in their case was close to 1. 

This means that calculations based on ΔR30 such as the ones from Mulvaney & Boast (1986) 

would still give a good result without correction. However, the equations based on the 

approach of Arah (1992) would lead to error given that R30 in the following equations would 

not have been corrected: 

𝑎𝑚 =
𝑅29+2𝑅30

2(1+𝑅29+𝑅30)
           [17b] 

𝛼𝑚 =
𝑅30

1+𝑅29+𝑅30
            [17c] 

Modern ultrahigh resolution mass spectrometers can separate 14N16O from 30N2 (Yeung et al., 

2017; Yeung et al., 2019) but these instruments are not routinely available and current sample 

throughput is limited due to an analysis time of a few hours per sample. 

Finally, it is worth mentioning that in the past, some authors have avoided the issue at m/z=30 

by isotopically equilibrating the mix of emitted and atmospheric N2 through high voltage arc, 

electrodeless discharge or microwave equilibration (Well et al., 1998). These techniques have 
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been of little use lately because it required two runs per sample and modern IRMS have a 

better sensitivity towards 30N2. 

2.7) Conclusion and future research 

The 15NGF method remains today, the most suitable technique for studying denitrification in 

situ in soil. However, its results can be biased by different factors as shown here, especially 

the non-homogeneous distribution of the label in the soil, the formation of hybrid molecules, 

the diffusion issues and the addition of substrate labelled tracer. The non-homogeneous 

distribution of the label and the diffusion issues tend to result in an underestimation of the 

true potential of denitrification. On the other hand, the potential stimulation of denitrification 

due to substrate addition and the eventual formation of hybrid molecules would tend to 

overestimate it. We demonstrate herein that a better precision in the measurement of 

denitrification can be obtained by: 

1) Ensuring the most homogeneous label application so that the soil denitrifying pool is 

as close as possible to isotopic equilibrium as originally presumed in the 15NGF 

method.  

2) Accounting for diffusion by allowing time after label application in order to reach near-

steady-state profiles of gas concentration and diffusive fluxes; and using a simulation 

to calculate storage and subsoil fluxes. Alternatively, the use of a bottom-closed 

cylinder in the field can also be a viable option although it leads to soil and root system 

disturbances.   

3) Define a level of tracer addition that reduces and/or eliminate denitrification 

stimulation.  

4) Check if hybrid processes are occurring in the type of soil system studied. 
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A preparation unit for gas purification is also very valuable but does not entirely solve the 

problems that occur at m/z=30. A drift correction might still be needed.  

Furthermore, because the atmospheric N2 background is so high and denitrification can emit 

very small amounts of N2, sensitivity might still not be sufficient to quantify denitrification 

beyond peak events. The only experimental parameters one can modify to increase sensitivity 

are the time of incubation, the size of the headspace inside the incubation vessel, the amount 

of 15N label used (optimizing the 15N enrichment of the nitrate pool) and the level of N2 

concentration in the atmospheric background. Increasing the time of incubation and 

decreasing the size of the headspace can both increase sensitivity but they will also cause 

further diffusion issues when using the 15NGF in situ. Labelling 50% of the soil denitrifying pool 

represents an ideal target to increase sensitivity towards R29. If no denitrification stimulation 

occurs at this level, this is a good way to increase sensitivity. The reduction of the N2 

atmospheric background in situ can be challenging, given that it requires a tightly sealed 

incubation chamber system and that air can still circulate through soil pores. Nonetheless, 

this was achieved recently by Well et al. (2019a) using a sophisticated incubation and soil 

flushing system. However, this method is difficult to use at a wider scale and is not 

appropriated for intensive sampling campaigns. It is not necessary to get rid of all the native 

atmospheric N2, reducing it to a lower and known concentration (~<10%) can already increase 

sensitivity significantly. To help users in the successful application of the 15NGF, we have 

summarized our conclusions into a decision tree (see Figure 15). 

It will need further work and innovation to further increase the sensitivity of the 15NGF and 

allow robust and reproducible measurements of field denitrification in the future. 
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Figure 15: Decision tree of the considerations for an ideal use and application of the 15NGF 
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2.8) Supporting Information 

2.8.1) Annex 1: 

Table 6: Table of parameters used in the simulation of Chapter 2.5.2.1. 

Parameters 

H  ap d(N2) d(N2O) 

0,01% 5% 1,00E-08 0,10% 
0,10% 10% 5,00E-08 0,50% 

1% 20% 1,00E-07 1% 
5% 30% 5,00E-07 5% 

10% 40% 1,00E-06 10% 
20% 50% 5,00E-06 30% 
50%   1,00E-05 50% 
80%   5,00E-05 60% 

100%   1,00E-04 70% 
    5,00E-04 80% 
    1,00E-03 99% 

    

Number of molecules  

Total (in vessel) N2 background 
N2O 

background  
1.08E+23 8.39E+22 3.23E+16  

 

Table 7: Maximum errors (%) on ap total, ap denitrification, dtotal and ddenitrification for the cases H = 
0.01 or 0.1%. 

These errors at low hybrid source contributions are negligible (maximum 4.97 × 10-2%). 

 

 Max error (%) 

H ap total 
ap 

denitrification dtotal ddenitrification 

0,01% -3.37E-07 -4.96E-03 4.50E-07 1.00E-02 

0,10% -2.48E-05 -4.97E-02 2.52E-05 1.00E-01 
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Statistical tests realised on sub-datasets where 2 parameters are constant while the studied 

one varies. The number of values included in each sub-dataset and the number of sub-

datasets studied for each case can be known in column “n” at the end of the table. Different 

sub-dataset sizes and numbers are used for the correlations with H, since ap total and ap 

denitrification were correlated with ap while dtotal and ddentrification were not. However, since both 

ap total and ap denitrification were independent with d, we used the means of data with same 

parameters ap and H but different parameter d for the ap total and ap denitrification correlations.  

The colour green indicates a correlation whereas the colour red indicates an absence of 

correlation. Correlation was determined if all coefficients of Kendal and Spearman were equal 

to 1 or (-1) for the sub-datasets of the considered case. The absence of correlation was 

determined when all the errors caused on either ap total, ap denitrification, dtotal or ddenitrification 

(depending on the studied case) were identical. For three cases (correlation of dtotal or 

ddentrification with ap and correlation of ap denitrification with d), these errors were not all identical 

and some Kendal and Spearman coefficients were significant, indicating potential 

correlations. We found out however that the magnitude of evolution of error was negligible 

in these cases. This was determined by the maximum coefficient of variation (CV) of the sub-

datasets and the highest relative difference between a value of a sub-dataset and the mean 

of this sub-dataset, for the studied case. This highest relative difference was calculated as: 

𝑚𝑎𝑥 |
𝑋𝑖−𝑋𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑋𝑎𝑣𝑒𝑟𝑎𝑔𝑒
|          [18] 

where Xi is a value in a sub-dataset and Xaverage is the average of this sub-dataset. Since for all 

these cases, the highest observed CV was 4.62 × 10-3 % and the highest relative difference 

was 0.013%, we ruled out correlation despite some Kendal and Spearman coefficients being 

significant. 
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Table 9: Errors made on the quantification of (a) dtotal and (b) ddenitrification with H when using the 
15NGF and ignoring the hybrid sources of denitrification, as determined by simulation. 

These errors are the mean of the different combinations of selected ap and d parameters for the 

same values of H, since dtotal and ddenitrification are not correlated with the parameters ap and d. 

(a) 

 

H 
error dtotal 

(%) 
Std 

deviation CV n 

1% 2.53E-03 5.10E-08 2.02E-05 66 
5% 6.58E-02 2.29E-08 3.48E-07 66 

10% 0.28 1.81E-08 6.53E-08 66 
20% 1.25 3.70E-08 2.96E-08 66 
50% 12.50 4.38E-08 3.50E-09 66 
80% 80.00 7.01E-08 8.76E-10 66 

     

 

(b) 

H 

error 
ddenitrification 

(%) 
Std 

deviation CV n 

1% 1.01 5.15E-08 5.09E-08 66 
5% 5.33 2.41E-08 4.51E-09 66 

10% 11.42 2.01E-08 1.76E-09 66 
20% 26.56 4.62E-08 1.74E-09 66 
50% 125 8.76E-08 7.01E-10 66 
80% 800 3.51E-07 4.38E-10 66 
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Table 10: Highest relative differences of the errors made on ap total, ap denitrification, dtotal and 
ddenitrification between the models for N2 and N2O. 

The N2 and N2O models are similar at the exception of the one for N2O using higher coefficients d 

and a smaller number of molecules in the background (see Table 6). For sub-datasets of constant ap 

and H parameters (n=11), we expressed the average error on either ap total, ap denitrification, dtotal or 

ddenitrification for both N2 and N2O and compared them as per equation [14e]. Since the highest relative 

mean of error difference was for dtotal and was 1.5 × 10-3 %, and the highest coefficient of variation 

(CV) of a sub-dataset of constant H and ap values was 1.18 × 10-8 %; we can consider that the model 

for N2O is similar to the model of N2 and thus, similar conclusions can be drawn. 

 

  dtotal (%) 
ddenitrification 

(%) ap total (%) 
ap 

denitrification(%) 

Max relative 
difference of mean 1.50E-03 3.77E-06 7.17E-04 3.58E-06 

Max CV of a sub-
dataset of constant H 

and ap values 1.18E-08 2.95E-11 5.78E-09 2.89E-11 
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(b) 

 

 

 

 

 

 

Figure 16: Evolution of the errors made on the measurement of the soil denitrifying pool enrichment 

Total apparent enrichment ap total in blue for Figure (a); only the labelled pool enrichment ap 

denitrification in pink for Figure (b) with the parameter ap when using the 15NGF and ignoring hybrid 
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molecule contribution (cases H = 10 or 50%).These errors are high at low enrichments of the soil 

denitrifying pool but reaching a plateau at higher values (for both ap denitrification and ap total). 

 

 

 

Figure 17: Evolution of the errors made on the measurement of the soil denitrifying pool 
enrichment with the parameter H 

Total apparent enrichment ap total in blue; only the labelled pool enrichment ap denitrification in pink. 

Cases where ap = 5% or 50%.  

The errors on both ap total and ap denitrification increase when increasing the parameter ap. For the 

same value of ap, the error on ap denitrification is always higher (in absolute value) than the one on ap 

total.  
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2.8.2) Annex 2: 

We simulated ΔR29 and ΔR30 values for 300 cases, with the parameters shown in Table 11. 

Table 11: Parameters used for the simulation of R29 and R30 with reduction of the [N2] 
atmospheric background 

d ap(%) N2 background (%) 

1E-08 5 78 
5E-08 10 20 
1E-07 20 10 
5E-07 30 5 
1E-06 40 1 
5E-06 50  
1E-05   
5E-05   
1E-04   
5E-04   

 

Then we expressed G29 and G30 as in equation [16a] for all treatments except in the cases where 

[N2] = 78% since it is the reference for all ratios G29 and G30. 

For each case of similar d, ap and [N2] background parameters, the ratios 
𝐺29

𝐺30
 equal approximately 

1. To have an idea of how close to 1 these ratios are, we looked for the highest difference defined 

as: 

max (|1 −
𝐺29

𝐺30
|)          [19] 

and found a maximum of 3.69 × 10-10. Given this very small deviation from 1, we will consider that 

G29 = G30 for all cases, meaning that lowering the N2 background affects G29 and G30 similarly. 

From this point we will thus only focus on G29, knowing that exact same conclusions can be drawn 

for G30. 
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To show that G29 and G30 are independent with d and ap, we cannot use correlation tests like we 

did for the presence of hybrid molecules (Table 8, Chapter 2.8.1). Indeed, as can be seen in Table 5, 

G29 and G30 appear to be correlated with d (and ap, not shown); however, the magnitude of 

evolution with these parameters is very small through the large range of realistic parameters used 

for the simulation. For example, for the case where ap = 50% and [N2] = 20%, G29 goes from 3.90000 

to 3.89858 when d goes from 1.10-8 to 5.10-4. 

When studying series with similar ap and [N2] background parameters while d varies, the highest 

coefficient of variation found is 2.61%. For each series, we also expressed the maximum difference 

of any value to the mean of that series with equation [20]: 

max (|𝑋𝑖−𝑋̅|)

𝑋̅
           [20] 

 where 𝑋𝑖 is a value in the series and 𝑋̅ is the mean of that series. The maximum of these series 

maximums was 2.94%. 

Similarly, if studying series with similar d and [N2] background parameters while ap varies, the 

highest coefficient of variation found is 0.88%. The maximum of series maximum differences of any 

value to the mean was 1.24%.  

We verified that all these results and trends were still valid at very high 15N enrichment of the soil 

denitrifying pool and found similar results even at the extreme limit ap = 100% (although G29 = 0 in 

this particular case, since an enrichment ap = 100% leads to the formation of 30N2 molecules only). 

Given the small observed variations (<3%) through the large range of realistic parameters used, we 

will consider G29 (and thus G30) to be independent of both d and ap.   
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2.8.3) Annex 3: 

Let us prove that the ratios R29 and R30 are necessarily greater after incubation than their initial 

values when using the 15NGF. 

We first need to prove that R29 and R30 are strictly increasing with ap for a pool of N2 at isotopic 

equilibrium. These ratios are defined for ap ∈ [0;1[ as: 

𝑅29 =
2𝑎𝑝(1−𝑎𝑝)

(1−𝑎𝑝)²
           [21] 

𝑅29 =
2𝑎𝑝

(1−𝑎𝑝)
          [22] 

𝑑(𝑅29)

𝑑(𝑎𝑝)
=

2

(1−𝑎𝑝)²
> 0           [23] 

Since the first derivative of R29 with ap is strictly positive, R29 is strictly increasing with ap. 

𝑅30 =
𝑎𝑝²

(1−𝑎𝑝)²
          [24] 

The numerator of R30 is strictly increasing with ap. The denominator is strictly decreasing for ap ∈ 

[0;1[, thus the ratio R30 is strictly increasing with ap. 

The rest of the study will focus on R29 but similar conclusions can be drawn for R30.  

Since the soil denitrifying pool has necessarily a higher 15N enrichment than the atmosphere after 

tracer injection and consequently to the fact that R29 and R30 are strictly increasing with ap, we can 

conclude that:  

(29𝑁2)𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

(28𝑁2)𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑
>
(29𝑁2)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒

(28𝑁2)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
          [25] 

We can then prove that: 
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𝑅29(𝑡) > 𝑅29(0)          [26] 

(29𝑁2)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒  + (
29𝑁2)𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

(28𝑁2)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒  + (
28𝑁2)𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

>
(29𝑁2)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒

(28𝑁2)𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
          [27] 

when inequation [25] is verified. 

Let us call (29N2)atmosphere and (28N2)atmosphere a and b respectively and (29N2)denitrified and (28N2)denitrified 

x and y respectively. 

Then, inequation [27] can be written as: 

𝑎+𝑥

𝑏+𝑦
>
𝑎

𝑏
           [28] 

𝑎+𝑥

𝑏+𝑦
−
𝑎(1+

𝑦

𝑏
)

𝑏+𝑦
 > 0          [29] 

𝑥−
𝑎𝑦

𝑏

𝑏+𝑦
 > 0          [30] 

In our model, b and y are necessarily positive, thus, inequation [30] is verified if its numerator is 

positive. This numerator is necessarily positive when inequation [25] is verified. Thus, the ratios R29 

and R30 are necessarily greater after incubation than their initial values when using the 15NGF. 
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Chapter 3: Developing a new method for the measurement of in 

situ denitrification 

In this chapter, we will combine the 15N Gas flux method to an artificial atmosphere depleted in N2 

to derive a new methodology of denitrification measurement. Our aim is to get in situ data, since 

the magnitude of difference between field and laboratory is usually very high. To that end, we 

developed two approaches, either using modified static chambers or small liners for the 

incubation of soil cores (Figure 18). 

  

 

Figure 18: The chamber and liner approaches for the new method of denitrification measurement. 
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3.1) Abstract 

Denitrification is the least studied process of the global N cycle mainly due to the sensitivity required 

to discriminate small fluxes of soil emitted N2 against the high atmospheric N2 background. We 

aimed to enhance the sensitivity of the 15N Gas Flux method to measure in situ denitrification rates 

by optimising the quantity of 15N-NO3 tracer applied and by using an artificial atmosphere 

(containing 5 % N2, 20 % O2, 75 % He and 0.11 ppm of N2O) during field incubation. We first 

conducted a dose-response laboratory study to assess the stimulation effect of nitrate tracer 

addition. Subsequently, we developed two novel approaches to measure in situ denitrification rates, 

using either modified static chambers or intact soil cores inside plastic liners; where in both cases 

the entire headspace was replaced by the artificial atmosphere prior to incubation. Furthermore, 

we compared the two models of calculations of the 15N Gas Flux method (i.e. the “Mulvaney & 

Boast” and “Arah” models) as well as the calculated 15N enrichment of the soil denitrifying pool 

based on either N2 or N2O isotopologue distribution data. The results show that doubling the 

amount of ambient nitrate does not lead to a significant stimulation of denitrification activity. 

However, excessive amendment of nitrate (e.g. 20 times the ambient levels) increased the 

denitrification product ratio by stimulating nitrous oxide emission. Our two novel field techniques 

were successful in measuring in situ denitrification rates. On average, the N2 background 

concentration inside the static chambers increased to 29 % and 43 % after one and two hours of 

incubation; which resulted in 2.7 and 1.8 times greater sensitivities respectively compared to regular 

static chambers. On the other hand, the N2 background concentration inside the liners increased to 

only 18 % after two hours on average. Combined with a smaller headspace (83 mL compared to 5.3 

L), this approach enabled a more reliable detection of in situ N2 emission rates. The smallest 
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denitrified N2 concentration detected in the field was 0.77 ppm which is around 8-fold better than 

the classic 15N Gas Flux method. Although this about 10 times higher than values reported using 

sophisticated flow through chamber combined with an artificial atmosphere, our method enabled 

the simultaneous incubation of 16 cores from different fields at the same time, enabling much wider 

spatial resolution. The Mulvaney & Boast model performed better than the Arah one and 

consistently yielded higher fluxes (17 % at maximum), especially for low 15N enrichments of the soil 

denitrifying pool and short times of incubation. The 15N enrichments calculated with either N2 or 

N2O data differed statistically, but the magnitude of difference was small (4.6 % at maximum). 

Measuring in situ denitrification is imperative to quantify realistic fluxes and the two methods 

presented here are inexpensive, reproducible and high resolution candidates. For increased 

sensitivity, we recommend using the method of Mulvaney & Boast for N2O emissions and the 

resulting 15N enrichment in combination with 29N2 data (only) to determine N2 emissions.  

3.2) Introduction 

Denitrification in soil is the sequential reduction of soil nitrate (NO3
-) to gaseous dinitrogen (N2) 

through microbial respiration under suboxic conditions. This sequential process includes nitrite 

(NO2
-), nitric oxide (NO) and nitrous oxide (N2O) as obligatory intermediates of reaction. 

Denitrification is considered the major pathway of reactive nitrogen (N) removal in terrestrial 

systems, which is of particular relevance for agricultural land uses (arable and grasslands) receiving 

large inputs of synthetic and organic N fertilizer (Lassaletta. et al, 2014). The last intermediate of 

this sequential process is nitrous oxide (N2O), a greenhouse gas with 298 times greater radiative 

forcing than CO2 (IPCC, 2013) which is also involved in the depletion of the ozone layer (Ravishankara 

et al., 2009). Denitrification has the ambiguous role of being both the only natural sink for 
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respiratory reduction of N2O into N2 but also a source of N2O through incomplete denitrification. To 

guide future N2O emission reduction strategies and close the nitrogen budget of ecosystems, it is of 

primary importance to fully characterize this process and particularly the reduction of N2O to N2. 

Measuring small amounts of soil evolved N2 against the high atmospheric N2 background (78 % v/v) 

is very challenging (Groffman et al., 2006) and historically, denitrification has mainly been measured 

using three different techniques (Well et al. 2019a): the He/O2 Gas Flow Soil Core method (He/O2 

GFSC), the Acetylene Inhibition Technique (AIT) and the 15N Gas Flux method (15NGF). Briefly, the 

He/O2 GFSC is a laboratory-based incubation method where ambient atmosphere is replaced by a 

N2-gas free mix of Helium (He) and dioxygen (O2) in a tightly sealed vessel (Butterbach-Bahl et al., 

2002; Cárdenas et al., 2003; Wang et al., 2013; Kulkarni et al., 2014; Loick et al., 2016; Wang et al., 

2020). The AIT uses acetylene to block N2O reduction to N2 so that denitrification can be measured 

as total N2O production. This technique has been very popular since its original application in the 

mid 1970’s due to its simplicity and low cost but is today considered unsuitable due to several 

limitations (Seitzinger et al., 1993; Simarmata et al. 1993; Yu et al., 2010; Saggar et al., 2013; 

Sgouridis et al., 2016). Finally, the 15NGF uses 15N-labelled nitrate tracer applied to soil incubated in 

gas tight vessels under laboratory conditions or within static chambers in field applications to 

measure the abundance of 15N atoms in both denitrified N2 and N2O molecules (Stevens & Laughlin 

2002; Ruser et al., 2006; Baily et al., 2012; Sgouridis & Ullah, 2015; Deppe et al., 2017; Rummel et 

al., 2021; Liu et al., 2022a). The 15NGF can be used with two main models of calculation, the 

“Mulvaney & Boast” model (based on Mulvaney & Boast, 1986) or the “Arah” model (based on Arah, 

1992), as recently reviewed in Micucci et al. (2023). They both use the distribution of the 15N atoms 

in the N2 and N2O isotopologues (molecules with same atomic identity but different isotopic 

composition) to derive the fluxes of denitrification, but they differ in their approach. The Mulvaney 
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& Boast model is based on the differences in isotopic ratios before and after incubation while the 

Arah approach is a mixing model of different 15N pools. They both rely on the hypothesis that the 

soil denitrifying pool forms a sole pool at isotopic equilibrium after label injection. Since this 

assumption is most likely violated due to the non-homogenous distribution of the added tracer (but 

still valid to some extent, Mulvaney & Vanden Heuvel, 1988; Stevens et al., 1997), it is difficult to 

predict which model is the most adapted.  

The main advantage of the 15NGF method is its applicability under in situ conditions, which provides 

more robust estimations of the real dynamics of denitrification compared to laboratory experiments 

(as in the He/O2 GFSC). Additionally, coupled with Gas Chromatography (GC) measurements or laser 

spectroscopy methods for the quantification of total N2O emission, the 15NGF enables the 

partitioning of the sources of N2O between denitrification and other potential sources (Stevens et 

al., 1997).  Since both denitrified N2 and N2O emissions are measured with the same technique, the 

denitrification product ratio PR = N2O/(N2 + N2O) is also more accurately determined (Bergsma et 

al., 2001). Nevertheless, the 15NGF also has limitations and in particular, its sensitivity through 

Isotope Ratio Mass Spectrometry (IRMS) might not be high enough to discriminate small fluxes of 

N2 emissions from soil because of the presence of naturally abundant 15N isotopes in the 

atmosphere (~0.37 %).  

One way to increase the sensitivity of the 15NGF is to combine it with the use of an artificial 

atmosphere depleted in N2. As shown in Micucci et al. (2023; Figure 7), reducing the atmospheric 

N2 concentration below 10 % highly increases the sensitivity of the 15NGF. Maintaining this low level 

in the field might be challenging however, due to the diffusion of atmospheric N2 inside the 

incubation vessel. This was achieved by Well et al. (2019a) using a sophisticated gas chamber system 
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that kept a low N2 background by continuously flushing both the chamber’s headspace and the 

incubated soil with the artificial atmosphere gas mixture. This very same method has recently been 

used by Buchen-Tschiskale et al. (2023) to follow N transformations following cattle slurry 

application. It is however an expensive and complex technique to use, which may preclude its use 

at wider spatial scales. 

Another way to enhance the sensitivity of the 15NGF is to optimize the quantity of 15N tracer applied 

to reach a 50 % 15N enrichment of the soil denitrifying pool, which leads to a higher abundance of 

the 15N14N isotopologue and thus a higher detection probability via IRMS (Stevens & Laughlin, 2001). 

We further demonstrate in Supporting Information (Chapter 3.7.1) why this particular enrichment 

is ideal for 15NGF; however, it requires to double the quantity of available nitrate (Figure 27, 

Supporting Information, Chapter 3.7.1). It has been reported that denitrification emissions as well 

as the product ratio increase with external nitrate inputs (Jarvis et al., 1991; Clayton et al., 1997; 

Blackmer & Bremner, 1978; Firestone & Tiedje, 1979; Loick et al., 2017; Warner et al., 2019). We 

thus need to assess if a fertilization effect leading to higher denitrification rates occurs at a 50 % 15N 

enrichment before using this enrichment for enhanced sensitivity of the 15NGF. 

Finally, it is also possible to increase the limit of detection of the 15NGF by combining the N2 and N2O 

isotopologue distribution data, assuming that both gases originate from the same and sole 

denitrifying pool (Bergsma et al., 2001) and that no hybrid molecules are emitted (Philips et al., 

2016; Micucci et al., 2023). More detail can be found in Micucci et al. (2023) and in this study but 

briefly, by discarding the measurement of the 30N2 molecules (for which the IRMS sensitivity is very 

limited) and by focusing only on the 29N2 molecules; while the 15N enrichment of the soil denitrifying 

pool is determined with the N2O data, a better sensitivity can be achieved (Stevens & Laughlin, 2001; 



123 
 

Spott et al., 2006; Sánchez-García et al., 2014; Friedl et al., 2020). Using this method enabled Baily 

et al. (2012) to report a sensitivity 16 times greater than when using 29N2 and 30N2 data. 

In order to address the important methodological gap of accurate quantification of denitrification, 

we aimed to create a robust, easy to apply at wider spatial scales and inexpensive method for in situ 

measurement of denitrification. Our approach was to optimize the quantity of applied tracer to 

reach a 50 % 15N enrichment of the soil nitrate pool and to use an artificial atmosphere depleted in 

N2 (containing 5 % N2, 20 % O2, 75 % He and 0.11 ppm of N2O) under field conditions. To that end, 

we developed modified static chambers that could be connected to a gas cylinder containing the 

artificial atmosphere gas mixture for an initial flush and replacement of the ambient atmospheric 

headspace prior to incubation. The obvious diffusion issues due to the open-bottom nature of the 

developed static chambers were not incompatible with this approach. Indeed, keeping a constant 

N2 background during the length of the incubation is not necessary if this background can be 

quantified at each sampling time. Thus, if the N2 concentration background rises slowly enough, 

detection could occur for short incubations. As an alternative to the challenges of open-bottom 

static chambers, we also developed an incubation approach using intact soil cores sampled directly 

into plastic liners where the bottom and top lids were modified to enable incubation of small soil 

cores with a similar initial flush of the ambient atmosphere. Our research objectives were thus to: 

(i) Assess whether the addition of nitrate tracer stimulates the denitrification process 

through a dose-response laboratory study (Experiments 1 and 2). 

(ii) Characterize how fast the N2 background rises in the developed static chamber and core 

liner systems, and validate if these two systems enable reliable measurement of 

denitrification under field conditions (Experiments 3 and 4).   
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(iii) Compare the “Mulvaney & Boast” and “Arah” models for the calculation of the 15NGF to 

determine if one of them is more adapted than the other (Experiment 1). 

(iv) Compare the 15N enrichments of the soil denitrifying pool determined with either the N2 

or the N2O isotopic gas data, confirming that these two gases originate from the same 

mineral pool (Experiment 3). 

3.3) Material and methods 

3.3.1) Laboratory study, impact of the nitrate tracer addition on denitrification fluxes 

For the laboratory study, soil was sampled at the Allerton Project in Loddington, Leicestershire UK 

(52.617659,-0.833060), which displays three different agricultural land uses as shown in Supporting 

Information (Chapter 3.7.2). 

These agricultural land uses were, a conventional arable field (A1), an intensively managed grass-

clover ley (GC1) and an herbal rich ley (H1) where a mix of 20 grasses, forbs and herbs were planted 

as an alternative to grass-clover leys. The exact species mix can be found in Supporting Information 

(Chapter 3.7.2). 

3.3.1.1) Experiment 1: Focus study on the herbal ley and comparison of the two calculation methods 

We incubated 6 replicates of 50 g of sieved soil from the herbal ley (H1, sampled 30th of April 2021) 

in 450 mL sealed gas-tight jars with modified lids containing septa. The gas-tightness of the jars was 

tested by introducing 800 ppm of CO2 in 6 closed jars and by measuring the CO2 concentration after 

6 hours. On average, the CO2 concentration only dropped by 0.4 %. 15N-labelled nitrate (as KNO3, 98 

at % 15N, Merck) was added to 5 different treatments targeting a 0, 20, 30, 40 or 50 % 15N enrichment 

of the total nitrate pool (after tracer application). The quantity of tracer to add in order to reach 

these enrichments was determined as: 
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𝑛𝑎𝑑𝑑 =
[𝑁𝑂3

−] × 𝑚𝑠𝑜𝑖𝑙 × 𝑎𝑝

0.98 − 𝑎𝑝
  [31] 

Where nadd is the quantity of 15NO3 tracer to add (mol), [NO3
-] the soil nitrate concentration (mol g-

1), msoil the mass of incubated soil (g) and ap the targeted 15N enrichment of the soil denitrifying 

pool.  

The control treatment (0 %) consisted of addition of deionised water only (at the same volume as 

the tracer) and thus can only be used to compare total emissions of N2O. The 20 % enrichment is 

representative of a standard target in the context of the 15NGF (Mulvaney, 1984) and was used as 

our minimum enrichment treatment. Gravimetric moisture was also increased to 45 % in order to 

increase the probability of detection of N2O and N2. Indeed, a preliminary incubation showed no 

detectable amounts of denitrification products when using a 5 % increase in soil moisture as per the 

use of the 15NGF. However we did not increase soil moisture further and reach the optimal 

conditions for denitrification (60 - 70 %, Wang et al., 2023) in order to stay as close as possible to 

field conditions. The 15N-NO3 tracer was diluted in deionised water, bubbled with gaseous N2 to 

remove dissolved oxygen; and 9.5 mL of this solution were applied to each jar using 30 syringe 

injections while gently rotating the jars to ensure homogenous application. Sampling took place at 

times 0, 3, 6 and 24 hours, where 15 mL of gas were sampled from the jars headspace into 12 mL 

pre-evacuated Exetainer vials (Labco Limited, UK) and 15 mL of He were added to equilibrate for the 

loss of pressure. Replacing the sampled volume with pure He creates slightly anoxic conditions but 

given the small observed increases in N2O concentration after incubation, we did not want to 

contaminate the jars headspace with ambient N2O. Emissions of N2O were calculated with 

measurements at times 0, 3 and 6 hours only; while times 24 h were only sampled to increase the 
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probability of N2 flux detection. After two samplings, 30 mL of the headspace have been replaced 

with He, leaving about 19 % of O2 in the jars, which was considered reasonable.  

Under this experimental setup, we directly compared the 15N enrichments of the incubated soils 

calculated with either the Mulvaney & Boast or Arah models to the targeted enrichments. The 

denitrification fluxes derived from both methods were also compared.  

3.3.1.2) Experiment 2: Dose-response study of all three fields of the Allerton project site 

The protocol of Experiment 1 was adapted to enable replacement of the jars headspace with a 

custom-made artificial atmosphere containing 5 % of N2, 20 % of O2, 75 % of He and 0.11 ppm N2O 

(CK Isotopes Limited, UK). Using a 6-port gas manifold connected to the artificial atmosphere gas 

cylinder, the headspaces of six jars were replaced simultaneously 10 times with a gas flow of 400 

mL min-1 for 10 minutes before incubation. The same artificial atmosphere was used for headspace 

pressure equilibration after sampling.  

Soil sampling in the H1, GC1 and A1 land uses occurred on the 9th of July 2021. For each of them, 

we added tracer to target a 0, 20 or 50 % 15N enrichment of the soil denitrifying pool.  

3.3.2) Field Study: development of a new method for in situ denitrification 

measurement  

To measure denitrification in situ, we developed modified static chambers and plastic liners (for 

incubation of 10 cm long soil cores) that would be compatible with an initial flush of artificial 

atmosphere prior to incubation. The designs of these modified chambers and liners can be found in 

Supporting Information (Chapter 3.7.3). 
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3.3.2.1) Experiment 3: Chamber and liner tests, comparison of the 15N enrichment calculated 

through N2 or N2O isotopic data 

Experiment 3 took place in different grassland sites in England. The test of the chambers took place 

in a 5 year old grass/clover ley at the Fenswood Farm near Bristol UK (51.421083,-2.662733) while 

the test of the liners took place in a grass/clover ley nearby the Allerton Project site. 

Static chamber test 

The chamber test took place on the 27th of September 2021. One week prior to incubation, five 

chamber collars were inserted 10 cm deep into the soil and soil samples were collected and brought 

back to the laboratory for determination of the nitrate content. Isotopic solutions targeting a 15N 

enrichment of 50 % of the soil denitrifying pool and inducing a 5 % moisture increase were prepared. 

On the day of the incubation, isotopic solutions (~ 200 mL) were applied to soil within the chamber 

collars using syringes (40 injections; at 0, 2.5, 5 and 10 cm depth). The top chambers were mounted 

and connected to the artificial atmosphere gas cylinder for a flushing of 15 minutes at a rate of 2.8 

L min-1 (ambient atmosphere replaced 5 times). Gas sampling (15 mL) occurred at times 0, 1, 2, 3, 

4, 5, 6 and 24 h and we did not replace the sampled volume by an equal volume of artificial 

atmosphere. The samplings after 4 hours of incubation were only used for N2 background 

characterization and not flux measurements.  

Liner test 

The liner test took place on the 15th of October 2021. Soil sampling, nitrate content determination 

and isotopic solution preparation occurred in the same way as for the chamber test. The day before 

incubation, we sampled five intact cores (10 cm height) inside plastic liners that were left to pre-

incubate overnight under environmental conditions in freshly dug holes. 
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On the day of the incubation, we injected the tracer (~ 10 mL) inside the soil cores using a syringe 

(24 injections; at 0, 2.5, 5 and 10 cm depth). The liners were then capped and flushed with the 

artificial atmosphere at a rate of 200 mL min-1 for 5 minutes (headspace replaced 10 times). We 

directed the gas flow from the top to the bottom of the liners (using a vent needle inserted in the 

bottom lid septum) to flush the soil pores and avoid the diffusion of soil pore N2 towards the 

headspace of the liners. Sampling occurred at times 0, 2, 4, 7, 9 and 24 hours, at which times 15 mL 

of the headspace were sampled and 15 mL of artificial atmosphere were added for pressure 

equilibration. The samplings after 4 hours of incubation were only used for N2 background 

characterization and not flux measurements. This setup enabled us to compare the 15N enrichment 

of the soil denitrifying pool based on the N2 or N2O data. 

3.3.2.2) Experiment 4: Application of the liner method for the measurement of denitrification  

Experiment 4 took place at the FarmED site, near Shipton-under Wychwood UK (51.869981,-

1.581136). The experimental layout at the FarmED site consisted of strips of the same soil under 

herbal leys of different ages compared to an arable control. We studied the 4-year-old herbal ley 

(H2) and arable (A2) strips (more information can be found in Annex II, SI). The A2 land use had 

been fertilized just before our experiment there, 50 kgN ha-1 had been applied a month prior and 

70 kgN ha-1 ten days prior, using a mix of nitrate (23%), ammonium (30%) and urea (47%) both times. 

Experiment 4 took place on the 19th of May 2022 and replicated the liner test of Experiment 3 in 

the H2 and A2 land uses with 8 replicates for each. Our goal was to confirm the liner approach as a 

method of in situ denitrification measurement.  
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3.3.4) Soil characterization  

Upon sampling, soil was sieved (< 2 mm) and placed in the fridge to be stored at 6°C. For mineral 

nitrogen characterization, 5 g of soil were extracted in a solution of 0.5 M Potassium Sulphate 

(K2SO4) at a ratio 1:8, shaken for 2 hours at 200 rpm and centrifuged at a speed of 3 000 rpm for 5 

minutes. The supernatant was then filtered through a 0.45 µm syringe filter and analysed over San++ 

continuous flow analyser (Skalar, Breda, Netherlands).  NO3
− was determined via cadmium 

reduction and NH4
+ via the modified Berthelot reaction. The limit of detection was 0.02 mgN L−1 for 

NO3
− and 0.05 mg N L−1 for NH4

+, the samples were blank corrected. For pH, 10 mL of deionised 

water were added to 5 g of soil, shaken for one hour and left to rest for another hour before 

measurement. Moisture was determined gravimetrically on loss of mass after 24 hours at 105°C and 

is reported on a per dry mass basis.  

For the soil particle size, we added 5 mL of hydrogen peroxide solution (H2O2 30 % v/v in water) to 

oven dried samples (24 hours at 105°C, 3 replicates per land use) at room temperature for one hour, 

and then again at 60°C. These operations were repeated the next day and deionised water was 

added (20 mL) before the samples were centrifuged (4 000 rpm for 5 minutes). The supernatant was 

discarded and soil particles were then dispersed into 30 mL of a sodium hexametaphosphate 

solution (50 g L-1) and analysed over a Mastersizer 2 000 (Malvern, Malvern, UK). 

3.3.5) Gas characterization  

3.3.5.1) Gas Sampling 

For each experiment, 15 mL of gas were sampled into a 12 mL pre-evacuated Exetainer. From the 

same vial, 1 mL was used for GC analysis and the rest was dedicated to IRMS analysis.  
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3.3.5.2) Gas Chromatography 

The Gas Chromatography (GC) analyses were performed as described by Comer-Warner et al. 

(2022). We employed an Agilent 7890A Gas Chromatograph with a PAL3 autosampler (Agilent 

Technologies Ltd, USA) and a splitless 1-ml sample loop for the measurement of N2O, CH4, and CO2 

concentrations in all of our samples. The GC was equipped with a flame ionisation detector (FID) 

for CH4 analysis and a micro-electron capture detector (µECD) for N2O analysis. 

Since FID detectors cannot measure CO2 directly, it was converted into CH4 before analysis. The GC 

oven operated at 60 °C, the FID at 250 °C, and the µECD at 350 °C. The FID used an N2 make-up flow 

of 2 ml min-1 with 48 ml min-1 of hydrogen and 500 ml min-1 of air, while the µECD had a make-up 

flow of argon and methane at 2 ml min-1. Each run took nine minutes, with CH4, CO2, and N2O eluting 

at 3.6, 5.0, and 7.0 minutes, respectively. For precision, we conducted repeated analyses of 8 lab air 

samples at atmospheric concentrations. The relative standard deviation was consistently below 5% 

for all gases. The minimum detectable concentration difference was 9 ppb for N2O, 72 ppb for CH4, 

and 31 ppm for CO2. Calibration was performed using handmade dilution of a gas standard (6 ppm 

of N2O, 1 000 ppm of CO2 and 10 ppm of CH4) and a linear regression, achieving a minimum R² of 

0.95. 

3.3.5.3) IRMS 

The IRMS analyses were performed as described by Sgouridis et al. (2023). The 15N content of N2 

and N2O was assessed using a continuous flow Isotope Ratio Mass Spectrometer (IRMS) system 

(Elementar Isoprime PrecisION; Elementar Analysensysteme GmbH, Hanau, Germany) coupled with 

a trace-gas pre-concentrator inlet and an autosampler (isoFLOW GHG; Elementar Analysensysteme 

GmbH, Hanau, Germany). The gas content from the Exetainers vials was purged into a helium (He) 
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stream through the autosampler. After CO2 and H2O removal, the gases were directed into a liquid 

nitrogen trap designed to isolate and cryofocus N2O. A subsample of N2 was taken through a 7 μL 

sub-sampling loop and was directed to the IRMS after O2 reduction through a copper furnace at 600 

°C. The three different N2 isotopologues (28N2, 29N2, and 30N2) were measured with a trap current of 

100 μA. The remaining gas samples underwent further concentration in another liquid nitrogen trap, 

and the remaining CO2 was removed through a Poraplot Q gas chromatography column. 

Subsequently, the N2O isotopologues (44N2O, 45N2O, and 46N2O) were measured with a trap current 

of 600 μA. Performance checks were carried out before each analysis with a series of 10 reference 

pulses of pure N2 and N2O (BOC special gases) until a standard deviation of δ15N better than 0.05‰ 

was achieved. 

Ratios R29 (29N2/28N2) and R30 (30N2/28N2) for N2 as well as ratios R45 (45N2O/44N2O) and R46 

(46N2O/44N2O) for N2O were acquired with this protocol. The instrument precision for these four 

ratios at atmospheric 15N enrichment was determined from repeated analyses of 6 laboratory air 

samples and the relative standard deviation was < 5% for all of them. The minimum detectable ratio 

difference was (4.36 × 10-6) for R29, (2.55 × 10-5) for R30, (9.40 × 10-5) for R45 and (2.22 × 10-5) for 

R46. 

3.3.6) N2O and N2 gas flux calculations 

3.3.6.1) N2O isotopic calculations 

Denitrified N2O emissions were determined by first correcting the R46 and R45 ratios to account for 

oxygen isotopes in accordance with Bergesma et al. (2001): 

𝑅29 = 𝑅45 − 𝑅17 [32] 

𝑅30 = 𝑅46 − (𝑅29)(𝑅17) − 𝑅18 [33] 
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Where R17 is the 17O/16O ratio and R18 is the 18O/16O ratio. We used the values of 0.000373 and 

0.0020052 respectively, based on Bergsma et al. (2001). 

Then, we calculated ap the 15N enrichment of the soil nitrate pool undergoing denitrification and the 

coefficient d’ which represents the proportion of total N2O that derives from denitrification with the 

method of Mulvaney & Boast (1986). These quantities can also be determined with the method of 

Arah (1992) and both methods have been used and compared during Experiment 1. It should be 

noted that since the tracer is applied before flushing the headspace with the artificial atmosphere, 

by the time the first measurement is made (t = 0), soil has been labelled for 15 minutes and 

denitrification of the tracer has already started. Although most of the labelled denitrification 

products are probably flushed with the gas flow, we realised that the isotopic ratios of N2O at time 

0 were usually already high. Indeed, after flushing, the average ambient 15N enrichment of the liners 

headspace was 2.78 %, instead of the atmospheric value of 0.37 %. Therefore, we recommend using 

a laboratory or field air reference for the R46 and R45 ratios at time 0.  

The concentration of denitrification-derived N2O is obtained as: 

[𝑁2𝑂]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑑′ × [𝑁2𝑂]𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 [34] 

Where [N2O]background is the total N2O concentration measured through GC (in ppm). 

We then calculated the N2O source partitioning coefficient as: 

𝑆𝑃𝐶 =
𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑓𝑁2𝑂 𝑡𝑜𝑡𝑎𝑙
 [35] 

Where f is the flux of N-N2O (in µgN kg-1 h-1 for the jar measurements and in µgN m-2 h-1 for the 

chamber and liner measurements). 
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3.3.6.2) N2 isotopic calculations 

Since the ratios R30 were under the limit of detection of the IRMS most of the time, denitrified N2 

emissions were determined by using the 15N enrichment of the soil nitrate pool undergoing 

denitrification (ap) calculated with the N2O data (with the assumption that N2 and N2O derive from 

the same nitrate pool), and by calculating the coefficient d as in Spott et al. (2006): 

𝑑 =
1

1−
𝑅29(1−𝑎𝑝)2−2𝑎𝑝(1−𝑎𝑝)

𝑅29(1−𝑎𝑎)2−2𝑎𝑝(1−𝑎𝑎)

 [36] 

Where aa is the 15N enrichment of the atmosphere (~0.37 %) that we recalculated as:   

𝑎𝑎 =
𝑅29

2+𝑅29
 [37] 

Similarly to N2O emissions, the concentration of denitrified N2 is given by: 

[𝑁2]𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑑 × [𝑁2]𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑       [38] 

Where [N2]background is the total N2 concentration measured through IRMS (in ppm). 

Usually, the atmospheric [N2] background (~780 000 ppm) is used for equation [8], but under the 

artificial atmosphere conditions, this was not possible. It thus had to be quantified at each time step 

as shown in the next section. 

Finally, we calculated the denitrification product ratio as: 

𝑃𝑅 =
𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑+𝑓𝑁2 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑
= 1 − 𝑁𝑂𝑆𝐸 [39] 

Where f is a flux of nitrogen (either as N-N2O or N-N2; in µgN kg-1 h-1 for the jar measurements and 

µgN m-2 h-1 for the chamber and liner measurements) and NOSE is the nitrous oxide sink efficiency, 
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thus a product ratio of 5% means that 95% of the denitrified N2O emissions were successfully 

converted into N2. 

3.3.6.3) Background of N2: 

The N2 concentration background was also measured through IRMS, using the peak height of the 

28N2 isotopologue. Calibration was made by diluting pure N2 in He for the high end of the calibration 

and our custom artificial atmosphere (5 % N2) for the low end (R² > 0.95). The robustness of our N2 

background quantification using IRMS was evaluated by direct comparison of identical manual N2 

dilution samples between our IRMS and an Agilent 7890A (Agilent, Böblingen, Germany) equipped 

with a thermal conductivity detector (TCD). Results are shown in Figure 19. 

 

Figure 19: Direct comparison of the N2 concentration background measured in identical handmade 
dilution samples via either IRMS or GC. The 1:1 line is represented in black (R²= 0.9933). 
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3.3.6.4) Liner and jar flux calculations:  

When using small incubation vessels, sampling can be rather disruptive. On average, a 15 mL 

sampling represented about 5 % of the jars headspace and 18 % of the liners headspace. Therefore, 

15 mL of artificial atmosphere (or He in the case of Experiment 1) had to be replaced to compensate 

for the change in pressure. We corrected for the sampling error as: 

𝐶𝑛 = 𝐶′𝑛 +
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

𝑉ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒
[(∑ 𝐶′𝑖

𝑖=𝑛−1
𝑖=𝑜 ) − 𝑛𝐶𝑔𝑎𝑠 𝑚𝑖𝑥] [40] 

With C0=C’0. 

Where, Cn is the corrected concentration at the nth measurement (ppm), C’n is the uncorrected 

concentration at the nth measurement (ppm) and V is the volume (mL).   

A model was derived to account for the leaking of the liners and used to correct the concentrations 

of the studied gases (Supporting information, Chapter 3.7.4). We found that on average, neglecting 

these leaks only resulted in an 8.7 % underestimation of the denitrified N2O fluxes. In closed systems 

(jars and liners), the issues of gas diffusion from soil to headspace are much smaller than when using 

static chambers. Therefore, linear regressions were applied to the data corrected for sampling and 

leaks, with a criterion R² > 0.90.   

It can also be challenging to consistently sample 10 cm high soil cores when using the liners. A liner 

has a surface of 16.62 cm², but we calculated a corrected surface as: 

𝑆∗ =
𝑚

ℎ × 𝐵𝐷
 [41] 

Where S* is the corrected surface (cm²) to account for the differences in heights of soil cores, m is 

the mass of the soil core (g), h its height (cm) and BD the Bulk Density of the studied soil (g cm -3).  
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Finally, fluxes were calculated on a per mass basis for the jars and on a per surface basis for the 

liners.  

3.3.6.5) Static chamber flux calculations: 

The chambers did not need equilibrium of the pressure after sampling. However, prolonged 

incubation times can lead to diffusive issues. To mitigate these diffusive errors, we applied the HMR 

model (Pedersen et al. 2010), using the associated R script (R Core Team 2023) from CRAN 

(Comprehensive R Archive Network). This model is based on a revised version of the model of 

Hutchinson & Mosier (1981). It should be noted that emissions of 15N-labelled molecules induce 

further diffusive issues that cannot be totally corrected through this model (Well et al., 2019b; 

Micucci et al., 2023). Fluxes from the chambers were measured on a per surface basis. 

3.3.7) Statistics and modelling 

Before statistical analysis, data were tested for normality and homoscedasticity. Normality was 

tested by visual inspection of a QQ plot combined with a Shapiro-Wilk test (p-value > 0.05). If the 

data were found to be non-normally distributed, they were log-transformed and normality as well 

as homoscedasticity tests were run again. If the data still did not meet the requirements, non-

parametric statistical tests were used (Wilcoxon or Kruskal-Wallis tests). Homoscedasticity was 

checked with Levene test (p value > 0.05). If data met all the requirements, one-way ANOVA or 

student-t tests were used to compare means. If an ANOVA showed significant effect of the studied 

parameter, TuckeyHSD post hoc test was applied to determine which treatments were significantly 

different. All statistical analyses were performed using statistical packages of R. 

All results in this study are given ± standard error.  
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The non-linear regressions for the modelling of the N2 background concentration inside the static 

chambers and liners were done using SPSS (IBM Corp. Released 2021. IBM SPSS Statistics for 

Windows, Version 28.0. Armonk, NY: IBM Corp). 

3.4) Results 

3.4.1) Soil properties  

The different land uses at the Allerton Project site (H1, GC1, A1) were all silt loams, with the two 

leys having very similar texture and the arable having a higher proportion of clay (Table 13). On the 

other hand, the two land uses of the FarmED site (H2, A2) were clay soils. In July 2021 (Experiment 

2), the GC1 ley had higher content of mineral N due to a higher proportion of N-fixing plants, 

compared to the H1 ley. At the same time period, the arable A1 at the Allerton Project site was 

significantly drier than the leys (H1 and GC1). During Experiment 3, the grass-clover ley of the liner 

test also exhibited high levels of nitrate and ammonium while in Experiment 4, two successive 

applications of fertilizer in the A2 land use resulted in high levels of nitrate but not of ammonium. 
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total N2O emissions did not increase with the addition of nitrate as the maximum of emissions was 

for the control treatment, with (13.66 ± 2.36) × 10-2 µgN kg-1 h-1 (Figure 20). The minmum of 

emission was for the 30 % treatment with (6.18 ± 0.52) × 10-2 µgN kg-1 h-1.  

 

 

Figure 20: Mean fluxes of total and denitrified N2O during laboratory incubation for different 15N-
labelled nitrate addition treatments (0, 20, 30, 40 or 50 % 15N enrichment of the soil denitrifying 
pool). 

The percentages on top of each bar are the averages of the N2O source partitioning coefficients, i.e. 

how much denitrification contributed to the total N2O emissions. The error bars represent the 

standard errors of the means. 

 

The denitrified N2O emisisions were not statistically correlated with the amendement of nitrate 

(Kruskal–Wallis; χ²=2.09, p > 0.05); although the 50 % treatment emitted more than any other 
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treatment,  with an average of  (6.67 ± 4.61) × 10-2 µgN kg-1 h-1. However, one of the six replicates 

of this treatment drove the average and variability much higher with emission of 29.34 × 10-2 µgN 

kg-1 h-1. We did not consider this replicate to be an outlier since both GC and IRMS data agreed and 

were unexpectedly high. Without this replicate however, the 50 % treatment emitted (2.13 ± 0.97) 

× 10-2 µgN kg-1 h-1, which is comparable to the other treatments emitting between (0.93 ± 0.13) × 

10-2 and (2.24 ± 1.04) × 10-2 µgN kg-1 h-1. The source partitioning coefficients were also non-

significantly correlated with the addition of nitrate (Kruskal–Wallis; χ²=1.56, p > 0.05) although their 

averages are increasing from the 30 to the 50 % treatments. No amount of evolved N2 could be 

detected in this experiment. 

The addition of 15N-labelled nitrate for each treatment resulted in measured 15N enrichments close 

to the targeted ones (Figure 31, Supporting Information, Chapter 3.7.5). These enrichments 

decreased with time in each case. The calculation of these enrichments using either the “Mulvaney 

& Boast” or “Arah” methods differed significantly (paired student t-tests for each enrichment and 

each sampling time, p < 0.05). For each replicate, the 15N enrichment calculated with the model of 

Arah was strictly superior to the one calculated with the model of Mulvaney & Boast. The difference 

between the two models decreased with time, the Arah model being on average 14.35, 8.79 and 

2.22 % higher after 3, 6 and 24 hours respectively (Figure 32, Supporting Information, Chapter 

3.7.5). The mean calculated enrichments determined with both methods are reported in Table 14. 

The resulting fluxes also differed significantly between the two models (paired Wilcoxon tests for 

each 15N enrichment treatment, p < 0.05), with the magnitude of difference decreasing when the 

15N enrichment increased. In each case, the model of Mulvaney & Boast yielded a higher flux than 

the model of Arah. On average, the flux calculated with the Arah model was 17.18, 7.82, 5.22 and 

3.24 % lower for the 20, 30, 40 and 50 % 15N enrichment treatments respectively. 
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Figure 21: Mean measured N2O concentrations of the A1 land use for the three 15N enrichment 
treatments (6 replicates) during Experiment 2. 

An exponential model was fitted for better visual assessment. The error bars represent the standard 

errors of the means.  
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Figure 22: Main results from Experiment 2. 

a) Fluxes of denitrified N2O, b) fluxes of denitrified N2, c) fluxes of total denitrification (N2O + N2) and 

d) denitrification product ratios for all treatments. All fluxes are expressed in µgN kg-1 h-1 while the 

denitrification product ratios are expressed in %. The error bars represent standard errors of the 

means.  
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In Experiment 2, the fluxes of denitrified N2O increased for all land uses when targetting a 50% 15N 

enrichment of the soil denitrifying pool; especially for the GC1 land use where the average of 

emissions more than doubled. These increases were however non-statistically significant (ANOVA, 

FH=2.19, FGC=2.50, FA=2.89, p > 0.05) due to the high variability between replicates. The use of the 

artifical atmosphere gas mix enabled the successful detection of the the emissions of N2 for all 

replicates. These emissions were relatively steady and did not increase significantly when increasing 

the amounts of available nitrate (ANOVA, FH=2.25, FGC=1.65, FA=3.04, p > 0.05). The A1 land use 

exhibited higher N2 emissions under the 20 % treatment, however two replicates at this enrichment 

level showed abnormally high N2 emissions. If ignoring these two replicates, this treatment emitted 

only (0.32 ± 0.06) µgN kg-1 h-1, which is comparable to the 50 % treatment emitting (0.34 ± 0.17) 

µgN kg-1 h-1. The N2 fluxes dominated the denitrification emissions and thus, the fluxes of total 

denitrification (N2O + N2) were very comparable to these N2 fluxes and were also non-statistically 

different between treatments (ANOVA, FH=0.62, FGC=0.08, FA=2.81, p > 0.05). The denitrification 

product ratios were inferior to 20 % except for the GC1 land use at a 50 % 15N enrichment, which 

reached almost 50 %. These product ratios were statistically different between the 20 and 50 % 15N 

enrichment treatments for all three land uses (ANOVA, FH=8.34, FGC=5.40, FA=6.00, p < 0.05). 

3.4.3) Field Study: development of a new method for denitrification measurement  

3.4.3.1) Experiment 3: Chamber and liner tests, comparison of the 15N enrichment calculated 

through N2 or N2O isotopic data 

As expected, the diffusion of atmospheric N2 inside the chambers occurred at a faster rate than 

inside the liners (Figure 23). The N2 concentration profiles inside these two systems followed a 
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Fickian model and data in Figure 23 were fitted with the following model equation, in accordance 

with Pedersen et al. (2010): 

𝐶(𝑡) = 𝜑 + (𝐶0 − 𝜑)𝑒
(−𝜅𝑡) [42] 

Where C is the concentration of N2 inside the chamber (in %), φ is the N2 concentration outside the 

chamber (assumed constant at 78 %) and κ is an experimental constant (which depends on the 

coefficient of diffusion of N2 as well as the chamber dimensions). This parameter was determined 

via a non-linear regression using equation [12]. 

 

Figure 23: Evolution of the N2 background concentration inside the modified static chambers and 
inside the liners. 

Following flushing of the headspace with the artificial atmosphere gas mix. 
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Each profile represents a replicate (5 for both chambers and liners). The data were fitted with a 

Fickian model (see equation [12]) for which the parameter κ has been calculated using a non-linear 

regression. This parameter is given for each replicate along with the coefficient of determination 

(R²) in the figure legends. 

 

It can be seen in Figure 23 that the flushing of chamber 3 (grey in the left panel) failed. The average 

N2 concentration background for the chambers after flushing was about (8 ± 0.7) % which is close 

to the 5 % contained in the artificial atmosphere mixture. However, this background evolved rapidly 

and rose to an average of (29 ± 6) % after an hour and (43 ± 7) % after two hours. In comparison, 

the liners started with an average background of (10 ± 0.5) % in N2 but only rose to (18 ± 0.6) % after 

two hours. They reached an average of (34 ± 2) % after nine hours which is still less than the 

chambers after two hours. 

The chamber and liner incubations took place in different locations and at different times. Although 

we can compare the evolution of the N2 backgrounds, we cannot compare denitrification activities. 

Through chambers, denitrification emitted an average of (20.02 ± 7.96) µgN m-2 h-1 of N2O as well 

as (2 768 ± 775) µgN m-2 h-1 of N2, with an average source partitioning coefficient of (21.59 ± 4.09) 

% and a product ratio of (1.23 ± 0.55) %. 

Through liners, denitrification emitted an average of (1 100 ± 343) µgN m-2 h-1 of N2O as well as (257 

± 55) µgN m-2 h-1 of N2, with an average source partitioning coefficient of (94.27 ± 1.92) % and a 

product ratio of (76.81 ± 4.45) %. The N2O emissions clearly dominated the denitrification fluxes in 

this case. 
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During this first test of the liners, heterogeneity of soil was not taken into account in the calculation 

of the tracer solution concentrations. Indeed, a subsequent test revealed that only 26 % of a core 

contained inside a liner was sievable soil (< 2 mm, after subtraction of rocks, roots, etc.). This 

resulted in large excesses of tracer application. Nonetheless, the resulting high enrichments of the 

soil denitrifying pools coupled with high sensitivity (due to the low N2 background) allowed us to 

obtain both reliable R29 and R30 data. This enabled us to compare the calculated ap based on either 

the N2O or N2 data via the method of Mulvaney & Boast as shown in Figure 24. 

 

Figure 24: Comparison of the 15N enrichment of the soil denitrifying pool (ap) measured with either 
the N2 or N2O data during an in situ incubation. 

These enrichments are given individually for each replicate and for the two times of sampling.  
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The 15N enrichment of the soil denitrifying pool calculated with either the N2 or N2O data were 

significantly different (paired student t-tests for both times of sampling; p < 0.05). For each replicate, 

the 15N enrichment of the soil denitrifying pool derived from the N2O data was strictly superior to 

the one derived from the N2 data. The N2O data predicted an average ap of (93.48 ± 1.72) % after 

two hours and (93.09 ± 1.91) % after four hours. In comparison, the N2 data predicted respectively 

(89.64 ± 1.90) % and (88.83 ± 2.10) %. As shown by Figure 7 (Supporting Information, Chapter 3.7.1), 

in order to reach an ap of 93 %, one needs to add approximately 20 times the quantity of originally 

present nitrate, compared to only 1 time for an ap of 50%.   

3.4.3.2) Experiment 4: Application of the liner method for the measurement of denitrification 

During this experiment, we took specific care to reach the targeted 15N enrichment (50 % for both 

H2 and A2 treatments) compared to Experiment 3. We reached an average enrichment of (58.86 ± 

2.36) % for H2 and (37.54 ± 5.30) % for A2 (Figure 34, Supporting Information, Chapter 3.7.5). The 

higher variability in the A2 treatment can be correlated with the variability in nitrate content 

resulting from recent application of fertilizer.  

Denitrification was successfully measured in situ using the liner method (5 replicates out of 8 

showed detectable N2 for both the H2 and A2 treatments) and was dominated by N2 emissions 

(Figure 25) as shown by the average product ratios of (11.05 ± 1.80) % in H2 and (32.30 ± 9.74) % in 

A2. The N2O emissions were dominated by denitrification in the case of H2 but not in the case of 

A2, as shown by the source partitioning coefficients of (56.35 ± 7.77) % and (41.88 ± 6.05) % 

respectively (Figure 25). The smallest denitrified N2 concentration detected was 0.77 ppm, after two 

hours of incubation. This is equivalent to a N2 flux of 36.9 µgN h-1 m-2. 
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Figure 25: Denitrification measurement of Experiment 4. 

a) Fluxes of denitrified N2O, b) fluxes of denitrified N2, c) N2O source partitioning coefficients and d) 

denitrification product ratios. All fluxes are expressed as µgN kg-1 h-1 while the source partitioning 

coefficients and denitrification product ratios are expressed in %. The crosses in the middle of the 

boxes represent the averages. 
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3.5) Discussion 

3.5.1) Fertilization effect 

We did not observe higher total denitrifying activity (N2O + N2) when increasing the amount of 

available nitrate under laboratory conditions (Experiments 1 and 2), but rather a non-significant 

increase in N2O emissions. This could be due to the fact that, as shown in Table 12, the amendments 

of nitrate in our study were too low to stimulate denitrification significantly. Indeed, some studies 

reported higher denitrifying activity under amendment of nitrate, but after several applications of 

at least 75 kgN ha-1 (e.g. Jarvis et al., 1991; Loick et al., 2017), which do not really compare with the 

present rates. Or it could be that the peak of emissions after amendment had not been reached yet. 

Loick et al. (2017) observed peak of denitrification emissions 3 to 5 days after application of nitrate 

for example. If our experiments followed the same pattern, our approach would not measure an 

artefact due to tracer application, but still background fluxes labelled with isotopes.  

We did however observe significantly different denitrification product ratios in laboratory 

(Experiment 2). This result seems to be confirmed in Experiment 3 where incorrect application of 

large amounts of 15N-NO3 tracer (20 times the quantity of ambient nitrates) resulted in large 

emissions of denitrified N2O as well as high denitrification product ratios (77 % on average). The 

denitrification product ratio depends on many parameters but mainly on the nitrate concentration 

(Clayton et al., 1997; Blackmer & Bremner, 1978; Firestone & Tiedje, 1979; Warner et al., 2019). It 

seems that under higher nitrate conditions, microbes tend to favour N2O over N2 and incomplete 

denitrification is promoted.  

In the context of enhancing the current sensitivity of the 15NGF, increasing the quantity of 15N-NO3
- 

tracer applied only makes sense if it does not create significant artefacts due to stimulation. In a 
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recent meta-analysis, Scheer et al. (2020) reported a mean denitrification product ratio of (12.40 ± 

3.1) % for soils under natural vegetation and (10.90 ± 2.0) % for agricultural soils. The denitrification 

product ratio measured in Experiment 4 for the herbal ley (H2) was 11 % and thus fell in the 

expected range; while the average ap reached was 40 %. During the chamber test (Experiment 3), 

the denitrification product ratio was only 1.2 % with an average ap of 63 % and thus, does not seem 

to have been stimulated. The A2 soil in Experiment 4 showed a high product ratio (32 %) for an 

agricultural soil but this could rather be explained by recent amendment of fertilizer than tracer 

application. Indeed, this field received 2 applications of nitrate (11.57 kgN ha-1 a month prior as well 

as 17.36 kgN ha-1 ten days prior, along with similar quantities of ammonium and urea). This 

accumulation of nitrate may have resulted in a saturation that drove this high product ratio. The 

addition of nitrate tracer (23.96 kgN ha-1 equivalent fertilizer rate) resulted in less than doubling the 

amount of present nitrate. We hypothesize here that the product ratio of 32 % observed in the A2 

soil during Experiment 4 is representative of a product ratio for an arable soil after fertilization 

events and that the addition of nitrate tracer did not impact significantly this ratio, as it did when 

adding 20 times the quantity of ambient nitrates in Experiment 3 (product ratio of 77 %). 

In conclusion, using 15N enrichments up to 50 % does not stimulate denitrification activity 

significantly in the selected land types and thus, the denitrification product ratios measured with 

our method are representative of field rates. 

3.5.2) A new in situ method of denitrification measurement 

Denitrification is an extremely challenging process to measure (Groffman et al., 2006), especially 

under field conditions. As recently mentioned by Scheer et al. (2020), there is a real need to increase 

the number of observations of in situ denitrification rates and product ratios. Here we report the 
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development of two techniques that have a great potential to address the important 

methodological gap needed for this task. Using relatively inexpensive technology, they both enable 

a good spatial coverage and high resolution in situ measurements. This is especially relevant for the 

liner approach, where cores can be sampled from virtually anywhere and be incubated at once in 

the same place. These liners can also sustain the artificial atmosphere background for longer, which, 

combined with a smaller headspace (83 mL compared to 5.3 L for the chambers), offers a higher 

chance of N2 flux detection. During Experiment 4, 62.5 % of our replicates showed detectable N2 

fluxes, but over a one-year campaign (unpublished results), the detection was successful 90 % of 

the time. Contrarily to the chambers however, the liner approach only isolates the top 10 cm of soil. 

These 10 cm are however within the tillage zone where most of the denitrification activity is 

supposedly occurring due to higher organic matter and nitrate contents, root exudates, plant litter, 

fertilizer application etc. (Well et al. 2019b, Groffman et al., 2009). It is at this point unclear how to 

upscale liner fluxes, this approach would probably work best in combination with regular static 

chambers on top of undisturbed soil. Then, the denitrification product ratio measured from the 

cores could be applied to the total N2O emissions measured from the chambers. This is similar to 

the approach of Wang et al. (2020) or Bizimana (2022) who applied laboratory derived product 

ratios to field chamber measurements; although in our case, the product ratio would be determined 

under in situ conditions and thus would be more accurate.  

On the other hand, the modified chambers sit on top of the soil and thus capture the net fluxes of 

denitrification. The rapid increase of the N2 background inside these chambers headspace after the 

flush of artificial atmosphere shows however that this technique will most likely work if high 

denitrification activity is occurring and if using a sensitive IRMS. On average, the N2 concentration 

background inside the chambers was 29 and 43 % after one and two hours of incubation respectively 
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(Experiment 3). Using data from Micucci et al. (2023) shows that this theoretically results in 2.7 and 

1.8 times greater sensitivities respectively compared to regular static chambers (which can be 

further enhanced with higher 15N enrichments).  

The soil cores inside the liners are much more sensitive to soil heterogeneity than the incubated soil 

under the chambers. We found that only 26 % of the core contained inside a liner was sievable soil 

(< 2 mm). This needs to be taken into account when preparing the tracer solutions. In Experiment 

3, this caused a large excess of 15N-NO3
- tracer application inside the liners, resulting in an average 

ap of (93.29 ± 1.79) % reached. In comparison, although we considered a volume of pure sieved soil 

as well in the case of the chamber test, we reached an ap of (63.06 ± 3.79) %. For both cases, the 

targeted enrichment was 50 %. It can be added that sampling the small headspace of the liners can 

potentially draw soil pore air. Since the pores and headspace are flushed with the artificial 

atmosphere, it should not cause much disturbance in theory. One way to mitigate this effect can be 

to sample times 0 with atmospheric air (outside of the liner) and only sample the final time of 

incubation inside the liner. Finally, the liners were slightly leaking (as shown by the N2 background 

concentration, Figure 23); in the case of denitrified N2O fluxes, this only resulted in an 8.7 % 

underestimation according to our diffusion model (Chapter 3.7.4). Given the complexity of this 

model and its reliance on flux linearity, a case could be made to ignore diffusive losses for liner 

incubation. 

Compared to the method of Well et al. (2019a), our chamber approach is easier to apply in the field, 

enables a greater spatial resolution and is cheaper. It is however a static approach which is probably 

less representative of the real denitrification dynamics. Indeed, flow-through chambers are 

considered as more reliable for flux estimations (Kostyanovsky et al., 2018) and they reduce the 
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diffusion issues caused by the accumulation of gas inside the chamber (Well et al., 2019a). The N2 

concentration background is also higher in our case and thus does not increase sensitivity as much. 

In our case, the smallest denitrified N2 concentration detected was 0.77 ppm, after two hours of 

incubation. In the reported methodology of Well et al. (2019a), the smallest detection limit was 0.80 

ppm, approximately 10 times lower than our new method. However, our approach was able to 

incubate 16 soil cores at the same time, originating from two different fields. In Chapter 4, 24 cores 

were incubated at the same time each month, originating from three different fields. On the other 

hand, the methodology of Well et al. (2019a) enables one incubation at a time. Given the large 

spatial variability of denitrification, increasing the number of replicates can be more valuable than 

further lowering the limit of detection. Since Well et al. (2019a) method was 80 times better than 

the classic 15NGF, we can consider our method 8 times better than the regular approach. Compared 

to the He/O2 GFSC method, the liner approach enables to get in situ flux estimations and is less 

disruptive, since the soil cores are only flushed for 5 minutes rather > 16 hours (as in Scholefield et 

al., 1997; Butterbach-Bahl et al., 2002; Cárdenas et al., 2003; Wang et al., 2020 for example). This 

limits the drying effect on soil and probably offers more accurate results.   

 

3.5.3) Comparison of the “Mulvaney & Boast” and “Arah” models 

On average, the model of Mulvaney & Boast yielded 15N enrichment values closer to the targets and 

with less variability (Table 14); which tends to demonstrate that this model performs better. The 

difference between the two models decreased as the 15N enrichment of the soil denitrifying pool 

and the time of incubation both increased. For the 20% treatment, the Arah model yielded fluxes 

that were on average 17.18 % inferior to the ones calculated with the model Mulvaney & Boast, 

which represents a non-negligible error. To our knowledge, this is the first time that these two 
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models are compared. The Arah model is more often found in the literature (Russow et al., 1996; 

Spott et al., 2006; Tauchnitz et al., 2015; Buchen et al., 2016; Krause et al., 2017; Rummel et al., 

2021) due to its simplicity. It does however perform similarly to the Mulvaney & Boast model for 

higher 15N enrichments of the soil denitrifying pool (3.24 % difference for the 50 % treatment) and 

should not make a significant difference at these levels.  

3.5.4) Comparison of the 15N enrichment calculated via either N2 or N2O isotopic data 

The 15N enrichment of the soil denitrifying pool calculated with either the N2 or N2O data during the 

liner test of Experiment 3 were significantly different. Figure 24 shows however that the magnitude 

of difference was almost negligible, the N2 data yielding an average 15N enrichment only 4.6 % lower 

at maximum (after four hours of incubation). The 15N enrichments of the soil denitrifying pool 

derived from the N2O data were strictly superior to the ones derived from N2 data in every case. 

This is contrary to the observations of Warner et al. (2019, SI) who reported 15N enrichments from 

N2 being consistently higher than the ones calculated with N2O. Buchen et al. (2016) observed mixed 

trends but most of the time, the 15N enrichment based on N2 was the highest. Nonetheless, we 

present further evidence that the 15N enrichment calculated via N2O is a good proxy for the 15N 

enrichment of a single denitrifying soil nitrate pool, and should be used for enhanced sensitivity of 

the N2 flux measurement via the 15NGF (Baily et al., 2012). 

3.5.5) Wetting effect due to tracer addition 

The high N2O concentrations observed in Experiment 2 after 24 hours (Figure 21) were most likely 

the consequence of a wetting effect. Indeed, we targeted a 45% gravimetric moisture for each soil; 

and while the leys (H1 and GC1) had a comparable moisture content in July 2021 (~ 29 %), the A1 

soil was significantly drier (~17 %). This resulted in a larger application of tracer solution to A1 in 
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order to achieve the same gravimetric moisture content for each land use.  Denitrification is an 

anaerobic process and has been shown to be stimulated by sudden wetting of previously aerobic 

soil pore space (Ruser et al., 2006; Berendt et al., 2023). This quick deprivation of oxygen has driven 

high denitrification activity as shown by the N2O source partitioning coefficients for the 20 % and 50 

% enrichments after 24 hours (~ 100 %), which indicate that denitrification was the only source of 

N2O. N2O emissions were derived from concentrations at times 0, 3 and 6 hours (before the wetting 

effect was significant), so this profile of emission should not impact the conclusions made for N2O. 

The case is a bit more complex for N2, for which we had to use the concentration data after 24 hours 

of incubation because of low sensitivity. Only two replicates (both of them for the 20 % enrichment 

treatment) showed abnormally high N2 production, driving the average of emissions (as well as the 

variability) quite high compared to the other treatments (Figure 22). Otherwise, the N2 emissions 

were similar to the other treatments. There exist many evidences that the wetting (in particular 

rewetting) effect causes increase in N2O emissions (Gao et al., 2020; Liu et al., 2022b; Jiao et al., 

2023), but fewer observations have been made for N2. It has been suggested however that, as soil 

becomes anoxic, the denitrification product ratio shifts towards 0 and N2 is favoured (Weier et al., 

1993; Parton et al., 1996; Grosso et al., 2000; Ruser et al., 2006). The opposite is observed here; 

with average product ratios of 54.5 and 76.1 % for the 20 % and 50 % 15N enrichment treatments 

respectively after 24 hours. When the N2O fluxes are calculated over 6 hours, these ratios are 

respectively 2.8 and 10.7 % (Figure 22). This could either be explained by the fact that the full extent 

of a wetting effect can span over several days (Ruser et al., 2006) or by a lack of available organic 

matter (Weier et al., 1993). The first hypothesis is corroborated by the fact that N2O emissions were 

still low 6 hours after water addition and that N2 is the end product of denitrification. Since the N2 

emissions do not seem to have been stimulated by water addition after 24 hours, the fluxes of N2 
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were calculated with data at times 0 and 24 hours while the fluxes of N2O were calculated with data 

at times 0,3 and 6 hours. Finally, this demonstrates the importance of limiting water addition to a 5 

% moisture increase after tracer application. 

3.6) Conclusion 

Combining the 15NGF method with an N2-depleted artificial atmosphere is the most promising way 

to increase its sensitivity, ensuring robust, reproducible and reliable in situ denitrification rate 

measurements. The use of this hybrid method in the field is very delicate but imperative to report 

representative fluxes. The two approaches presented in this study (static chambers and core liners) 

are suitable candidates to measure such fluxes. Ideally, high precision IRMS would be needed with 

the chamber method since on average, it only increases the sensitivity 2.7 and 1.8 times after one 

and two hours of incubation respectively. On the other hand, the liners combine a smaller 

headspace and a longer lasting low N2 background (due to limited leakages), which highly enhance 

the probability of N2 flux detection. The smallest denitrified N2 concentration detected with this 

method was 0.77 ppm after two hours (36.9 µgN h-1 m-2), which is not as low as recently developed 

sophisticated approaches (0.08 ppm), but which enables a much greater spatial resolution; further 

constraining the high variability of denitrification.  For both the liner and chamber methods, the 

sensitivity can further be enhanced by targeting a 50 % 15N enrichment of the soil denitrifying pool 

and by calculating this enrichment through the N2O isotopic data with the model of Mulvaney and 

Boast. One of the key benefits of the liner method is the ability to reliably quantify true in situ 

denitrification product ratios. This ratio could be used to derive global denitrification fluxes and help 

improve N budget quantification. It is however dependent on the concentration of available nitrate 

and thus, on the quantity of applied tracer. Our in situ experiments showed that using a reasonable 

amount of tracer (i.e. not more than doubling the quantity of ambient soil nitrate) should not impact 
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the product ratio in a significant way. It might still be worth to report the range of 15N enrichments 

reached during an in situ study along with denitrification measurements when using the 15NGF. 

Furthermore, we targeted here a 50% 15N enrichment of the soil denitrifying pool to increase 

probability of N2 flux detection, but lower levels of enrichment can be used; particularly if the main 

interest is the partition of N2O sources. It is a compromise between sensitivity and disturbance. 

Finally, a better sensitivity for the liner method could probably be achieved by using longer cores, 

which would enable to fully sample the tillage zone (where most of the denitrification activity 

occurs) and leave a bigger gas headspace where sampling would be less disruptive.  

3.7) Supporting Information 

3.7.1) Annex I: Optimizing the levels of 15N tracer application for the use of the 15NGF 

It is demonstrated here that a 50 % 15N enrichment of the soil denitrifying pool is an ideal target for 

the use of the 15NGF. It is indeed the enrichment for which the proportion of emitted 29N2 molecules 

is the highest as shown in Figure 26. The required sensitivity for 30N2 being very high, calculations 

used here (and in general) only take in account the 29N2 molecules. It is also shown in Figure 26 that 

the enrichment of the soil denitrifying pool does not increase linearly from 0 to 100 % with the 

addition of 15N labelled nitrate (labelled at 98 at %). It is almost linear up to 50 % (at which point the 

quantity of available nitrate has been doubled) but reaches a plateau towards the high enrichments 

(> 70 %). At these levels, large amounts of tracer need to be applied to only increase the 15N 

enrichment of the soil denitrifying pool by a few percents. Thus, a 15N labelling of 50% of the soil 

nitrate pool represents and ideal compromise for the use of the 15NGF, given that no stimulation of 

denitrification occurs. 
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Figure 26: Evolution of the three N2 isotopologue proportions for different values of the soil 
denitrifying pool 15N abundance (considering isotopic equilibrium). 

The proportion of 29N2 is maximal for a 15N enrichment of 50%.   
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Figure 27: Theoretical evolution of the 15N enrichment of the soil denitrifying pool after addition of 
labelled nitrate (98 at % in our case). 

The quantity of added nitrate is expressed as equivalents of native nitrate. Thus, after application 

of 1 time the quantity of native nitrate, the amount of available nitrate has doubled and the 15N 

enrichment of the soil denitrifying pool reaches approximately 50%. This enrichment does not 

evolve linearly with the quantity of added nitrate and reaches a plateau with larger applications of 

tracer. 
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3.7.2) Annex II: Sampling strategy and experimental layout 

 

 

Figure 28: Sampling strategy at the Allerton Project site for the laboratory incubations (Experiment 
1 and Experiment 2). 

The Allerton Project site presents a slope following a vertical line in the picture. For the H1 and GC1 

treatments (bottom left and right respectively), sampling stopped approximately in the middle of 

the fields to avoid slope effects. The A1 treatment at the top was very difficult to sample due to it 

hardness and thus, only four locations were sampled. These four locations were as close as possible 

to the leys, since the slope could affect soil properties. 
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The GC1 land use consisted of a mix of ray-grass (Lolium perenne L.) and white clover (Trifolium 

repens). In the H1 land use, a mix of 20 species was planted as found here: 

https://www.cotswoldseeds.com/products/542/herbal-grazing-ley-four-year-drought-resistant-ley 

 

 

Figure 29: Sampling strategy at the FarmED site for in situ incubations (Experiment 4). 

The H2 (left) and A2 (right) treatments were subdivided in 4 longitudinal segments and 16 latitudinal 

segments. Then, following the longitudinal direction, locations were randomly chosen between the 

4 available slots (same patterns for both treatments). The blue pins represent the sampling locations 

for the liners.  

The soil at the FarmED site was an inceptisol (oolitic limestone) which has been conventionally 

managed for wheat or barley production for thirty years. 
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Species mix in H2 was the 'HERBAL' Grazing Ley - Four Year Drought Resistant Ley from Cotswold 

Seeds (https://www.cotswoldseeds.com/products/542/herbal-grazing-ley-four-year-drought-

resistant-ley). 

 

3.7.3) Annex III: Designing the chambers and liners for in situ measurement of 

denitrification 

3.7.3.1) Chambers design: 

Static greenhouse gas chambers were designed in three parts. Firstly, a double socket PVC coupler 

(20 cm ID) was cut in half to form a connector with a black rubber O ring at the bottom. Secondly, a 

plain PVC drainage pipe (20 cm OD) was cut in a 7 cm long cylinder and was glued to the top of the 

connector. As the connector was already 5 cm long, it created a 12-cm long chamber. This was 

deliberately slightly small in order to enhance the probability of N2 detection and to reduce the 

volume of gas needed to flush the chamber’s headspace.  

A PVC square sheet (21 x 21 x 3 cm) was used as a top lid and was pierced to insert a septum in the 

middle. On a horizontal line, two other holes were made to insert bulkhead threaded to tube 

adaptors. Small tubes connected to 3-way stopcocks were plugged in these adaptors to form the 

inlet and outlet of gas flow. 

Collars were made from the same drainage pipe as the top half of the chambers, only cut in 15 cm 

long cylinders this time. The bottom of a chamber (which is made of a socket PVC coupler) fits 

perfectly on top of the collar thanks to the rubber O-ring and guarantees a secure seal (we 

recommend using grease for smooth insertion).  
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3.7.3.2) Plastic liners: 

Plastic liners (2.5 cm OD, 15 cm long) were purchased along with a dedicated hammer corer (AMS 

Inc., USA). We used this corer to sample 10 cm high intact soil cores inside the liners, leaving 5 cm 

of headspace for gas sampling. These 10 cm are within the tillage zone where most of the 

denitrification activity is supposedly going due to high content in organic matter, root exudates, 

plant litter, fertilizer application etc. (Well et al. 2019b, Groffman et al., 2009). The lids of the liners 

were modified to insert septa (both top and bottom lids) so the liners could be flushed with the gas 

mix. With a height of 5 cm and an ID of 2.3 cm, the liners have an average headspace of 83 mL. 

Sampling 15 mL represents 18 % of this headspace which can be quite disruptive. It can potentially 

draw soil pore air into the headspace to compensate for the loss of pressure, but the pore air of the 

soil cores is flushed with the gas mix before incubation.  

3.7.4) Annex IV: Model of diffusion inside the liners 

Issue:  The liners are flushed with a gas mixture containing 75 % of He, 20 % of O2 and 5 % of N2 to 

improve sensitivity of the 15NGF. However, we can see the background of N2 concentration rising 

through time, which means that the cores are leaky. Thus, we aimed to correct the fluxes of studied 

gases to account for this leakiness. In this model, we assume constant atmospheric pressure inside 

the liner and we consider that all the studied gases (N2, N2O, CO2 and CH4) move at the same speed 

(same coefficients of diffusion) for simplicity.  
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Figure 30: Schematic view of our model of diffusion for leakiness correction. 

Considering constant atmospheric pressure inside the liner’s headspace (and thus constant total 

number of molecules), we model the leakiness by a constant flux of gas from atmosphere to the 

liner’s headspace, while an equal flux exits the liner’s headspace to the atmosphere. The N2 

concentration background (abgd = 78 % for the atmosphere; a0 for the liner initial background after 

artificial atmosphere flush, usually around 9%; and amix for the liner background at any time) is a 

good indicator of the diffusive dynamics going on and is used for the applied corrections.   

 

The first step is to measure the rate of leakiness using the background of N2 concentration data. 

Figure 23 of our main study shows that the N2 dynamics inside the liners after flushing of the artificial 

atmosphere follow a Fickian model. Thus, one can apply the HMR model (Pedersen et al. 2010) or 
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Hutchinson & Mosier (1981) model to derive the rate of leakiness. However, in first approximation 

for short incubation times, we can consider that the N2 background inside the liners evolves linearly 

with time.  

Let us call ai the N2 concentration (%) of the pool i. 

If we ignore the evolved N2 we can write: 

𝑎𝑚𝑖𝑥 = 𝑔𝑎0 + (1 − 𝑔)𝑎𝑏𝑔𝑑 [43] 

With a0 being the N2 concentration just after the artificial atmosphere flush (usually around 9 %) 

and g being the proportion of the new atmosphere (after flushing) still present inside the liners at 

the time of measurement (0 < g < 1). The quantity (1-g) thus represents the proportion of this new 

atmosphere that has diffused outside of the liner at the time of sampling.  

 

𝑔 =
𝑎𝑚𝑖𝑥−𝑎𝑏𝑔𝑑

𝑎0−𝑎𝑏𝑔𝑑
 [44] 

An example of values of g can be seen in Table 15. 

Table 15: Example of values of g and (1-g) during one of our core incubations (a0 = 9.66 % and abgd 
= 78 %). 

We can see that after two hours, 93.5 % of the atmosphere that was initially present after the flush 

of artificial atmosphere is still present inside the liner’s headspace, while 6.5% has diffused outside 

of the liner. This approach is somewhat simplistic and doesn’t take in account the diffusive nature 

of the gas exchange between liner and atmosphere, but it is a good approximation for short 

incubation times. Alternatively, one can use a model of diffusion to calculate the rate of leakiness. 
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Since the pressure inside the liner is constant (and equal to atmospheric pressure), the total number 

of molecules is also constant. Considering atmosphere as a mix of ideal gases, we have: 

𝑛𝑡𝑜𝑡𝑎𝑙 =
1

𝑉̅
× 𝑉𝑙𝑖𝑛𝑒𝑟 = 3.45 × 10

−3 𝑚𝑜𝑙  [45] 

Where 𝑉̅ is the standard molar volume of an ideal gas (24.06 L mol-1 under 20°C and 1 atm) and 

𝑉𝑙𝑖𝑛𝑒𝑟 is the headspace volume of a liner (83.05 × 10-3 L on average). 

Thus, in the example of Table 15 after 2 hours, we can write: 

𝑛𝑒𝑥𝑐ℎ = 𝑛𝑡𝑜𝑡𝑎𝑙 × 6.5% = 2.24 × 10−4 𝑚𝑜𝑙  [46] 

Where nexch is the number of molecules exchanged between the liner’s headspace and the 

atmosphere during the 2 hours of incubation (mol). From there, we can determine the flux of 

leakiness o as 

𝑜 =
𝑛𝑒𝑥𝑐ℎ

∆𝑡
=
2.24×10−4

2
= 1.12 × 10−4 𝑚𝑜𝑙/ℎ  [47] 

In the case of Table 15 after 2 hours, the rate of leakiness was thus approximately 1.12 × 10-4 mol h-

1. In case of multiple measurements occurring in the same core, the rate of leakage is better 

determined using the initial time step if no model of diffusion is used. Therefore, if the core’s 

headspace is sampled at times 0, 2 and 4 hours, we recommend determining the leakage rate with 

t (h) amix (%N2) g (1-g) 

0 9.70 100% 0 

2 14.13 93.5% 6.5% 

4 19.89 85% 15% 
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the measurements at times 0 and 2 hours and use this rate again for the correction of the flux 

occurring between times 2 and 4 hours.  

Now, let us focus on a study gas, which could be denitrified N2, denitrified N2O, total N2O, CO2 or 

CH4 in our case. For a first part however, we will focus on denitrified N2 and denitrified N2O alone, 

since these gases are only evolved from soil and are not present in the atmosphere. If we follow the 

quantity of the studied gas M(t) (mol), it will depend on the rates of emission and leakiness. We will 

consider both these rates constant in between two measurement points. Although the rate of 

leakiness is constant, the quantity of the studied gas exiting through this flux is dependent on the 

ratio 
𝑀(𝑡)

𝑛𝑡𝑜𝑡𝑎𝑙
. However, the quantity M(t) is not constant through the duration of the incubation. 

We can write: 

𝑀𝑡+1 = 𝑀𝑡 + 𝑐𝑑𝑡 − (
𝑀𝑡+𝑐𝑑𝑡

𝑛𝑡𝑜𝑡𝑎𝑙
) × 𝑜𝑑𝑡  [48] 

Where 𝑴𝒕+𝟏 is the quantity of the studied gas (mol) an infinitesimal increment of time (dt) after 𝑴𝒕 

and c is the rate of emission (or production) of the studied gas. The product c × dt inside the 

parentheses tends to be negligible as dt tends to 0. Therefore, we can rewrite equation [48] as: 

𝑑𝑀(𝑡)

𝑑𝑡
+ (

𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑀(𝑡) = 𝑐  [49] 

The differential equation [49] can be resolved as: 

𝑀(𝑡) =
𝑛𝑡𝑜𝑡𝑎𝑙

𝑜
𝑐 + (𝑀0 −

𝑛𝑡𝑜𝑡𝑎𝑙

𝑜
𝑐) 𝑒

(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡

  [50] 

Where M0 is the quantity M(t) at t = 0. In order to correct for leakiness, we need to re-express the 

quantity M(t) without the contribution of the leakiness flux o, thus as: 
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𝑀𝑡+1 = 𝑀𝑡 + 𝑐𝑑𝑡  [51] 

Which solves as: 

𝑀𝑡 = 𝑀0 + 𝑐𝑡  [52] 

Therefore, c needs to be isolated from equation [50]: 

𝑐 =
𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
×
𝑀(𝑡)−(𝑀0×𝑒

(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡
)

1−𝑒
(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡

  [53] 

Using the calculated emission rate c from equation [53] into equation [52] will yield the corrected 

concentration. It is worth mentioning that M(t) is initially expressed as a quantity of matter (mol) 

but can be also expressed as a concentration (ppm). The calculation of c through equation [52] will 

work if M(t) is expressed as a concentration (ppm). The coefficient c will thus be expressed in (ppm 

h-1) instead of (mol h-1). Since the liner has a constant volume, this is not an issue and makes 

calculations easier. Equation [52] used to get the corrected concentration of the study gas can also 

use concentration units. Since we took three measurements per liner (times 0, 2 and 4 hours), we 

had to correct for samples collected at times 2 and 4 hours. Thus, for the second time period (from 

hour 2 to 4), we considered the corrected concentration at the time 2 hours as our new M0 and 

performed correction as shown above.  

Table 16 shows an example of correction of denitrified N2O emissions during one of our liner 

measurements. It has been corrected for both diffusion issues and sampling as per equation [40] of 

our main study (see Chapter 3.3.5.1). Note that when using equation [40] to add the quantity of gas 

taken out of the liner by the sampling, raw concentrations should be used (i.e. not the 

concentrations corrected for diffusion).  



171 
 

 

Table 16: Example of denitrified N2O concentration correction for liner incubations. 

The first correction (“diffusion corrected” column) calculates what would be the measured 

concentration if none of the denitrified N2O diffused outside of the liner. The second 

concentration (“sampling corrected” column) adds the quantity removed by the sampling of gas at 

the previous time step. 

t Raw concentration 

(ppm) 

Diffusion corrected 

(ppm) 

Sampling corrected 

(ppm) 

0 0 0 0 

2 1.15 1.25 1.25 

4 3.11 3.27 3.50 

 

This first model of correction was for the case of denitrified N2 and N2O only. In the case of the 

greenhouse gases (CO2, CH4 and total N2O), we need to take in account the fact that these gases are 

present in the atmosphere. Therefore, during dt, if a flux of diffusion escapes the liner, an equal flux 

of atmospheric air will enter the liner (as shown in Figure 30), containing atmospheric 

concentrations of CO2, CH4 and total N2O. 

The differential equation for a greenhouse gas is therefore: 

𝑀𝑡+1 = 𝑀𝑡 + 𝑐𝑑𝑡 + 𝑜𝐴𝑑𝑡 − (
𝑀𝑡

𝑛𝑡𝑜𝑡𝑎𝑙
) × 𝑜𝑑𝑡  [54] 

Where A is the atmospheric concentration of the studied gas (ppm). This differential equation solves 

as: 
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𝑀(𝑡) =
𝑛𝑡𝑜𝑡𝑎𝑙

𝑜
(𝑐 + 𝑜𝐴) + (𝑀0 −

𝑛𝑡𝑜𝑡𝑎𝑙

𝑜
(𝑐 + 𝑜𝐴)) 𝑒

(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡

  [55] 

We can isolate the rate of gas emission c as: 

𝑐𝑡 =
𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
×
𝑀(𝑡)−(𝑀0×𝑒

(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡
)−𝑛𝐴(1−𝑒

(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡
)

1−𝑒
(
−𝑜

𝑛𝑡𝑜𝑡𝑎𝑙
)𝑡

  [56] 

Once this rate c is determined, the corrected concentration can be calculated using equation [52]. 

Just as in the previous case, concentration units can be used here. Table 17 shows an example of 

correction of total N2O emissions during one of our liner measurements 

Table 17: example of total N2O concentration correction for liner incubations. 

The first correction (“diffusion corrected” column) calculates what would be the measured 

concentration if none of the total N2O diffused outside of the liner. The second concentration 

(“sampling corrected” column) adds the quantity removed by the sampling of gas. In this particular 

example, it can be seen during the first time period (hour 0 to hour 2) that the diffusion-corrected 

concentration is lower than the uncorrected one. This comes from diffusion of atmospheric N2O 

inside the liner’s headspace being taken in account for the case of greenhouse gases. This pattern 

was not observed during the second time period (hour 2 to hour 4) because the rate of emission 

was greater than during the first time period. 

t Raw concentration 

(ppm) 

Diffusion corrected 

(ppm) 

Sampling corrected 

(ppm) 

0 0.22 0.22 0.22 

2 0.68 0.67 0.68 

4 1.14 1.20 1.29 
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Since N2 data are a bit more difficult to detect, there were cases where only the measurement after 

4 hours was readable, and more rarely, cases where only the measurement after 2 hours was 

readable. We still performed the corrections shown above in these cases by calculating a simulated 

concentration at the time where data were missing, assuming a linear flux of gas emissions. 

Furthermore, it is important to remember that this model assumes constant fluxes in between two 

measurement points. Hence, if a “pulse” of gas emission happens in between two measurements, 

corrected concentrations could be biased.  

 

Finally, it can be said that the diffusion correction can be challenging to take in account. Fluxes 

uncorrected for diffusion were underestimated by 8.7% on average (for denitrified N2O). A case 

could be made to ignore these corrections for future use of the liner method for denitrification 

measurements.       
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3.7.5) Annexe V: Additional data of the main experiments 

3.7.5.1) Experiment 1: 

 

 

Figure 31: Average measured 15N enrichment of the denitrifying pool (ap) for each treatment and at 
each sampling time. 

The error bars represent the standard errors of the mean.  

The results indicate that the right amounts of tracer were added for each treatment if taking in 

account the experimental variability. The 50 % treatment had a 15N enrichment of nitrate pool close 

to the one of the 40 % treatment after 3 hours, with (47.9 ± 2.54) % and (47.1 ± 2.31) % respectively. 

However this enrichment decreased more slowly in the case of the 50 % treatment. 

For all treatments, the measured enrichments decreased with time as would be expected with 

organic nitrogen mineralization and nitrification happening at the same time (Russow et al. 1996). 

However, this decrease looks abnormally fast.  For example, Stevens et al. (1997) observed an ap 
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decrease from 10 % to 5 % over ten days and under three different moisture contents, Ruser et al. 

(2006) observed very little variations over 70 days, usually less than 10% drop. Bergsma et al. (1999) 

observed a drop from 82% to 72% after three days and half and Rummel et al. (2021) observed 

different patterns of dilution of the 15N label for different fertilization/plant treatments over a 10-

day period. These results show that the 15N enrichment of the soil nitrate pool should not be so 

variable in the first 24 hours following tracer application. In our case, it could be that the measured 

15N abundance of the soil denitrifying pool seems to be decreasing because the 15N tracer diffuses 

into soil with time and tends to be more homogenously distributed in the soil. It has been proved 

that heterogeneous distribution of the tracer within the use of the 15NGF results in an 

overestimation of the calculated ap (see Micucci et al., 2023). This hypothesis seems a bit more likely 

than rapid dilution of the tracer with nitrogen mineralization and nitrification.   

This would also explain why the difference between the “Arah” and “Mulvaney & Boast” models 

tends to be smaller after 24 hours compared to after 3 hours (Figure 32). At time 3 and 6 hours, 

there is however a large difference between the two models, with the Arah model being much more 

variable. The “Mulvaney & Boast” model is also closer to the targeted enrichment in general. We 

can note that for each replica and for each time, the Arah model always overestimated the 

Mulvaney & Boast model for the 15N enrichment, while the opposite trend is observed for the fluxes.  
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Figure 32: Comparison of the “Arah” and “Mulvaney & Boast” models for the calculation of the 15N 
enrichment of the soil denitrifying pool in Experiment 1 after a) 3 hours, b) 6 hours and c) 24 hours. 
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3.7.5.2) Experiment 2:  

 

Figure 33: Average measured 15N enrichment of the denitrifying pool (ap) for each treatment. 

The error bars represent the standard errors. This time, the enrichments did not vary as much as 

Experiment 1, thus we took the average of all time steps for each treatment. 
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3.7.5.3) Experiment 4 

 

Figure 34: Boxplots of the measured 15N enrichment in the different soil cores (right) and the nitrate 
content (left) in the fields H2 (green) and A2 (orange) during Experiment 4. 
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Chapter 4: In situ measurement of denitrification and greenhouse 

gas emissions in conventional and regenerative agriculture 
 

This chapter covers the field campaign that started in March 2022 and ended in May 2023. The two 

main objectives were to confirm our new method of in situ denitrification measurement and 

characterize this process in conventional and regenerative agriculture. Additionally, we aimed to 

quantify the fluxes of greenhouse gas emissions in these two land uses. Although denitrification was 

measured for a one-year period, we extended the measurement of greenhouse gases for a few more 

months in 2023.  

This third part of the thesis is written as a research article and will be submitted for publication in 

the Environmental Science and Technology Journal. 

Under the supervision of Sami Ullah and Fotis Sgouridis, Gianni Micucci formulated the research 

questions, designed the experimental layout, ran all the monthly field experiments, analysed the 

data and wrote the manuscript. Gianni Micucci was responsible for all soil analyses (mineral 

nitrogen, DOC and TDN, soil particle sizes, pH, OM, mineralization potential and moisture, see 

Chapter 4.3). On the other hand, Fotis Sgouridis was responsible for all gas analyses. All the cited 

co-authors reviewed and corrected the manuscript. 
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4.1) Abstract 

The purpose of this study was to confirm our new method of in situ denitrification measurement 

through a one-year field campaign, aiming to constrain and characterize the dynamics of 

denitrification in three different fields: one conventional arable and two types of pasture (“leys”). 

Our new method combines the application of 15N tracer and artificial atmosphere for the incubation 

of soil cores under field conditions. Our two methodological objectives were to assess the 

dependence of added nitrate tracer with a potential process stimulation and determine the best 

method for upscaling soil core fluxes to field rates. To that end, parallel field incubations were run 

using conventional static chambers; which also enabled the measurement of greenhouse gas 

emissions (CO2, CH4 and N2O). Subsequently, we aimed to trace the fate of applied synthetic 

nitrogen fertilizer via denitrification in conventional agriculture and compare it to background fluxes 

from pastures under regenerative agriculture practices. Our newly developed method was 

successful at detecting denitrified N2 fluxes 90% of the time. The field results show that, although 

the magnitude of flux derived from the cores appears to be stimulated, two independent 

denitrification parameters can be assessed and applied to static chamber N2O emission rates to 

derive global denitrification fluxes. Using this approach, we estimated that 8% of the applied 

fertilizer in the arable was lost via denitrification, 9% of this flux being emitted via N2O rather than 

N2. The annual loss of nitrogen through denitrification was 8.5 times higher in the arable than in an 

unfertilized ley, resulting in the pasture saving around 2 tonnes of eqCO2 of N2O over a year. 
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4.2) Introduction 

Emerging less than 100 years ago, the Green Revolution has completely transformed the food 

production system in the world and allows today the production of 9.5 billion tonnes of food 

annually (FAO, 2022). The combination of high-yield species selection, controlled irrigation, 

chemical pesticides, mechanization, fossil fuel exploitation and synthetic fertilizer enabled to reach 

never-seen before yields. While these technical advancements allow to sustain food security (at 

least in developed countries), it also has many impacts on the environment. Amongst others, it leads 

to degradation of soils and in particular to a loss of soil organic carbon (Sanderman et al., 2017), 

pollution and eutrophication of water streams, destruction of fauna natural habitat and emission of 

greenhouse gases. Indeed, the modern food system is responsible for 19 to 29% of the global 

emissions of greenhouse gases (Vermeulen et al., 2012). Although its dependence to fuel 

(cultivation, application of manure, transport of animal, processing and transport of feed) is an 

important source of carbon dioxide (CO2), most of the warming potential comes from emissions of 

methane (CH4) and nitrous oxide (N2O). Nitrous oxide in particular has 298 times greater radiative 

forcing than CO2 (IPCC, 2013) and is also involved in the depletion of the ozone layer (Ravishankara 

et al., 2009). Agriculture is responsible for 75% of N2O emissions globally (Velthof & Rietra, 2018), 

which mostly result from application of N fertilizer in arable fields. Around 120 million tonnes of N 

fertilizer are used yearly (FAO, 2017) ; however, it is estimated half of this fertilizer is lost to the 

environment (Lassaletta et al., 2014), in particular as N2O. 

One of the main sources of nitrous oxide is denitrification, the microbial anaerobic respiration 

process which converts soil nitrate (NO3
-) into gaseous dinitrogen (N2). Incomplete denitrification 

leads to the emission of nitrous oxide, while the full process sequence is the only natural terrestrial 
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sink for N2O emissions (Conthe et al., 2019). However, many uncertainties exist around this process 

(Almaraz et al., 2020), including its potential magnitude and efficiency as nitrous oxide sink; defined 

through the quantity of denitrified N2O relatively to total denitrification flux (product ratio). 

Denitrification fluxes and dynamics are poorly constrained, especially in intensive agriculture, where 

large amounts of nitrogen fertilizer are expected to result in increased N emissions (Charles Munch 

& Velthof, 2007). This comes from the high spatial and temporal variabilities of denitrification as 

well as the intrinsic difficulties linked to its measurement, i.e. the sensitivity needed to detect small 

soil N2 fluxes against the high atmospheric background (78%; Groffman et al., 2006). Therefore, 

denitrification is often attributed to the unexplained difference between N inputs and outputs in 

agricultural practices (Soana et al., 2022). We recently developed a new method of in situ 

denitrification measurement (Chapter 3) which combines 15N tracer and artificial atmosphere; 

however, further validation is needed to estimate its accuracy in quantification of global 

denitrification rates. 

To mitigate the impact of modern agriculture and in particular its contribution to global warming, 

regenerative agriculture aims to restore degraded lands and prevent the losses of arable lands. It 

revolves around five principles: minimum mechanical soil disturbance (i.e. no tillage), permanent 

soil organic cover, species diversification, keeping living roots in the soil and integrating animals 

(Miller-Klugesherz & Sanderson, 2023). A typical application of regenerative agriculture is the “ley”, 

introduced during the second agricultural revolution in Europe during the 18th century (Overton, 

1996). It consists of converting a farmland into a temporary pasture to restore soil health. The 

presence of animals through rotational grazing participates to mineral cycling while the presence of 

legumes associated with nitrogen-fixing bacteria enable the leys to naturally fertilize soil. It has been 

estimated that biological nitrogen fixation has the ability to fix roughly 200 million tonnes of 
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nitrogen annually (Biswas & Gresshoff, 2014) and could thus be a reliable alternative to synthetic 

nitrogen fertilizer.  Under the UK target of net zero emissions by 2050 and considering the recent 

increase in fertilizer price, regenerative agriculture appears a viable solution to sustain food 

production whilst reducing global warming and restoring degraded soils.  

In the study, we aimed to validate our new method of denitrification measurement and use it 

characterize denitrification in conventional agriculture in comparison to two types of leys, a 

grass/clover ley and an herbal ley. The traditional grass/clover mix is the most predominant form of 

ley for rotational grazing in the UK (Kingston-Smith et al., 2013) and its high proportion of white and 

red clovers (trifolium repens and trifolium pratense respectively) usually enables higher levels of 

nitrogen in the soil. Herbal leys have been promoted for over a century in temperate regions (Jordon 

et al., 2022) and consist in more complex mixes of legumes, perennial forbs and grasses. Our work 

consisted in field campaigns spanning from March 2022 to May 2023 where denitrification was 

measured in situ using our newly developed method (Chapter 3) and greenhouse gas emissions 

using static chambers. Soil properties such as ammonium (NH4
+), nitrate (NO3

-), dissolved organic 

carbon (DOC), total dissolved nitrogen (TDN), gravimetric moisture and laboratory-based 

mineralization potential were also measured. Our research objectives were to: 

(1) Validate our newly developed in situ denitrification measurement method. 

(2) Quantify N losses through denitrification in the different land uses and in particular the 

nitrous oxide sink efficiency (through the denitrification product ratio). 

(3) Quantify the total emissions of greenhouse gases. 

(4) Characterize the physical properties and internal nitrogen dynamics of the different land 

uses. 
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4.3) Material and method  

4.3.1) Study sites and experimental layout: 

This study took place at the FarmED site, near Shipton-under Wychwood UK (51.869981,-1.581136, 

https://www.farm-ed.co.uk/), which is an experimental agricultural station consisting in strips of 

the same soil under herbal leys of different ages (up to 5 years before being converted back to 

arable). Prior to this experimental layout, the soil (inceptisol with an oolitic limestone bedrock) had 

been conventionally managed for wheat or barley production for thirty years. One experimental 

strip has been conserved for this conventional management and constitutes the “arable control”. It 

includes the production of wheat and barley, tillage and application of fertilizer. The herbal ley strips 

were all planted with the same mix, which includes white and red clovers, timothy (Phleum 

pratense), chicory (Cichorium intybus), lucerne (Medicago sativa) or sainfoin (Onobrychis viciifolia) 

amongst others (the full composition can be found in Chapter 3.7.2). For the present work, the 4-

year-old herbal ley strip (H) was studied and compared to the arable control (A). Since the 

experimental strips at FarmED did not include a grass/clover ley, a nearby field (GC) under this type 

of management was selected (Figure 35); which makes its comparison with H and A a bit more 

complex.  
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Figure 35: Field locations (top) and sampling strategy at the FarmED site (bottom left) and GC field 
(bottom right) for field incubations. 

In FarmED (bottom left), the H (left) and A (right) fields were subdivided in 4 longitudinal segments 

and 16 latitudinal segments. Then, following the longitudinal direction, locations were randomly 

chosen between the 4 available slots (same patterns for both land uses). The red pins represent 

static greenhouse gas chamber locations while the blue pins represent the sampling locations for 

the plastic liners. In the GC field, we applied a more traditional W-shaped sampling strategy. 
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During the span of our field campaign, the arable control was cultivated for barley from March to 

August 2022, winter wheat from September to November 2022 and wheat from March 2023 until 

the end of the campaign (May 2023). The herbal ley was mob-grazed by cows and sheep in July 2022 

and in April 2023. Finally the grass/clover ley was harvested for hay in July 2022. 

In 2022, a liquid fertilizer containing 8.1% of nitrate, 10.6% of ammonia and 16.3% of urea was 

applied three times in the A field; 50 kgN/ha in March and 75 kgN/ha in April and May. This fertilizer 

also contained 7% of sulphite (SO3
2-), which represented 14 kgS ha-1. The same mixture was applied 

in the GC field in April 2022 (50 kgN ha-1 and 14 kgS ha-1).  

In 2023, a fertilizer solution containing 6.2% of nitrate, 8.1% of ammonium and 12.5% of urea as 

well as 5.4% of sulphite was again applied three times in the A field (60 kgN/ha in February, March 

and May).  

Finally, the denitrification measurements using liners occurred in all three land uses, however, the 

static chambers were only deployed in the A and H fields due to the distance between fields (both 

incubations running at the same time).  

 

4.3.2) Soil characterization  

The three land uses were initially tested for organic matter content (OM), total C and total N, soil 

particle sizes and pH. Additionally, during each campaign, soil samples were collected and brought 

to the laboratory for DOC, TDN, NH4
+, NO3

-, gravimetric moisture and mineralisation potential 

determinations. The procedures for the determination of soil particle sizes, pH, NH4
+, NO3

- and 

gravimetric moisture are detailed in Chapter 3.3.4. Organic matter content was determined by loss 
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on ignition at 450°C for 5 hours of oven-dried samples (105°C). For the measurement of total C and 

N contents, oven-dried samples were ground and analysed over a Delta V elemental analyser IRMS 

(Thermo Fisher). For DOC and TDN quantification, 5 g of soil were extracted in 40 mL of deionised 

water and shaken at 200 rpm on an orbital shaker for 2 hours and filtrated through n°42 Whatman 

paper (GE Healthcare). Filtrates were analysed over a TOC-L series (Shimadzu, Japan). In this study, 

we define the available C:N ratio as the ratio of DOC to TDN, which varied monthly; compared to 

the total C:N ratio, which is the ratio of total C to total N and which stayed constant over time. 

Finally, to measure soil mineralization potential, 30 g of soil were transferred in serum bottles 

directly after NH4
+ and NO3

- extraction; the serum bottles were subsequently left at laboratory 

temperature (20°C) for 28 days before being extracted again. The differences in NH4
+ and NO3

- levels 

before and after incubation were used to derive potential mineralization rates.  

4.3.3) In-situ measurement of denitrification  

Denitrification was measured in situ using our newly developed method (Chapter 3). Briefly, 10 cm-

high soil cores were sampled inside 15 cm-long plastic liners (2.3 ID) and left to pre-incubate 

overnight under environmental conditions. The next day, 15N-NO3
- tracer solutions were applied to 

reach a 50 % 15N enrichment of the soil denitrifying pool and to induce an increase in soil moisture 

< 5%. The liners were subsequently flushed with a gas mixture containing 5% N2, 20% O2, 75% He 

and 0.11 ppm of N2O, and left to incubate in freshly dug hole under environmental conditions. Gas 

sampling occurred at times 0, 2 and 4 hours where 15 mL of the liners headspace were sampled and 

replaced with 15 mL of the artificial gas mixture. Samples (~1 mL) were analysed over an Agilent 

7890A gas chromatography for the determination of CO2, CH4 and N2O concentrations. The 

remaining 14 mL were analysed over a continuous flow IRMS (Elementar Isoprime PrecisION; 
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Elementar Analysensysteme GmbH, Hanau, Germany) for isotopic analysis of N2O and N2. The exact 

protocols and calculations used for these analyses can be found in Chapter 3.3. 

From the liners measurement, we can calculate two important denitrification parameters, the 

source partitioning coefficient (SPC) and the product ratio (PR) defined as: 

𝑆𝑃𝐶 =
𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑓𝑁2𝑂 𝑡𝑜𝑡𝑎𝑙
     [57] 

𝑃𝑅 =
𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑+𝑓𝑁2 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑
= 1 − 𝑁𝑂𝑆𝐸      [58] 

 

Where f is a flux of nitrogen (either as N-N2O or N-N2; in kgN ha-1 year-1) and NOSE is the nitrous 

oxide sink efficiency, thus a product ratio of 5% means that 95% of the denitrified N2O emissions 

were successfully converted into N2. 

 

4.3.4) Static chambers for greenhouse gas measurement 

Two weeks before the 2022 April campaign, nine collars (20 cm OD, 15 cm height) have been 

inserted 10 cm deep into the soil for installation of conventional static chambers (20 cm OD, 20 cm 

total height) in both H and A land uses. Concerning the CO2 emissions, the developed chambers 

were opaque and thus, can only be used to measure soil respiration and not net emissions (which 

include CO2 uptake through photosynthesis). Because of the distance between chambers and the 

fact that the liner incubation was running at the same time, the sampling of the static chambers 

headspace had to occur every hour for 2 hours (and more marginally every two hours for 4 hours). 

These time periods do not respect the criterion of chamber height to deployment time ratio ≥ 40 
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cm.h−1 recommended by Zaman et al. (2021). The diffusion issues caused by these extended times 

were corrected using the HMR model (Pedersen et al., 2010), with the associated R script (R Core 

Team 2023) from CRAN (Comprehensive R Archive Network). As a performance indication, during 

the May campaign, 16 chambers out of 18 required diffusion correction; which resulted in 47 % 

higher N2O fluxes on average. This is comparable to the values of 54 % and 52 % reported by Anthony 

et al. (1995) and Pedersen et al. (2010) respectively. GWP calculated over 100 years were used to 

express the fluxes of N2O and CH4 in eqCO2 (298 and 25 respectively; IPCC, 2013). 

4.3.5) Combining liner and chamber measurements to derive global denitrification 

fluxes 

The magnitude of flux emitted by the soil cores is probably not representative of field rates, given 

the small height of the cores (10 cm). However, since most of the denitrification activity occurs in 

that zone (more generally in the tillage zone, Groffman et al., 2009; Well et al., 2019), we 

hypothesized that the dynamics of denitrification and in particular the SPC and PR coefficients 

measured through these cores were representative of field dynamics. We can thus derive more 

realistic fluxes as: 

𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = 𝑆𝑃𝐶 × 𝑓𝑁2𝑂 𝑐ℎ𝑎𝑚𝑏𝑒𝑟     [59] 

𝑓𝑁2 = 𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 ×
(1−𝑃𝑅)

𝑃𝑅
      [60] 

  

Where fN2O chamber is the flux of nitrogen derived from the static chamber measurements. SPC and 

PR were replaced with their average monthly values measured during each campaign. We 

determined the propagation of error on these two fluxes as: 
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𝑆𝐸[𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑] = √(𝑆𝑃𝐶 × 𝑆𝐸[𝑓𝑁2𝑂 𝑐ℎ𝑎𝑚𝑏𝑒𝑟])2 + (𝑆𝐸[𝑆𝑃𝐶] × 𝑓𝑁2𝑂 𝑐ℎ𝑎𝑚𝑏𝑒𝑟)2    [61] 

𝑆𝐸[𝑓𝑁2] = √(𝑆𝐸[𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑] ×
(1 − 𝑃𝑅)

𝑃𝑅
)
2

+ (𝑆𝐸[𝑃𝑅] ×
𝑓𝑁2𝑂 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑

𝑃𝑅2
)

2

      [62] 

 

Where SE is the standard error. The fluxes derived from this approach are referred as “LC fluxes” 

(liner-chamber fluxes).  

4.4) Statistics and calculations 

For each land use, Pearson Correlation Coefficients (PCC) were calculated between the response 

variables (denitrification and greenhouse gas emissions) and the predictors (DOC, TDN, NH4
+, NO3

-, 

gravimetric moisture, mineralization potential) to assess their magnitude of dependence. The 

emissions of CO2 were also used as predictor of the denitrification measures. 

To assess the impact of land use on gas emissions, we had to assume that samples within the same 

field were independent. Although it is usually recommended to replicate fields rather than 

increasing the amounts of replicates within the same field, we concluded it would be more beneficial 

to thoroughly assess the denitrification dynamics of the same fields over time and using a large 

number of replicates; rather than sampling one time different fields at different times. This is 

especially relevant given the large spatial and temporal variabilities of denitrification. For the land 

use comparison, data were firstly log transformed and linear mixed models were used, with the 

unique combination of “Month” and “Land Use Type” as a random factor. The models were in the 

form of:  

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 ~ 𝐹𝑖𝑒𝑙𝑑 + (1|𝑢𝑛𝑖𝑞𝑢𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)           [63] 
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Models were validated by checking the normality and homoscedasticity of the residues. Type III 

ANOVA was used to compare the land use effect with the Satterthwaite method. All statistical 

analyses were performed using R (R Core Team 2023). 

All results in this study are given ± standard error.  

To characterize the temporal patterns of the study variables, we used linear interpolation between 

monthly means; when calculated, yearly fluxes were derived using the trapezoidal rule. 

4.5) Results 

4.5.1) Soil Properties 

Table 18: Soil general properties of the three studied fields. 

Field pH Clay Silt Sand OM Total 

Carbon 

(%) 

Total 

Nitrogen 

(%) 

Total 

C:N 

ratio 

H 7.95 ± 

0.03 

80.46 ± 

0.58 

10.41 ± 

0.15 

9.13 ± 

0.43 

8.97 ± 

0.27 

5.58 ± 

0.10 

0.32 ± 

0.01 

17.53 ± 

0.55 

GC 7.74 ± 

0.06 

78.82 ± 

2.31 

12.83 ± 

1.48 

8.35 ± 

0.83 

10.67 ± 

0.43 

6.40 ± 

0.17 

0.43 ± 

0.01 

14.89 ± 

0.38 

A 7.97 ± 

0.03 

81.75 ± 

3.81 

13.47 ± 

2.73 

4.78 ± 

1.07 

8.33 ± 

0.08 

5.42 ± 

0.14 

0.31 ± 

0.01 

17.67 ± 

0.54 

 

The OM increase observed in H compared to the A shows that the herbal ley was efficient at building 

organic matter (Table 18), with a mean increase of 7.7%. Other than that, the H and A land uses 
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were similar to each other (at the exception of higher sand content in H), which can be explained by 

the fact that they belong to the same field but only differ in their management. The levels of total C 

and total N of the three fields were stable over time and were thus averaged as a soil characteristic. 

All land uses were slightly alkaline and had a high content in clay. The total C:N ratio of the GC field 

was a bit lower than in the other land uses.  

A principal component analysis (PCA) of the soil physical properties enabled to identify two principal 

components (PC1 and PC2) which together explained 70% of the total variance within the dataset 

(Figure 36). Nitrate and DOC levels correlated positively with PC1 while ammonium and available 

C:N ratio correlated negatively with it. On the other hand, nitrate and ammonium levels both 

correlated negatively with PC2 while DOC and available C:N ratio correlated positively with it. The 

different land uses were grouped and are represented by cluster centroids in Figure 36 (using the 

average scores and standard errors on PC1 and PC2). From these results, we can see that three fields 

were relatively different. While A was mostly characterized by high nitrate levels, GC had higher 

ammonium levels and H more available carbon. The magnitude of total N2O and denitrified N2 fluxes 

(as per measured in the liners, see next section) were significantly correlated with PC1 (Pearson 

correlation p < 0.05), while the PR was significantly correlated with PC2 (Pearson correlation p < 

0.01). This resulted in higher magnitudes of flux and higher product ratios being more associated 

with the GC and A fields. 
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Figure 36: Correlation biplot from the PCA scores on soil physical properties.  

The land uses are represented by cluster centroids. Denitrification parameters (measured from the 

liner method) significantly correlated with PC1 or PC2 are also represented. “N2O” as represented 

on the figure refers to total N2O production and not denitrified N2O. 

4.5.2) In situ denitrification measurements from liners 

Our newly developed method was successful at measuring denitrified N2 emissions 90% of the time 

(208 measurements). In terms of temporal patterns, apart from peak events happening between 

the months of May and September, denitrified N2O emissions (as per measured in the liners) were 

relatively steady and below 2 kgN ha-1 year-1 (Figure 37). Both GC and A reached their peak of 

emissions in May, with GC emitting the maximum of all land uses and of all campaigns with about 

14 kgN ha-1 year-1 while A emitted 4 kgN ha-1 year-1. The H field emitted its maximum in June with 
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about 5 kgN ha-1 year-1. The N2 emissions were characterized by many peak events between the 

months of April and August whilst being relatively low the rest of the time (< 20 kgN ha-1 year-1). The 

A land use emitted the maximum of N2 of all campaign with about 50 kgN ha-1 year-1 during the 

month of May 2022. The SPC for all land uses were characterized by an almost Gaussian evolution 

between the months of March and September, with a little anomaly for H having a high coefficient 

in March (62%). A second peak event was observed for all land uses around the month of October. 

The denitrification product ratios were mostly under 15% for the H and A land uses, at the exception 

of the month of May where A had a PR of 32%. The GC field had relatively high product ratios every 

month (between 5 and 18%) with peak events in May and August where the product ratios reached 

22 and 27% respectively.  

In terms of land use effect, the three fields were found to be not significantly different from each 

other over time (linear mixed models, type III ANOVA p > 0.05) for every denitrification parameter 

(denitrified N2O and N2, SPC, PR). However, in terms of seasonal patterns, fertilization application 

during the month of May resulted in significantly different denitrified N2O and N2 emission rates 

(ANOVA; FN2O=3.97, FN2=3.48, p < 0.05) and denitrification product ratio (ANOVA; F=6.95, p ≪ 0.05). 

The product ratios were also statistically different during the month of August 2022 (ANOVA; F= 

7.78, p ≪ 0.05), although this mostly comes from the GC field being very different from H and A. 

In terms of annual fluxes (Table 20), the H and A fields were particularly similar in every parameter 

and interestingly, the mean annual product ratio was higher in H. The GC field on the other hand 

emitted much more N2O (both total and denitrified) while emitting similar amounts of N2; which 

resulted in a higher mean annual product ratio.  
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In terms of correlation, total and denitrified N2O emissions were correlated with the nitrate content 

(PCC of 0.61 and 0.52 respectively) in the A field. This resulted in the product ratio being also 

correlated with the nitrate content (PCC of 0.58). The moisture was negatively correlated with the 

SPC coefficient (PCC of -0.70). In the GC field, total and denitrified N2O emissions, as well as N2 

emissions were correlated with CO2 fluxes (PCC of 0.65, 0.65 and 0.52 respectively). 

Using data from all land uses together, the SPC and PR coefficients were not correlated with the 15N 

enrichment of the soil denitrifying pool (PCC of 0.21 and 0.15 respectively, Figure 38).  

 

 

 

Figure 37: Temporal patterns of the denitrification parameters as per measured through the liner 

method. 
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Figure 38: Scatter plot of the measured SPC (top) and PR (bottom) coefficients against the measured 

15N enrichment of the soil denitrifying pool during the field campaign.  
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4.5.3) Greenhouse gases emissions 

The emissions of CO2 of both H and A decreased steadily from April to August 2022 before reaching 

a local maximum in September (Figure 39). From there, the emissions decreased again until 

February 2023; before rising again up to May 2023 when the field campaign ended. The A land use 

reached approximately the same levels of CO2 emissions in May 2023 as it did in May 2022 with 

around 100 t eqCO2 ha-1 year-1. On the other hand, H had almost half the rate of CO2 emissions in 

May 2023 compared to May 2022, with 60 and 120 t eqCO2 ha-1 year-1 respectively. The H land use 

consistently emitted more soil-respiration CO2 than A, except in May 2023. 

Both land uses were minor sinks of CH4, A being slightly more efficient at taking up atmospheric CH4 

with a maximum of 150 kg eqCO2 ha-1 year-1 in May 2023. The H field also had peak events of CH4 

consumption in May 2022 and May 2023 with uptakes of approximately 50 kg eqCO2 ha-1 year-1.  

The total emissions of N2O measured through static chambers showed clear peak events for the A 

field in April and May 2022 with fluxes slightly above 10 t eqCO2 ha-1 year-1. During the rest of the 

campaign, the emissions were pretty low at the exception of three small peak events (< 2 t eqCO2 

ha-1 year-1) in November 2022, March and May 2023. It is worth noting that during the growing 

season of 2023 (March to May), N2O fluxes were relatively low despite fertilizer application. In H, 

the emissions were consistently low (< 0.5 t eqCO2 ha-1 year-1) except in April 2022 where they 

reached 1.5 t eqCO2 h-1 year-1.  

The fields were not statistically different in terms of emissions of greenhouse gases (mixed models, 

type III ANOVA p > 0.05) although the emissions of N2O were significantly different during the 

growing season (April to June) of 2022 (mixed models, type III ANOVA p < 0.05). 
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Figure 39: Temporal evolution of the greenhouse gas emissions in the H and A fields, as per 
measured through conventional static chambers. 
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In the A land use, the flux of total N2O measured through static chambers was correlated with the 

nitrate content (PCC of 0.52). In terms of 2022 annual emissions (Table 19), the A field was 

responsible for the emissions of almost 2 t eqCO2 h-1 year-1 compared to H, which represents 12.63 

times more global warming potential. Around 70% of the N2O emissions in A (~1.4 t eqCO2 h-1 year-

1) occurred from April to May. As mentioned above, the same pattern is not observed in 2023, for 

which we have unfortunately limited data. Nonetheless, we can estimate that the 2023 GWP of the 

period from April to May was 22 fold inferior to that of the year 2022.  

Finally, the magnitude of methane removal of the two fields were comparable while H emitted 68% 

more respiration-CO2 than A.  

Table 19: Annual 2022 emissions of greenhouse gases in the H and A fields. 

 CO2 (keqCO2 ha-1 year-1) CH4 (kgeqCO2 ha-1 year-1) N2O (kgeqCO2 ha-1 year-1) 

H 49 384 ± 5661 -34.08 ± 11.41 155.65 ± 51.08 

A 29 420 ± 3387 -42.58 ± 9.22 1959.68 ± 440.73 

 

4.5.4) Combining liner and chamber measurements to derive annual denitrification 

fluxes 

The fluxes of CO2 from liners were on average (7.71 ± 1.14) and (6.00 ± 0.69) times lower than the 

ones derived from static chambers for the A and H fields respectively; liners fluxes were thus re-

scaled on Figure 40 using these coefficients to enable pattern comparison. The fluxes of CO2 

measured via either liners or chambers generally followed the same patterns, at the exception of 

the month of April for both H and A fields. Although no chamber measurement was performed in 

March 2022, the liners levels (after upscaling) during that month were similar to the March 2023 
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chamber levels. The fluxes of total N2O from liners however did not need re-scaling to be compared 

with the fluxes derived from chambers. In the A land use, fluxes from liners and chambers were 

similar at the exception of the fertilization period (April to May 2022). In H however, the fluxes 

derived from liners were largely higher than the ones derived from chambers, at the exception of 

the month of April. A large peak of total N2O emissions (~5 kgN ha-1 year-1) during the month of June 

was notably observed in liners but not in chambers. These results show that a coefficient of 

proportionality cannot be applied to the liner denitrification measurements to upscale them.  

 

Figure 40: Comparison of the CO2 and total N2O fluxes between the liner and chamber methods in 

the A and H fields. 

The fluxes of CO2 were multiplied by coefficients of proportionality (7.71 and 6.00 for the A and H 

fields respectively) to upscale and enable comparison between chambers and liners. 



209 
 

 

Combining liner and chamber measurements (LC approach) enables us to derive new fluxes of 

denitrification as per equations [59] and [60]. To derive these fluxes, we focused on the period from 

April 2022 to April 2023 (Figure 41). The SPC and PR coefficients of March and April 2022 were used 

with chamber fluxes of March and April 2023 respectively, to derive an annual budget. Comparing 

the liner and LC fluxes give significantly different results for the H field; while these results are 

moderately different for the A field (Table 20). For example, in the case of the total loss of nitrogen 

through denitrification, the liner results were 6 times higher in the case of the H field, whilst being 

only 0.8 times lower for the A field. It is worth noting that if the April chamber fluxes of 2023 were 

as high as in 2022 in the A field, it would have led to the emission of another 2.32 kgN ha-1.  

Table 20: Mean annual denitrification measurements (liner and LC approaches). 

The mean SPC coefficient was calculated by dividing the annual denitrified N2O emissions by the 

annual total N2O emissions. The mean PR was calculated by dividing the annual denitrified N2O 

emissions by the annual total denitrification emissions. 

Type Field Total N2O 

(kgN ha-1 year-1) 

Denitrified N2O 

 (kgN ha-1 year-1) 

Denitrified N2
  

(kgN ha-1 year-1) 

Total denitrification  

(kgN ha-1 year-1) 

Mean source 

partitioning 

coefficient (%) 

Mean 

product ratio 

(%) 

 

 

Liners 

H 1.61 ± 0.63 1.07 ± 0.48 14.35 ± 2.65 15.42 ± 3.13 66.46 6.94 

 

GC 4.17 ± 1.45 2.91 ± 0.22 17.15  ± 1.01 20.06 ± 1.23 69.78 14.51 

A 2.13 ± 0.90 0.91 ± 0.08 17.06 ± 0.76 17.97 ± 0.84 44.72 5.06 

Liners 

& 

Chambers 

H 0.34 ± 0.12 0.14 ± 0.05 2.27 ± 1.15 2.61 ± 1.20 

 

41.18 5.81 

A 4.21 ± 1.02 1.56 ± 0.43 20.56 ± 11.20 22.12 ± 11.63 37.05 7.05 
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Figure 41: Total denitrification activity (N2O + N2) in the H and A fields throughout the field 
campaign as measured using the LC approach.  

 

 

 

 

 

 



211 
 

 

4.5.5) Nitrate and ammonium contents 

 

Figure 42: Temporal evolution of the nitrate and ammonium levels in the three land uses.  
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The ammonium content of the three land uses stayed relatively constant (mainly below 3 kgN ha-1) 

at the exception of the month of August 2022, where each land use reached its peak of ammonium 

concentration (Figure 42). On average, GC had the highest levels ammonium and A the lowest ones. 

Application of fertilizer in these two land uses did not result in an increase of observed soil 

ammonium concentration.  

On the other hand, fertilizer application in 2022 resulted in a clear increase of the observed nitrate 

concentration, at least in the A field. Indeed, the application in GC this year happened before our 

first measurement there and it is thus difficult to conclude that the April 2022 measurement is a 

peak event. However, the levels of (22.5 ± 3.5) kgN ha-1 recorded that month seem to be indeed the 

result of fertilizer application (~10 kgN ha-1 of N-NO3). In the A field, three applications of fertilizer 

in 2022 (~30 kgN ha-1 of N-NO3 in total) resulted in very high levels of nitrate, with (56.8 ± 9.8) kgN 

ha-1 recorded during the month of May. Nitrate derived from fertilizer persisted until October 

(Figure 42), at which point the nitrate levels reached their pre-fertilization levels (~2 kgN ha-1). 

Interestingly, the 2023 applications of fertilizer did not result in a build-up of the nitrate pool. The 

fertilizer applied in March 2023 (nitrate levels of 16.0 ± 3.2 kgN ha-1) was not found in April 2023 

(2.2 ± 0.20 kgN ha-1). The last application in May 2023 resulted in increased levels again, with (19.0 

± 3.3) kgN ha-1. The H land use had consistently the lowest amounts of available nitrate (< 5 kgN ha-

1), despite a moderate increase in July to September 2022 probably due to biological inputs 

(grazing). Finally, despite low fertilizer input, GC maintained relatively high levels of nitrate, with 

two local maximums during the months of June and September 2022 with levels of (11.7 ± 1.8) kgN 

ha-1 and (10.1 ± 1.0) kgN ha-1 respectively. 
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4.5.6) Moisture 

Moisture followed the same pattern for all three land uses, with the highest levels of March 2022 

(~30%) consistently dropping down to August 2022 (~10%) at the exception of the campaign of June 

2022 which saw a local maximum peak (25 to 30%) due to extremely wet conditions (Figure 43). 

From there, the moisture levels rose again up to the end of October 2022, where the levels stabilized 

until the end of the campaign in May 2023. Overall, GC had the highest levels of moisture (especially 

in June and October 2022 as well as February 2023) while A was consistently the driest field.  

 

 

Figure 43: Temporal evolution of the moisture levels in the three land uses. 
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4.5.7) DOC and TDN:  

The levels of TDN followed closely the levels of nitrate, especially for the A land use and its distinct 

pattern after fertilization events (i.e. large peak after application in 2022 and moderate increases in 

2023). On average, H still had the lowest levels of TDN and GC maintained intermediate levels with 

a peak in April 2022, following fertilizer inputs (Figure 44). All three land uses had a small local peak 

event in August 2022, which can be correlated to the one observed for the ammonium levels at the 

same period. The TDN levels in the A field followed very closely the nitrate levels (PCC of 0.96), 

highlighting the high proportion of fertilizer in the available nitrogen pool. If we define inorganic 

nitrogen as the sum of nitrate and ammonium (nitrite levels being usually very low in soil), inorganic 

N represented only 32% of the A TDN pool in March 2022. From April to October that year, this 

proportion was on average 87%.  

The DOC levels were also characterized by a large peak event in August 2022 for all land uses (Figure 

44). Otherwise, the levels were quite steady (between 25 to 50 kgC ha-1) at the exception of local 

peak events in March 2022 and April 2023. On average, the two leys had higher levels of DOC than 

the arable control. 
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Figure 44: Temporal variations of the DOC and TDN levels in the three land uses. 

 

4.5.8) Mineralization potentials 

Ammonification rates exhibited an almost Gaussian evolution for all three land uses between May 

and August 2022; the peak of activity being reached in early June with values between 30 kgN ha-1 

year-1  for A and 63 kgN ha-1 year-1 for H (Figure 45). The Gaussian peaks were responsible for the 
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production of (5.51 ± 3.02) kgN ha-1 for H, (5.28 ± 1.40) for GC and (2.80 ± 0.75) for A. This episode 

represents the majority of the annual production of ammonium (Table 21), although these numbers 

must be considered with care as they were determined under laboratory conditions. In the GC field, 

the relatively large episode of ammonium consumption of April 2022 explains why the annual value 

is smaller than the production during peak activity. The rest of the time, ammonification was quite 

steady and close zero, with small episodic events of consumption for all land uses. On average, the 

two leys had higher ammonification potentials, with H having the highest one.  

The nitrification potentials of the studied land uses were very variable (Figure 45). The two leys were 

relatively similar and had levels of nitrate production mostly below 50 kgN ha-1 year-1. The main 

differences between these two fields were a large production peak in April 2022 (150 kgN ha-1 year-

1) and episodes of consumption in the GC; which were not observed in H. On the other hand, A 

exhibited very variables patterns, with episodes of consumption and production alike. The growing 

period in 2022 was characterized by large consumption events (up to 140 kgN ha-1 year-1) while the 

one in 2023 was characterized by large production events (up to 161 kgN ha-1 year-1). 

The magnitude of nitrate transformation being much higher than the one of ammonium for all land 

uses, net mineralization (nitrification + ammonification) was very similar to nitrification (Figure 45).  

Table 21: Annual ammonium, nitrate and mineral N (ammonium + nitrate) production via 
mineralization of organic matter, determined under laboratory conditions. 

 Net Ammonification 

(kgN ha-1) 

Net Nitrification 

(kgN ha-1) 

Net mineralization 

(kgN ha-1) 

H 6.37 ± 4.66 16.47 ± 13.97 20.47 ± 14.93 

GC 4.86 ± 2.10 17.55 ± 7.67 22.71 ± 7.42 

A 3.12 ± 1.14 5.62 ± 19.17 8.75 ± 19.50 
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Figure 45: Temporal patterns of ammonification (top), nitrification (middle) and total 
mineralization (bottom) determined under laboratory conditions. 
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4.6) Discussion 

4.6.1) Validation of the new denitrification measurement method  

Our newly developed liner method was characterized by a high success rate of N2 flux detection 

(90%). Data gaps in denitrification dataset is very frequent due to the very high sensitivity required 

to discriminate soil-N2 fluxes (Buchen et al., 2016; Kulkarni et al., 2014; Mulvaney & Kurtz, 1984). 

Although no existing number on the proportion of dataset gaps could be found, a 90% success rate 

is considered very high for denitrification.  

The fluxes of CO2 and total N2O from soil cores are important tracers that can help upscale the 

results of our new method of denitrification measurement. In particular, CO2 emissions are known 

to be consistent and usually proportional to the amount of soil incubated (Cueva et al., 2019). Here 

we got consistent coefficients of proportionality from liners to chambers, with 7.71 and 6.00 for the 

A and H land uses respectively. Once we account for these coefficients, the emission patterns from 

the liners are relatively similar to the chamber ones (Figure 40). N2O emissions on the other hand 

are usually more variable and noisy (Machado et al., 2021; Waldo et al., 2019). Here, multiplying the 

fluxes of total N2O from the cores by the inferred coefficients of proportionality would result in a 

high overestimation since these fluxes are already comparable to chamber fluxes, if not greater 

(Figure 40). There is thus a high chance that the denitrified N2 and N2O emissions would be 

overestimated using this approach. The high magnitude of N2O emissions from cores (relatively to 

chamber fluxes) compared to the CO2 emissions could be explained by a stimulation and disruption 

effects due to tracer injection (Dodds et al., 2017; Lewicka-Szczebak & Well, 2020; Warner et al., 

2019). This is particularly visible in April and May 2022 in the A field, where fluxes from liners were 

significantly lower than chamber measurements. At this period, the nitrate concentration was at its 
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highest levels following fertilizer application (Figure 42) and thus the injection of tracer would only 

cause moderate impact. One of the key questions raised in Chapter 3 was the possible influence of 

nitrate addition on the denitrification dynamics. In particular, a significant correlation between 

nitrate addition and PR was observed in laboratory but not necessarily in the field. Here, over 208 

field measurements spread over a year, neither the product ratio nor the source partitioning 

coefficient were correlated with the 15N enrichment of the soil nitrate pool; which in turn is directly 

correlated to the addition of nitrate (Figure 38). Furthermore, the SPC coefficients exhibited clear 

temporal patterns and the calculated PR were within in the expected range (see next section). We 

can thus consider these two metrics as independent of flux magnitude and use them for the 

upscaling of denitrification measurements with more confidence than the coefficient of 

proportionality from liners to chambers. The LC fluxes resulted in much different quantities of 

annually denitrified nitrogen for the H field but not necessarily for the A field. This upscaling is 

however much more plausible, since the resulting difference between the two fields is now around 

20 kgN ha-1, which is in the order of magnitude of the applied fertilizer and nitrate levels observed 

in the A field. The estimation of 15.42 kgN ha-1 from liner measurements in the H field does not 

really match the observed trends in nitrate levels in that field, while the LC flux estimation of 2.61 

kgN ha-1 does. The mean annual SPC varied quite a lot between the two methods, especially for the 

H field which went from 66.46% for liner measurements to 42.18% using the LC approach. This can 

be explained by the fact that monthly SPC are pondered by the magnitude of flux for each month, 

which again varied significantly between liners and chambers. However, gas fluxes derived from 

static chambers are much more representative of the real dynamics of gas emissions, since they 

don’t require soil disturbance and they capture the entirety of soil emissions. The mean annual PR 
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are also pondered by monthly fluxes but this resulted in much lower variations; although with the 

LC approach, the H field has now a lower PR than A. 

Overall the combination of liners and chamber measurements is a similar method to the recent 

approaches of Wang et al. (2020) or Bizimana et al. (2022) who applied laboratory derived product 

ratios to field chamber measurements. In our case however, the product ratio is determined under 

in situ conditions and is thus probably more accurate.  

To enhance our current denitrification measurement method, we suggest exploring the following 

leads: 

(i) Applying the 15N tracer at the same time as the sampling of soil cores (i.e. 24 hours before 

incubation). This will allow for the tracer to diffuse in soil and avoid potential stimulation 

artefacts. Although we did not see correlation of the PR and the SPC coefficients with the 

amendment of tracer, the magnitude of flux seemed to have been stimulated under field 

conditions. In our case, the measurements were made after tracer injection to ensure 

sensitivity and because samplings at times 0 already shown enrichment in the 15N 

signature of N2O, indicating the start of tracer denitrification. However, our high success 

rate during this one-year field campaign shows that sensitivity is no longer an important 

issue with our new method. 

(ii) Using longer liners which will enable to sample the full soil A horizon and leave a bigger 

headspace, where gas sampling will be less disruptive. 

(iii) Coupling the liner methods with automated chamber and continuous analyser, while 

analysing diurnal/nocturnal patterns of denitrification for better assessment of global 

budgets.  
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4.6.2) Denitrification emissions 

4.6.2.1) Patterns of denitrification (liner method) 

The denitrification patterns (as per measured in the liners) did not differ significantly between the 

three studied fields, although a seasonal pattern could be identified in May 2022 due to high product 

ratios in the A and GC land uses (32 and 22% respectively) following fertilization. In the A land use, 

the highest product ratio of 32% coincided with the highest levels of nitrate (~55kgN/ha, Figure 42), 

which seems to confirm that high amendments of nitrate stimulate the denitrification product ratio. 

Outside of the fertilization period, the proximity and similarity of the fields can explain why overall 

similar patterns are found. Typically, the H and A land uses belong to the same field but only differ 

in their management. The GC field was a high source of N2O (total and denitrified) whilst emitting 

similar amounts of N2 as the H and A fields. This resulted in a higher mean annual product ratio 

(~14.5%) in GC, indicating denitrification was a less efficient nitrous oxide sink in this land use.  

In a recent meta-analysis, Scheer et al. (2020) reported a mean denitrification product ratio of (12.40 

± 3.1) % for soils under natural vegetation and (10.90 ± 2.0) % for agricultural soils. The annual mean 

product ratios for the H and A land uses were slightly under these values (whether derived from 

liners or LC measurements, Table 20). This can probably be explained by temporal patterns that are 

rarely included in studies, in particular under in situ conditions. Indeed, in a meta-analysis compiling 

236 studies, it was found that 74% of the reported fluxes were measured instantaneously rather 

than over a time period (Almaraz et al., 2020). In the present study, the winter period (February 

2023) was characterized by very low product ratios (0.39%, 1.37% and 0.22% for the H, GC and A 

land uses respectively), which resulted in lower annual values. Finally, the GC field fell within the 

upper range of the ratio for soil under natural vegetation, which can be explained by the high density 
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of clovers and fertilizer application (GC is more typical of a semi-improved grassland than a proper 

soil under natural vegetation). 

In terms of source partitioning coefficient, the results revealed the presence of a Gaussian evolution 

in all three land uses between the months of March and September, which indicate a domination 

of denitrification in the N2O emissions in the summer. Although many evidences exist that the 

highest rates of denitrification generally occur between spring and summer (Smith et al., 2015), this 

to our knowledge, the first time this Gaussian evolution of the SPC is reported. 

4.6.2.2) Annual field budgets of denitrification (liner-chamber method) 

As mentioned previously, the magnitude of gas emissions in the liners was not representative of 

field dynamics and chamber measurements are needed to upscale these fluxes. This means that 

global rates can only be derived for the H and A fields. 

Using the LC approach reveals that the A field was actually a much bigger source of denitrified N2O 

and N2 than the H field (Table 20). In the first one, denitrification was responsible for the yearly loss 

of (22.12 ± 11.63) kgN ha-1, with fluxes as high as (169 ± 87) kgN ha-1 year-1 during the month of April 

2022. In the second one, only to (2.61 ± 1.20) kgN ha-1 were emitted through denitrification annually, 

with fluxes as high as (14.56 ± 1.34) kgN ha-1 year-1 also in April 2022. Considering the consistently 

higher magnitude of flux and superior product ratios observed in the GC field through the liner 

approach (Figure 37 and PCA, Figure 36), it is highly likely that the global denitrification losses in the 

GC field were greater than those in H, possibly including a higher proportion of N2O. 

In the A field, the fertilizer applied in 2022 remained in the soil from April to October (as shown by 

the nitrate levels in Figure 42). The cumulative results of total denitrification over this period (Figure 

41) show that 15.17 kgN ha-1 were lost through denitrification, from which 1.34 kgN ha-1 (8.83 %) 
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were emitted as N2O rather than N2. These denitrification losses represent 8 % of the applied 

fertilizer. Another significant loss of N through denitrification occurred during the second growing 

season (from September to November 2022) although no fertilizer was applied this time. Around 

5.40 kgN ha-1 were lost during that period, including 0.40 kgN ha-1 of N2O (4.19%; although these 

measurements could be underestimated due to the lack of measurements between the end of 

October and early February). These results confirm once again that excessive amounts of nitrate 

stimulate the product ratio. 

In a meta-analysis compiling 336 denitrification measurements (using chambers, cores or N balance 

techniques), denitrification annual budgets of agricultural soils were mostly found to be in the range 

of 20 to 30 kgN ha-1 year-1 (Hofstra & Bouwman, 2005). The results of the A field in the present study 

(22.16 kgN ha-1 year-1) is thus in good adequacy with this range. More recently, Soana et al. (2022) 

found a 80 kgN ha-1 year-1 difference between inputs and outputs of nitrogen in an agricultural 

study, which was attributed to denitrification. Although it is difficult to compare results from one 

field to another, the total input of nitrogen in their case was the same as in the A field (~200 kg ha-

1); and a more modest contribution of denitrification was found in our case. Nonetheless, our value 

might be underestimated due to low resolution in spring 2022 where a peak of denitrification 

activity was observed. 

Finally, according to (Lassaletta et al., 2014), half of all applied nitrogen fertilizer is lost to the 

environment. There are several ways nitrogen can escape soil (volatilization of ammonia, surface 

runoff following rain events or it can leach into the groundwater) and results of this study show that 

denitrification can represent 16% of the loss of fertilizer. 
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4.6.3) Greenhouse gases 

Budgeting the greenhouse gas emissions in the present case is difficult since only the gross 

emissions of CO2 are measured, the contribution of photosynthesis is indeed not taken into account. 

The H ley emitted significantly more respiration-CO2 than the A field (Table 19), which might be the 

result of higher plant density and microbial activity. However, if taking into account photosynthesis, 

the herbal ley is probably a bigger sink for CO2 emissions than the arable control. Indeed, conversion 

of agricultural land to grassland usually comes with a lot of positive effects, including carbon 

sequestration (Follett, 2001). In a meta-analysis, Conant et al. (2001) estimated that conversion of 

cultivation to pasture enabled the sequestration of 1.01 Mg C ha-1 year-1. In terms of N2O emissions, 

the results show that fields under herbal ley can save almost 2 t eqCO2 ha-1 year-1 compared to 

cultivated arable lands (Table 19). If we consider that the difference in total N2O emissions between 

the H and A lands is due to fertilizer application and we integrate the N2O fluxes between April and 

October 2022, we can derive an emission factor of 1.86 %. This is within the range of the 2006 IPCC 

UK default emission factor for N2O, estimated at 1% (with an uncertainty range from 0.03 to 3%) of 

the applied N (Buckingham et al., 2014). Interestingly, low N2O emissions were observed during the 

growing season of 2023 (around 22 times inferior to the 2022 levels), despite fertilizer application 

(Figure 39). This can be correlated to the nitrate levels observed during the same period (Figure 42). 

Nitrogen plant uptake, a different type of fertilizer or other pathways of N loss have somehow 

resulted in low nitrate levels that year. As shown previously, high nitrate levels stimulate the 

denitrification product ratio, leading to high N2O emissions. Unfortunately, no denitrification 

measurements were made during these times. We hypothesize however that low PR would have 

been found. This unexpected pattern emphasizes the importance of constraining denitrification for 

nitrous oxide mitigation strategies. 
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Finally, all three fields (even the GC one, as revealed by the liners measurements; data not shown) 

were minor sinks of CH4, with maximums capture fluxes around -150 kg eqCO2 ha-1 year-1 but yearly 

averages around 50 kg eqCO2 ha-1 year-1. These values are again within the expected ranges  

although it is unclear why the arable control was a better sink than the herbal ley rather than the 

opposite, as observed in Castaldi et al. (2007). A possible explanation of this trend could be a 

predominance of methanotroph organisms in the A field due to poorer soil structure and thus more 

aerobic conditions.  

4.6.4) Nitrogen cycle and effect of the leys  

As mentioned in the previous section, the application of fertilizer in the arable control resulted in 

higher amounts of nitrate in 2022 but not in 2023 (Figure 42). In 2023, it seems that quantity applied 

in March has been used by plant or has escaped the environment by April. The static chamber data 

show that the N2O fluxes were very low that month (Figure 39), and thus we can infer that the 

applied fertilizer was not lost via gas emissions. It is worth noting that a second type of fertilizer 

(although very similar) was used this year and might be an explanation of these different dynamics. 

Furthermore, application of fertilizer did not result in higher amounts of ammonium both years, 

although it does contain ammonium and urea. One possible explanation for these results could be 

a plant preference for ammonium (Boudsocq et al., 2012). In the study of Soana et al. (2022), where 

200 kgN ha-1 were also applied, 120kgN ha-1 were taken up plants, which is the order of magnitude 

of the missing fertilizer. Another explanation could be that a large part of this ammonium has been 

transformed into nitrate through nitrification. This would explain why around 60 kgN ha-1 of nitrate 

are found in 2022 although only about 30 kgN ha-1 have been applied (the rest being ammonium 

and urea). The applied ammonium may also have volatilized as ammonia. We observe a similar trend 
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in the GC field, where application of fertilizer in April 2022 also resulted in an increase of nitrate but 

not ammonium. The herbal ley maintained similar levels of available ammonium without application 

of fertilizer. However, its nitrate levels were generally very low (always <5 kgN ha-1). Its grazing 

during July 2022 enabled the nitrate levels to rise from an average of 2.18 kgN ha-1 pre-grazing to 

4.04 kgN ha-1 for the next three months, which is a very moderate increase compared to fertilizer 

application. The ammonium concentration peak observed in all land uses during the month of July 

2022 can be correlated to the Gaussian evolution of the ammonification potentials observed in 

laboratory (Figure 45). This seasonal pattern was expected as the growing season and warmer 

temperatures stimulate bacteria (Contosta et al., 2011). The potential mineralization rates were 

overall higher in the leys than in the arable control. This can be explained by large episodes of 

nitrogen consumption in the A field. It also indicates a higher microbial mass and potentially higher 

levels of nitrate and ammonium in the leys than in the arable control in the absence of fertilizer. 

The peaks of DOC observed during the month of August 2022 can be explained by crops residues 

left after cultivation in both the A and GC fields. The grazing of the herbal ley in July also left plant 

residues in the H field. The mineralization of this fresh organic matter has probably driven the 

observed peaks of DOC in all land uses. In the herbal ley, the presence of cows and sheep may also 

have contributed to this peak.  

Finally, the arable control had a poorer soil structure and would often break when sampling it. This 

resulted in a low water retention capacity and thus lower moisture of this field in general (Figure 

43). The herbal ley was efficient at building organic carbon, with an increase of 7.7% compared to 

the arable control. This is within the expected range for a long term herbal ley rotation in agriculture 

(Guest et al., 2022). This resulted in the herbal ley having a much better and stronger structure, 

which in turn, enhanced its water retention capacity and moisture.  



227 
 

4.7) Conclusion 

 

The newly developed liner method enabled the characterization of the in situ denitrification 

dynamics of three different fields over time, at a low cost and without sophisticated equipment. The 

resulting data highlighted the progressive predominance of denitrification in soil N2O emissions 

during the northern temperate summer following a Gaussian curve; which decreased and ended at 

the start of autumn. It also enabled to reveal the temporal dynamics of the denitrification product 

ratio, which was stimulated under large amendment of fertilizer during the growing season 

(reaching an average of 32%) and at its lowest levels during winter (~1%). However, the magnitude 

of flux derived from the liner method is not representative of field emission rates. This might be due 

to stimulation and disruption effects during the injection of the tracer. Although this can (and 

should) be mitigated by applying the tracer at the time of core sampling (i.e. 24 hours before 

incubation), the combination of this method with conventional flux chambers is probably the best 

way to derive global denitrification fluxes. This combination enabled us to unravel the mystery of 

denitrification in the studied lands and revealed that 8% of the applied fertilizer in the arable field 

during 2022 was removed from soil via denitrification. Around 9% of this nitrogen flux occurred via 

N2O rather than N2. Another high denitrification episode occurred during the second growing 

season, when no fertilizer was applied. This episode was characterized by a lower rate of nitrogen 

removal (about a third of the first denitrification event) and a lower contribution of N2O (4%). In 

total, the activity of the arable land compared to the herbal ley caused the annual emission of 

approximately 4 kgN ha-1, which is the equivalent of ca. 2 tonnes of equivalent CO2 per hectare; with 

an emission factor of 1.86%. A different pattern of emissions during the year 2023 calls for deeper 

scientific investigation of the role of denitrification in agriculture. To that end, we recommend 
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improving our method using longer liners and earlier times of tracer application, while increasing 

the temporal resolution of measurement (in particular diurnal and nocturnal patterns); to constrain 

more accurate global nitrogen budgets.  
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Chapter 5: Partitioning the sources of N2O combining naturally 

abundant isotopes and 15N tracer 

In this final research chapter, the 15N Gas flux method is combined with naturally abundant isotopes 

within the N2O molecule to precisely partition the different sources of nitrous oxide; finalizing the 

complete characterization of denitrification. The use of naturally abundant isotopes for N2O source 

partitioning is at the cutting edge of technology and is currently undergoing dynamic development. 

Rather than comparing the two methods (which has been done few times in the past), we decided 

to combine the information provided by both techniques to constrain as accurately as possible the 

different sources of N2O. For this laboratory study, we used the arable field plot from Chapter 4, 

which we expected to be dominated by bacteria rather than fungi. The results of this chapter were 

in accordance with this hypothesis. 

This chapter is written as a short communication and will be submitted for publication in the Rapid 

Communications in Mass Spectrometry Journal.  

Under the supervision of Sami Ullah and Fotis Sgouridis, Gianni Micucci formulated the research 

questions, designed the experimental layout, ran the experiments, analysed the data and wrote the 

manuscript. Fotis Sgouridis was responsible for the gas analyses of the 15N tracer experiment. The 

samples under natural abundance were shipped to Germany and analysed by Caroline Buchen-

Tschiskale and Reinhard Well. As a leading world expert on naturally abundant 15N isotopes, 

Dominika Lewicka-Szczebak helped with the calculations although the new model was developed 

by Gianni Micucci. All the cited co-authors reviewed and corrected the manuscript. 
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5.1) Abstract 

The analysis of naturally abundant isotopes in biogenic N2O molecules can give precious information 

such as the nature of their precursor. However, many uncertainties exist and further validations are 

needed to confirm this method as a reliable tracer of biogeochemical cycles. In this study, we aimed 

to determine the full composition of N2O sources from an agricultural soil by combining naturally 

abundant isotopes and the use of a 15N tracer (15N Gas Flux method). To that aim, we conducted 

parallel laboratory incubations in which we enhanced the conditions of denitrification through 

increase of the gravimetric moisture content (>70 %) and amendment of nitrate; where this nitrate 

was either unlabelled or labelled with 15N atoms. A new linear system combined with Monte Carlo 

simulation enabled us to determine the following partition: bacterial denitrification (88.0%), fungal 

denitrification (8.9%), nitrification (1.5%) and nitrifier denitrification (1.6%). If confirmed by further 

research, this new approach could constitute a routine test for complete N2O source partitioning.  

5.2) Introduction 

The asymmetry of the N2O molecule enables us to identify Nα, the nitrogen atom directly adjacent 

to the O atom; and Nβ, the peripheral nitrogen atom of the molecule (Toyoda & Yoshida, 1999). The 

presence of naturally abundant (NA) isotopes for these three atoms can help to partition the sources 

of soil-emitted N2O. Apart from 14N14N16O, the three most abundant isotopocules (molecules with 

the same atomic identity but which differ in their isotopic composition or intramolecular position of 

isotopes) are 14N14N18O, 14N15N16O and 15N14N16O. We can define their relative abundances as (Yu et 

al., 2020): 

𝛿𝑋 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
   [64] 
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Where R is the ratio of the studied isotopocule (e.g. 14N15N16O in the case X = Nα) to the most 

abundant one (14N14N16O). The standard ratios are defined by the international scale, with air N2 for 

15N/14N and the Vienna Standard Mean Ocean Water (VSMOW) for 18O/16O. We can also define: 

𝛿𝑁𝑏𝑢𝑙𝑘 =
𝛿𝑁𝛼+𝛿𝑁𝛽

2
 [65] 

𝛿𝑁𝑆𝑃 =  𝛿𝑁𝛼 − 𝛿𝑁𝛽 [66] 

Where “bulk” refers to the average of the two most abundant 15N isotopocules and “SP” to the site 

preference (Toyoda et al., 2005). The site preference is a parameter of intramolecular distribution 

of the 15N atoms which remains constant over the course of reactions and does not depend on the 

isotopic composition of the substrates (Ostrom et al., 2007). The δ18O value is also a powerful tool 

since the different soil N2O sources present a relatively narrow range of δ18O signatures compared 

to δ15Nbulk (Ibraim et al., 2019). Furthermore, only the determination of the δ18O of soil water is 

needed to interpret δ18O values, compared to all source substrates for δ15Nbulk (Lewicka-Szczebak et 

al., 2020). If we consider heterotrophic nitrification, abiotic N2O formation and ammonia-oxidizing 

archaea contributions as negligible, four processes are left (Zou et al., 2014): bacterial denitrification 

(bD), fungi denitrification (fD), nitrification (Ni) and nitrifier denitrification (nD). Each of these four 

processes emits N2O with specific ranges of δ15NSP and δ18O signatures available in the literature 

(Table 22). 
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𝛿𝑟 − 𝛿0 ≈ 𝜀𝑟𝑒𝑑  × ln (𝑟𝑁2𝑂) [67] 

Where δ0 (‰) is the isotopic signature (either δ15Nbulk, δ15NSP or δ18O) of the produced N2O before 

reduction, δr (‰) the isotopic signature of the residual unreduced N2O, εred (‰) the net reduction 

isotopic effect and rN2O the microscopic product ratio, which in case of the RM scenario is defined 

as: 

𝑟𝑁2𝑂 =
[𝑁2𝑂]𝑏𝐷

[𝑁2𝑂]𝑏𝐷+[𝑁2]𝑏𝐷
 [68] 

A direct method for the quantification of denitrification products is the 15N Gas Flux method (15NGF), 

which consists of applying a 15NO3
- tracer to an incubated soil and measuring the abundance of 15N 

atoms in both denitrified N2 and N2O molecules (Micucci et al., 2023). It enables to quantify the 

source partitioning coefficient (SPC) and the macroscopic product ratio (PR) defined as: 

𝑆𝑃𝐶 =
(𝑁2𝑂)𝑏𝐷+(𝑁2𝑂)𝑓𝐷

(𝑁2𝑂)𝑒𝑚𝑖𝑡𝑡𝑒𝑑
= 𝑓𝑏𝐷 + 𝑓𝑓𝐷 [69] 

𝑃𝑅 =
(𝑁2𝑂)𝑏𝐷+(𝑁2𝑂)𝑓𝐷

(𝑁2𝑂)𝑏𝐷+(𝑁2𝑂)𝑓𝐷+(𝑁2)𝑏𝐷
        [70] 

  

Although more disruptive than the study of isotopocules, the 15NGF is generally considered more 

reliable to quantify denitrification (Stevens et al., 1997).  

By combining the 15NGF and the isotopocule approach, we get the following system (S): 

(

 
 

𝑓𝑏𝐷[𝛿
18𝑂𝑏𝐷 + 𝜀𝑂 × ln(𝑟𝑁2𝑂)] 𝑓𝑓𝐷 × 𝛿

18𝑂𝑓𝐷 𝑓𝑁𝑖 × 𝛿
18𝑂𝑁𝑖 𝑓𝑛𝐷 × 𝛿

18𝑂𝑛𝐷 𝛿18𝑂𝑠𝑎𝑚𝑝𝑙𝑒

𝑓𝑏𝑑[𝛿
15𝑁𝑆𝑃𝑏𝐷 + 𝜀𝑁𝑆𝑃 × ln(𝑟𝑁2𝑂)] 𝑓𝑓𝐷 × 𝛿

15𝑁𝑆𝑃𝑓𝐷 𝑓𝑁𝑖 × 𝛿
15𝑁𝑆𝑃𝑁𝑖 𝑓𝑛𝐷 × 𝛿

15𝑁𝑆𝑃𝑛𝐷 𝛿15𝑁𝑆𝑃𝑠𝑎𝑚𝑝𝑙𝑒
𝑓𝑏𝑑 𝑓𝑓𝐷 0 0 𝑆𝑃𝐶

𝑓𝑏𝑑 𝑓𝑓𝐷 𝑓𝑁𝑖 𝑓𝑛𝐷 1 )
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All gas samples were analysed for N2O concentration using an Agilent 7890A Gas Chromatograph 

(GC). In the case of the 15NGF experiment, isotopic ratios of N2 and N2O were acquired using a 

continuous flow Isotope Ratio Mass Spectrometer (IRMS, Elementar Isoprime PrecisION; Elementar 

Analysensysteme GmbH, Hanau, Germany). The full procedure of these two analyses is described in 

Chapter 3. For the 15NGF, denitrified N2O and N2 emissions were calculated using the equations of 

Mulvaney & Boast (1986) and Spott et al. (2006) respectively (see Micucci et al., 2023 and Chapter 

3). The NA isotopic signatures of N2O were obtained using IRMS (Delta V, Thermo Fisher Scientific, 

Bremen, Germany) as in Lewicka-Szczebak et al., 2017. This enabled the measurement of the N2O 

isotopic signatures (δ15Nbulk, δ15NSP and δ18O). The signatures of the emitted N2O were extracted 

from the background using a mixing model as: 

𝛿𝑋𝑒𝑚𝑖𝑡𝑡𝑒𝑑 =
[𝑁2𝑂]𝑚𝑖𝑥𝛿𝑋𝑚𝑖𝑥−[𝑁2𝑂]𝑎𝑖𝑟𝛿𝑋𝑎𝑖𝑟

[𝑁2𝑂]𝑒𝑚𝑖𝑡𝑡𝑒𝑑
   [71] 

Where [N2O] is the N2O concentration (ppm). The δXair were determined as the average of 

measurements at times 0 (prior to incubation). The δ18ON2O values were corrected by subtracting 

the δ18O value of soil water. Since no measurement of δ18OH2O was made, we used local precipitation 

isotopic values from a nearby monitoring station (Wallingford, UK) for the month of sampling 

(δ18OH2O = - 4.66 ‰; IAEA/WMO, 2023). The 2022 mean annual δ18OH2O values at this station was (-

5.62 ± 2.57 SD) ‰.  
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flooded soil (see Micucci et al., 2023 for model and hypothesis explanations). When calculated with 

the N2 data, the ap values were also in close agreement thanks to a high denitrification activity.  

In conclusion, the presented parallel experiments showed very high consistency and their 

combination enabled the precise determination of all N2O sources. To our knowledge, this approach 

has not been attempted in the past. The present experimental conditions strongly favoured 

denitrification and resulted in a high resolution. The low success rate of the Monte Carlo simulation 

(~1.5%) can be attributed to the numerous parameters and their associated uncertainty range. It 

could also indicate a non-negligible contribution of the sources we ignored (heterotrophic 

nitrification, abiotic N2O formation and ammonia-oxidizing archaea). Our calculated N2O source 

partition was nonetheless within the expected range with a domination of bacterial denitrification 

and shows that our approach was a good approximation. Such protocol could potentially enable to 

discriminate bacterial and fungi contributions to denitrification routinely. Further work will be 

needed to assess to true potential of this approach. 
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Chapter 6: Conclusions and future outlook 
 

In the present work, we successfully developed a new methodology for the measurement of in situ 

denitrification and characterized this soil process in conventional and regenerative agriculture. The 

defined research questions in Chapter 1.6 were: 

- How much can we increase the limit of detection of the 15N Gas Flux method by combining 

it with an artificial atmosphere?  

- Is the denitrification process stimulated by the addition of a 15N-NO3 tracer? And by the 

addition of large quantities of nitrogen fertilizer?  

- How much fertilizer is lost to the environment via denitrification after application? 

- How do leys compare to conventional agriculture in terms of denitrification during and 

outside of the cultivation period? Is there a significant difference between unfertilized and 

fertilized ley? 

- Is denitrification constant over time or does it follow temporal patterns?  

- How much global warming potential can be saved with regenerative agriculture? 

- Can we combine the 15N Gas Flux method and naturally abundant isotopes to completely 

partition the sources of N2O?   

 

We also hypothesized that denitrification would be a less efficient sink for nitrous oxide emissions 

(higher product ratio) in conventional agriculture than in regenerative agriculture and that the 

application of fertilizer would result in large quantities of nitrogen lost via denitrification. 

Furthermore, we hypothesized that denitrification would exhibit large temporal variations that have 
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not been properly characterized so far due to the technical difficulties involved. Finally, we 

hypothesized that denitrified N2O emissions in conventional agriculture would be dominated by 

bacteria rather than fungi. 

The results of the present study enables us to answer these questions and verify these hypotheses 

as follows: 

How much can we increase the limit of detection of the 15N Gas Flux method by combining it with 

an artificial atmosphere? 

We have shown through simulation that the N2 background reduction affects the sensitivity of the 

15N Gas Flux method in a non-linear way (Figure 14). In particular, we demonstrated the existence 

of a 10% N2 threshold below which the sensitivity increases exponentially. For instance, an 

atmospheric N2 background of 1% results in 80 times greater sensitivity. Although recent studies 

managed to work at these low levels under field conditions and reported an 80-fold increase in 

sensitivity, our approach using plastic liners for the incubation of small soil cores resulted in an 8-

fold greater sensitivity. However, where the former method only enabled one incubation at a time, 

we were able to simultaneously incubate 24 soil cores (originating from 3 different fields), resulting 

in a much higher spatial resolution. Given the large spatial variability of denitrification, this can be 

considered a more effective method to constrain this process. Furthermore, over 208 field 

measurements, we had a 90% success rate in N2 flux detection. Nonetheless, the magnitude of flux 

derived from the liner approach could not be used directly to quantify global denitrification budgets. 

Rather, this method enables the quantification of independent metrics that can be applied to 

chamber fluxes.  
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Is the denitrification process stimulated by the addition of a 15N-NO3 tracer? And by the addition 

of large quantities of nitrogen fertilizer? 

Our method relied on a higher rate of 15N tracer application to achieve the highest possible 

sensitivity, targeting a 50% 15N enrichment of the soil nitrate pool. This increase could potentially 

stimulate denitrification and result in the measurement of artefacts. Although we did observe a 

significant increase in the denitrification product ratio under laboratory conditions; the 208 

measurements of the one-year field campaign did not show a significant correlation between tracer 

application and product ratio. On the other hand, the application of fertilizer in the arable control 

resulted in the highest observed denitrification product ratio (32%). Similarly, the N2O losses in this 

field were correlated with nitrate levels. Therefore, we can assume that very high amendments of 

nitrate stimulate the denitrification product ratio (and thus the nitrous oxide sink efficiency); but as 

shown in Chapter 3.3.3, the levels of tracer applied with our method do not really compare with 

fertilizer amendment. If excluding the fertilization periods, the amounts of tracer applied would 

generally be the equivalent of 1 to 2 kgN ha-1, and are much smaller than the lowest application of 

fertilizer in the arable control (~50kgN ha-1).  

 

How much fertilizer is lost to the environment via denitrification after application? 

We reported in this study that, from the 200 kgN ha-1 of applied fertilizer, 15 kgN ha-1 were lost via 

denitrification (8%) in the arable control. Around 9% of this denitrification loss (1.34 kgN ha-1) 

occurred via N2O rather than N2.  
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How do leys compare to conventional agriculture in terms of denitrification during and outside of 

the cultivation period? Is there a significant difference between unfertilized and fertilized ley? 

Annually, 22 kgN ha-1 were lost in the arable field via denitrification, compared to 2.6 kgN ha-1 in the 

unfertilized ley. While this confirms our original hypothesis that denitrification losses would be high 

under amendment of fertilizer and result in large N2O emissions, the difference in nitrous oxide sink 

efficiency is a bit more difficult to assess. While the mean annual product ratio of the arable control 

is higher than that of the herbal ley, confirming our hypothesis that conventional agriculture is a less 

efficient sink of nitrous oxide, the difference between the two land uses was not really significant 

(5.81 for the ley and 7.05 for the arable). However, the fertilization period was associated with high 

monthly mean product ratios (up to 32%). If during the month of May 2022 the nitrous oxide sink 

efficiency of denitrification was as high as the annual levels, 0.3 kg-N2O ha-1 or the equivalent of 130 

kg of eqCO2 ha-1 would have been saved (around 7% of the annual budget). A better temporal 

resolution during this period would probably reveal that this number is underestimated. Outside of 

the growing season (thus mostly in winter) denitrification activity was similar and low for the two 

land uses, although the magnitude of flux in the arable was still double that of the herbal ley. 

Although we could not derive an annual budget for the fertilized grass/clover ley (due to the lack of 

chamber measurements there), the in situ dynamics of denitrification showed that this field was 

probably a large emitter of nitrogen. Characterized by the highest product ratio of all studied land 

uses (14.5% compared to 6-7%) this field was actually the least efficient sink for nitrous oxide. 

Although the magnitude of N2O was probably lower than in the arable (due to inferior fertilization 

rates), it was surely higher than in the herbal ley. 
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Is denitrification constant over time or does it follow temporal patterns?  

As we hypothesized, large variations were observed in the magnitudes of emissions, but most 

importantly in the source partitioning coefficients and product ratios. Our data indicated a Gaussian 

evolution of the source partitioning coefficient from March to September and a similar but smaller 

evolution around October. This is to our knowledge, the first time that this very specific pattern is 

reported and it indicates a predominance of denitrification in the N2O emissions during summer; 

although the magnitude of total N2O emissions is rather low during these times. This magnitude is 

however a bit higher around October which contributes to a peak of nitrous oxide emission during 

the second growing season. This peak is not observed in the herbal ley and is probably due to land 

use (winter wheat crop, but no fertilizer). We demonstrated that the product ratio was influenced 

by fertilizer application and therefore, the temporal patterns of this ratio need to be determined 

through the unfertilized ley. It started at very low levels in March (~3%) and increased until June 

where it reached its maximum (~13%) before continuously decreasing and reaching its lowest levels 

in early February (~0.3%). These variations might explain why our mean annual product ratio is 

smaller than values reported in global meta-analyses (~6% compared to 12%). These temporal 

patterns are rarely accounted for and are a missing piece of the denitrification puzzle. 

 

How much global warming potential can be saved with regenerative agriculture? 

In 2022, we estimated that an unfertilized ley could save around 2 tonnes of equivalent CO2 per 

hectare compared to a field under conventional agricultural practices. However, the emissions of 

N2O in 2023 followed a completely different pattern and were very low, despite fertilizer 
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application. This is most likely explained by the low levels of nitrate monitored during that period, 

which probably made denitrification a better sink for nitrous oxide emissions in addition to reducing 

the magnitude of flux. It is at this point unclear why fertilizer application did not result in a build-up 

of nitrate levels, as it did in 2023. It might result from higher fertilizer efficiency or nitrogen plant 

uptake, or this fertilizer could have been lost in different ways (ammonia volatilization, leaching or 

surface runoff). This calls for further scientific investigation and shows that better fertilization 

strategies can be found. 

Can we combine the 15N Gas Flux method and naturally abundant isotopes to completely partition 

the sources of N2O?   

We successfully constrained the contributions of bacteria and fungi to denitrified N2O emissions by 

combining the 15N Gas Flux method and naturally abundant isotopes. Although this method does 

not encompass all the soil microbial and abiotic processes and is still undermined by uncertainties, 

it confirmed our hypothesis that N2O denitrification activity in the studied arable field was 

dominated by bacteria (90%) rather than fungi (10%). This could constitute a routine test for 

evaluating the contributions of these two microbial populations to denitrified N2O emissions. 
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Outlook:  

The search for the ideal technique of denitrification measurement continues. While our reported 

method is a suitable candidate, it also has several limitations, such as potential stimulation effect 

and non-representative fluxes. To better characterize denitrification, we recommend enhancing our 

current method by applying the tracer at the time of core sampling and by using longer liners. The 

former will allow the tracer to diffuse within the soil matrix and avoid the measurement of artefacts. 

The latter will enable incubation of longer cores, which will be more representative of the 

denitrification dynamics (mostly occurring within the soil A horizon) and leave a bigger headspace 

where gas sampling would be less disruptive. Furthermore, we believe that diurnal and nocturnal 

patterns of denitrification need to be further constrained as there is currently a knowledge gap. 

Combining the liner approach with automated chambers will also increase the accuracy of the N 

budgets. Indeed, our low resolution (especially during the fertilization and second growing periods) 

resulted in uncertainties in our global estimations. 

Finally, the application of fertilizer in conventional and regenerative agriculture needs careful 

consideration and further characterization. Its use is intrinsically linked to the efficiency of 

denitrification as a sink of nitrous oxide and to the magnitude of N2O emissions. While it was 

responsible for ca. 2 tonnes of equivalent CO2 per hectare in 2022, this pattern was not found in 

2023, where emissions during the growing season were 22 times lower than in 2022. This was 

directly correlated to the soil nitrate levels, which were surprisingly low after fertilizer application. 

It remains unclear whether this resulted from higher nitrogen plant uptake, fertilizer type or loss of 

nitrogen via ammonia emissions or leaching. It proves however that better fertilization 

management strategies can be implemented for greenhouse gas emission reduction. Furthermore, 
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denitrification was shown to be the least efficient as a sink of nitrous oxide in the fertilized 

grass/clover ley. Unfortunately, no budget could be derived in this field due to the lack of chamber 

measurements. A better characterization of the global nitrogen cycle in conventional and 

regenerative agriculture is needed, which will only be complete with the quantification of 

denitrification.  

 

 

 

 




