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Abstract 

Nitrous oxide (N2O), a major greenhouse gas and long-lived trace gas has been increasing 

in concentration in the atmosphere since the 1900s. Natural sources including soils 

account for approximately 62% of the total N2O emitted annually into the atmosphere. 

Biological processes lead to the production and consumption of nitrous gases in soils. 

Denitrification, the anaerobic reduction of nitrate to dinitrogen (N2), produces N2O as one 

of the intermediate volatiles. This process is driven by soil environmental factors such as 

temperature, moisture and nutrient availability as well as various underlying factors. 

Anthropogenic activities greatly affect these processes. Boreal peat soils are an important 

source of nitrous gases due to high content of soil nutrients (carbon and nitrogen) and 

drained peat soils can become potential ‘hotspots’ for N2O emissions. The environmental 

factors regulating the emissions are complex and remain unclear. 

The aim of this study is to investigate the importance of these factors on the emissions of 

N2O and N2, from drained peatland soil under changing temperature and moisture using 

measured data and process modelling. Soil samples from drained peatland sites in 

Southern Finland were collected, the N2 and N2O direct fluxes were measured using the 

helium-gas-flow soil-core method. To further examine the importance of different factors 

on the nitrous gas emissions in drained organic soil, a dynamic process-based model, 

CoupModel was used to simulate similar conditions as those in the laboratory experiment 

setup for measurement of the fluxes. The model includes a number of parameters which 

aim to quantify the detailed nitrification-denitrification process. A simple 

parameterization method was used to define parameter values and estimate the 

emissions based on the experimental conditions and known soil properties. Parameters 

were carefully selected and tested for their impact on the N-emissions. Key parameters 

and factors determining the soil N2O and N2 emissions were thus identified. 

The results show that nutrient-rich Lettosuo peat produced relatively high N2O (6 x 10-4 

g N m-2 day-1) and N2 emission (2.6 x 10-3 g N m-2 day-1) on average as compared to nutrient 

poor Kalevansuo peat, which showed uptake of N2O (-1.5 x 10-5 g N m-2 day-1) and low N2 

emission (0.7 x 10-3 g N m-2 day-1) on average. A significant response to changes in soil 

environmental conditions, temperature and moisture, was observed in both sites. The 

model output was consistent with the measurements of abiotic (soil temperature and soil 

moisture) and biotic responses (soil respiration). The model explained 53% of the 

variability in measured N2O emissions of the nutrient-rich soil. The dynamics of N2O and 

N2 emissions were simulated successfully by the model but included overestimation (up 

to 88%) in the case of N2O. The optimum soil water content for N2O production was 

between 80-85% vol. Most of the N2O and N2 emissions occurred under anaerobic 

conditions and hence originated from denitrification.  

In conclusion, denitrification is the main source of N2O in drained peat soils and soil 

temperature and water content regulating soil oxygen along with nutrient availability are 

the major factors influencing this process. Management practices as well as climate 

change can potentially influence these factors thus leading to changes in the greenhouse 

gas emissions origination from soils. 
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List of abbreviations  
 

Abbreviation  Explanation 

BD   Soil bulk density 

C   Carbon 

CFCs  Chlorofluorocarbons 

DNDC   DeNitrification-DeComposition model 

DNRA   Dissimilatory nitrate reduction to ammonium  

EC   Eddy covariance 

FMI   Finnish Meteorological Institute 

GHG  Greenhouse gas 

GWP   Global Warming Potential 

He  Helium 

IPCC            Intergovernmental Panel on Climate Change  

MBC  Microbial biomass carbon 

MBN Microbial biomass nitrogen 

N   Nitrogen or Nitrous- (as in N-emissions) 

N2  Dinitrogen 

Nr  Reactive nitrogen species  

N2O  Nitrous oxide 

NOx   Nitrogen oxides 

O3  Ozone 

O     Oxygen atom 

ppb   Parts per billion 

ppm   Parts per million 

SDW  Soil dry weight  

TNb  Total chemically bound nitrogen  

TOC   Total organic carbon 

WFPS   Water filled pore space   
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1. Introduction 
 

The concentration of nitrous oxide (N2O) in the atmosphere seldom exceeded 280 ppb 

(parts per billion) over the past 800,000 years of Earth’s history, as recorded in ice cores 

(Ciais et al. 2013). Atmospheric N2O has been increasing since the 1900s and reached a 

record high of 329.9 ppb global annual average in 2017 (WMO, 2018). Emission of N2O, a 

major greenhouse gas (GHG), is the result of anthropogenic activities such as burning of 

fossil fuels but it also occurs naturally from soils. The processes that result in soil 

emissions are also greatly influenced by anthropogenic practices such as land 

management that alter the carbon (C) and nitrogen (N) nutrient cycles at local 

environment scale (Vitousek et al. 1997, Galloway et al. 2004). The global budgets of GHG 

emissions originating from soils need to be quantified better, since, according to the IPCC 

2007 report, 35% of CO2 and 53% of N2O total annual emissions originate through soil 

degassing. This calls for a detailed understanding of the nitrogen cycle in soil and the 

controls on its dynamics.   

The nitrogen cycle is one of the most complex biogeochemical cycles in earth’s ecosystems. 

It involves diverse transformations carried out by specialized microorganisms and 

discoveries of new types of organisms and pathways of biological transformations have 

improved our understanding of N-cycling (Thamdrup 2012). Biological microbial 

transformations contribute significantly to the cycling of N compared to other processes 

such as chemodenitrification or N-fixation by lightning (e.g. van Cleemput 1998, Gruber 

and Galloway 2008). This study helps give some insight on cycling of N and production of 

dinitrogen (N2) and N2O in terrestrial forest ecosystems. More specifically, in boreal 

peatland forest ecosystems. The nutrient-rich peat soils are considered to be an important 

source of carbon dioxide (CO2) and N2O when used for agriculture or forestry (e.g. 

Martikainen et al. 1993, Nykänen et al. 1995). 

It is not widely known that, primarily due to soil microorganism activity, soils are among 

the largest sources of N-emissions to the atmosphere (Bouwman 1990). Forest ecosystems 

represent a significant source of N2O - up to 20% of the natural sources (e.g. Schmidt et 

al., 1988; Skiba et al., 1994) and drained organic forest soils in temperate and boreal 

regions are found to emit considerable amounts of N2O (Maljanen et al. 2003). The 

underlying microbial production and consumption processes in soil and their links to 

biotic and abiotic factors are complex. Broadly, the two classical microbial processes of 

nitrification and denitrification are behind the cycling of N in ecosystems and they are 



 

6 
 

also the dominant processes controlling the production of N2O and N2 in soils (e.g. 

Firestone and Davidson, 1989, Kroeze et al., 1999). 

Drainage of peatlands for forestry or agriculture, for example, induces lowering of the 

water table, facilitating the release of N2O and CO2 and the emissions continue to occur 

even 20–30 years after the management activities have ceased (e.g. Oertel et al. 2016, 

Maljanen et al. 2007). In addition to this, changes in climate can alter the N2O fluxes from 

boreal peatlands by affecting the major controlling factors of the microbial processes: 

temperature and water table level (e.g. Regina et al 1999, Manabe and Wetherald 1986).  

Soil temperature and moisture, constituting the main drivers of denitrification, are 

discussed in detail in this study. They are used as controlling factors to study the change 

in N2 and N2O emissions from peat soil in a laboratory incubation experiment. Changes 

in the soil moisture and temperature together can explain up to 86% of the temporal 

variations in soil N2O emissions (Schindlbacher et al., 2004). An increase in soil 

temperature, for example, leads to higher emissions and soil respiration as a positive 

feedback response of increased microbial metabolism (Oertel et al. 2016).  Understanding 

the dynamics of N2O emission and thus denitrification rates from forest soils is important 

due to the relevance of N2O as a greenhouse gas.   
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2. Background 
 

2.1 Nitrous oxide and dinitrogen  

 

Nitrous oxide (N2O) is a strong greenhouse gas. It has an atmospheric lifetime of 114-121 

years (Forster et al. 2007), which makes it a long-lived trace gas. The current estimate of 

the atmospheric concentration of N2O is approximately 331 ppb (0.331 ppm) (NOAA/ 

ESRL 2018), which is approximately a 20% increase since the pre-industrial times (Ciais 

et al., 2013). The atmospheric N2O level has continued to increase linearly, at an annual 

rate of 0.78 ppb on average in the recent decade (Artuso et al., 2010). The concentration 

of N2O in the atmosphere is much lower than carbon dioxide (CO2), which is currently 

over 400 ppm. However, the contribution of N2O to the greenhouse effect is greater since 

it is a stronger greenhouse gas in terms of the global warming potential (GWP) integrated 

over a 100-year period. The GWP of N2O is 265 times that of CO2 and approximately 9 

times that of methane (CH4) (Myhre et al., 2013), another major greenhouse gas. 

Therefore, any changes in N2O sources or sinks can have dramatic impacts on the global 

greenhouse effect. The average annual N2O fluxes and their sources and sinks are given 

in Table 1. 

 

Table 1. N2O sources and sinks (units Tg N2O-N yr-1), from Fowler et al. 2009. 

 

 

 

 

 

 

 

 

Natural sources accounted for an estimated 65% of the total emissions and anthropogenic 

sources 35% of the total emissions of N2O to the atmosphere in 2010 (EPA 2010). Soils act 

as sources or sinks for several important atmospheric gases and soils under natural 

vegetation are among the main natural sources of N2O. Approximately 60% of annual 

global N2O emissions are known to originate from soils, either naturally or as a result of 

anthropogenic practices (Houghton et al. 2001). The contribution of soils could be up to 

70% of the natural N2O emissions and approximately 20% of this N2O emitted annually 

Natural sources 

Oceans                     3.8 

Atmosphere             0.6 

Soils                         6.6 

Anthropogenic sources 

Agriculture              2.8 

Biomass burning     0.7 

Energy & industry  0.7 

Others                      2.5 

Total                       17.7 

Sinks 

Stratosphere   12.5 

Soils                 1.5 - 3 

Total               14 
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into the atmosphere originates from forest soils (e.g. Conrad 1996, Syakila and Kroeze 

2011). Other natural sources of N2O include oceans and atmospheric chemical reactions.  

Microbiological processes in soils that are part of natural biogeochemical cycles represent 

the largest natural source. N2O is produced in soils under oxygen-limited conditions as a 

by-product of nitrification and denitrification (Ussiri and Lal 2012). Certain soils, as in 

wetlands, can also act as a small sink of N2O. However, this is observed mainly in N-

limited and high moisture environments such as pristine boreal peatlands (Chapuis-

Lardy et al., 2007). Quantification of N2O emissions in terrestrial systems is not an easy 

task due to the high spatial and temporal variability of N2O fluxes (Matson et al. 1989, 

Groffman et al. 2006). 

The atmospheric chemistry of N2O mainly relates to its photo dissociation and subsequent 

reactions with oxygen atoms (O) in the stratosphere to form nitrogen oxides (NOx). The 

stratosphere functions as the main sink of N2O, where the gas is consumed by processes 

of photo-dissociation or photo-oxidation. It is removed from the atmosphere at a slower 

rate than CH4. N2O, like chlorofluorocarbons (CFCs), is stable in the troposphere. In the 

stratosphere, N2O is the principal source of reactive NOx, such as nitrogen dioxide (NO2) 

and nitric oxide (NO) which participate in ozone (O3) destruction cycles. The N2O 

originating from both anthropogenic and natural sources is transported through the 

troposphere to the stratosphere by diffusion. Chlorine- or nitrogen oxide–catalyzed 

processes take place in the stratosphere, which ultimately destroys the stratospheric O3. 

(Ravishankara et al. 2009).  N2O breaks down in the stratosphere by photolysis according 

to the reactions 2.1 - 2.2. Catalytic destruction of O3 then occurs according to the reactions 

2.3 – 2.5. (Crutzen 1970) 

N2O + hʋ → N2 + O     (2.1) 

   N2O + O (1D) → 2NO    (2.2) 

NO + O3 → NO2 + O2    (2.3) 

O + NO2 → NO + O2     (2.4) 

net: O + O3 → 2O2    (2.5) 

 

Dinitrogen (N2) constitutes 78.09 % of the atmosphere by volume, which is the largest 

reservoir of N and other reservoirs are mainly the oceans, biota, soils, and sediments. The 

relative size of nitrogen reservoirs is shown in Figure 1. Atmospheric N2 is inert and 

unreactive, and thus unavailable to most organisms. It needs to be converted to some 

usable form through a process of N-fixation, which incorporates it into biomass. All 

eukaryotes, as well as some prokaryotes, require N in forms such as nitrate, ammonium, 
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or organic N for assimilation. Only a few species of bacteria and archaea are known to 

have had the ability to ‘fix’ or reduce N2 to reactive nitrogen (Nr) (Galloway et al. 2004). 

Nr here refers to all reactive nitrogen compounds in the atmosphere and biosphere, 

inorganic reduced forms (e.g., NH3, NH4+), inorganic oxidized forms (NOx, HNO3, N2O, 

NO3-), and organic compounds (e.g., urea, amines, proteins, nucleic acids). This Nr is 

transformed into amino acids and oxidized compounds by microorganisms in terrestrial 

and marine ecosystems and eventually returned to the atmosphere as molecular nitrogen 

(N2).  

Anthropogenic activities have greatly increased Nr availability through agricultural 

practices such as fertilization of soils, and fossil fuel combustion for energy production 

(Vitousek et al., 1997, Galloway et al., 2004). In the 20th century itself, anthropogenic 

sources are estimated to be responsible for half of the global N-fixation (e.g. Gruber and 

Galloway 2008, Fowler et al. 2013, Canfield et al. 2010). This has resulted in drastic 

alteration of the nitrogen cycle in the air, water and terrestrial ecosystems at local, 

regional, and global scales. 

 

Figure 1. Size of nitrogen reservoirs on earth. (modified from Canfield et al. 2010).  
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2.2 Nitrogen cycling processes in soils 

 

2.2.1 Nitrification and denitrification 

Nitrification is a process that assimilates N into biomass and is carried out by specialized 

bacteria called nitrifiers. It is the stepwise aerobic oxidation of ammonium (NH4
+) to 

nitrite (NO2
-) and then to nitrate (NO3

-) by the chemoautotrophic nitrifying bacteria. The 

net result of the pathway is oxidation of ammonium to nitrate. This process thus requires 

the availability of molecular oxygen (Ambus et al., 2006). Volatiles NO and N2O may be 

produced as intermediates or byproducts (Parton et al. 1996.). Nitrification yields a higher 

potential for NO production than for N2O production (Fowler et al., 2009). N2O and CH4 

producing bacteria, in contrast, require anaerobic conditions.  

Denitrification is the stepwise anaerobic reduction of NO3
- via NO2

-, NO and N2O to N2, 

coupled to the oxidation of organic matter, hydrogen, or reduced iron or sulphur species. 

Heterotrophic organisms such as various prokaryotes carry out denitrification via a 

respiratory process in anaerobic conditions. These organisms are capable of using NO3- 

and NO2- as alternative electron acceptors in an oxygen-limited environment (Conrad 

2002, Bouwman et al., 2013). The predominant end product of denitrification is N2. N2O 

is produced as one of the intermediate volatiles. These pathways are represented in Figure 

2. 

 
 

Figure 2. Simplified pathway of nitrification and denitrification in soils. Square brackets 

represent intermediates. (modified from Firestone and Davidson, 1989). 

 

Nitrification and denitrification are characterized by different environmental controls and 

have optima under different conditions, but both processes may occur simultaneously in 

the soil (Davidson et al., 2000).  
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2.2.2 Other known N-cycling processes and uncertainties 

In addition to nitrification and denitrification, there are various complex microbial 

metabolic pathways and abiotic processes that contribute to N2O production and 

consumption in soils such as heterotrophic nitrification by fungi (e.g. Butterbach-Bahl et 

al., 2013). Newly discovered pathways and metabolisms include dissimilatory nitrate 

reduction to ammonium (DNRA), which is an alternative reductive pathway to 

denitrification that is employed by specialized groups of microbes. (Thamdrup 2012). 

Anaerobic ammonium oxidation (anammox) is another alternative pathway from Nr to N2 

found among a specific group of bacteria, where NH4
+ oxidation is coupled to nitrite 

reduction, in an exergonic reaction (Strous & Jetten., 2004). This pathway, however, is 

known to take place only in oxygen-depleted waters and deep-sea sediments. Other known 

N-cycling pathways include aerobic denitrification by the heterotrophic nitrifiers, i.e. the 

production of NO3-, which is immediately denitrified in situ by denitrifiers; Coupled 

nitrification-denitrification by distinct microorganisms; chemical decomposition of 

hydroxylamine during autotrophic and heterotrophic nitrification, and so on. A schematic 

of these pathways is shown in Figure 3.  

 

Figure 3. Schematic representation of the nitrogen cycle. Classical processes of assimilation and 

dissimilation in green and gray arrows. Recently discovered metabolisms in coloured arrows. 

Vertical dashed arrows indicate exchange between oxic and anoxic environments (Thamdrup 

2012).  
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There also exist co-denitrification pathways by fungi of organic N compounds; abiotic 

chemodenitrification of soil nitrite and abiotic decomposition of ammonium nitrate in the 

presence of light, humidity and reacting surfaces (van Cleemput 1998).  

N2O and N2 emissions from soils thus originate due to a multitude of processes. Microbial 

metabolic processes contribute to approximately 70% of global N2O emissions. (Syakila A, 

Kroeze C. 2011, Braker and Conrad 2011). Other processes are of bio-physical or chemical 

origin. All these processes are controlled by a variety of factors like oxygen availability 

(aerobic or anaerobic conditions), soil moisture, and temperature. Large variability of N2O 

fluxes is known to occur at different spatial and temporal scales (e.g. McClain et al. 2003, 

Melling et al. 2007). The spatial and temporal variation of N2O emissions is great because 

of complex interplay among the factors previously mentioned (Butterbach-Bahl et al., 

2013). However, individual factors may not be strongly correlated with N2O flux. Thus, 

quantification of terrestrial trace gas fluxes for different ecosystems is a scientific priority. 

It is also important for parameterizing and validating soil- atmosphere biogeochemical 

models. 

The total N loss via nitrifier denitrification and abiotic co-denitrification are uncertain 

(Chapuis-Lardy et al., 2007). N2 cycling in terrestrial ecosystems remains the largest 

uncertainty. There exist many uncertainties in the estimation of emissions of N2O and N2 

from terrestrial ecosystems, which require further understanding of N cycling process to 

quantify N2 and N2O losses (denitrification rates) from boreal drained peat soils. The 

largest uncertainties in our understanding of the N budget at most scales are the rates of 

natural biological N-fixation, the amount of  Nr storage in most environmental reservoirs, 

and the production rates of N2 by denitrification (Galloway et al. 2004). The N2 exchange 

in forests is difficult to quantify due to obvious reasons: field measurements of N2 

emissions originating via denitrification is presently impossible as 78.09% ambient N2 is 

present in the atmosphere (Groffman et al. 2006). Laboratory experiments make this 

somewhat possible (e.g. Wang et al. 2011) and this method is discussed in section 2.5  
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2.2.3 Link between carbon and nitrogen cycles 

The C and N cycles are tightly coupled with each other since the metabolic needs of 

organisms depend on both these elements, changes in the availability of one will influence 

not only biological productivity but also availability and requirements for the other 

(Gruber and Galloway, 2008).  Denitrification, coupled to the oxidation of C in organic 

matter, is an important link between the C and N cycles in addition to limiting N of 

primary production and autotrophic nitrifying bacteria may use electrons from oxidation 

of NH4
+ and NO2

- to reduce CO2 and build biomass (Thamdrup 2012).  

Organic soils with high C availability have been found to be a significant source of N2O 

emissions in boreal regions (Alm et al., 2007). Soil carbon-to-nitrogen (C:N) ratio 

determines the decomposability of soil organic matter which has a critical impact on soil 

N availability and might play a key role in N2O emissions (Klemedtsson et al., 2005). Soil 

residues with lower C:N ratios have been observed to have a higher decomposition rate 

hence providing more dissolved organic carbon (DOC) and therefore increasing N2O 

emissions (Huang et al., 2004). Microbial activity is also known to increase with soil C 

content, implying greater C availability and higher N2O emissions, usually observed at 

lower groundwater level (e.g. Martikainen et al., 1995). Parton et al., 1996, also stated 

that the total denitrification (N2 + N2O fluxes) is a function of soil heterotrophic 

respiration rate. 

Von Arnold et al., 2005, state that nutrient-rich drained forest soils have the potential to 

emit a large amount of N2O due to the rich store of C and N in the organic soil. Another 

study by Maljanen et al. (2010) stated that the C:N ratio in most forested organic sites 

with high N2O emissions was between 15 and 22, in accordance with the results presented 

by Klemedtsson et al. (2005). However, there was a high variation in annual flux rates 

within this range.  
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2.3 Drained peatland forest soils and nitrogen emissions 

 

Peatlands are a subset of wetlands having a minimum peat depth of 30 cm (Joosten and 

Clarke, 2002). Like all organic wetlands, peatlands are characterized by anaerobic 

conditions due to a high water table. Peat soil consists of partially decomposed organic 

matter that has accumulated under water-saturated conditions due to incomplete 

decomposition. They are distinguished from mineral soils by their high C and N density, 

with an organic matter content of over 90% and thicknesses up to several meters (Frolking 

et al., 2001). The soil is generally acidic in nature due to this accumulation of peat and in 

addition, peatlands are large stores of organic N and northern peatlands are characterized 

by wide C:N ratios (Limpens et al., 2006). Peat soils are complex porous media, having 

distinct physical and hydraulic properties. Shrinkage of pore size occurs due to 

dewatering during drainage, and decomposition, for example (Rezanezhad et al., 2016).  

Globally, peatlands cover less than 3% of the total land surface area, predominately 

occurring in boreal and temperate ecosystems (Page et al. 2010), while storing about 26% 

of the global soil organic C (Smith et al., 2004).  The boreal zone is the largest terrestrial 

biome on earth, with boreal forests covering one-third of the global forested area 

(borealforest.org). The relative proportion of land area covered by peat in Europe can be 

seen in Figure 4. Boreal peatlands have low organic matter turnover rates due to low 

temperatures. Peatlands are also a valuable and vulnerable resource representing a 

significant carbon and energy reservoir and playing a major role in hydrological and 

biogeochemical cycles. They provide a range of ecosystem services having rich biodiversity 

and recreational value.  
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Figure 4. Relative proportion (%) of peat cover in European soils. (European Soil Database) 

 

Economical use of peatlands includes forestry and agriculture. Such land use changes of 

natural peatlands greatly alters the GHG balance of the site and results in emission of 

CO2 and N2O (e.g. Martikainen et al. 1993, Kasimir-Klemedtsson et al. 1997). Other than 

disturbing natural conditions and balance of nutrient cycling, drainage leads to the high 

amounts of organic material to be exposed to the air. This initiates aerobic decomposition 

of organic material in the top peat layers to form and emit CO2 into the atmosphere 

(Maljanen et al. 2007). Since the conditions change from almost anoxic to oxic, this also 

affects microbial processes. Nitrification takes place in oxic conditions while 

denitrification dominates under anoxic or anaerobic conditions. A schematic of the effect 

of drainage for forestry on peatlands is shown in Figure 5. 

 
Figure 5. Schematic figure of the effects drainage on peatlands. 
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A combination of high soil C and N, fluctuating water-table and high decomposition 

activity of the peat makes boreal peatland soils potentially large emitters of N gases via 

microbial denitrification (Martikainen et al 1993, Maljanen et al. 2003). Finland, a 

northern country in the boreal zone, is dominated by peatlands. According to the national 

forest inventories, almost one-third of the land area in Finland is classified as peatland 

based on vegetation. In Finland, a large proportion of natural peatland area, approx. 55%, 

has been drained and classified as drained peatland forest (Paavilainen and Päivänen, 

1995). Over 90% of the peatlands in southern Finland have been drained starting in the 

1950s. According to the recent National Forest Inventory (NFI 11), there are 4.7 million 

hectares of peatlands drained for forestry, as compared to the 4.1 million hectares of 

forestry land that remain undrained (Finnish Forest Research Institute, 2011). 

The prevailing biogeochemical conditions markedly differ from those in virgin undrained 

peatlands. Studies have found that degraded wetlands are sources of N2O, in addition to 

CO2, as the measured gas fluxes were higher than those in other terrestrial ecosystems. 

(e.g. Augustin et al. 1998, Kasimir-Klemedtsson 1997). The increased availability of 

oxygen and mineral nitrogen favours N2O production (e.g. Martikainen et al., 1993). 

Emissions of N2O may increase significantly following drainage, especially in 

minerotrophic (nutrient rich) peatlands as compared to ombrotrophic (nutrient poor) 

peatlands (e.g Regina et al. 1996, Martikainen et al. 1993). The study by Regina et al. 

1996, showed statistically significant differences in the N2O fluxes between the virgin and 

drained sites in eastern and central Finland. Drained peat soils generally have low pH 

(Maljanen et al. 2003, Klemedtsson et al. 2005) suggesting that N2 formation is low. 

It is overlooked that natural and managed soils, especially nutrient-rich peatland soils, 

could be an important source for atmospheric N2O. Reports on the pathways of N2O 

emission from peatlands to the atmosphere are few. The annual N2O released from soils 

to the atmosphere contribute almost double the annual N2O originating from fossil fuel 

emissions (Syakila and Kroeze, 2011). Therefore, small changes in the soil nitrogen cycle 

could have large impacts on atmospheric concentrations of nitrous gases.  
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2.4 Factors affecting the N2 and N2O emissions 

 

The main processes involved in the formation of nitrous gases in ecosystems are the 

microbial processes of nitrification and denitrification. Overall, the processes are complex 

and depend on the interplay between several biogeochemical, spatially and temporally 

variating factors and ecological drivers. The factors governing nitrification and 

denitrification rates in soils are the mineral N (NO3-, NO2-, NH4+) availability and organic 

matter content, soil moisture and O2 availability, temperature and soil acidity (pH) (Smith 

et al., 2003, Conrad 1996). NH4
+ and NO3

− availability are the key regulators of N2O 

production, since they are the precursors for nitrification and denitrification respectively 

(Pihlatie et al., 2007). Physical properties of the soil such as texture, porosity and soil 

water-filled pore space (WFPS) are important factors controlling the availability of 

moisture, oxygen and the diffusion of gases through the soil (e.g Weier et al., 1993, 

Davidson et al., 2000, Zechmeister-Boltenstern et al., 2007). 

Linear and exponential relationships have been reported by laboratory and field studies 

between N2O emission rate and substrate availability (C, N or C: N ratio), abiotic driving 

variables (i.e. soil temperature, water table, pH), microbial activity etc. (e.g. von Arnold 

et al. 2005, Klemedtsson et al. 1997). Several studies have investigated the impact of 

certain factors on N-emissions. According to Firestone and Davidson (1989), the yield of 

intermediates (e.g. N2O) and the end product of denitrification, N2, essentially depends on 

the soil water content, the major factor controlling oxygen availability in the soil. 

Groffman (1991) reported that soil texture and drainage were strong influencers of 

denitrification at landscape scale. Weier et al. (1993), suggests that the total 

denitrification (N2 +N2O loss) positively correlates to available soil C and NO3-, and the 

N2:N2O ratio positively correlates to soil WFPS and available C and negatively to soil NO3- 

content. Parton et al. (1988) and Mosier et al. (1991) also presented results that soil N 

availability to be a major control of N2O emissions in temperate grasslands. Takakai et 

al. 2008, presented that the N2O emissions from soil peaked after the flooding of the 

experimental plots ended, i.e., they were drained from water. Field experiments by Hadi 

et al. 2000, with peatland soils from Indonesia in Malaysia during 1998–99 showed that 

changing the water table and turning peatland into cultivated land enhanced the N2O 

emissions. Several studies across European peatlands (reviewed in Smith et al., 2003) 

show that N2O emissions at all study sites were affected by soil temperature, groundwater 

level and organic C and N availability. Table 3. shows the effect of certain soil 

environmental factors on the nitrification and denitrification processes. 
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Table 3. Effects of select soil environmental factors on nitrification and denitrification. (From Li 

et al., 2000) 

Soil Factor Nitrification Denitrification 

Substrates NH4+, DOC NO3-, NO2-, NO, N2O, DOC 

Temperature optimum range 25-30°C optimum range 25-30°C 

Moisture affected when moisture is very low favours high moisture 

pH optimum range 7-8 usually increases with 

increasing pH 

 

The type and magnitude in which gaseous N losses occur depend mainly on the soil 

moisture status (Davidson et al., 2000). Soil moisture or the soil water content is the 

single most important parameter for soil gas emissions a major driver of N2O emissions 

as it regulates the oxygen availability to soil microbes (Oertel et al., 2016, Butterbach 

bahl et al., 2013). N2O emissions have their optimum in the range of 70–80% WFPS 

depending on soil type (Davidson et al. 2000). At higher soil moisture, the major end 

product of denitrification is N2. Zechmeister-Boltenstern et al. (2007) suggests that N2O 

emissions have their optimum at over 80% WFPS. In general, higher soil N2O emissions 

occur at 60-90% soil WFPS due to denitrification, whereas nitrification is the main source 

at 30-70% WFPS (Maljanen et al., 2003). Several studies have shown that lowering of the 

water table, as it happens in the case of draining peatlands, enhanced N2O emission from 

them (Martikainen et al. 1993, Freeman et al. 1993). However, N2O emission from 

waterlogged or virgin peatlands is estimated to be small (Martikainen et al. 1993, Regina 

et. al, 1999) and these sites may also show N2O uptake (Chapuis-Lardy et al., 2007). 

Temperature affects N2O emissions both directly and indirectly (Bremner 1997). 

Microbial metabolic process including denitrification are extremely sensitive to a rise in 

temperature, being enzymatic processes. Low temperatures may inhibit soil microbial 

activity. An increase in soil temperature leads to higher soil respiration rates and to 

higher emissions as a positive feedback response of increased microbial metabolism 

(Oertel et al., 2016). Furthermore, the increase in soil respiration rates, resulting in 

depletion of soil oxygen concentration (Butterbach-Bahl et al., 2013). Higher mean annual 

temperatures may favour mineralization of organic matter and nitrification and 

denitrification, both contributing to N2O emissions (Danevcic et al. 2010). With increasing 

temperature, denitrification and N2O production increase as do microbial processes in 

general. It leads to a positive feedback response of increased microbial metabolism and 
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thus higher N-emissions (Schaufler et al. 2010, Oertel et al. 2016). Denitrification has an 

optimum between the temperature range of 25–30°C (Saad and Conrad, 1993). 

Nutrient rich peat soils with a higher N availability are found to be a source of N2O 

(Regina et al 1996). N2O emissions are also dependent on the availability of organic C in 

soil ad negatively correlate with the C: N ratio (Pilegaard et al., 2006). The emissions are 

lowest when C:N ratios is over 30 and highest at a value of 11 (Gundersen et al. 2012). 

NO3-, a product of nitrification, is the rate controlling factor for anaerobic N2O production 

via denitrification (Conrad, 1996; Davidson et al., 2000). A fact to consider is that the 

nitrate produced by nitrification in the upper aerobic layers of the peat may leach 

downwards and utilized in denitrification to form N2O (Regina et al. 1996).  

Soil pH also affects microbial activity, indirectly, because acidic conditions cause less 

availability of mineral N (Simek and Cooper, 2002). Knowles 1982 stated that 

denitrification rate has an optimum when the pH of soils is between 7 and 8. The N2O:N2 

ratio of denitrification under acidic conditions, however, increases. This may be because 

the enzyme mediating the last step in the denitrification, reducing N2O to N2, is sensitive 

to low pH (Dannenmann et al., 2008).  Under acidic conditions, denitrification does not 

proceed to the end stage and the final product is N2O instead of N2. Thus, the low pH 

acidic conditions in anaerobic peat layers favour N2O production (Focht & Verstraete 

1977). However, Pilegaard et al. 2006, found no significant correlation between N2O 

emissions and pH. 

Microbial production and consumption of N2O depends largely on environmental controls 

such as substrate (nutrient) availability, redox potential and temperature and the fluxes 

of N gases from soils are highly variable across spatial and temporal scales (Butterbach-

bahl 2013). Other factors influencing the gas fluxes are related to proximal drivers of 

oxygen supply, such as available energy and distal drivers of plant nitrate uptake, for 

example, litter or soil organic matter quality, root respiration, soil texture etc. (Chapin et 

al. 2002). Anthropogenic activities also impact these factors. 
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2.5 Methods to quantify N-exchange 

To measure denitrification exclusively is a difficult task and the few existing methods to 

do so are challenging. This due to high spatial and temporal variation of N-emissions and 

problems in measuring the final product of denitrification, N2, due to its high ambient 

concentration. (e.g Groffman et al. 2006, Butterbach-bahl 2013). Some important methods 

used to quantify N-emissions and denitrification are discussed in the following 

paragraphs. 

Acetylene (C2H2) based method was commonly used to measure denitrification and it 

makes use of the fact that acetylene has the ability to inhibit the reduction of N2O to N2 

(e.g. van Beek 2004). Thus, N2O is the final product of denitrification and sensitive gas 

detectors can measure its production. This method was widely applied to ‘static core 

methods’. However, it was discovered to have several problems, making it unreliable, such 

as inhibition of nitrification and the impact of acetylene on soil microbial communities 

(Groffman et al. 2006). 

Isotopic methods include the use of stable isotopes, mass balance approaches, 15N tracers 

based on adding 15N-labelled NO3- to soil followed by direct measurement of the 

production of 15N-labelled N2 – it was the first method applied for direct quantification of 

denitrification (Hauck and Melsted 1956). Isotopic methods are, however, expensive and 

laborious.  

The most widely used method for quantifying soil N2O fluxes is the closed chamber 

technique. Closed static chambers are most common for the analysis of CH4 and N2O 

fluxes (e.g. Pihlatie et al. 2013, Danevcic et al. 2010).  There also exist recent molecular 

approaches, which combine analysis of microbial ecology and quantification of N2O 

production (Butterbach-bahl 2013). Direct measurement of N2 originating from 

denitrification in soils is currently not possible due to its large ambient concentration. 

Laboratory experiments make the quantification of both N2O and N2 fluxes possible. 

Laboratory approaches help assess the influence of single parameters (e.g., soil 

temperature, moisture or nutrient availability) on soil emissions. Certain parameters can 

be changed, with others kept constant (Schaufler et al., 2010). The enclosure technique 

(gas flow core method) in which intact core samples are incubated under conditions of a 

reduced atmospheric N2 allow for quantification of N2 and N2O (Stefanson 1972, 

Butterbach-Bahl et al. 2002). For example, the gas-flow-soil-core incubation technique is 

based on creating an N2-free atmosphere, replacing the gas with another inert gas, Helium 
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(He) (e.g. Dannenmann et al., 2008, Wang et al. 2011). The system needs to be gas tight 

and there needs to be complete removal of the N2 stored in aggregates and pores of the 

soil or sediment sample before measurements begin. This method has advantages as 

direct estimation of N2 emissions from soil with gas flow soil core techniques are non-

destructive; have no addition of isotopic labelled substrate or inhibitors to the system. The 

method is used in the soil sample measurements utilized in this study, and is described 

in section 3.3. Based on experiments comparing N2O fluxes measured under ambient and 

N2-free atmospheres, Scholefield et al. (1997) and Butterbach-Bahl et al. (2002) concluded 

that alteration of the soil atmosphere to remove N2 does not affect the magnitude of 

microbial processes involved in N trace gas production. Enclosure effects is a problem 

shared by all incubation methods and it is important to keep hydrodynamics and O2, NH4
+, 

and NO3- concentrations near in situ conditions for accurate estimation of denitrification 

rates (Groffman et al. 2006). 

 

2.6 Process models for nitrogen cycling 

Several different approaches have been used to develop N-cycling models, all of which rely 

on field and laboratory data. According to Parton et al. 1996, there are three generalized 

types of denitrification models: 1) Microbial growth models that simulate microbial 

dynamics, 2) Soil structural models that represent soil physical properties and 3) 

Simplified process models that assume N-cycling processes as a function of soil moisture, 

temperature and pH (e.g. Potter et al., 1996).  

Comprehensive biochemical models of denitrification and N2O production in soils have 

been developed over time (e.g. Frissel and van Veen, 1981; Grant, 1994). These models 

simulated instantaneous N2O production as a function of the diffusion of nitrogen 

substrates and oxygen within soil microsites. Empirical and process-based models include 

general physical and chemical processes are also used for this purpose and can cover local 

to global scales (Oertel et al., 2016). The DeNitrification-DeComposition model (DNDC), 

by Li et al. 1992, consisting of four sub-models, is a widely used process oriented model. 

It is based on kinetic control of N trace gas production and denitrification is activated by 

a rainfall event that saturates the soil. The forest-DNDC model simulates GHG fluxes 

from forest ecosystems. These biochemically-based expressions require the specification 

of numerous reaction terms, including microbial growth rates, reaction rate constants, 

and diffusion coefficients. Biogeochemical models of instantaneous trace gas production 
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can be parameterized for individual sites, whereas more generalized ecosystem models 

are needed for calculation of temporally or regionally integrated fluxes. Ecosystem models 

have accounted for some of the spatial and interannual variability in rates of N 

transformation (Schimel et al., 1988, Potter et al., 1996).  In contemporary GHG models, 

the final step of denitrification (reduction of N2O to N2) is taken as the major controlling 

mechanism of N2O fluxes to the atmosphere (Sanford et al., 2012). 

Process-orientated models have been used to describe soil N transformations, and 

consequently, understand problems related to the temporal variability of N gas fluxes 

driven by climate. The use of such models may help overcome the problem that most of 

the driving variables in the N cycle are not independent, but interlinked (Nylinder et al., 

2011). 

CoupModel (Jansson and Karlberg, 2004), is a relatively simplistic and user friendly 

process model, which was initially developed to simulate conditions in forest soils. By 

offering water, heat, tracer, chloride, nitrogen, and carbon modules, it allows the user to 

simulate a wide range of soil-plant-atmosphere interactions for any terrestrial ecosystem 

(Jansson 2012). It incorporates N cycling models used to simulate regional and global 

trace gas production as a function of, for example, climate, soil properties and 

management practices. The model features are described in detail in section 3.4. 

Li et al., 2000, state that the challenges of modelling N2O emissions are due to the 

following reasons: 1) N2O has more than one source of emissions from the soil, for example, 

denitrification, nitrification or non-biological chemodenitrification; 2) each of the 

reactions are different from each other and have various driving factors such as, soil 

temperature, moisture and pH, controlled by climate, soil properties and anthropogenic 

activity; 3) N2O is an intermediate product of nitrification and denitrification and it is 

quite complex to determine the fluxes from each process.  
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2.2 Research questions 

The overall aims of my thesis are to increase the understanding of the contribution of 

denitrification processes to the N exchange from drained peatland soil ecosystems. This 

is made possible by using measured flux data from an incubation experiment with peat 

soil, and we can thus quantify the N emission from peat soils. In more detail, the objective 

of this study is to evaluate the major environmental factors - soil temperature and 

moisture - and their effect on the production and emission of N2 and N2O from drained 

peatland soil. To achieve the goals, I compared the measured flux data from a laboratory 

experiment with process modelling of the N2 and N2O flux dynamics using the Coup 

Model. One specific aim was also to evaluate how the Coup Model performs.  

 

Improved understanding of the sources and sinks of nitrogen and the role of boreal forests 

peatlands in the greenhouse gas balance can be useful for climate change mitigation. The 

research questions that I aim to address in this study are the following: 

 

1. What are the major controls the N2 and N2O emissions from drained peat soils?   

2. How do the measured and modelled N2 and N2O emissions compare? Does the 

process-based model reproduce the experiment data? 

3. What parameters of the N cycling processes should be known better to simulate 

soil N2 and N2O emissions realistically? 

4. How could the measured data on N2 and N2O emissions help improve N cycling in 

CoupModel? 
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3. Materials and Methods 
 

3.1 Sampling sites 

The soil samples were obtained from a fertile forestry-drained fen, Lettosuo, in Tammela, 

southern Finland (60°64’N, 23°95’E). The ecosystem was originally herb-rich tall sedge 

birch-pine fen, which was drained for forestry in the early 1970 (FMI). Scots pine (Pinus 

sylvestris), downy birch (Betula pubescens) and Norway spruce (Picea abies) species 

dominate the tree stand. The draining that was done in the 1970s increased the biomass 

of the vegetation and resulted in lowering of the water table. There is a high content of 

ammonium, nitrate and carbon in the soil, the values are given in Table 4. Average 

temperature at the location is 4.6°C and annual precipitation 627 mm. 

 

Figure 6. Map of Lettosuo (FMI) and its location in Finland (Google maps) 

 

At Lettosuo, the peat profile consisted of a litter layer (0-8 cm), well-decomposed peat 

layer (8- 20 cm) and a less-decomposed deep layer starting from approx. 15-20 cm depth. 

The top-most peat consisted of well-decomposed and homogenous peat with no visible 

structures of the original plant material. The 10-15 cm depth consisted of less-

decomposed plant material and sphagnum mosses with some woody parts visible. The 

deep peat at approx. 30-35 cm depth consisted of poorly decomposed sphagnum-type 

peat with clearly visible structures of mosses and sedges. 

 

Soil samples were also collected from a nutrient-poor drained peatland forest site, 

Kalevansuo, in Loppi, Finland (60°39 N, 24°22 E), about 25 km east of Lettosuo. The site 

was classified as a dwarf-shrub pine bog. It was drained in 1971 to enhance tree growth. 
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The tree stand consists of a dominant Scots pine stand and an understorey of pubescent 

birch trees (FMI). Average temperature of the location is 4.3°C and annual precipitation 

is 660 mm. A detailed description of the site and its greenhouse gas balance is presented 

by Pihlatie et al., 2010. 

At Kalevansuo, the peat profile consisted of sphagnum peat (from the depth of 10-20 cm), 

well decomposed peat (approx. 20-30 cm) and deep peat (approx. 35-40 cm). The top-most 

peat consisted of dead and partly decomposed sphagnum mosses, the 10-15 cm depth 

consisted of partly decomposed sphagnum mosses and remains of sedges, and the deep 

peat consisted of well-decomposed peat and was mostly water saturated.  

Soil physical properties at the sampling sites are given in Table 5. Soil bulk density (BD) 

and C: N ratios are based on the 0–20-cm peat layer. The data was obtained from Bhuiyan 

et al., 2016 and Lohila et al., 2011.  

 

3.2 Soil sampling 

Both sites Lettosuo and Kalevansuo are drained boreal peatlands, but differ in their 

nutrient status. The measurement sites consist of an EC mast and permanent platforms 

for automatic and manual chambers for greenhouse gas measurements. The soil sampling 

was done adjacent to these chamber locations in each main wind direction from the EC 

mast (North, South, East, and West). Intact soil samples were collected in 4cm by height 

and 100 cm3 by volume stainless steel cores, shipped in cool-boxes to IMK-IFU, and stored 

at 4 °C until further analysis. The soil cores were cleaned around the core edges from peat 

before being sealed with pin-holed parafilm to facilitate gas exchange. Group of seven 

cores in one cylindrical form as each set of seven cores is analysed simultaneously in the 

N2 system. Additional soil samples from the same locations and soil depths were collected 

into plastic bags for further analysis of mineral N, dissolved organic N (DON), microbial 

biomass C and N and pH. The soil cores were labelled and sampling location was noted 

(Location = North, West.., soil depth/layer = 1,2.., date of sampling). The soil samples were 

collected from three soil layers of the following depths:  At Lettosuo (L), L1: 10-15 cm, L2: 

15-20 cm, L3: 40-45 cm; At Kalevansuo (K), K1: 10-20 cm, K2: 20-30 cm, K3: 35-40 cm  

The initial sampling took place in August 2010. Soil core samples were collected from 

Kalevansuo from three soil depths, the three layers representing the top-peat, middle and 

the deep peat layer. The second sampling took place at Lettosuo in May 2011. Soil samples 

were collected from the well-decomposed top peat layer only, at the depth of approximately 
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10-15 cm from the top of the soil. In total 6 pits with 7 soil cores each. The litter layer 

from the top was removed by hand and the first sampling layer was started right below 

the litter layer the start of the decomposed peat.  The roots existing at time the samples 

were taken were not completely removed but root respiration is considered negligible 

because the samples were stored several months before the flux measurements took place.  

 

3.3 Data used in this study 

In this study, I utilized the previously measured data of soil samples from the two 

different drained peatland forests, located in southern Finland. The soil sampling, gas 

measurements and the flux calculations were performed during 2010-2011. The data from 

these measurements is unpublished and now used in my study. 

The N2 and N2O emissions from intact soil cores were measured in a laboratory incubation 

experiment, using the gas-flow soil-core technique (Helium incubation method, modified 

from Dannenmann et al., 2008) to study the effect of anaerobicity (oxygen availability) 

and temperature on N2 and N2O dynamics of the topsoil from the samples. Soil samples 

in the experiment were incubated under 1) Cold (2°C) aerobic (20% O2, 80% He), 2) Cold 

(2°C) anaerobic (0% O2, 100% He), and 3) Warm (15°C) anaerobic (0% O2, 100% He) 

conditions. Dynamics of fluxes for each incubation condition were followed until fluxes 

stabilized. It is important to note that gas flux values from the first 2 days of treatment 

were not considered in this data as the ambient N2 concentration in the system was still 

quite high and the system is considered to be stabilised after 48 hrs. Thus, flux 

measurements were taken into account and plotted from 48 hrs onwards of the 

experiment. 

The biochemical properties of the collected soil samples were measured as follows. Soil 

mineral N content was determined by weighing 30 g of fresh homogenized soil and 

extracting the soil with 60 ml of 0.5 M K2SO4 solution. The extracts were filtered through 

0.45 μm filter papers and further through 0.20 μm syringe-filters, and frozen until a 

colorimetric analysis of NH4-N and NO3-N by a commercial laboratory (Dr. Janssen, 

Gillersheim, Germany). 

Soil pH values and gravimetric soil water content were determined according to 

Dannenmann et al. (2006). Soil pH was measured from fresh soil samples in 0.01 M CaCl2 

solution by a combined electrode. Volumetric water content of the soil does not change 

much, with high saturation level ~94-75%. 
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Soil microbial biomass C and N (MBC and MBN) was determined after chloroform 

fumigation-extraction technique (Brookes et al. 1985, 2009). Total chemically bound 

nitrogen (TNb) and total organic carbon (TOC) in the extracts were analyzed by a 

chemoluminescence detector for TNb analysis coupled to the TOC analyzer according to   

et al. (2006). Correction factors (0.54 for microbial biomass N and 0.379 for microbial 

biomass C, (Brookes et al. 1985; Vance et al. 1987) were applied to the difference in TNb 

and TOC between paired untreated and fumigated subsamples to estimate MBC and 

MBN. TOC values of the extracts of unfumigated control samples are referred to as 

extractable dissolved organic carbon (DOC) concentrations (Dannenmann 2010). MBN, 

dissolved organic N (DON) and DOC were analysed from the extracts. TOC and TON 

values in Table 4. are total extractable, i.e., which is available to plants for use and can 

be directly extracted from soil using some chemical methods. 

Fluxes of the N2, N2O and CO2 gases were measured from the top soil (layer 1) using the 

helium gas flow soil core method described in detail by Dannenmann et al. (2008, 2010), 

and Butterbach-Bahl et al. (2002). Mean fluxes of N2 and N2O calculated were calculated 

by fitting a linear regression to the 6-8 concentration measurements of N2 and N2O in the 

headspace as described by Butterbach-Bahl et al. (2002). Fluxes were further presented 

in area basis and soil dry weight basis, after determination of the soil dry weight of the 

incubated soils. 

In this method the soil cores are incubated in a N2-reduced helium-oxygen atmosphere, in 

which the production or consumption of N2 and N2O are automatically measured. The 

measurement system consists of two stainless-steel vessels each fitting seven soil cores 

each sealed on a porous air tight porcelain to ensure that He gas purges the soil from the 

bottom to top of the soil cores. The system was placed in a water bath to further avoid 

atmospheric N2 to diffuse into the incubation vessels, and to regulate the incubation 

temperature. 

Effect of anaerobicity and temperature on N2 and N2O dynamics in top-soil was studied. 

The soil samples were incubated in three temperatures in aerobic and anaerobic 

conditions, in a total of three different incubation conditions: 1) Aerobic 2°C (20% O2, 80% 

He), (2) Anaerobic 2°C (0% O2, 100% He) and (3) Anaerobic 15°C (0% O2, 100% He). The 

conditions were changed between 180-250 and 370-390 hours at Lettosuo and between 

145-170 and 310-350 hours at Kalevansuo. 
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The experiment followed a schedule in which first soils were incubated in cold (2°C) 

aerobic until the N2 and N2O production or consumption was stabilized (~6 days). Then 

the system was changed to cold anaerobic, again until a stabilization (6 days). Then the 

temperature was increased to 15°C (warm anaerobic ~10days). After the stabilization of 

N2 production in aerobic conditions, assumed all the emitted N2 was of microbial origin 

and not originating from the stored N2 in the soil air. In the beginning of a measurement 

cycle the cores were flushed for 24 - 48 hours with He followed by automatic gas sampling 

from the soil core headspace during the following 8 hours. thereafter daily a 10hr flushing 

soil cores, 2hr flushing headspace, 8h flux measurement. The N2 and N2O concentrations 

were analysed by gas chromatographs; N2O using a Shimadzu GC-17A gas 

chromatograph (manufacturer, country) and an electron capture detector (ECD), and N2 

using an Agilent 3000A Micro GC and a pulse discharge helium ionization detector. CO2 

was analyzed by a dynament CO2 sensor. 

The length of the experiment resulted from relatively long stabilization times in each 

treatment. At the beginning of the aerobic incubation, before the first measurements of 

N2, N2O and CO2 fluxes, the soil cores were first flushed with Helium for 24-hours. This 

flushing time was insufficient in replacing all the N2-gas from the soil-air with He, and as 

a consequence, the N2-fluxes were still unrealistically high (up to xxx). We observed that 

the N2 production was stabilized, and hence we assumed that the N2 was sufficiently 

exchanged by He, only after approximately 50 hours after the first of flushing (24hr) with 

He. As follows, the cumulative N2-emissions were calculated from the time of 

approximately 50-hours after the start of the measurements.  

N2:N2O ratio was calculated only when both the fluxes were positive (emission) and above 

the detection limits. The ratio of N2:N2+N2O was calculated also when the N2O fluxes were 

negative (consumption), which was observed often during the anaerobic incubations. 

Cumulative N2, N2O and CO2 were calculated for aerobic treatment from the stabilized N2 

production. 

Where applicable, units of the measured data were converted to match the units used in 

the model. This was applied to the soil parameters data and the flux data (Table 6). For 

comparing the experiment results with the model outputs, I used the flux data from 

Lettosuo only. The graphs and plots are made by Matlab R2018a (The MathWorks, Inc.). 
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Table 4. Soil biochemical properties from sampling sites Lettosuo (L) and Kalevansuo 

(K). Soil pH, mineral N, total organic carbon (TOC) and nitrogen (TN), microbial biomass of C 

(MBC) and N (MBN)  and standard error (SE) in soil layer 1 (10–20 cm) in mg C kg-1  or mg N kg-1  

of soil dry weight. 

Sampling 

date Site pH 

Soil 

NH4-

N  SE 

Soil 

NO3-

N SE TOC SE TN SE MBC SE MBN SE 

9.5.2011 L 2.94 51.1 9.6 12.7 5.9 337.6 19.8 82.7 8.7 865.3 93.9 144.0 19.6 

6.8.2010 K  2.73 7.2 1.7 1.2 0.3 474.1 58.3 46.4 11.1 882.1 169.6 115.7 32.6 

 

 

Table 5. Soil physical properties at the sampling sites. C and N % in soil, soil bulk density 

(BD) in (kg m-3) with standard deviation (sd) values. Soil porosity %vol, soil carbon to nitrogen 

ratio (C: N) and soil carbon in g C m-2. 

 

Soil layer %C sd %N sd BD  sd porosity  C:N Soil C 

Lettosuo          

humus 56.2 0.9 1.7 0.4 . . . . . 

0-10 55.2 2.1 2.2 0.2 134 27 1 25 7,377 

10-20 58.9 1.6 2.5 0.2 190 25 1 24 11172.41 

Kalevansuo          

humus 49 1 1 0 . . . . . 

0-10 50.15 0 1 0 81 16 0.95 34 4,060 

10-20 51.4 1 1 0 106 23 0.93 38 5,432 

 

 
Table 6. Data calculations and conversion of units. Where BD is the mean soil bulk density, 

162 and 93 Kg m-3 for Lettosuo and Kalevansuo respectively. 

 Measured data CoupModel Conversion factor 

Soil Parameters    

pH - - - 

TOC 

TON 

MBC 

MBN 

mg kg-1 SDW g m-2 x*BD/1000 

 

Flux data    

N2,N2O, CO2 flux µg m-2 hr-1 g m-2 day-1  x * 10-6 *24 

Water and O2 

concentration 

% %  
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3.4 Model Description 

The CoupModel, developed by Jansson and Karlberg, 2004, is an updated version of the 

Soil and SoilN models (Jansson and Moon, 2001). The name of the model stems from the 

word coupled: Coupled heat and mass transfer model for soil-plant-atmosphere systems. 

This ecosystem model consists of different sub-models, including the previous SoilN model 

(Eckersten et al, 1998), which have been integrated into a system of models. The current 

versions of the model include the N-flux submodel corresponding to the forest version of 

DNDC containing photosynthesis/evapotranspiration-nitrogen (PnET-N-DNDC model) 

(Li et al 2000). Like most models, the CoupModel is based on fundamental physical 

equations, which allows it to adapt to different types of ecosystems provided that we have 

quantitative knowledge of the governing properties of these systems. The basic model 

structure is a one-dimensional depth profile of soil. Water and heat flow is calculated 

based on estimated soil physical characteristics by coupled partial differential equations 

(Richard’s equation and Fourier’s law). These two equations for water and heat flow 

represent the central part of the model. The basic assumptions behind these equations 

are (i) conservation of mass and energy, (ii) flows occur due to water potential or 

temperature gradients (Darcy’s Law and Fourier’s law). 

CoupModel, version 5.4.1, is used in this study.  For each application, the user can select 

different modules and how they should be linked. The modules include water, heat, 

tracers, chloride, nitrogen and carbon of any terrestrial ecosystem including soil, plant 

and atmosphere components. In the next step, appropriate inputs to run the model have 

to be specified. All of the soil-plant-atmosphere system properties are represented as 

parameter values. The platform allows the user to specify inputs as simple predefined 

patterns of variation by parameter functions, forcing time series or as dynamic 

parameters that change value at specified dates during the simulation. Output variables 

from simulations can be compared with any independent measurement either as time 

series or as a single value. Simulations are made as single runs to represent a unique 

input or as a multiple series of simulations based on random or systematic sampling of 

parameter values. Parameters can also represent an object that is a collection of different 

parameters in a certain system (a soil profile for instance). Process-based forest models 

generally have many parameters, multiple outputs of interest and a small underlying 

empirical database (Van Oijen et. al, 2005). C and N dynamics are simulated both in the 

soil and in the plant where applicable. The dynamics of the soil organic matter are 

simulated with first order kinetics by using two pools, litter and humus, governed by 
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response functions of soil temperature and moisture. More components have been added 

including a detailed denitrification sub model by Norman et al., 2008. Further additions 

included adopting a detailed submodel of microbiological production of nitrous gases and 

the ‘anaerobic balloon’ concept from the PnET-NDNDC model (Li et al., 2000). Organic 

matter in the field is measured as TOC and TON but in the model it is further divided 

into fresh organic matter, thus fast decomposition, called litter, and slow decomposition 

part called humus. We thus consider the historically stored peat as slow decomposition 

humus. The soil microorganisms are implicitly included in the soil litter pool (Svensson 

et al., 2008). The soil anaerobic fraction/microsite is then calculated using the “anaerobic 

balloon” concept.  

 

For nitrification simulation, CoupModel takes into account response functions of soil 

temperature, soil moisture, NH4
+ concentration and soil pH (Norman et al., 2008). For 

denitrification simulation, each sub-chain is explicitly calculated and activity is 

influenced by soil temperature, soil pH, content of N in the anaerobic microsites and soil 

anaerobic fraction (Jansson and Karlberg, 2011). The nitrous gases formed in the 

anaerobic balloon enter the aerobic gas pools at a level estimated by an oxygen diffusion 

exchange function (Norman et al., 2008). Soil microbes use nitrogen from the nitrogen gas 

pools (NO2−, NO, N2O and N2) and the NO3− pool for maintenance, growth and 

respiration. Loss of nitrogen in one pool act as a supply for the next pool in the 

denitrification chain (NO3− → NO2− → NO → N2O → N2). Fluxes of nitrogen from one 

pool to the next in the anaerobic balloon are calculated in Eq. 3.1 – 3.4. The fluxes depend 

on biomass of the denitrifiers (Nd), microbial denitrification activity (Ma) (Eq. 3.7), growth 

respiration of denitrification microbes (Nrg) (Eq. 3.5) and maintenance respiration (Nrm) 

(Eq. 3.6) of the microbes. Response functions on soil temperature, pH and the anaerobic 

volume are also included in the model. They are separately calculated for NO3−, NO2−, 

NO and N2O, and have different parameters in efficiency, respiration and growth. 

Microbial denitrification activity is influenced by soil temperature, soil pH, N content in 

the anaerobic pool and volumetric anaerobic fraction of the soil. The volumetric anaerobic 

fraction, i.e. the anaerobic balloon, is dependent on the volumetric oxygen concentration, 

as well as the shape parameter, g. Conceptually, each layer emits the N gases formed. 
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N NO3→AnNO2 = (N rgNO3 + N rmNO3 ) MaNd   (3.1) Flux from NO3 to NO2  

N AnNO2→AnNO = (N rgNO2 + N rmNO2 ) MaNd  (3.2) Flux from NO2 to NO 

N AnNO→AnN2O = (N rgNO + N rmNO) MaNd   (3.3) Flux from NO to N2O 

 

N AnN2O→AnN2 = (N rgN2O + N rmN2O) f (N NO3Conc) MaNd  (3.4) Flux from N2O to N2 

 

Nrg = dgf (C)f (Nc) MaNd/de    (3.5) Growth respiration  

 

Nrm = drN/Nan   (3.6) Maintenance respiration 

 

Ma = f (T)f (pH)f (NAn)fA(z)dac   (3.7) Denitrification microbial activity 

 

 
 

Figure 7. Schematic of the N-emission in a soil layer in CoupModel (Norman et al., 2008). 

 

To quantify and increase understanding of basic biological processes in the soil-

atmosphere system, the model has been developed to represent a platform with a number 

of models integrated together for the specific application of the user. A number of problems 

concerning soil-plant-atmosphere processes can be elucidated.  The purpose of using this 

model includes solving basic and applied scientific problems, to simulate regulating 

factors for biological and chemical processes in the soil and of coupled atmosphere and 

soil processes; predict the influence of management practices like drainage and 

formulation of new hypotheses. Using the CoupModel to assess the influence of different 

factors, which regulate the N2O emissions and identify the gaps in our present knowledge 

is of most interest in this study.  
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3.5 Model Setup and testing 

The model includes a number of parameters which aims to quantify the detailed 

nitrification denitrification processes. The general model structure setup and basic 

parameterization were focused on the nitrogen and carbon below ground process, N-

cycling and denitrification model. The plant growth sub-model, for example, is switched 

off in this study and soil processes are the main focus. The initial values for the basic 

parameters were partly taken from the lab measurements, the rest were adopted from 

model default values. The parameters are grouped into two major groups. For the first 

group of parameters, fixed values are assigned by the measurements or previous model 

calibrations with similar site conditions, the other group parameters which are more 

uncertain, thus are calibrated with the measured flux data. 

In this study, a simple stepwise systematic procedure is followed to find a suitable 

parameter representation for this complex system and view the performance of the model. 

Parameters are set by default if not specified by the user. The major input variables 

required for simulation of the experimental conditions include soil surface temperature (5 

cm depth), soil moisture, soil pH and initial C:N ratios. The experiment data, of the 

measured N-fluxes in peat soil samples, is utilized to test the model and carry out 

simulations. The model is made to represent the conditions of the laboratory incubation 

experiment on drained boreal peat soils described in chapter 3.3. The experimental 

conditions (soil temperature, soil moisture/ available oxygen) are combined with soil 

properties used as input data to the model. Our data set thus allows the evaluation of the 

impact of these factors on the N gas fluxes and denitrification.  

For the CoupModel simulations, I used the flux data from Lettosuo only because the data 

from Kalevansuo showed N-uptake, i.e. negative fluxes and it was known beforehand that 

CoupModel is incapable of representing N-uptake. 

Switches are a tool used to define how the model is set according a give situation or 

environment we want to simulate, in this case it focuses on N cycling process.  The model 

switches were chosen as designed for the incubation experiment and were fixed through 

the simulations as follows: Model Structure switches Trace Gas Emissions is set to ‘Direct 

Loss’, which means the nitrous gases produced in the soil layers are lost to the atmosphere 

directly; HeatEq is set ‘off’ because the temperature is defined according to the 

experimental data and calculation of the heat equation is not required. Nitrogen and 

Carbon switch is set to ‘using abiotic driving variables’. This switches on the nitrogen and 
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carbon processes simulation, with a dynamic interaction between abiotic and biotic 

components. Soil mineral N and organic process switches: Dissolved organics ‘on’. Denit 

Depth Distribution, Initial Nitrifier, Initial Soil Organic were all set to ‘Constant’ as their 

values are not expected to change through the soil profile during the experiment. 

Nitrification and Denitrification switches are set to ‘Microbial based’, thus the microbes 

are simulated explicitly. Peat soil is normally homogenous and the soil organic content in 

the profile is uniformly distributed, thus constant distribution is defined. 

The oxygen content in the soil profile in CoupModel is mainly driven by the soil water 

content but also by the decomposition of organic matter.  To mimic the anaerobic 

conditions, created by the He-atmosphere in the incubation experiment, the soil water 

content parameter was adjusted from the measured value to create the anaerobic 

conditions similar to the experiment. The uncertainty introduced will be discussed in 

the section 5. 

The parameters Soil Infiltration and Soil Water Flow were set to 0 (mm day-1) as they 

were assumed to be negligible. The two abiotic driving variables - Soil Temperature and 

Soil Water Content were set as dynamic parameters, based on the changes made in the 

experimental setup. The temperature value was initially set to 2°C and changed to 15°C 

at approximately 370 hours during a simulation of the experiment. The soil water 

content was used as a proxy for oxygen concentration, representing the aerobic or 

anaerobic conditions. The values were chosen so as to make a gradual change in the 

setup. The conditions changed from aerobic to anaerobic by gradually increasing the 

volume % of water content from 40% to 92%. The initial soil water content from 0 - 170 

hours was set at 40%, from 170 – 370 was set at 80%, from 370 – 420 hours at 85%, from 

420 – 550 hours at 92%.  

Table 8. represents the other chosen static parameters and their values. Several 

parameter values such as the initial C:N ratio (Init CN Tot) were fixed based on 

independent measurements of the soil properties by Bhuiyan et al., 2016. 

The output variables selected were soil heterotrophic respiration rate, N2O and N2 

emission rates. The denitrification sub model was tested by comparing the simulated N2 

and N2O gas fluxes from denitrification with observed gas fluxes in the lab experiment. 

First the model was tested by simulating the soil respiration rates. The ability of the 

model to simulate measured lab N2O gas fluxes was verified. 
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A summary of the important model parameters, equations and descriptions is presented 

in Table 8. Out of around 400 model simulations, I selected 3 runs (labelled run 1, run 2 

and run 3) which I found best represents the experiment and also had the highest 

correlations with the measured values.  

Table 8. List of important input static parameter values in CoupModel simulations. 

Module 

Parameter 

Definition Value  

Common abiotic responses 

Saturation Activity 

Theta Upper Range 

 

Value of the soil moisture response function the 

when soil is saturated. 

Parameter determining the optimum soil moisture 

content. 

 

0.05 

20 

Gas Processes 

IntDiffRedFrac 

IntDiffRedFracBase 

 

The oxygen diffusion reduction parameters in the 

oxygen diffusion exchange function 

 

 

0.001 

0.0005 

MaxFracN2O 

MaxFracNO 

Maximum N2O or NO fraction parameter when 

they are formed during the nitrification process. 

0.006 

0.0004 

N2O RelSatForm Parameter describing the shape of the temperature 

response function during nitrification 

0.024 

N2O TempShape Describes the shape of the temperature response 

function during nitrification 

1.4 

AnBal_ShapeCoef The anaerobic balloon shape coefficient parameter 

as a function of oxygen level in the anaerobic 

volumetric fraction of soil. 

15 (run 1) 

25 (run 2) 

50 (run 3) 

Soil mineral N processes 

Denitrification microbial growth and 

respiration processes 

DMic_GrowthCoef_N2O 

DMic_GrowthCoef_NO  

DMic_GrowthCoef_NO2 

DMic_GrowthCoef_NO3 

D_InhiHalfRateNO3_N2O 

 

 

 

 

Losses of N2O or NO from anaerobic nitrogen pool 

due to microbial growth, dgrowthN2O 

 

 

The denitrification inhibition half rate of NO3 that 

affects growth of denitrification microbes during 

N2O formation. 

 

 

 

100 

100 

1 

1 

50 
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4. Results 
 

4.1 Measured gas fluxes 

 

4.1.1 Measured CO2, N2O and N2 fluxes at Lettosuo 

In the nutrient-rich Lettosuo, both the N2 and N2O emissions increased dramatically 

after the change from aerobic to anaerobic conditions, and after the temperature rise 

from 2 to 15°C (Fig. 8). This latter peak in emissions was followed by a switch from 

N2O production to N2O consumption and a simultaneous decrease in N2 emissions.  

 

Figure 8. Measured N2O, N2 and CO2 fluxes of soil cores from the nutrient rich drained 

peatland forest soil at Lettosuo (g m-2 day-1). 
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4.1.2 Measured CO2, N2O and N2 fluxes at Kalevansuo 

 

Kalevansuo had significantly lower emissions of N2 and also smaller exchange of N2O than 

Lettosuo. In addition, the CO2 production was approximately half of that at Lettosuo. The 

daily dynamics of N2 in the nutrient-poor Kalevansuo peat was small and the soils did not 

respond to the changes in oxygen availability and temperature (Fig. 9). Although the N2 

and N2O fluxes at Kalevansuo peat were small and close to the detection limit, the change 

from the aerobic to anaerobic conditions induced significant N2O uptake, which was even 

more pronounced under warm anaerobic conditions (Fig. 9).  The CO2 production (soil 

respiration) was increased three-fold (0.01 to 0.035 g C m-2 day-1) when the temperature 

was increased from 2 to 15 °C. 

 

 
 

Figure 9. Measured N2O, N2 and CO2 fluxes of soil cores from the nutrient poor drained peatland 

forest soil at Kalevansuo (g m-2 day-1). 
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4.1.3 Mean fluxes of CO2, N2O and N2 

The two sites Kalevansuo and Lettosuo differed noticeably in N2 and N2O dynamics. (Fig. 

8 and 9). In Lettosuo, the change from aerobic to anaerobic conditions switched the N2O 

fluxes from close to zero to relatively high N2O emissions (0.0007 g N m-2 day-1). A 

simultaneous three-fold increase in N2 emissions is observed (from 0.0007 to 0.0023 g N 

m-2 day-1). The mean, maximum and minimum values of the fluxes (units g m-2 day-1) are 

given in Table 9. The dynamics of the N2O and N2 emissions in cold anaerobic conditions 

is observed to drastically change in the warm anaerobic treatment. First, the microbial 

activity or respiration, measured as CO2 production, drastically increased after the 

increase in temperature from 2 to 15°C.  Simultaneously, both the N2O and N2 emissions 

increased as well: In Lettosuo soil from 5 x 10-4 to 8 x 10-4 g N m-2 day-1 (N2O emission) and 

2.3 x 10-3 to 13 x 10-3 g N m-2 day-1 (N2 emission); In Kalevansuo soil N2O uptake changed 

from -2 x 10-5 g N m-2 day-1 to near negligible uptake and N2 emission changed from 6 x 

10-4  to 8.8 x 10-4 g N m-2 day-1.  In the following days, the N2O production had switched to 

consumption and the N2 emissions started to decrease gradually. Especially in Lettosuo, 

both the change from aerobic to anaerobic, and further the change from cold to warm 

anaerobic, stimulated the N2O and N2 emissions greatest during the first day of the 

treatment. Thereafter the N2O and N2 emissions decreased slowly towards the end of the 

treatment.  

Table 9. Mean measured fluxes of CO2 (g C m-2 day-1), N2O and N2 (g N m-2 day-1) in Lettosuo (L) 

and Kalevansuo (K) soils. 

Site Treatment N2 flux N2O  flux CO2 flux 

  
mean min max mean min max mean min max 

L 2°C, 20% O2 0.00141 0.0007 0.0029 -2.1E-06 -3.4E-06 6.3E-07 0.0348 0.029 0.0366 

 
2°C, 0% O2 0.00463 0.0023 0.0132 0.0006 0.0005 0.0007 0.0384 0.0236 0.090 

 
15°C, 0% O2 0.00177 0.0008 0.0049 -1.66E-05 -0.0002 0.0008 0.0417 0.017 0.0632 

K 2°C, 20% O2 0.00076 0.00065 0.00086 -7.5E-07 -1.8E-06 -2.9E-07 0.014 0.01 0.0161 

 
2°C, 0% O2 0.00071 0.0006 0.00088 -1.04E-05 -1.96E-05 -2.4E-06 0.01223 0.009 0.0137 

 
15°C, 0% O2 0.00067 0.00057 0.00083 -2.7E-05 -2.93E-05 -1.57E-05 0.0276 0.0161 0.035 
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4.2 Measured and modelled gas fluxes 

 

4.2.1 Carbon dioxide (CO2)  

 
 

 

 

Figure 10. Measured (Lettosuo data) and modelled soil respiration rate (g C m-2 day-1).  

 

The CoupModel simulated CO2 flux in all three run (1-3) is presented in Figure 10. The 

parameters influencing CO2 fluxes were not altered. The CO2 flux indicates soil microbial 

respiration and tells us about the microbial activity. We can observe that the flux remains 

more or less constant, decreasing gradually through aerobic – anaerobic conditions but 

show a sharp peak at 380 hours when temperature rises. The magnitude of the CO2 fluxes 

ranged between 0.0417 - 0.1 g C per m2 per day. Towards the end of the experiment the 

CO2 emission gradually decreases. 

 

The correlation coefficient between measured and modelled CO2 was found to be 0.476. 

 

4.2.2 Dinitrogen (N2) 

The N2 flux simulation in all three runs (1-3) compare well with the measured flux 

dynamics. The model, however, does not capture the slight peak in the emissions when 

the conditions are changed from aerobic to anaerobic at about 220 hours in any of the 

simulations. The observed peak in N2 emission is captured most accurately at the 

temperature increase from 2 -15°C in run 1 (at 0.012 g N m-2day-1). The mean, maximum 

and minimum values of a selected run (run 1) are given in Table 10. The r2 value between 

the measured and modelled N2 flux data in the selected run was found to be = 0.8421. 
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Figure 11. Measured and modelled N2 emissions (g N m-2 day-1) from selected runs (1 - 3). 
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4.2.3 Nitrous oxide (N2O) 

 

 

 

 

Figure 12. Measured and modelled N2O emissions (g N m-2 day-1) from selected runs (1- 3). 
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In all selected runs, the modelled N2O flux values were much greater than the measured 

values. The modelled N2O flux peaked at approximately 400 hours (0.0078 g N m-2day-1), 

and this peak which was about nine fold the measured peak value at the same time 

(0.00081 g N m-2 day-1). A good correlation (r² = 0.5278) was, however, found between the 

measured and modelled (run 1) N2O fluxes. It is interesting to observe that, in Run 3, 

the modelled N2O continues to increase after an initial peak in production between 400-

450 hours (warm anaerobic conditions), whereas, the measured N2O peaks slightly and 

starts to decrease immediately. 

Between 150 – 350 hours of the model runs, the N2O production peaks and increases 

whereas the N2 production remains low when the conditions change to anaerobic (Figure 

11 and 12). A peak in N2 production occurs once the temperature is increased.  

 

4.2.4 Mean modelled gas fluxes 

Overall, the mean measured and modelled gas fluxes show similar response to change in 

temperature and oxygen availability (aerobic or anaerobic conditions) (Tables 9 and 10). 

The mean measured N2 fluxes were approximately 3-4 times higher than the modelled 

N2 fluxes but they were comparable in the second treatment. The mean modelled N2O 

fluxes were approximately 5 times higher than the respective measured N2O fluxes. The 

mean modelled CO2 fluxes compare very well with the measured values, being only 

slightly higher in the second treatment. 

Table 10. Selected model run (Run 1) N2, N2O and CO2 flux values (g m-2 day-1). 

 

 

Treatment 

N2 flux N2O  flux CO2 flux 

mean min max mean min max mean min max 

2°C, 20% O2 0.00033 0.00007 0.00068 0.000789 0.000195 0.002155 0.04837 0.0417 0.0518 

2°C, 0% O2 0.0042 0.00087 0.0119 0.003127 0.002333 0.005258 0.06622 0.0417 0.1026 

15°C, 0% O2 0.00066 3.32E-08 0.0044 0.00189 6.3E-08 0.007846 0.04232 0.00825 0.0633 
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5. Discussion 
 

5.1  Controlling factors of N2 and N2O emissions 

Northern peatland soils are potential emitters of N2O and N2 due to high soil organic 

matter decomposition rates cause by drainage, high soil C and a large pool of organic N 

substrates for nitrification-denitrification processes, along with ideal conditions for 

microbial denitrification. This is demonstrated in several studies, such as, Martikainen 

et al., 1993, Regina et al., 1996, Kasimir-Klemedtsson et al., 1997, Alm et al., 2007, 

Danevcic et al., 2010. 

Although the studied organic soil contained relatively low amounts of available nitrogen 

in the form of NO3- or NH4+, they exhibited prolonged production of the N-gas. This can 

be interpreted as a typical phenomenon in nutrient rich soils due to the non-limited 

availability of decomposable and mineralizable organic C. This facilitates denitrification 

processes and creates a dynamic system with increased N availability. Lettosuo is a fertile 

peatland, with high content of NO3
-, NH4

+ and C in the soil compared to the nutrient poor 

Kalevansuo. Martikainen et al., 1993 reported similar fluxes from a nutrient rich drained 

fen with scarce vegetation and the emission of N2O was found to be 0.0002 g N m-2 day-1 

(0.065 g N m-2 yr-1). A field study by Maljanen et al., 2003 reported the highest N2O 

emissions, after the spring thaw, 0.002 g N m-2 day-1 from forest soils. The N2 and N2O 

emission rates from the fertile peat soil, intact soil cores with the fertility status existing 

in the field, in this study were, however, almost one order of magnitude lower than those 

from the agricultural soils reported by Wang et al. (2011).  

The N2 and N2O fluxes in Lettosuo peat were thus higher than those from Kalevansuo 

peat due to the difference in their nutrient status. In Lettosuo, both the N2 and N2O 

emissions increased dramatically after the change from aerobic to anaerobic conditions, 

and again after the temperature rise from 2 to 15°C. Although, the N2 and N2O fluxes in 

the nutrient-poor Kalevansuo peat were small and close to the detection limit, the change 

from the aerobic to anaerobic conditions induced N2O uptake. In field experiments, 

Kalevansuo peat soil was generally found a small source of N2O with low availability of 

NO3- as the substrate for denitrification (Pihlatie et al., 2010). The field measurements 

by Pihlatie et al. 2010 and another study by Lohila et al. 2011, reported a small emission 

of N2O from Kalevansuo, with mean emissions around 0.96 x 10-3 and 0.3 x 10-3 g N m−2 

day−1, respectively. 
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In the laboratory incubations, N2O consumption was induced in the anaerobic treatments, 

and further stimulated in the warm anaerobic conditions, which was interpreted to result 

from complete denitrification, the reduction of N2O to N2. The N2 emissions from both soils 

always exceeded N2O emissions, and when the fluxes were positive and above detection 

limits, the ratio of N2:N2O ranged between 1 and 180.  

The two sites Kalevansuo and Lettosuo differed markedly in N2 and N2O dynamics. 

Lettosuo is a nutrient rich peatland and acts as a source of N2O whereas Kalevansuo, in 

contrast, is nutrient poor, acting as a sink for N2O (flux is negative, meaning there is 

uptake of N2O). This indicates the importance of nutrient availability in N-gas production. 

There is a high content of ammonium, nitrate and C in the Lettosuo soil which facilitates 

denitrification processes and creates a dynamic system with increased N availability. In 

Lettosuo, the change from aerobic to anaerobic conditions switched the N2O fluxes from 

close to zero to high N2O emissions. A simultaneous increase in the N2 emissions show 

the influence of anaerobic conditions on N-gas production via denitrification.  

Field and laboratory studies by von Arnold et al., 2005, Klemedtsson et al., 2005, 

Maljanen et al., 2003 are in agreement that nutrient-rich drained forest soils emit a large 

amount of N2O due to the rich store of C and N in the soil and changes in N fluxes in a 

drained peatland depend on the fertility of the original peatland, i.e. N content or the C:N 

ratio of the peat, and the soil water content after the drainage. Ernfors et al., 2008 

suggested an exponential relationship between the C:N ratio and N2O emissions based on 

measurements from a Swedish drained organic forest soil. The C:N at Lettosuo (~24) is 

near optimum for N2O production along with high soil NO3
- and NH4

+. Kalevansuo has a 

higher C:N (~36) and much lower N-availability. 

Peaks in fluxes were observed at a change in anaerobic condition temperature from 2 to 

15 °C.  As the pattern of N2O and N2 emissions in colder anaerobic conditions drastically 

changed in the warm anaerobic treatment, we can say that the conditions for the final 

two steps in denitrification must have changed. The results suggest that during this first 

day of the warm anaerobic treatment the increased microbial activity, both respiration 

and denitrification, utilized most of the available NO3-, the electron acceptor in anaerobic 

respiration and denitrification. As a result, in totally oxygen depleted conditions, N2 

becomes the sole product of denitrification, and N2O was probably used as the electron 

accepter in both denitrification and anaerobic respiration (Okereke 1993). A laboratory 

experiment by Koponen et al. 2006 on abandoned boreal organic soil, presented that N2O 
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emissions were significantly higher (around 0.7 μg N2O-N m−2 day−1) when the 

temperature was highest (+9.5 °C) as compared to freezing conditions.  

CO2 is the product of aerobic soil respiration, the microbial anaerobic decomposition of 

organic C in soil. Other suggested source of CO2 in the experiment: maybe the conditions 

are not fully anaerobic. The CO2 flux decreased gradually through aerobic – anaerobic 

conditions but show a sharp peak when the temperature is increased, indicating greater 

microbial activity. Towards the end of the experiment the CO2 emission then continues to 

decrease as microbes consume the remaining O2 from soil. Other reasons may include 

decreased substrate availability for decomposition. The easily decomposable C may have 

been used already through the experiment, especially at higher temperature during the 

experiment. The strongly stimulated decomposition probably used up the remaining O2 

from the soil and this together with the decreased availability of carbon substrates, 

decrease the CO2 emissions. 

In this evaluation, a uniform pH is set for the soil profile, thus it is not possible to evaluate 

the effect of soil pH on the N2O emissions. It is, however, expected to see variation in N 

gas emissions with changing pH along with soil C:N ratio. A study by Gunderson et al. 

2012, which involved experimental manipulations such as N addition, changes of 

temperature, precipitation, and pH showed that, on average, the N2O emissions increased 

by 0.06 ± 0.03 g N2O-N m−2 yr−1 across all treatments on mineral soils, but the increase 

was up to 10 times higher in an acidic organic soil.  

The CoupModel outputs suggest that, by the ending hours of the experiment, soil mineral 

N content in the form of NO3
- and NH4

+, gradually decreases and get used up thus leading 

to ultimate end of N-gas production. This study thus provides more evidence that the most 

important drivers for N2O production are soil temperature, moisture and oxygen 

availability along with nutrient availability. 
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5.2 Comparison of measured and modelled fluxes 

The CoupModel reproduced the dynamics of the measured N2, N2O and soil respiration 

data very well, correlation between measured and model data reveal that the model 

explains the data well. The correlation coefficient (r2) values between selected model run 

(run 1) and measured flux data for N2, N2O and CO2 were found to be 0.84, 0.52 and 0.476 

respectively, showing a good to strong positive correlation. The CoupModel produced 

markedly higher N2O emissions than N2 emissions when the conditions changed from 

aerobic to anaerobic and this is observed in all the model runs. The model shows a peak 

in N2O during the change in aerobic to anaerobic conditions is observed but not in N2. The 

modelled N2O emissions showed little variation between the simulations but N2 showed 

relevant difference when the values on the anaerobic balloon shape parameter were 

modified. Gathering from the model simulation, N2O can be said to originate mainly via 

denitrification. The modelled emissions, however, included some overestimations, in the 

case of N2O fluxes (up to 88% at the peak value, Fig 12.).  

High soil water content induces the anaerobic conditions, favoring denitrification. 

(Koponen et al., 2006). The optimum soil water content for N2O production in this study 

was found to be approximately 80-85%, as estimated according to the model simulation 

and the peak in N fluxes occurred when the soil moisture content was between 80-85% by 

vol. Increasing water saturation increases the number of anaerobic microsites and 

therefore promotes denitrification, as stated by  Schindlbacher et al., 2004 and maximum 

N2O emissions was observed at water saturation 85 to 95% WFPS of the various soil cores 

in their experiment. 

The soil respiration, indicating the level of microbial activity that also drives N-emissions 

(higher soil respiration corresponds to an active N cycle, leading to high N emissions), 

decreases initially until the temperature rises, in both the experiment and simulation. 

This means that decomposition starts earlier, then increases as temperature increases 

due to greater microbial activity. It gradually decreases in the end of the experiment as 

microbes consume remaining O2 from soil and the decomposition rate may slow down due 

to more reducing conditions and lack of O2. The results of CoupModel simulations in 

addition to the measured data indicate that N2 and N2O is mainly produced in the 

anaerobic zone indicating denitrification is the process resulting in production of the N 

gases that is released to the atmosphere. 
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5.3 Improving process modelling 

Ecosystem process model simulations combining known ecological relations with data 

gathered from field observations are generally used to analyze the gas flux dynamics. A 

flexible modelling approach with a dynamic interaction between biotic and abiotic sub 

models, together with measurement data for calibration helps investigate the N-emissions 

in this study as well. 

He et al., 2016 agree that a general problem of simulating N2O emissions is that the input 

information or measured data are often insufficient compared to the model’s demands -

CoupModel uses over 300  parameters, and this affects the model predictability (van Oijen 

et al., 2011, Groffman et al., 2009). Another important point to note is that measured data 

contains large uncertainties due to the large spatial variability in N-emission (e.g. He et 

al., 2016) and this reality may not be reflected in model simulations.  

Most of the published modelling studies of denitrification use only N2O data, since it 

originates both from nitrification and denitrification. Data on N2 fluxes seldom exist due 

to the challenges of measuring N2 .Without N2 data model results are rather uncertain 

because the denitrification process is then poorly understood (Davidson and Seitzinger, 

2006). N2 data is used to distinguish between the denitrification and nitrification 

processes thus giving insight about denitrification and improving understanding in this 

aspect in drained peat soils. By having N2 data in addition to N2O data, we get more 

information from the modelling point of view and a possibility to improve the description 

of N gas dynamics in the model. The N2 emissions show that the conditions are fully 

anaerobic and that the denitrification process goes to the last step from N2O to N2. If there 

occurs simultaneous N2O emissions, it shows that, in reality (or in the model system), 

there are variable microsites for N gas production and consumption. Only when N2O 

emissions decrease, and N2 emissions remain high, we can say that the conditions are 

fully anaerobic. 

The laboratory experiment changes the O2 concentration in the soil environment whereas 

in the model simulation this situation is created by adjusting the soil moisture level, 

thereby complicating the simulation of the experiment. Soil moisture and O2 availability 

in the soil are interconnected. O2 content in the soil based on atmospheric O2 diffusion in 

addition to the current moisture functions that describe this relationship are poorly 

described (Moyano et al., 2013). This also means uncertainty in projecting CO2 flux from 

soils since soil heterotrophic respiration depends on O2 availability. Future model 
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improvements could include changes to the oxygen model to take into account soil 

moisture content and O2 concentration together in the soil and simulate diffusion better 

when the O2 concentration in air is changed. Yan et al., 2018 developed a moisture 

function based on the primary biogeochemical processes controlling soil heterotrophic 

respiration, which takes into account O2 diffusion from the atmosphere to the soil. This 

needs to be incorporated in all microscale process-models. A study by Metzger et al., 2015 

also suggests similar improvements in the configuration of CoupModel that are needed to 

obtain a better performance for simulation of GHG fluxes from peatlands. This includes a 

static response to water saturated conditions to be replaced by a function that considers 

the change of O2 in the soil. 

 A noteworthy study by Deepagoda and Elberling 2015 with Arctic organic soils, 

highlights the importance of measuring and modelling oxygen diffusivity rather than 

relying on measurements of observed water content in future studies of GHG dynamics. 

The very same needs to be applied for modelling GHG emissions in peatlands subject to 

drainage and climate change. 

5.4 Challenges and future study 

The factors controlling aerobic or anaerobic conditions (i.e. O2 availability) remained a 

challenge in this study as they are different in the experiment and in the CoupModel. In 

the experiment, aerobic condition of the incubation vessel is controlled by the ratio or 

amount of He:O2 flushed. In the CoupModel, the O2 level in soil is adjusted with water 

content of the soil, which determines the aerobic or anaerobic condition by calculating the 

resulting O2 diffusion in the soil. A more realistic approach would be beneficial. Although 

the significance of O2 as a controlling factor in N2O production has been recognized 

(Firestone and Davidson 1989, Ambus et al., 2006) the O2 concentrations in soil have 

seldom been measured. Soil moisture content has been used as the measurable proxy of 

O2 availability in experiments (Linn and Doran, 1984) and process models. 

Measuring N2 emissions is another challenge due to limitations in the setup or difficulties 

in fully replacing the N2 air space with He, leading to highly variable N2 emissions (Wang 

et al., 2011, Groffman et al., 2006, Butterbach-bahl et al., 2002). Parameter uncertainties 

could be reduced by combining selected criteria with good quality measurement data. 

There are multiple parameters of microbial dynamics such as the denitrification 

inhibition half rate of NO3- and the microbial growth and respiration coefficients that 

affect denitrification process and they need to be further examined. These parameters 
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concerning N cycling processes should be known better to simulate soil N2 and N2O 

emissions realistically. Furthermore, in the process models, N2O is produced solely as a 

result of nitrification and denitrification processes, however, in reality there are multiple 

processes including N2O formation by fungi (Shoun et al.1992, Zhou et al. 2002, 

Prendergast-Miller et al. 2011, Zhu et al. 2013). These processes that result in the 

formation of N2O also need to be taken into account in future modelling. Model sensitivity 

analysis could be carried out to identify the importance of certain parameters on 

denitrification and their contribution to N-emission rates more in detail (e.g. Potter et al., 

1996). Model sensitivity analysis with CoupModel in previous studies such as He et al., 

2016, confirms that forests on drained peatlands produce N2O mainly by denitrification 

in the anaerobic zone. By changing initial soil C, initial C:N, water content etc. we can see 

the response of gas flux in the model and also predict the impact of future climate change/ 

increase in temp buy 2-3°C,  on the N2O and N2 emissions from drained peatland soils. 

Due to model limitations, CoupModel cannot simulate negative N-fluxes. Several 

measured data have shown negative N2O fluxes across ecosystem types and the N2O 

consumption processes are not fully understood (Chapuis-Lardy et al., 2007, Rosenkranz 

et. al, 2006). Process models generally cannot simulate N2O consumption as it is not 

mathematically described also due to lack of measured data on N2O consumption 

processes (Wen et al., 2016).  

Reported gas fluxes in forest ecosystems are often based on measurements from the soil 

and forest-floor and the contribution of vegetation to the total fluxes is not considered in 

this study as they are assumed to be negligible. There is limited information on the 

significance of trees to the whole-forest fluxes. Recent studies suggest that trees do emit 

gases such as N2O and CH4 by acting as conduits for gas produced in wet soils or by in-

situ production within the tree. (e.g. Machacova et al. 2016, Wen et al. 2017). Integrated 

studies that focus on the contribution of trees along with soils in the N2O balance of 

drained peatland forests are needed. 

The results of this study suggest complex process controls on N-emissions and thus a need 

for detailed process-oriented modelling. Parameters such as the anaerobic balloon shape 

coefficient are extremely important in N-cycling modelling and found to be most important 

parameter in denitrification process since the N gas fluxes were extremely sensitive to 

changes in the soils anaerobic microsites. Further studies are needed to find how process 

models respond to drainage and changes in, climate, vegetation, soil pH and fertility in 

peatland ecosystems. 
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6. Conclusion 

Denitrification is the major process contributing to the N2O and N2 emission from drained 

peatland soils. Most of the N-emissions in this study were shown to occur under anaerobic 

conditions and hence originated from denitrification. The nutrient rich site Lettosuo 

produced relatively high N2O and N2 emissions and the change from aerobic to anaerobic 

conditions caused an increase in N-emissions. Temperature and moisture (oxygen 

availability) along with nutrient availability were evaluated as the major factors affecting 

the denitrification rate. Significant response to change in soil environmental conditions 

e.g. temperature, induced a shift from N2O production to consumption, indicates that in 

these conditions, denitrification proceed to the last step i.e. reduction of N2O to N2. 

The simulated model results with lab N2O data for the experiment showed that the model 

results reproduce well the observed measured data. Model simulated N2 and N2O follows 

the measured flux dynamics in response to changes in soil moisture and oxygen. After 

parameter calibration with the measured data, the CoupModel can be used to study the 

emission regulation factors. Models are being constantly developed and improved but this 

depends on the availability of quality measured data from field or laboratory studies.  

Overall, the results prove that the CoupModel is capable of simulating N2O, N2 and CO2 

fluxes well, not only field situations but also the results from a laboratory incubation 

experiment under controlled conditions, as in this study. CoupModel however, showed 

some overestimation in N2O emissions. This probably reflects the model biases in 

simulating and precise measurements and modelling of N-fluxes still remains a challenge. 

The global budgets of GHG emissions originating from soils need to be quantified better. 

Soil emissions has become a central topic in global change issues, in climate research, and 

for agricultural and forestry management. Emissions of N2O from have been increasing 

significantly since the onset of industrialization and the N2O emitted from forest soils and 

will probably increase in the future due to the potential anthropogenic impacts on global 

climate change. There is limited knowledge on soil N-emissions, especially in peatland 

soils and thus, more focused studies utilizing both measured and modelled data are 

needed. To control or reduce N2O emission and develop better management practices for 

peatlands, the formation and emission rates of N-gases in soil and the factors affecting 

these processes as drainage practices must be understood.  
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Appendix A 

A1. Equations and functions of important parameters used in the applied 

CoupModel structure in this study (from Table 8): 

 

1. Saturation Activity 

Saturation activity in soil moisture response function 

Default value   0.6 

Unit                   – 

Symbol            pθSatact 

Equation: 

 
 

 

2. Theta Upper Range 

Water content interval in the soil moisture response function for microbial 

activity, mineralization - immobilisation, nitrification and denitrification. 

Default value   8 

Unit                  vol% 

Symbol            pθUpp 

Equation         see (1.) 

 

Common Soil Moisture Response Function 

This function is automatically called for in processes such as nitrification, decomposition 

and respiration. The ‘Saturation Activity’ is the value of the response function when the 

soil is saturated i.e. to the right in the figure. ‘Theta Upper and Lower Range’ 

determines the optimum soil moisture content where the response function is equal to 

one. The “Theta Power Coefficient” determines the slope of the curve below and above 

the optimum range.  
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3. Anaerobic balloon shape coefficient parameter (AnBal_ShapeCoef)     

Gas processes parameter which is a shape parameter as a function of oxygen 

level in the anaerobic volumetric fraction of soil. 

Default value   100 

Unit                   - 

Symbol            gaporshape 

Equation         The volumetric anaerobic fraction of the soil is calculated as:  

 

Anaerobic volumetric fraction as a function of oxygen level for two different shape 

parameter values. 
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4. IntDiffRedFrac 

The oxygen diffusion reduction parameter in the oxygen diffusion exchange 

function. 

Default value   0.01 

Unit                  - 

Symbol            odiffred 

Equation         The oxygen diffusion exchange function is calculated as: 

 
 

Oxygen diffusion exchange function 

The oxygen diffusion exchange coefficient as a function of anaerobic volumetric fraction 

for two different diffusion reduction parameter values. 

 

 

5. MaxFracN2O 

The maximum N2O fraction parameter when N2O is formed during the 

nitrification process. 

Default value   0.0006 

Unit                  - 

Symbol            gmfracN2O 

Equation         NO and N2O formed during the nitrification process calculated as: 

 
f(θ), f(T), f(pH) are response functions for soil moisture, temperature and soil pH 

respectively. 
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6. N2O RelSatForm 

The parameter describing the shape of the moisture response function for N2O 

during the nitrification process. 

Default value   0.24 

Unit                   - 

Symbol            gθsatformN2O 

Equation         The response function for soil moisture is calculated as: 

 

Moisture response function nitrification 

The response function for soil moisture for the formation of nitrous trace gases for two 

different parameter values: 

 

 

7. N2O TempShape 

The parameter describing the shape of the temperature response function during 

the nitrification process. 

Default value   1.5 

Unit                   - 

Symbol            gTshapeN2O 

Equation         The response function for soil temperature is calculated as: 
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Temperature response function nitrification 

The response function for soil temperature for the formation of nitrous trace 

gases for two different parameter values: 

 

 

A2. List of all parameters used in this study 
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Appendix B 

Model Outputs (reference run 1)

 

Fig B1. N Tot Denitrification (Denitrification from all mineral nitrogen pools in the whole soil 

profile, g m-2day-1) 

 

Fig B2. N Tot Nitrification (Total nitrification rate for the whole soil profile g m-2day1) 

N2 + N2O + NO very high emissions, in total. We can observe a decreasing trend in the 

nitrification rate. N-emissions increased when conditions change to anaerobic by 

denitrification. These figures thus show that N-emissions are occurring in the anaerobic 

conditions, by denitrification.  
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Fig B3. Soil NH4+ (top) and NO3- (below) concentration (mg-N/ l). 

 

Fig B4. Total soil CN Ratio (top) and CTot (g m-2) in the soil humus and litter layer.  

Soil mineral N concentrations generally decrease and depletes by end of experiment. 

C:N also shows a general decreasing trend. 

 

 

Footnotes: 

A more detailed technical description of the CoupModel is available on the website 

www.coupmodel.com 

A detailed description of equations, parameters and variables are available in the COUP 

Manual, Jansson and Karlberg (2011). 

 

 

 

http://www.coupmodel.com/
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