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Preface 
This PhD thesis consists of a synopsis and the following four papers listed according to the date of 

publication:  

 

Paper 1 - Askaer, L., Elberling, B., Friborg, T., Jørgensen C.J., Hansen B.U (2011) Plant-mediated 
CH4 transport and C gas dynamics quantified in-situ in a Phalaris arundinacea-dominant 
wetland, Plant and Soil, Vol. 43, pp. 287-301. (Accepted 07-01-2011) 
 
Paper 2 - Elberling, B., Askaer, L., Jørgensen, C.J., Joensen, H.P., Kuhl, M., Glud, R.N., Lauritsen, 
F.R. (2011) Linking Soil O2, CO2, and CH4 Concentrations in a Wetland Soil: Implications for 
CO2 and CH4 Fluxes, Environmental Science & Technology, Vol. 45, pp. 3393-3399 (Accepted 
24-02-2011) 
 
 Paper 3 - Jørgensen, C.J., Struwe, S., Elberling, B. (2011) Temporal trends in N2O flux 
dynamics in a Danish wetland – effects of plant-mediated gas transport of N2O and O2 
following changes in water level and soil mineral-N availability, Global Change Biology, 
doi:10.1111/j.1365-2486.2011.02485.x. (Accepted 15-06-2011) 
 
Paper 4 - Jørgensen, C.J. and Elberling, B. (2011) Flooding-induced N2O production, 
consumption and emission dynamics in wetland soil, Submitted to Global Change Biology 22-
08-2011. 
 

The PhD study was conducted in the period May 2008 to September 2011 with primary funding 

from the Faculty of Science, University of Copenhagen, Denmark. The main focus of this PhD 

study is to establish new and improved knowledge on spatiotemporal aspects in N-transformation 

processes leading to production, consumption and emission of nitrous oxide (N2O) in a Danish 

wetland, with a vantage point of the academic disciplines of soil science and physical geography. 

The research activities were supported and carried out in close cooperation with research on oxygen 

(O2) availability and carbon gas dynamics of carbon dioxide (CO2) and methane (CH4) conducted 

within the framework of “Oxygen availability controlling the dynamics of buried organic 

carbon pools and greenhouse gas emissions” and paved the way for the on-going research project 

“Nitrous oxide dynamics: The missing links between controls on subsurface N2O 

production/consumption and net atmospheric emissions” both funded by the Danish Natural 

Science Research Council (PI: B.E.).  
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Resumé  
Natural wetlands act as both sources and sinks of greenhouse gases such as carbon dioxide (CO2), 

methane (CH4) and nitrous oxide (N2O) from the soil to the atmosphere. Production and 

consumption of these gases in the soil are controlled by a series of highly dynamic and interrelated 

processes involving plants, soil and microorganisms. These processes are regulated by different 

physio-chemical drivers such as soil moisture content, soil temperature, nutrient and oxygen (O2) 

availability. In wetlands, the position of the free standing water level (WL) influences the 

spatiotemporal variation in these drivers, thereby influencing the net emission or uptake of 

greenhouse gas.  

 

In this PhD thesis the complex aspects in the exchange of N2O across the soil-atmosphere is 

investigated with special focus on the spatiotemporal variations in drivers for N2O production and 

consumption in the soil and their relation to observed flux patterns. It is demonstrated how the 

seasonal variations in N2O emissions are linked to the subsurface concentrations of N2O at the 

capillary fringe above the WL by regulating the apparent diffusion rates of oxygen (O2) into the soil 

which availability regulates sequential nitrification-denitrification processes in the soil.  

 

It is shown that fast acting N-transformation processes both produce and consume large 

concentration of N2O over short distances in response to rapid WL variations, and that these 

processes are crucial for explaining the spatiotemporal variation in observed net N2O dynamics. 

Similarly, plant-mediated gas transport by the subsurface aerating macrophyte Phalaris 

arundinacea played a major part in regulating and facilitating emissions of greenhouse gases across 

the soil-atmosphere interface.  

 

It is concluded that the spatiotemporal distribution of dominating N2O producing and consuming 

processes below the surface, in combination with the variations in the diffusive exchange rates due 

to soil water content and apparent diffusivity, control the magnitude and timing of N2O emissions to 

the atmosphere in close connection with the plant-mediated gas transport. It is evident, that the 

inclusion of the aboveground biomass in these types of flux measurements is essential to avoid 

significant underestimations of net N2O fluxes, whereas an inadequate sampling frequency or non-

uniform temporal coverage could impose an undesirable bias to the net flux estimates. 
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Sammendrag  
Naturlige vådområder er I stand til at både frigive og optage kuldioxid (CO2), metan (CH4) og 

lattergas (N2O), der alle fungerer som drivhusgasser i atmosfæren. Produktion og forbrug af disse 

drivhusgasser i jordsystemer er reguleret af flere dynamiske og indbyrdes afhængige processer, 

hvor samspillet mellem jordforhold, plantevækst og mikrobiel aktivitet spiller en væsentlig rolle. 

Processerne er styret af forskellige fysiske og kemiske regulatorer såsom jordvandsindhold, 

jordtemperatur, næringsstof- og ilttilgængelighed, hvis tidslige og rumlige indflydelse på 

gasfluksdynamikken selv er styret af sæsonvariationer i dybden til det terrænnære sekundære 

grundvandspejl. 

 

Et af hovedformålene i denne PhD afhandling er at kvantificere den rumlige og tidslige dynamik i 

produktionen og forbruget af N2O i et uopdyrket dansk vådområde, og relatere denne dynamik til 

sæsonmæssige frigivelser og/eller optag af N2O. En tæt sammenhæng blev demonstreret mellem de 

sæsonmæssige variationer i N2O frigivelser og dybdefordelingen af lattergaskoncentrationer i 

området ved det kapillære grænselag umiddelbart over det frie vandspejl. Det blev demonstreret, at 

tidslige variationer i den effektive diffusionrate er et styrende parameter for iltnedtrængningen 

gennem dette kapillære grænselag, hvilket påvirker koblede nitrifikation-denitrifikations processer i 

jordsystemet. 

 

En særdeles hurtig respons på hurtige vandspejlsændringer blev vist gældende for processerne der 

styrer produktionen og forbruget af N2O i jorden, hvilket har stor betydning for den rumlige og 

tidslige variation i frigivelserne af den dannede N2O. Det blev derudover påvist, at vådbundsplanten 

Phalaris arundinacea, der er karakteriseret ved at have luftfyldt aerenkym-væv, spillede en 

afgørende rolle for gas transporten ved at fungere som passiv luftvej for N2O i frigivelsen fra jord til 

atmosfære. 

 

Det konkluderes, at den tidslige og rumlige variation i de processer der regulerer produktionen og 

forbruget af N2O i jorden, sammen med plantetransport og de tidslige variationer i effektive 

diffusionsrater i forbindelse med ændringer i jordvandsindholdet, er styrende faktorer for både 

størrelsesordenen og den tidslige fordeling i udvekslingen af N2O mellem jorden og atmosfæren. 

Det konkluderes desuden, at inkludering af den overjordiske plantebiomasse er nødvendig for at 

undgå markante underestimeringer af N2O frigivelserne, samt at en for sporadisk målefrekvens i 

fluksmålinger vil kunne medføre en uhensigtsmæssig påvirkning af det samlede nettoresultat.  

 v
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1 - Introduction 

Natural wetlands are found in all climatic zones on Earth from the arctic tundra to tropical wetlands 

and act as half-way worlds between terrestrial and aquatic ecosystems with specific characteristics 

from each (Gopal and Ghosh, 2008). Natural wetlands accumulate and store large amounts of 

reactive carbon (C) and nitrogen (N) due to slow decomposition rates of buried soil organic matter 

(SOM) when the soils are oxygen (O2) depleted. Natural wetland ecosystems modify the amounts of 

important greenhouse gases in the atmosphere by acting as either sources or sinks of these gases 

across the soil-atmosphere interface. A huge variety of microorganisms in wetland soils have the 

ability to mobilize and transform the buried C and N pools with resulting production and 

consumption of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) in the soil. 

Depending on the environmental soil conditions, a net exchange of these greenhouse gases can 

occur across the soil-atmosphere interface with different climatic impacts.  

 

N2O is an important greenhouse gas with a lifetime of approximately 114 years in the atmosphere 

and a global warming potential of approximately 298 times that of carbon dioxide (CO2) 

(IPCC, 2007). In recent years, emissions of N2O has received increasing attention due to its role in 

both global warming (IPCC, 2007) and the destruction of stratospheric ozone (Chipperfield, 2009; 

Ravishankara et al.  2009). Terrestrial emissions of N2O across the soil-atmosphere take place from 

both natural and agricultural ecosystems. Over the last 150 years, the average atmospheric 

concentration of N2O has increased from ~270 ppbv in the preindustrial era to ~320 ppbv today 

(IPCC, 2007; Davidson, 2009) primarily due to the use if agricultural fertilizers.  
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 Figure 1 Historical reconstruction of atmospheric N2O concentrations and annual input of agricultural N to 
terrestrial ecosystems. (Modified from Davidson, 2009)

 

While agricultural land areas are the largest source of terrestrial N2O emissions, natural wetlands 

have been documented as significant sources of N2O to the atmosphere (Regina et al.  1996a; Aerts 
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and Ludwig, 1997; Liikanen and Martikainen, 2003; Bedard-Haughn et al.  2006; Zhu et al.  2008; 

Dinsmore et al.  2009; Repo et al.  2009; Danevcic et al.  2010; Pennock et al.  2010). However, 

detailed knowledge on the dynamics of both the spatiotemporal variability on an hourly or sub-

diurnal time scale and environmental drivers of seasonal N2O emissions have been limited by the 

relative scarce numbers of field studies in natural wetlands using in high-resolution sampling 

frequency strategies (Rochette and Eriksen-Hamel, 2008).  

 

It is therefore still an open question whether the future changes in the thermal and hydrological state 

of natural wetlands will lead to larger net sink or net source scenarios (Arneth et al.  2010; Cantarel 

et al.  2011). Improved knowledge on spatiotemporal greenhouse gas dynamics is relevant for 

understanding the natural feedback of greenhouse gas exchange across the soil-atmosphere interface 

from wetlands under both current and future climatic conditions as well as providing the basis for 

improved modelling of future climate change (Smith, 1997). The quantification of processes 

controlling gas exchange across the soil-atmosphere interface requires improved knowledge at a 

high spatiotemporal resolution about the physical mass transfer properties of the soil system and the 

complex biogeochemical interactions in plant-soil-microbe processes and plant-mediated gas 

transport. Uncertainty exists on the role of plants for conveying N2O across the soil-atmosphere 

interface. How this gas exchange responds to fast acting environmental drivers is poorly understood 

and efforts using near-continuous measurements in highest possible temporal resolution are needed 

to capture the real-time dynamics of these gas transport mechanism. Also, uncertainty exits on how 

the spatial zonation of N2O producing and consuming processes is linked to temporal variations in 

process drivers and surface emissions. Resolving this uncertainty could involve micro-scale 

measurements of both physical mass transfer properties and gas concentration profiles leading to 

production rate modelling of subsurface gas dynamics and surface emissions. Only by coupling 

subsurface processes to emissions under fluctuating soil moisture conditions will the mechanisms 

regulating greenhouse gas emissions from wetland soils clarified.  

 

This PhD thesis addresses the knowledge gap on how the spatiotemporal N2O emission dynamics 

from a natural non-managed Danish wetland overgrown with the subsurface aerating macrophyte 

Phalaris arundinacea is linked to subsurface N-transformation processes, and how these respond to 

variations in environmental process drivers following seasonal variations in the water level. This 

particular wetland type was chosen since it represents an ecosystem which is prone to significant 

future modifications following perturbations of the general water balance and temperature regime.  
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Modified from (Reddy et al., 1989)
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Conditions favouring N2O production in wetland soils are sensitive to seasonal and interannual 

weather patterns which affect the soil moisture content, position of the water level (WL) - defined 

as the depth from the surface to the free-standing position of the secondary groundwater body 

closest to the surface - and seasonal growth pattern of subsurface aerating wetland macrophytes, 

such as Phalaris arundinacea. Together these parameters regulate O2 transport into the soil and 

determine both the timing and the location of anoxic zones and thereby the nature of N-

transformation processes and N2O production, consumption and emission. Following global 

warming these conditions will be subject to changes potentially affecting net N2O fluxes from the 

soil to the atmosphere.  

 

A conceptual model of plant-soil-microbe interactions involved in the N2O dynamics in a natural 

wetland ecosystem with P. arundinacea as dominating plant cover is shown in Figure 2 with boxed 

grey numbers indicating zone of relevance for the following sub-chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2 Conceptual model of relevant plant-soil-microbe interactions. Insert shows processes involved in sequential 
nitrification-denitrifcation in the root zone. Subsurface O2 availability in the soil is influenced by O2 diffusion across the soil 
surface and O2 loss from the plant roots, from which exudation of C compounds also occurs. N2O emissions occur as fluxes 
across the soil-atmosphere interface and by plant-mediated gas transport. The seasonally variable position of the WL and 
capillary fringe above it are indicated by dotted arrows. 



The potential N2O reduction capacity of microorganisms in the soil and root zone can under certain 

conditions produce sub-ambient N2O concentrations, creating a negative flux gradient into the soil 

which then functions as a net sink of atmospheric N2O. The conditions promoting N2O consumption 

in the soil and the environmental drivers for N2O deposition from the atmosphere to the soil are yet 

to be consistently identified. While denitrification is considered the most important process for N2O 

uptake, the roles of NO3
- availability, soil pH, temperature and soil moisture as well as O2 pressure 

are much less clear (Chapuis-Lardy et al.  2007; Vieten et al.  2008). 

 

2.1 Subsurface controls of N2O production, consumption and emission  

Production and consumption of N2O in soil occurs primarily through the microbial processes of 

aerobic nitrification and anaerobic denitrification (Robertson and Tiedje, 1987; Firestone and 

Davidson, 1989). Dominance of these processes are linked to soil moisture content and O2 

availability in the soil, as well as the presence of labile N and carbon (C) in the soil (Davidson, 

1991; Skiba and Smith, 2000; Liikanen and Martikainen, 2003; Andersen and Petersen, 2009). The 

soil moisture content affects both the diffusion rates of dissolved species and soil gases, the amount 

of dissolved N2O in the soil solution, the rate of microbial N2O production and consumption and the 

amplitude of diurnal soil temperature variations (Blackmer et al.  1982; Clough et al.  2005). 

Similarly, the availability of O2 in the subsoil controls where and when both gaseous intermediate 

and terminal reaction products will be produced and consumed in the soil profile.  

 

The diffusive exchange of N2O across the soil-atmosphere interface is greatly enhanced when the 

position of the capillary fringe above the WL moves down through the root zone and increasing 

numbers of previously water-filled macropores become air-filled. This promotes improved diffusive 

mass loss through the root zone porosity and decreases the residence time of N2O in subsoil which 

lowers the potential for full reduction of N2O to N2 (Clough et al.  2005; Chapuis-Lardy et al.  

2007) The improved potential for subsoil oxygenation via air-filled macropores will, in combination 

with plant mediated O2 release to the root zone, stimulate nitrification of NH4
+ to NO3

- in the 

presence of labile carbon exudates from the plant roots (Edwards et al.  2006). This can potentially 

increase N2O production rates or even lead to N2O reductase inhibition at the higher O2 pressures at 

the capillary fringe (Betlach and Tiedje, 1981), resulting in a concentration build up of N2O, which 

could be emitted to the atmosphere. To complicate matters, certain subsurface aerating wetland 

macrophytes can modify N-transformation processes and N2O emissions by actively providing the 
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N-transforming microorganisms in the soil profile with O2 and labile organic C compounds (van 

Noordwijk et al.  1998; Bastviken et al.  2005), as well as transporting the soil gases across the soil-

atmosphere interface though aerenchymous plant tissue (Reddy et al.  1989; Yu and Chen, 2009). In 

combination, these drivers make up a complex system of both synergistic and antagonistic 

interrelated processes, producing net N2O emission patterns which are likely to vary significantly 

over space and time.  

 

2.1.1 Effects of water level on production, consumption and emission rates 

Wetlands are characterized by having the free standing water level (WL) close to the surface and 

near saturated soil moisture conditions during extended periods of the year resulting in high 

accumulation rates of organic C and N. Soil moisture is a key regulator for diffusion of O2 into the 

soil by lowering the diffusion rate of O2 by a factor 104 (Megonigal et al.  2003). Natural lowering 

of the WL increases the air-filled porespace fraction and improves the O2 availability in near-

surface layers, which affects the decomposition rates of soil organic matter and the transformation 

rates of soil mineral-N. Minor changes in the total content and distribution of soil water films 

influences the effective diffusion rates of O2 giving rise to the formation of anaerobic microsites 

within an otherwise oxidized soil matrix (Strong and Fillery, 2002; Vieten et al.  2009). When 

wetland soils are flooded the rate of respiratory O2 demand by soil microbes typically out weighs 

the rate of diffusive influx of atmospheric O2 to the soil resulting in the formation of anaerobic soil 

conditions (Megonigal et al.  2003).   

 

Seasonal variations in soil moisture and subsurface O2 availability following WL fluctuations are 

strong determinants for soil conditions determining N2O production, consumption and transport, 

thereby exerting a major control on these processes in the soil (Heincke and Kaupenjohann, 1999; 

Clough et al.  2005). The existence of a delicate N2O regulatory mechanism influenced by the 

position of the WL has been demonstrated in a number of studies with contrasting results in terms 

of the effects of lowered water levels on N2O emission (Martikainen et al.  1993; Kliewer and 

Gilliam, 1995; Regina et al.  1996b; Velthof et al.  1996; Aerts and Ludwig, 1997; Regina et al.  

1999; Glatzel et al.  2008; Jungkunst et al.  2008; Dinsmore et al.  2009; Danevcic et al.  2010; 

Berglund and Berglund, 2011).   
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Rapid natural shifts from naturally drained to fully flooded soil moisture conditions in wetland soil 

limit subsurface O2 availability and provide improved conditions for N2O production via 

denitrification by depletion of the soil NO3
- pool followed by N2O emissions. However, the duration 

and magnitude of these flooding induced N2O emissions remain unclear and the temporal linkages 

between the surface emission dynamics of N2O in response to both slow and rapid changes in WL 

and subsurface N2O concentrations need to be determined for determining the potential role of 

future increased flooding intensity on net annual N2O emissions. 

 

2.1.2 Effects of soil temperature on activity and emission rates  

Like most other biological processes, the rates of N2O production and consumption increase with 

increasing temperatures. The rate changes as a consequence of raising the temperature 10°C for 

these processes (Q10 coefficient) are typically a factor 2-3, but coefficients up to 9 have been 

demonstrated (Skiba and Smith, 2000; Maag and Vinther, 1996; Blackmer et al.  1982). However, 

the links between predictable temperature dependent reaction rates increases and surface emissions 

are not necessarily straight-forward and contrasting effects of soil temperature on surface emissions 

rates of N2O have been reported (Blackmer et al.  1982; Skiba and Smith, 2000; Müller et al.  2004; 

Smith, 1997; Martikainen et al.  1993; Flechard et al.  2005). If variations in soil temperatures are to 

have an unambiguous effect on microbial activity rates and N2O emissions, the soil moisture 

conditions have to be within a certain range. If the soil is either suboptimally dry or excessively 

wet, the temperature stimulated activity rates may be retarded due to moisture stress and O2 

depletion (Laiho, 2006) indicating that the net effects of climate change on N2O emissions will have 

to be investigated in the combined changes of the temperature regime energy and water balance. 

 

2.1.3 Effects of O2 availability for N-transformation processes 

Microbial C and N transformation processes in peat soil governing the production and consumption 

of N2O are sensitive to the availability of both O2 and inorganic nutrients for microbial growth 

(Aerts and Ludwig, 1997; Bollmann and Conrad, 1998; Khalil et al.  2004) and linked to the 

decomposition of soil organic matter and release of previously occluded NH4
+ (Laiho, 2006). The 

O2 dependency of N transformation processes that lead to N2O production has been extensively 

documented in the scientific literature over the past decades. For example, it is evident that, when 

the processes are studied in isolation, O2 concentrations above a certain threshold will inhibit both 

denitrification of NO3
- to N2 and dissimilatory NO3

- reduction to NH4
+ (DNRA) with resulting 
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concentration build up of N2O in the soil. Similarly, when O2 availability is unrestricted, rapid 

transformation of NH4
+ to NO3

- via nitrification is likely going to happen if nitrifying bacteria are 

present, with production of N2O as reaction intermediate. Several comprehensive reviews of 

potentially relevant N-transformation processes which might promote the formation of N2O in the 

soil are available in the literature, e.g. (Parkin and Tiedje, 1984; Tiedje et al.  1983; Betlach and 

Tiedje, 1981; Firestone et al.  1980; Robertson and Tiedje, 1987; Smith and Patrick Jr, 1983; Khalil 

et al.  2004; Bollmann and Conrad, 1998; Wrage et al.  2001; Megonigal et al.  2003). A common 

trait for most of these O2 sensitive N-transformation processes is, that the presence or absence of O2 

itself it not the agent which facilitates the actual N-transformation, but its availability regulates the 

microbial expression of relevant catalyzing enzymes needed to get the electron transfers happening 

at any significant rate (Firestone et al.  1980; Betlach and Tiedje, 1981; Tiedje et al.  1983; Korner 

and Zumft, 1989; Dendooven and Anderson, 1994; Bollmann and Conrad, 1998; Baek and 

Shapleigh, 2005).  

 

Knowledge on the O2 sensitivity of individual processes under controlled conditions is highly 

valuable for understanding the fundamental processes of N2O production and consumption in soil 

isolates. In field scale investigations where the level of complexity increases with the number of 

interrelated and interacting processes taking place more or less simultaneously, it will be highly 

challenging to predict open system N2O dynamics by the sum of the isolated process responses. For 

example, when conditions in the root zone of certain wetland macrophytes alternate between oxic 

and anoxic conditions the production of N2O is controlled by sequential nitrification-denitrification 

reactions (Patrick and Reddy, 1976; Smith and Patrick Jr, 1983; Firestone and Davidson, 1989; 

Bodelier et al.  1996). In these reactions, NH4
+ from the anaerobic zone of the soil diffuses into the 

oxic part of the root zone, where it is either taken up by the plants or oxidized into NO3
-, which can 

be taken up by the plants or diffuses into the adjacent anaerobic zones where it is denitrified into N2 

(Reddy et al.  1989) or reduced into N2O if soil conditions are suboptimal for full denitrification 

(Firestone and Davidson, 1989; Davidson, 1991). 

 

 The net N2O output from the sequential reactions are coupled to competition between plant-

microbe O2 and NO3
- demand, which is modified by rhizodeposition of labile organic C compounds 

and radial oxygen loss from plant roots (Kaye and Hart, 1997; Engelaar et al.  1995; Rubinigg et al.  

2002; Jones et al.  2004; Sasikala et al.  2009). These interactions may lead to highly contrasting 

redox-conditions in the soil within a spatial scale of few hundred μm, resulting in the formation of 
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anaerobic microsites, where conditions for the production of N2O are especially favourable. Such 

N2O hotspots are especially pronounced near sources of organic carbon such as roots or detritus and 

leads to notorious high spatial variation in N2O production and consumption rates (Megonigal et al.  

2003). 

 

2.1.4 Plant-soil interactions on N-transformation  

Many wetland plants possess characteristics which allow them to survive periodic flooding and the 

accompanying changes in soil chemistry when O2 is depleted. Upon flooding, plants are not only 

faced by the lowered diffusive influx rates of atmospheric O2, but also a substantial demand for O2 

by roots, soil micros and other reductants in the soil (Pezeshki, 2001). Many wetland plants, e.g. 

Phalaris arundinacea, have developed aerenchymous tissue in the roots, stems and leaves which 

facilitates transport of O2 to the roots needed for aerobic respiration and oxidation of reducing 

compounds in the rhizosphere (Brix and Sorrell, 1996; Colmer, 2003; Cook and Knight, 2003; 

Kercher and Zedler, 2004; Sasikala et al.  2009). In this way, roots and rhizomes obtain O2 via plant 

internal gas transport of atmospheric or photosynthetically produced O2 (Armstrong et al.  1994; 

Wiessner et al.  2002). 

 

In wetlands, labile organic carbon is supplied by root exudation by plant roots and is used as carbon 

and energy source for a wide number of heterotrophic bacteria (Jones et al.  2004). The availability 

of labile carbon is known to be a rate limiting factor for both denitrification and overall O2 

consumption rates (Megonigal et al.  2003; Bastviken et al.  2005). Depending on plant species and 

growth stage, an average of 10-25% of the photosynthetically assimilated C may be translocated to 

the roots and exuded to the surrounding soil in concentrations as high as 15-20 mg L-1 (Zhu and 

Sikora, 1995; Edwards et al.  2006). As the C assimilation rate in photosynthesis is dependent on 

the amount of incoming solar radiation in the photosynthetically active radiation spectrum (PAR 

spectrum), it is likely that root exudation rates of organic C compounds are linked to variations in 

incoming PAR radiation, with the potential of modifying O2 availability and N2O 

production/consumption processes when these are rate limited by C availability. 

 

O2 regulated mineral N-transformation via sequential or coupled nitrification-denitrification in the 

root zone have been demonstrated for a number of different aquatic macrophytes (Patrick and 

Reddy, 1976; Reddy et al.  1989; Kuenen and Robertson, 1994; Engelaar et al.  1995; Russow et al.  



2000; Kirk and Kronzucker, 2005). Since the process of O2 release from the roots is, at least 

partially, light driven (Wiessner et al.  2002), it is likely that the rate of the nitrification-

denitrification sequence could exhibit strong diurnal variations in response to changes in incoming 

solar radiation. In addition to functioning as a zone of ongoing transformation of NH4
+ and NO3

- 

into various N-containing soil gases, the root zone can act as diffusion or reduction barrier to N2O 

present in deeper layers in the soil profile, if the denitrifying activity rates are sufficiently high or 

the residence time in the root zone sufficiently long. 

 

Although not yet documented for P. arundinacea and therefore somewhat speculative, it has been 

hypothesized that plants may produce N2O in vivo during N assimilation (Yu and Chen, 2009). For 

plants to assimilate N into amino acid and proteins they need to convert NO3
- taken up by the roots 

from the soil solution into NH4
+. One theory is that N2O emitted from plant leaves can be generated 

in the process of nitrite (NO2
-) reduction to NH4

+ in the chloroplasts, with N2O as potential 

intermediate product (Dean and Harper, 1986; Smart and Bloom, 2001; Hakata et al.  2003). 

Accumulation of NO2
- during NO3

- assimilation could be a cause of N2O production and release, by 

which toxic NO2
- is removed (Yu and Chen, 2009). Since the expression on NO3

- reductase genes is 

light-dependent and light energy is involved in the assimilation of NO3
- in plants (Yu and Chen, 

2009), it is likely that the temporal dynamics of plant internally produced N2O could exhibit a 

strong diurnal variation in response to changes in incoming solar radiation functioning in parallel 

with photosynthesis. To complicate matters even more, it has been suggested that certain plants, by 

some undefined mechanism, may absorb N2O directly from the atmosphere (Lensi and Chalamet, 

1981; Chen et al.  1997; Yu and Chen, 2009; Li et al.  2011), in a process which could be affected 

by variations in soil moisture content (Li et al.  2011).  

 

Wetland plants such as P. arundinacea function as important “ecological engineers” (Tanner, 2001) 

by regulating the diurnal variations in input of both O2 and labile organic C into the root zone where 

important N-transformation processes take place. Still, the temporal nature and variation of these 

plant and soil interactions and their net implications for seasonal variations in N2O emission 

dynamics are still open questions. Answers to these questions are highly relevant for predicting 

changes in N2O emissions from natural wetlands in response to future changes in seasonal WL 

dynamics and plant growth of subsurface aerating macrophytes affecting subsurface aeration, SOM 

decomposition and nutrient availability for both plants and N2O producers and consumers in the 

soil. 
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2.2 Gas transport mechanisms across the soil-atmosphere interface 

Gases can be transported between terrestrial ecosystems and the atmosphere in several ways. The 

most intensively described transport mechanism pathway is the diffusive exchange between gases in 

the soil and gases in the atmosphere, where the gas exchange and gas movement within the soil 

profile follow the concentration gradient as described by Fick’s first law of diffusion (Stumm and 

Morgan, 1996; Borggaard and Elberling, 2007). In recent years, the role of plant-mediated trace gas 

exchange between the soil and the atmosphere has received increasingly more attention as it 

becomes evident that plants may significantly affect gas emission rates (Lensi and Chalamet, 1981; 

Mosier et al.  1990; Armstrong et al.  1996; Chen et al.  1997; Chang et al.  1998; Rusch and 

Rennenberg, 1998; Reddy et al.  1989; Müller, 2003; Rückauf et al.  2004; Garnet et al.  2005; 

Pihlatie et al.  2005; Cheng et al.  2007; Yu and Chen, 2009; Li et al.  2011).  

 

Transport of N2O between the soil and the atmosphere by terrestrial plants is believed to occur via 

two major pathways: (1) N2O transport in the gas phase through plant internal airspaces in the 

aerenchyma and (2) transport of dissolved N2O in the liquid phase through the transpiration stream 

(Chang et al.  1998; Müller, 2003; Yu and Chen, 2009). Plant-mediated gas transport through the 

aerenchyma can be driven both by molecular diffusion along the concentration gradient and by 

pressurized light-enhanced convective trough-flow (Armstrong and Armstrong, 1990; Brix et al.  

1994; Shannon et al.  1996; Colmer, 2003; Sorrell and Brix, 2003). Both plant mediated transport 

mechanisms are sensitive to variations in incoming solar radiation. Variations in stomatal 

conductance is the primary control on gas transport by molecular diffusion, where the plants can be 

compared to a light sensitive valve which open or closes in response to the degree of incoming PAR 

(Joabsson et al.  1999). This valve like mechanism could produce more or less pronounced diurnal 

variations in the timing and magnitude of plant mediated gas fluxes.  

 

In the case of light-enhanced convective through-flow, emission peaks are typically observed 

following the rapid onset of daylight where the soil gases are flushed from the stem and rhizome air 

space, where it had accumulated during the dark hours (Garnet et al.  2005; Armstrong and 

Armstrong, 1990). Irrespective of the plant-internal gas transport mechanism, plant-mediated gas 

transport can promote elevated and highly variable soil gas emissions over time and space by means 

of rapid gas exchange, when the potential CH4 oxidizing or N2O reducing capacities of the root 

zone is bypassed. 
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2.3 Potential ecosystem perturbations of land-use and climate change 

Long term increases in variations in air and soil temperature will not only affect the rates of 

microbial C and N transformations in the soil (Conant et al.  2011; Larsen et al.  2011), but also the 

successional changes in the composition of the vegetation and length of active growing season 

(Martikainen et al.  1993; Laiho, 2006). Changes in species composition of wetland plant will affect 

the water balance due to alterations in seasonal water consumption and evapotranspiration, 

changing the conditions for subsoil aeration and transport of dissolved substances as well as 

imposing increased moisture stress to soil ecosystems. How these changes will influence future N2O 

sink or source dynamics is largely unknown but appear increasingly relevant to quantify, in the light 

of increasing number of wetland restorations and constructed wetlands with the introduction of 

subsurface aerating wetland plants such as P. arundinacea as biofuel crops in northern wetlands 

(Zhu and Sikora, 1995; Katterer et al.  1998; Rückauf et al.  2004; Adams and Galatowitsch, 2005; 

Hyvoenen et al.  2009; Maltais-Landry et al.  2009; Smeets et al.  2009; Jin et al.  2010).  

 

In northern Europe, future climate change is predicted to change towards longer and drier warm 

periods with a change in precipitation patterns where periods with increased temperature and little 

precipitation are interrupted by more intensive precipitation events (IPCC, 2007; Energistyrelsen, 

2008). How these changes will actually manifest themselves are a matter of controversy, but it 

seems plausible that future changes in precipitation patterns will result in an amplification of 

seasonal WL dynamics in non-managed wetlands (Kim et al.  2008) compared to what is currently 

observed. Whether this potential amplification of seasonal WL dynamics and increased flooding 

frequency will lead to higher N2O emissions from natural wetlands, thereby acting as a positive 

feedback to climate change is difficult to predict without an improved understanding of the 

spatiotemporal dynamics of current N2O emissions in response to seasonal and episodic WL 

fluctuations. 
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2.4 Study objectives  

The microbial N transformation processes which govern the production and consumption of N2O in 

the soil are sensitive to the combined influences from a complex and interrelated system of 

processes where plant-soil-microbe relations modifies both reaction rates and gas fluxes across the 

soil-atmosphere interface. In the search for a better understanding of the links between the current 

spatiotemporal variability in N2O surface emissions and subsurface N-transformation processes in 

response to a fluctuating water level under both current and future climatic conditions this PhD 

thesis aims to:  

 

(1) Determine the main transport mechanisms of gas across the soil-atmosphere interface in a non-

managed Danish wetland with a dominating vegetation cover of Phalaris arundinacea (paper 1, 2 

& 3). 

 

(2) Relate the spatiotemporal dynamics in current N2O flux patterns in response to seasonal changes 

in the water level (paper 3 & 4) 

 

(3) Evaluate the temporal nature and total contribution of flooding induced N2O emissions to net 

annual N2O emissions from a non-managed Danish wetland (paper 4). 

 

(4) Explore the linkages between subsurface gas concentrations of O2, N2O, and dissolved mineral-

N in response to seasonal water level variations (paper 2, 3 & 4). 

 

(5) Quantify and model the subsurface O2 and N2O production and consumption dynamics over 

time at different soil depths using: (i) observed in situ gas concentrations and apparent gas 

diffusivity measurements (paper 2), (ii) high-resolution microsensor profiles of subsurface N2O and 

O2 concentrations in a controlled laboratory flooding experiment (paper 4) and (iii) soil sample 

incubation (paper 3). 

 

(6) Quantify the net annual greenhouse gas budget for CO2, CH4 and N2O relevant for evaluating 

the climatic impacts and potential positive feedbacks to climate change of the annual N2O flux 

budget and flooding induced N2O emissions (paper 1, 4) 

 

 12



3 - Field site and selected methodology 

3.1 The Maglemosen field site 

The Maglemosen experimental site is a non-managed minerotrophic wetland located approximately 

20 km north of Copenhagen, Denmark (55°51´N, 12°32´E). In the Atlantic Period, ~8.800 to ~5.000 

before present, the area was covered by the Littorina Sea. At approximately 5.000 years ago, a slow 

uplift of the land-area caused the shallow inlet fjord to close at its eastern fringe creating a shallow 

freshwater lake which turned into an overgrown wetland as organic detritus accumulated as peat 

(Fig. 3.1). The average elevation at the experimental field site is approximately 2.5 m above m.s.l.  

N

0 500 m 1000 m

 
Figure 3.1 Digital hillshade model indicating the extent of the Maglemosen basin (left) and pseudo-3D visualization of the wetland 

and its surroundings (right; 15 time vertical exaggeration). The location of the experimental site is shown by a grey dot. 

 

Histosols cover the majority of the area with peat depths ranging from 0-3 m.  According to USDA 

soil taxonomy, the soil can be classified as a Fibric Haplohemist with udic soil moisture regime and 

mesic temperature regime. The average peat thickness is approximately 45 to 55 cm with the main 

root zone occupying the upper 25-30 cm. Soil porosity in the peat layers ranges from 70 to 80% by 

volume. Bulk density decreases gradually from 0.25 at the surface to 0.40 g cm-3 at 60 cm depth. 

The peat total organic C content ranges from 23 to 29%, while total N ranges from 1.8 to 2.4% 

resulting in peat C:N ratios of 10 to 12 (Fig. 3.2). At a depth of approximately 60 cm the sediment 

changes from peat to carbonate rich organic silt extending to ~80 cm below the surface. The organic 

material in the top 0.6 m of the peat soil was deposited during the filling up of the freshwater lake 

by plant detritus. Radiocarbon dating of macrofossils from the top soil layers have showed that the 

upper 30 cm of peat has been deposited within the last 40 years, with an average recent 

accumulation rate of 730 g C m-2 yr-1 (Paper 1). 
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Figure 3.2 Overview of soil properties and soil profile picture (Sample date: 05-03-2010): (a) Soil moisture profile (vol %) under 

fully flooded conditions, (b) Bulk density profile (g cc-1), (c) Calculated total porosity (%), (d) C/N ratio and (e) picture of soil 

profile. The upper 50-55 cm is dominated by peat deposits with the main root zone occupying the top 25-30 cm. Carbonate rich 

organic silt is the dominating deposit at a depth of 55-60 cm. 

 

Mean annual air temperature at the field site is approximately 8 °C. Figure 3.3 shows a 7 days 

moving average of the air temperature in the period March 2007 to August. The duration of the 

growing season in the individual years, defined as a 7 day moving average of daily air temperature 

> 5 °C (Jin et al.  2010), can be seen as the part of temperature graph above the 5 °C isoline (dotted 

grey line). 
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Figure 3.3 Seven days moving average of measured air temperature (2m) in the period March 2007 to August 2011.  
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The maximum annual amplitude of the WL has been measured to be approximately 100 cm in the 

period since continuous logging was started in July 2008 (Fig. 3.4). Normal average annual 

precipitation is 618 mm (1960-1990 normal period, Danish Meteorological Institute) with large 

annual and seasonal variations. Liquid precipitation has been measured at the Maglemosen field site 

since July 2008 (Fig. 3.4). Maximum daily precipitation in the Maglemosen data record was 129 

mm on 14th August 2010. 
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Figure 3.4 Position of the free standing water level and daily liquid precipitation in the period 07-2008 to 08-2011. (Note: 

Precipitation in water equivalents from snow fall is not included). Investigation periods of each of the 4 research papers are shown by 

dotted grey lines above main graphs. 
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3.2 O2 methodology 

Measurements of subsurface O2 concentrations were conducted using permanently buried oxygen 

probes in which a sensor foil on the tip of an optical fibre is exited by light in the blue wave 

spectrum whereby it emits light in the red wave spectrum. When O2 is present at the sensor tip the 

energy of the exited molecule is transferred by collision with O2 instead as being emitted as return 

light (PreSens Gmbh; www.presens.de; Germany). The amount of emitted light can be converted to 

an O2 concentration using a modified Stern-Volmer equation after correction for depth-specific soil 

temperature at the time of measurement. 

 

 
Figure 3.5 Operating principle of oxygen probe (see explanation in-text; source: www.presens.de) 

 

The technique is non-consuming, robust and offers real-time high-temporal resolution measurement 

(sampling frequency > 1 min) but offers limited information about spatial heterogeneity in soil 

aeration or anaerobic microsites under changing soil water conditions, i.e. as could be detected by 

2-D planar optodes (Askaer et al.  2010). 
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3.3 N2O flux  methodology 

Automated closed static chamber methodology was used for the measurements of the gas exchange 

of CO2, CH4 and N2O across the soil-atmosphere interface in order to obtain near continuous 

temporal resolution of the flux estimates. The methodology has been proven in a variety of 

ecosystems and climatic zones with known strengths and weaknesses (Loftfield et al.  1992; 

Velthof and Oenema, 1995; Ambus and Robertson, 1998; Yamulki and Jarvis, 1999; Flessa et al.  

2002; Flechard et al.  2005; Holst et al.  2008; Akiyama et al.  2009; Yao et al.  2009; Wolf et al.  

2010) 

 

The flux chambers were constructed from transparent 6 mm polycarbonate sheets and permanently 

installed in steel frames in an area with a uniform stand of P. arundinacea, at an average elevation 

of 2.5 m above mean sea level. The chambers were fitted with both inlet and outlet tube connectors. 

During measurements, air from the chamber headspace was from the chamber to the gas analysers 

in a closed and pressure tight loop at approximately 2.5 L min-1. After the chamber lid had been 

closed, the air volume inside the closed chamber headspace was circulated using a 12 volt fan to 

prevent build up of concentration gradients of the measured gasses across the height of the 

chambers (Fig. 3.6).  
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Figure 3.6 Simplified sketch of the automated flux chamber system. (a): Flux chamber dimension without extender. (b): Flow path of 

sample gases.    
 

 17



 

For the N2O study, five chambers were closed one at a time in a fixed sequence with one chamber 

being closed for 55 min followed by an open period of 4 hrs. In this way, chamber specific flux 

estimates could be obtained with a 5 hour temporal resolution. Real-time concentrations of N2O, 

CO2 and water vapour (H2O) were determined using both a non-dispersive infrared gas analyser 

(LI-840, LiCor, Lincoln, USA) and an in-line photoacoustic trace gas analyzer (INNOVA 1312, 

LumaSense Technology Inc, Denmark) similar to other automated N2O flux measurements studies 

(Ambus and Robertson, 1998; Yamulki and Jarvis, 1999; Flechard et al.  2005). Simultaneous 

measurements of CO2 and H2O concentrations were performed by both the LI-840 and the 

INNOVA 1312 to achieve a 30 sec temporal resolution of CO2 concentrations by the LI-840, 

providing an indirect and independent CO2 control on the status of the low concentration 

measurements (nL L-1 region) of N2O by the photoacoustic gas analyser. Gas concentrations of 

H2O, CO2 and N2O in the chamber headspace were determined every 4 minutes with the INNOVA 

(sample integration time of 50 sec for each gas) with corrections made for water vapour and CO2 

interferences. To stabilize the water vapour pressure in the measurement cell, the sample gas was 

dried prior to analysis using a non-interfering Nafion dryer (MD110, PermaPure Inc., US) with 

continuous purging of dry air. 

 

Surface flux estimates of N2O were calculated using quadratic regression to account for potential 

non-linearity in the headspace gas increase over 30 minutes providing a more accurate estimate of 

N2O fluxes while returning the same estimate as the linear regression model in case of perfect 

linearity in headspace concentration increase/decrease (Wagner et al.  1997). 
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3.4 Microsensor N2O and O2 methodology 

Vertical concentration profiles of N2O, O2 and apparent diffusivity were measured in the soil 

columns using commercial microsensors with an outside tip diameter of 100-200 μm (Unisense, 

Denmark). The sensors were mounted side by side on a motorized micromanipulator and connected 

to a picoammeter (PA2000, Unisense, Denmark)(Fig 3.7). The use of microsensors offers ultra-high 

spatial resolution (<10 μm if desired) concentration profiles with minimum disturbance to the soil. 

 

Microsensors

Picoammeter & controller

Micromanipulator

 
Figure 3.7 Picture of microsensor setup. 
The numerical model PROFILE (Berg et al.  1998) was used to analyse measured N2O, O2 

concentration profiles and apparent diffusivity. PROFILE calculates the rate of production and 

consumption as a function of depth, assuming that the concentration depth profiles represent steady 

state conditions. The procedure involves finding a series of least square fits for the measured 

concentration profile, followed by comparisons of these fits through statistical F-testing. This 

approach leads to an objective selection of the simplest consumption profile that reproduces the 

measured concentration profile. The model has been successfully tested against analytical solutions 

describing the transport and consumption of O2 in sediment pore water (Berg et al.  1998) and used 

to model the production and consumption of N2O in soil (Elberling et al.  2010). 
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4 - Research paper summaries 

4.1 Summary of Paper 1 

 

Title “Plant-mediated CH4 transport and C gas dynamics quantified in-situ in a Phalaris 

arundinacea dominant wetland” 

 

Introduction 

In this paper we investigate the temporal flux dynamics of CO2 and CH4 gases across the soil-

atmosphere interface in order to determine both the dominating gas transport mechanisms and the 

potential role of plant-mediated gas transport from P. arundinacea.  Results are used to calculate the 

net annual C-gas emission budgets in response to seasonal variations in soil temperature, soil 

moisture and the position of the free-standing water level, and used as benchmark for designing the 

N2O flux measurement strategy and evaluating the climatic feedback of the corresponding N2O 

emissions. 

 

Research highlights 

 An average of ~70% of total ecosystem CH4 emissions was plant-mediated. 

 Temporal flux patterns showed no diurnal signature of light-enhanced convective gas transport 

indicating that the plant-mediated gas transport was driven by passive diffusion. 

 CH4 fluxes were highest during periods of high WL, whereas surface emissions were below the 

detection limits when the WL was below 30 cm from the surface. 

 The presence of an oxidized root zone where CH4 could be oxidized to CO2 was observed when 

WL was below 30 cm from the surface. 

 Average annual net CO2 fixation of approximately 620 g CO2-C m-2 yr-1. 

 Annual net CH4 emission of approximately 2 g CH4-C m-2 yr-1. 

 Converted to CO2-equivalents, approximately 3%* of the net annually sequestered C is returned 

to the atmosphere as CH4.  

 

 * = see errata in appendix 1 
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4.2 Summary of Paper 2 

 

Title “Linking O2, CO2 and CH4 dynamics in a wetland at contrasting water levels” 

 

Introduction 

 In this paper we investigate the spatiotemporal trends in soil gas dynamics and greenhouse gas 

emissions following changes in near-surface apparent diffusivity, microscale O2 dynamics and 

plant-mediated gas transport in response to marked changes in the position of the WL. Since the 

spatial distribution of subsurface O2 concentrations is a key parameter for determining the location 

of high activity zones for both C and N transformation in the soil, variations in the mass transfer 

rates of O2 in response to WL variations is likely to govern the subsurface zonation of ongoing 

production and consumption of CH4 (as well as N2O), ultimately leading to net surface emission or 

deposition of greenhouse gas. PROFILE modelling of soil production and consumption profiles 

based on high resolution data inputs were used to elucidate the effect of time-dependent changes in 

apparent diffusivity following WL variations. 

 

Research highlights 

 A strong temporal effect on effective diffusivity following flooding was observed and apparent 

diffusivity rates decreased by a factor 8 over three months after flooding due to the gradual 

replacement of trapped soil air by soil water 

 The length and degree of drainage before flooding is important for the time needed to reach 

stable apparent diffusivity values after flooding. 

 When spatiotemporal variations in soil and depth specific apparent diffusivity are taken into 

account, the linkage between subsurface gas concentrations under drained soil condition and surface 

fluxes can be roughly predicted by simple gas diffusion. 

 Under flooded conditions O2 transport occurred mainly by other means than simple diffusion 

across the soil-atmosphere interface and near-surface O2 levels were linked to plant-mediated O2 

transport and O2 release from roots. 

 When the WL was below 40cm, CH4 fluxes were negative indicating root zone oxidation of CH4 

and net CH4 uptake.  

 



 23

4.3 Summary of Paper 3 

 

Title “Temporal trends in N2O flux dynamics in a Danish wetland – effects of plant-mediated gas 

transport of N2O and O2 following changes in water level and soil mineral-N availability” 

 

Introduction 

In this paper we investigate the temporal dynamics of N2O fluxes in a non-managed Danish wetland 

by near-continuous flux measurements over an entire growing season of a subsurface aerating 

macrophytes Phalaris arundinacea. By applying high temporal resolution methodology on both gas 

exchange across the soil-atmosphere interface and below ground environmental drivers, we were 

able to link the temporal variability in hourly measured gas fluxes to seasonal variations in 

subsurface N2O concentrations and O2 availability following changes in the position of the WL. 

Results highlight the potential importance of plant-mediated gas transport of N2O and O2 for 

belowground N-transformation processes and surface emissions of N2O.  

 

Research highlights 

 N2O fluxes across the soil-atmosphere interface showed surprisingly high temporal variability 

with marked changes in flux magnitude and flux direction within hours. 

 Patterns in N2O flux dynamics were associated with diurnal variations in PAR radiation   

 Significant N2O emissions were measured directly from the vegetation canopy of P. 

arundinacea.  

 P. arundinacea has the ability to mediate gas transport of N2O from the root zone to the 

atmosphere and thereby bypassing the diffusive gas transport through the soil. 

 N2O emissions are related to the presence of N2O in the upper 35 cm of the soil profile 

corresponding to the main root zone 

 N2O sink activity was linked to N2O consumption in the root zone.  

 Seasonal variations in subsurface N2O concentrations were directly linked to the position of the 

WL and O2 availability at the capillary fringe above the WL. 

 Correlation between diurnal variations in subsurface O2 concentrations and incoming solar 

radiation in the PAR spectrum indicates the potential importance of plant-driven subsoil aeration for 

N-transformation processes in the root zone. 
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4.4 Summary of Paper 4 

 

Title “Flooding-induced N2O production, consumption and emission dynamics in wetland soil” 

 

Introduction   

In this paper we investigate the spatiotemporal aspects of rapid water level changes on the 

production, consumption and emission of N2O. Rapid flooding of naturally drained peat may lead to 

hotspot production and pulse emission of N2O. The duration of these emissions pulses will most 

likely depend on the N-availability in the soil at the time of flooding, the rate of O2 

depletion/oxygenation in the hours and days after flooding, and the relative magnitude and zonation 

of N2O producing and consuming processes in the subsoil. If the magnitude of such emission pulses 

are large but the duration short, substantial N2O emissions could have been overlooked in previous 

low-temporal resolution studies resulting in a general underestimation of N2O emissions to the 

atmosphere. On the other hand, if the flooding-induced fluxes are low the risk of significant positive 

feedback to climate change following intensified flooding/drainage dynamics would be minimized. 

 

Research highlights 

 The majority of net annual N2O emission budget of ~0.74 kg N2O-N ha-1 yr-1 occurred during 

the growing season of Phalaris arundinacea. 

 Flooding-induced N2O emission pulses were observed when soil conditions in the upper 30 cm 

had been oxidized for more than 2-3 weeks and constituted ~2.5% of the net annual N2O emission. 

 Highest subsurface N2O concentrations were observed at the capillary fringe -5 to 40 cm above 

the WL. 

 Main emission periods were observed in periods where the WL and maximum subsurface N2O 

concentration were located in the root zone of P. arundinacea. 

 Net N2O sink activity counterbalancing ~6.4 % of net annual emission was observed during mid-

summer when the WL was low. 

 N2O production and consumption profiles reveal sequential N2O production and consumption 

capacities of more than 500 nmol cm-3 in less than 24 hours. 

 Approximately 0.5-2.5% of soil NO3
- were emitted as N2O when plant roots were removed, 

while increasing to ~33% when aerenchymous roots were present, highlighting the importance of 

plant-mediation for the transport of N2O across the soil-atmosphere interface 
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5 - Conclusions and outlook 

5.1 Gas transport mechanisms across the soil-atmosphere interface 

Net exchange of greenhouse gases across the soil-atmosphere interface was measured from a non-

managed natural Danish wetland as both gas fluxes between the soil and the atmosphere (paper 1 & 

2) and via plant-mediated gas transport (papers 1-4). Several independent relations showed that 

diffusive gas transport was the governing transport mechanism: (i) the linkage between subsurface 

gas concentrations and surface fluxes could be roughly predicted by simple gas diffusion when soil 

and depth specific variations in apparent diffusivity were taken into account (paper 1), (ii) no 

diurnal emission signature specific to light-enhanced convective throughflow were observed in the 

field scale flux measurements (paper 1 & 3) and (iii) the relative proportion of soil ecosystem fluxes 

versus total ecosystem fluxes showed that ~30% of the total CH4 emissions could be ascribed to 

Fickian diffusion across the soil-atmosphere interface (paper 1 & 2).  

 

While diffusive exchange of gases across the soil-atmosphere interface would be the expected 

transport mechanism, one of the main novelties presented in this PhD thesis is the important role of 

plant-mediated transport for net emission of N2O. This transport mechanism was demonstrated 

directly by application of a plant-only flux chamber by which emissions of N2O could be measured 

from the leaf sheets of P. arundinacea (paper 3). More in-direct evidence of plant-mediated gas 

transport was found in (i) the observed difference between soil ecosystem fluxes and total 

ecosystem fluxes (paper 1), (ii) the suppressed surface emissions when gas transport takes place 

through the bulk soil matrix as opposed to when plants were included (paper 2), (iii) the significant 

correlation between O2 concentrations in the root zone and incoming radiation in the PAR spectrum 

(paper 3), (iv) the apparent light-regulation of N2O emissions, both in the plant-only experiment and 

in temporal dynamics in field emissions (paper 3) and (v) by the decrease in relative proportion of 

NO3
- emitted as N2O after soil flooding when the plants were excluded (paper 4).    

 

It is concluded that P. arundinacea has the ability to facilitate N2O transport from the root zone to 

the atmosphere and thereby effectively by-passing the soil and root zone and their associated lower 

diffusion rates and higher N2O consumption potential (paper 3&4). However, additional 

experiments are needed to resolve the complexity of the interrelated biogeochemical processes 

governing the plant-mediated gas transport mechanisms, potential transport drivers and seasonal 
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timing. Adding to the complexity, N2O production during N-assimilation within the above-ground 

biomass of certain higher plants has been hypothesized (Yu and Chen, 2009). The potential 

ramifications of this leaf internal N2O production or consumption in P. arundinacea could be a 

parallel N2O source and sink system detached from the soil and belowground biomass, modifying 

the net N2O fluxes from this type of wetland ecosystem. Despite these uncertainties, our results 

show that plant-mediated gas transport of N2O by P. arundinacea is an important process to include 

when measuring net ecosystem emissions of N2O. It is evident, that the inclusion of the 

aboveground biomass in these types of flux measurements is essential to avoid significant 

underestimations of net N2O fluxes, whereas an inadequate sampling frequency or non-uniform 

temporal coverage could impose an undesirable bias to the net flux estimates. 

 

5.2 Spatiotemporal N2O flux dynamics in relation to seasonal water level 

variations  

Near-continuous measurement of N2O fluxes showed high temporal variations in both magnitude 

and direction of N2O fluxes on both a shorter time scale (daily to weekly time spans) and over 

longer periods (time span of the entire growing season to annual budget). Periods of different 

temporal N2O flux dynamics could be distinguished by the seasonal position of the WL. In general, 

the N2O fluxes were characterized by positive N2O fluxes lower than 25 μg N2O-N m-2 hr-1 during 

periods with near-surface WL while the magnitudes of the N2O fluxes were measured to increase in 

response to a falling WL. When the position of the WL was below 50 cm, a period with significant 

negative fluxes (N2O uptake) was observed with pronounced diurnal flux dynamics (paper 3). Field 

profiles of seasonal N2O concentration profiles systematically showed N2O concentration peaks at 

the capillary fringe between the position of the WL and the oxidized soil layers above (paper 4), 

similar to the observation by (Velthof et al.  1996; Jungkunst et al.  2008). Periods with positive 

fluxes of N2O during the illuminated hours of the day were observed when maximum 

concentrations of N2O were located within 30-40 cm below the surface corresponding to the vertical 

extend of the root zone (paper 3&4). In the period characterized by net N2O sink activity (paper 

3&4), the direction of the N2O fluxes shifted within a few hours from net emission during the 

illuminated hours to net sink during the dark hours indicating a light-related control on N2O 

emission dynamics. With the exception of a few weeks in early summer 2009 with one of the 

chambers showing 5-8 times higher values than the remaining four chambers (paper 3), the spatial 

variation between the five chambers was less than 25% of the daily average N2O emissions and 
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most likely a result of a close to identical elevation, hydrology, soil temperature, vegetation cover 

and peat thickness in all of the five chambers.  

 

5.3 Flooding induced N2O emissions 

Two natural flooding events were observed at the field site during the measurement period where 

high precipitation events caused the WL to rise in the range of 25-70 cm within 6 hours (paper 4). 

In both flooding events the WL rise caused complete water saturation of the soil with standing 

water above the surface in the hours following the flooding peak. Contrasting temporal N2O 

emission patterns were associated with each of the flooding events. In the first flooding event where 

the WL rose from -20 cm to 5 cm above the surface, fairly steady N2O emissions of ~90 μg N2O-N 

m-2 hr-1 ceased when the WL reached the surface (paper 4). In contrast, a pronounced N2O emission 

pulse was observed ~16 hours after the rapid WL rise from - 50cm to 20 cm above the surface at the 

second flooding events. The duration of the emission pulse was ~12 hours with emission rates in the 

order of 25-250 μg N2O-N m-2 hr-1 (paper 4).  

 

A very high spatiotemporal dynamics on N2O production, consumption and emission rates were 

observed following laboratory flooding of root zone peat samples. After an initial lag phase of 

approximately 4-6 hours, N2O concentrations increased with increasing depth below the surface. 

Concentration increases were observed at all depths until maximum concentrations (Cmax) were 

measured between 15 and 26 hours after flooding depending on the soil depth. After Cmax, a net 

decrease in N2O concentrations were observed until concentrations went below the detection limit ~ 

42 hours after flooding (paper 4). Production and consumption profiles, as modelled by PROFILE, 

show net N2O production over the measured soil profile in the time period of concentration 

increases and net consumption over the measured profile when concentrations decreased. The 

temporal development of the surface emissions of N2O from the experimental soil columns 

correlated with the subsurface N2O concentration development in the top soil of the experimental 

soil columns. This indicates that it is not necessarily the absolute subsurface N2O concentrations 

which control the surface emissions, but rather the zonation below the surface and the dominance 

and reaction rates of N2O production or consumption in the overlying soil layers which regulates 

N2O emissions across the soil-atmosphere interface. 
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An important difference between field and laboratory conditions is the presence or absence of the 

above-ground biomass and aerenchymous roots and rhizosphere. These differences are likely 

reflected in the marked difference between laboratory and field ratios of the potential denitrification 

product emitted as N2O after soil flooding (i.e. the stoichiometric N fraction of potential NO3
- 

reduction measured as N2O before/after flooding). When the aerenchymous roots were removed in 

the laboratory experiment, approximately 0.5-2.5% of the initial soil NO3
- present at the time of 

flooding was being emitted as N2O, which is in the same proportions as (Kliewer and Gilliam, 

1995) who found this fraction to be approximately 2% (paper 4). Under natural field conditions this 

fraction could be up to 1/3 of the initial NO3
- concentration present in the soil profile before and 

after flooding under natural field conditions (paper 4),  highlighting the potential importance of 

plant-mediated gas transport for the net annual N2O emission budget across the soil-atmosphere 

interface (paper 4). 

 

5.4 Subsurface gas dynamics in response to water level variations  

O2 availability in wetland soil is a controlling factor for the production, consumption and potential 

emission of the major greenhouse gases from the soil to the atmosphere. Depth specific apparent 

diffusivity values of O2 in the soil are affected by small changes in the soil moisture content and 

distribution of water and air in the porespace of the soil.  Non-linear temporal aspect of soil 

moisture changes on gas exchange were observed in the apparent diffusivity measurements 

normalized to 10°C in newly saturated peat layers, where an initial values of approximately 10 

times the diffusivity in water (1.57 x 10-5 cm-2 s-1) are observed to decrease by a factor 8 during the 

first 3 months after flooding (paper 1). These changes over time occur as trapped soil air is 

gradually replaced by water, decreasing the total soil gas volume and/or creating less connected air 

spaces in the peat matrix. Repeated measurements of such time-dependent changes in the apparent 

diffusivity indicate that the time and degree of drainage before flooding is important for the mass 

transfer properties of gases across the soil-atmosphere interface (paper 1). Longer and more 

extensive drainage resulted in higher apparent diffusivity values upon flooding and a longer time 

was required to reach to reach constant values (paper 1). These observations are relevant for the 

prediction of redox sensitive N-transformations in the soil, since spatiotemporal variations O2 

availability control where and when both gaseous intermediate and terminal reaction products will 

be produced, consumed or lost from the soil profile. 
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In wetlands with low external nitrogen inputs (i.e. atmospheric deposition as primary N input), the 

rate of subsoil N2O production from both nitrification and denitrification is primarily dependent on 

N-mineralization (Smith, 1997) in which organic N is mineralized into NH4
+ in the absence of O2, 

which can then be nitrified into NO3
- in the presence of O2, for further reduction into N2O and/or N2 

under O2 depleted soil conditions. It was found that a temporal requirement for NO3
- concentrations 

to accumulate above a few mg kg-1 was a period of prolonged soil oxygenation as observed in the 

highest NO3
- concentrations at a depth of 20-30 cm below the surface in the weeks following O2 

penetration into these previously anoxic soil layers in late July and early August 2010 (paper 3). 

Weekly concentration profiles of subsurface N2O concentrations normalized to the position of the 

WL showed maximum N2O concentrations at the capillary fringe -5 to 40 cm above the WL (paper 

3&4) indicating that the position of the WL could impose a lower boundary for significant N2O 

accumulation to occur due to very limited O2 availability favouring full reduction of N2O to N2 if 

the appropriate enzymes are expressed (Korner and Zumft, 1989). Since denitrification in peat is 

often limited by NO3
- availability (Regina et al.  1996b), increased nitrification in the periods of 

falling WL and increased O2 penetration depths under future climatic conditions may lead to 

increased NO3
- availability in both the bulk soil and at the capillary fringe. 

 

Existence of a complex temporal aspect of O2 penetration depth versus the position of the WL was 

observed. In both the early and late season, the O2 penetration depth was closely delineated by the 

position of the WL when this was located within the upper 20 cm of the soil profile. In contrast,  an 

anaerobic soil volume up to 40 cm above the WL was observed in mid-season were a combination 

of restricted subsoil aeration in the unsaturated zone due to relative high soil moisture contents in 

the peat and high respiratory O2 consumption by soil microorganisms which is stimulated due to 

higher mid-season soil temperatures (Smith, 1980) caused the apparently aerated soil volume (as 

would be the standard interpretation of the measured soil moisture contents) to become O2 depleted 

(paper 3). 

 

The significant relationship between diurnal variations in O2 concentrations in the root zone and 

incoming solar radiation in the PAR spectrum (paper 3) highlights the potential importance and 

added complexity of plant-driven oxygenation of the rhizosphere on root zone N-transformation and 

the associated controls on coupled nitrification/denitrification processes. How this process affects 

the kinetics of the coupled N-transformation sequence over time is unclear. It has been suggested 

that O2 transported into the soil by aerenchymatous plants could maintain a small nitrifying 
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population even under waterlogged conditions so that the population is ready to become active and 

increase upon lowering of the water table (Regina et al.  1999). 

 

A high degree of spatiotemporal complexity in subsurface O2 distribution in response to soil 

flooding and drainage was demonstrated in an experiment, where the subsurface O2 distribution 

following controlled drainage and rewetting was determined by use of planar optode measurements 

in peat columns from the same study site (Askaer et al.  2010). Here the development of several 

anaerobic soil volumes within an aerobic soil matrix was measured in the hours and days following 

drainage, emphasizing the role of soil heterogeneity for subsurface gas transport via a dynamic 

macropore system created by soil development, macrofauna and flora, all of which facilitated 

varying degrees of preferential flow of water and O2 in response to changes in soil moisture content 

at the capillary fringe above the WL (Askaer et al.  2010). Similar heterogeneous O2 distribution 

dynamics at the capillary fringe is likely to develop during WL variations at the field scale (see also 

paper 3 & 4 for O2 profiles), where the soil matrix would be preferentially aerated via air-filled 

macropores, while soil micropores and sites of high respiration would remain anaerobic producing 

highly contrasting redox conditions and N-transformation processes over very short spatial 

distances. 

 

In combination with plant-transported O2 into the root zone, the extent and duration of soil 

oxygenation following a natural lowering of the WL influenced N-transformation as measured in 

increasing concentrations of extractable NO3
- after prolonged periods of oxic soil conditions in the 

root zone (paper 3). In relation to flooding-induced N2O emissions, a temporal trend is apparent in 

which a period of prolonged and more extensive drainage is required for an emission pulse to form 

after flooding (paper 4). So even though the variations in the seasonal position of the WL may be a 

key determinant for soil moisture content at the capillary fringe (paper 3), and thereby for the 

environmental drivers N2O production and surface emissions, the absolute position of the WL and 

measurements of soil moisture content are inadequate predictors of the spatiotemporal changes in 

subsurface O2 availability and N2O emissions under seasonally fluctuating positions of the WL due 

to the non-linear effect of temporal changes in apparent diffusivity following flooding and drainage 

(paper 1). This conclusion may be a possible explanation to some of the contrasting results in terms 

of lowered water levels on N2O emission (see section “2.1.1 Effects of water level and soil moisture 

variations”) where site specific differences in physio-chemical soil properties, wetland hydrology, 

composition of the microbial N-transforming communities or spatiotemporal issues involved with 
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the duration and degree drainage/flooding cycles may produce a contrasting net result despite an 

apparent similarity in WL movement. 

 

5.5 Subsurface production and consumption dynamics 

Incubation experiments of potential N2O consumption capacities (paper 3) and PROFILE modelling 

of subsurface production and consumption rates (paper 4) demonstrated large N2O consumption 

capacities in soil samples from both within and below the root zone. Result show that the measured 

net consumption of N2O in the subsoil under certain conditions can consume very large quantities 

of N2O giving rise to negative flux gradients across the soil-atmosphere interface resulting in net 

sink capacity of atmospheric N2O. According to the measured potential N2O consumption 

capacities (paper 3), the net N2O sink effect would be largest in the top soil and rhizosphere through 

which all N2O produced at deeper soil depths will have to pass before being emitted, unless gas 

transport through plants occur (paper 3). 

 

In the period characterized by nocturnal N2O sink activity (paper 3&4), soil moisture contents in the 

top soil were at a seasonal low with oxic soil condition in the top 40 cm and soil temperature at a 

seasonal high. The main drivers of N2O uptake is still an unresolved question (Chapuis-Lardy et al.  

2007), but it has previously been reported that hypoxic or anoxic micro sites may form in even well-

aerated soils, and provide a sink for N2O diffusing through the gas-filled pore space (Vieten et al.  

2009). Also, N2O uptake by plants have been suggested as a net N2O sink, especially when soil 

moisture is low (Li et al.  2011). Taken together with the measured N2O consumption capacities at 

various depths in the soil profile (paper 3&4), it seems likely that N2O consumption processes in the 

root zone can explain or account for the observed net N2O uptake during mid-summer, when 

aerated conditions in top soil facilitates a faster diffusive exchange of atmospheric N2O to anoxic 

microsites in the soil where a further reduction to N2 can occur.  

 

It is conceivable that during the period with nocturnal sink activity, emissions of N2O produced at 

the capillary fringe deeper in the soil profile could be emitted primarily via plant transport which is 

stimulated or even regulated by variations in incoming light. Under these conditions the majority of 

the N2O emissions would occur during the day-time and level of during night, while the N2O sink 

activity in the top soil could occur at all times during both the day and night. Since net emissions 

are always the resulting net product of combined N2O production and consumption, this dynamic 
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balance could produce positive net fluxes during the illuminated hours of the time if net emissions 

were greater than net consumptions while the opposite would be true during the dark hours of the 

day. Explanations for the seasonal variations in N2O emission patterns in response to WL changes 

are likely related to N-transformation processes and N2O production and consumption within the 

root zone. It follows that the deeper the locations of the capillary fringe, the longer the path of 

diffusion from the soil depth of formation of the diffusion path to the atmosphere will be, yielding a 

longer residence time promoting higher probability for full reduction to N2 as also described in 

(Clough et al.  2005).  

 

It is concluded that the spatiotemporal distribution of dominating N2O producing and consuming 

processes below the surface, in combination with the variations in the diffusive exchange rates due 

to soil water content and apparent diffusivity, control the magnitude and timing of N2O emissions to 

the atmosphere in close connection with the plant-mediated gas transport mechanism which also 

stimulates sequential nitrification-denitrification in the root zone. It does therefore not appear to be 

the total amount of N2O in the subsoil which controls the magnitude and timing of the surface 

emissions, but rather the zonation of the N2O below the surface, and just as importantly, the 

dominance and reaction rates of N2O production or consumption in the overlying soil layers and 

adjacency to plant roots. 

 

5.6 Greenhouse gas budgets and potential climatic feedbacks 

The net annual greenhouse gas budgets was calculated on basis of daily net emissions to encompass 

the high temporal variability in the seasonal flux dynamics and render an average of net seasonal 

with minimum interpretational bias (Velthof and Oenema, 1995) (paper 4). Measurements of net 

ecosystem exchange (NEE) of CO2 show an average net C fixation (C sink) of ~620 g CO2-C m-2 

yr-1 (paper 1). Net annual emission of CH4 were estimated to be ~2 g CH4-C m-2 yr-1 (paper 1), 

while net annual emissions of N2O were estimated to be ~0.074 g N2O-N m-2 yr-1 (paper 4). When 

the net annual emissions of CH4 and N2O are converted into CO2-equivalents according to their 

relative global warming potentials (GWP) (see appendix 1) it shows that the annual CH4 emissions 

counterbalances ~3% of net annual CO2 fixation, while the relatively low net annual N2O emissions 

counterbalances ~1.5 % of net annual CO2 fixation due to the high GWP of N2O (paper 4). 

Flooding-induced N2O emissions were observed when the soil was rapidly flooded after a 3 week 

period of natural drainage and top soil oxygenation. Cumulative flooding-induced N2O emissions 
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constituted ~2.5% of the total annual N2O emission budget, while the mid-summer period of net 

daily N2O sink activity counterbalance ~6.4% of the annual N2O emission budget. 

 

Future changes in the seasonal WL dynamics with longer periods of drought may produce longer 

periods of oxidized soil conditions during the summer months. This could influence the rates of N-

transformation and NO3
- availability, with the potential result of greater subsoil production rates of 

N2O if the soil moisture conditions and O2 availability favours the production of N2O. On the other 

hand, improved conditions for plant growth and microbial respiration under warmer and more 

nutrient rich conditions as well as elevated CO2 pressures may counterbalance the accelerated N-

mineralization rate by increased resource competition for mineral-N between plants and soil 

microbes or increased rates of DNRA, increasing the current net N2O sink capacity when N-

availability is limited (paper 3). In this way, future intensifications in high frequency fluctuations in 

the position of the surface near WL may cause increased seasonal net emissions, while slower 

fluctuations in the WL may have the opposite effect.  

 

Results presented in this PhD thesis show that both the timing and magnitude of current and future 

N2O emission from natural wetlands are strongly influenced by the concentration and location of 

N2O and O2 in the subsoil, which is determined by a combination of plant growth and seasonal 

groundwater level dynamics. While periods of different net N2O emission dynamics were 

distinguished by the seasonal position of the WL, this driver could not explain the contrasting flux 

dynamics on a diurnal to weekly time scale indicating that the linkages between subsurface N2O 

concentration and surface flux dynamics are more complex. The results presented in this work 

emphasize the risk of substantial underestimations of net N2O fluxes from wetland ecosystems if the 

sampling frequency is too low, or if the plant-transported N2O contribution is omitted and stress the 

importance for gas flux measurements on a high spatiotemporal resolution.  
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5.7 Applied scope and perspectives 

In Denmark, many natural wetlands, e.g. Store Åmosen on western Zealand, have been drained and 

utilized for agricultural and peat extraction purposes over the past century. During this process, 

many important archaeological discoveries of buried organic artefacts have been made providing 

many unique insights into the history of the late Stone Age culture approximately 6.000-8.000 year 

ago (Noe-Nygaard, 1995). In recent years, wetland restoration of previously drained areas in Store 

Åmosen has been proposed as a method for in-situ conservation of these buried organic artefacts as 

well as providing improved conditions for wild-life protection and increased biodiversity. 

Typically, wetland restoration strategies involve blocking of the drainage system allowing the 

position of the surface near water level (WL) to follow the seasonal variations as would be observed 

in a non-managed natural counterpart. 

 

Wetland restoration of formerly drained and fertilized peat soil may result in rapid colonization of 

former agricultural areas by aerenchymous wetland plants and altered emissions of important 

greenhouse gases such as N2O and CH4 (Glatzel et al.  2008; Hunter and Faulkner, 2001; Stadmark 

et al.  2009) similar to the results of other water table management strategies which enhance 

denitrification, e.g. in constructed wetland for wastewater treatment (Kliewer and Gilliam, 1995; 

Zhu and Sikora, 1995; Tanner, 2001; Mayo and Bigambo, 2005; Scholz, 2006; Picek et al.  2007; 

Inamori et al.  2008; Maltais-Landry et al.  2009). Therefore, when planning wetland restoration 

strategies a solid understanding of current emission dynamics from natural wetland ecosystems with 

a seasonally fluctuating WL would be required to assess the climatic impacts of altering the net 

greenhouse gas budgets following the land use change, whether it will results in greater net 

emissions or net sinks of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) 

 

Research on the spatiotemporal dynamics in greenhouse gas dynamics in Danish wetlands could 

also provide valuable knowledge on the temporal nature of C and N transformation and gas flux 

dynamics in less accessible parts of the world, i.e. arctic wetlands and peatlands with aerenchymous 

macrophytes, thereby offering a best-estimate of potential future changes in greenhouse gas 

emissions from these areas and their potential natural feedbacks to climate change.   
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Appendix 1 - Errata for paper 1 

 

Calculation of Carbon Dioxide Equivalents (CDE) 
 

Global warming potential (GWP) for CH4  = 25 & N2O = 298 according to 100 year lifetime 

scenario (IPCC, 2007) 

 

CDE = Mass of greenhouse gas (g) x GWP  

CDE compensation = emission fraction of GHG emission compared to C assimilation x GWP 

 

Erroneous calculation of CDE as written in Paper 1 based on molecular C content: 

 

Annual C assimilation as CO2-C = 620 g CO2-C m-2 yr-1 

Annual C emission as CH4-C= 2 g CH4-C m-2 yr-1 

 

Annual CDE compensation - CH4 emissions = (2/620) g C m-2 yr-1 x 25 x 100 = 8 % 

 

 

Correct calculation of CDE based on weight of entire molecule 

 

Annual C assimilation as CO2 = 620 g CO2-C m-2 yr-1 x (44/12) = 2274 g CO2 m-2 yr-1 

Annual C emission as CH4 = 2 g CH4-C m-2 yr-1 x (16/12) = 2.67 g CH4 m-2 yr-1 

Annual N emission as N2O = 0.074 g N2O-N m-2 yr-1 x (44/28) = 0.116 g N2O m-2 yr-1 

 

Annual CH4 emission in CDE = 2.67g CH4 m-2 yr-1 x 25 = 67 g m-2 yr-1
 

Annual N2O emission in CDE = 0.116 g N2O m-2 yr-1 x 298 = 35 g m-2 yr-1
 

 

 

Annual CDE compensation - CH4 emissions = ((67/2274) g m-2 yr-1 x 100) x 25 ≈ 3.0 % 

Annual CDE compensation - N2O emissions = ((35/2274) g m-2 yr-1 x 100) x 298 ≈ 1.5 % 
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Appendix 2 - The PhD thesis - rules and requirements  

(Source “http://www.science.ku.dk/phd/student/during/thesis/”) 
 
The PhD thesis is, in essence, an account of the research work, results and implications of the PhD project. 
The thesis should be written by the PhD student only, but under due supervision by the supervisor(s).  
 
General requirements 
 

1. The PhD thesis cannot be submitted by a group, each thesis must have one author only.  
2. Master theses and other evaluated assignments cannot be resubmitted as a PhD thesis. However, 

such work can form a starting point for a PhD thesis, but cannot comprise the bulk of the thesis.  
3. The PhD thesis should be written in English, but theses in Danish can be accepted if the subject area 

tradition justifies this.  
4. The PhD thesis must be written as a monograph, or as a synopsis with attached paper manuscripts or 

published papers (see below).  
 
Required elements in a monograph 
 

1. A title page with correct affiliations. In addition to names and local affiliations such as the 
Department, the following affiliations should be included at the title page: The PhD School of 
Science, Faculty of Science, University of Copenhagen, Denmark.  

2. A summary (resumé) of the thesis and a Danish translation of the abstract (or vice versa if the main 
language in the thesis is Danish).  

3. A short abstract suitable for databases etc.  
4. Thesis objectives.  
5. A description of the thesis subject in relation to the existing knowledge within that research field.  
6. A description of the research work carried out during the PhD project (materials, methods and 

results).  
7. A summarising discussion.  
8. Conclusions and perspectives for future research within the field.  
9. References.  
10. If the monograph is based on one or more papers without a broad overview of the research field, a 

section giving an overview on the current state of the research within that field with future 
perspectives should be included.  

 
Required elements in a synopsis 
 

1. A title page with correct affiliations. In addition to names and local affiliations such as the 
Department, the following affiliations should be included at the title page: The PhD School of 
Science, Faculty of Science, University of Copenhagen, Denmark.  

2. A summary (resumé) of the thesis and a Danish translation of the abstract (or vice versa if the main 
language in the thesis is Danish).  

3. A short abstract suitable for databases etc.  
4. Thesis objectives.  
5. A description of the thesis subject in relation to the existing knowledge within that research field.  
6. An overview of the results presented in the attached papers/manuscripts in relation to the existing 

international knowledge within that field.  
7. Conclusions and perspectives for future research within the field.  
8. References.  
9. Manuscripts or published papers enclosed as annexes to the synopsis (see below).  
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Co-author statements and authorship rules 
 
All papers/manuscripts with multiple authors enclosed as annexes to a PhD thesis synopsis should contain a 
co-author statement, stating the PhD student’s contribution to the paper (use the "Co-author statement" form 
found here). The Vancouver Convention authorship guidelines (see http://www.icmje.org/) apply at the 
University of Copenhagen.  
 
Confidentiality  
 
Parts of a PhD thesis can be treated as confidential if the interests of a collaborating company or institution 
warrant confidentiality. However, the evaluation of the PhD thesis and the award of the PhD degree can only 
be based on the public part of the thesis. This part must constitute an independent thesis in itself.  
 
The official opinion on the PhD studies by the supervisor should be based on the entire PhD programme. The 
assessment committee bases the evaluation of the thesis on the public part. Likewise, the PhD defence will 
only include the public parts of the thesis.  
 
If a PhD thesis contains material which is a part of a patent application, the publication of the thesis and the 
PhD defence can be postponed by agreement between the PhD student, the external partners and the PhD 
School of Science. A patent application must be filed as soon as possible during the PhD programme and 
should not cause unnecessary delays of the PhD defence.  
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Abstract Northern peatland methane (CH4) budgets
are important for global CH4 emissions. This study
aims to determine the ecosystem CH4 budget and
specifically to quantify the importance of Phalaris
arundinacea by using different chamber techniques in
a temperate wetland. Annually, roughly 70±35% of
ecosystem CH4 emissions were plant-mediated, but
data show no evidence of significant diurnal varia-
tions related to convective gas flow regardless of
season or plant growth stages. Therefore, despite a high
percentage of arenchyma, P. arundinacea-mediated
CH4 transport is interpreted to be predominantly
passive. Thus, diurnal variations are less important in
contrast to wetland vascular plants facilitating convec-
tive gas flow. Despite of plant-dominant CH4 transport,
net CH4 fluxes were low (–0.005–0.016 μmol m−2 s−1)
and annually less than 1% of the annual C-CO2

assimilation. This is considered a result of an effective
root zone oxygenation resulting in increased CH4

oxidation in the rhizosphere at high water levels. This
study shows that although CH4, having a global
warming potential 25 times greater than CO2, is
emitted from this P. arundinacea wetland, less than
9% of the C sequestered counterbalances the CH4

emissions to the atmosphere. It is concluded that P.
arundinacea-dominant wetlands are an attractive
C-sequestration ecosystem.

Keywords Plant-mediated CH4 flux . Automated
closed static chambers . Diurnal variation . Phalaris
arundinacea

Introduction

In wetland ecosystems, the rate of photosynthetic
production of organic matter exceeds decomposi-
tion (Clymo 1983). Wetlands are important carbon
(C) sinks holding 20–30% of the global terrestrial
carbon pool (Gorham 1991). C sink capacity is
sensitive to changes in hydrological conditions
driven by both land use and climate change. Carbon
dioxide (CO2) is the main end product of aerobic
organic matter decomposition under oxic conditions,
while methane (CH4) is the main end product of
anaerobic decomposition under anoxic conditions
after the depletion of alternative electron acceptors.
Due to the prevalence of anoxic conditions in wet
ecosystems, natural wetlands are at present the single
largest CH4 source (IPCC 2007) and Northern
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peatlands alone emit more than 12% of the global
total CH4 emissions (Wuebbles and Hayhoe 2002).
Therefore, wetland ecosystems are of great interest
in a global change perspective as CH4 has a 25 times
greater global warming potential than CO2 on a 100-year
time horizon (IPCC 2007).

The majority of wetland vascular plants have
aerenchyma, an internal gas-space ventilation system
to provide aeration for submerged organs in anoxic
peat (Joabsson et al. 1999). Under anoxic conditions
the aerenchyma can facilitate the transport of CH4

from roots in the anaerobic zone to the atmosphere,
by-passing the aerobic, methane-oxidizing peat layers
(Whalen 2005). Studies of P. arundinacea have
shown a very high percentage of aerenchyma and
Kercher and Zedler (2004) found that, P. arundinacea
had the highest levels of internal root airspace among
seventeen different wetland plant species. There are
two major mechanisms involved in plant-mediated
transport of CH4 to the atmosphere; 1) molecular
diffusion and 2) convective gas flow (Joabsson et al.
1999). Molecular diffusion is a passive transport
mechanism driven by the respiratory uptake of
oxygen (O2) by plants, which creates a diffusion
gradient that draws O2 from the atmosphere to roots
and rhizomes. This is accompanied by an upward
diffusion of CH4 from the rhizosphere to the
atmosphere via aerenchyma down the concentration
gradient (Brix et al. 1992). In contrast, convective
flow is an active mechanism driven by differences in
temperature or water-vapour pressure between the
internal air spaces in plants and the surrounding
atmosphere (Brix et al. 1992). Differences in tempe-
rature or water-vapour are primarily created by
diurnal atmospheric temperature variations. These
differences generate a pressure gradient that drives
gas flow from leaves to rhizome and then vent back to
the atmosphere through old leaves or horizontal
rhizomes connected to other shoots (Brix et al.
1992). To our knowledge, CH4 and O2 transport
pathways in P. arundinacea have not been reported
and their ability to produce static internal gas pressure
differentials producing internal convective airflows as
well as their resistance to airflow at the stem-rhizome
junction are still unclear. A study of internal pressur-
ization and convective gas flow in emergent freshwa-
ter macrophytes by Brix et al. (1992) summarises that
macrophytes growing predominantly in very shallow
water or on wet soil do not produce a significant

convective through-flow. Therefore, passive CH4

transport by molecular diffusion may be the dominant
process in P. arundinacea as water levels in the area
seldom increase above the peat surface at the
investigated field site. However, stands of Phramites
australis are found within similar conditions in the
study area, and they are well documented for their
convective gas flow (Brix et al. 1992; Grünfeld and
Brix 1999; Armstrong and Armstrong 1991). It has
previous been shown that 80–90% of CH4 effluxes
from wetlands occur through plants containing aer-
enchymous tissue (Lai 2009). Therefore, CH4 emis-
sions from wetland ecosystems are strongly
influenced by the type of plants present, the dominant
transport mechanisms and hence the potential for CH4

transport to the atmosphere.
Previous studies of CH4 fluxes from various

wetland vegetation types e.g. Carex lasiocarpa and
Typha latifolia L. have shown distinct diurnal CH4

emission patterns (Ding et al. 2004; Mikkelä et al.
1995; Whiting and Chanton 1996), and Mikkelä et al.
(1995) concluded that short daytime measurements of
CH4 fluxes could result in an underestimation of the
CH4 emission, amounting to ~25% for Swedish mire
types. In relation to sampling strategies and calculat-
ing greenhouse gas budgets and potential feedbacks to
climate change, it is highly relevant to quantify the
diurnal variation throughout the year from a P.
arundinacea-dominated wetland. This is especially
important in light of increasing numbers of wetland
restorations, more frequently flooded areas and the
introduction of perennial invasive wetland plant
species such as P. arundinacea as biofuel crops in
northern wetlands. In Denmark alone, 8,000 ha of
wetland reconstruction are projected in an effort to
remove 1,100 tN from the soil system each year
(Danish Ministry of Economic and Business Affairs
2009). Furthermore, the European Union have set a
general target that 20% of energy used should be
based on renewable energy sources by 2020 (Com-
mission of the European Communities 2007). P.
arundinacea is a potential crop for bio-energy (Adler
et al. 2007) resulting in rapidly increasing cultivation
areas in northern territories. In Finland alone, P.
arundinacea is projected to take up 100,000 ha by
2012 (Hyvönen et al. 2009).

The main objective of this study is to determine the
importance of P. arundinacea on ecosystem CH4

fluxes by (1) evaluating the dominant transport

288 Plant Soil (2011) 343:287–301



mechanism through P. arundinacea and (2) quantifying
the net C—greenhouse gas budget of a P. arundinacea-
dominant wetland. Here, in-situ measurements include
high temporal resolution automated closed static cham-
bers and weekly manual static chamber measurements
of CH4 and CO2 fluxes. Flux measurements were
combined with subsurface measurements of gas con-
centrations, temperature and water level, to assess
the link between subsurface CH4 production and
consumption. Furthermore, the CH4 transport path-
ways to the atmosphere are assessed from the high
temporal resolution automated chamber measure-
ments. We hypothesise that P. arundinacea is
effective in C sequestration although the high
percentage of aerynchyma may result in high levels
of CH4 transfer from anoxic soil layers to the
atmosphere bypassing oxic layers and thereby
reducing soil CH4 oxidation potentials. High CH4

emissions may counteract the CO2 sequestered from
the atmosphere and thus the C sequestration poten-
tial in a global change perspective. Throughout this
manuscript, positive ecosystem fluxes (effluxes)
represent emissions to the atmosphere while negative
ecosystem fluxes represent an uptake.

Materials and methods

Site characteristics

The study site is situated in a temperate wetland area,
Maglemosen (roughly 0.6 km2), formed through the
retreat of an ancient inlet near Vedbæk about 20 km
north of Copenhagen, Denmark (55°51′N, 12°32′E)
(Supporting Figure 1S, online). The climate is
characterised by a mean annual temperature of 8 °C
and a mean annual precipitation of 613 mm (normal
for 1961–1990 Danish Meteorological Institute, www.
dmi.dk). The peat depths range from 3 m at the
deepest points to roughly 0.5 m at the margins of
which the top 50 cm is a terrestrial peat deposit. The
study site is located in a non-managed P. arundina-
cea-dominated area of the wetland. In order to reduce
the impact on the area during weekly measuring
campaigns, 20 m of boardwalks were constructed on
3 m long pillars installed vertically into the peat
roughly 10 months prior to measurements. All
measurements were made within reach of these
boardwalks.

Vegetation characteristics

The graminoid wetland site is dominated by Phalaris
arundinacea (>95%) while Poa trivialis and Juncus
effesus are found in isolated stands. P. arundinacea, is
an invasive, perennial grass, which reproduces by
seed and spreads by creeping rhizomes. At the site,
growth begins in early spring (March) dominated by
vertical growth to roughly 2 m within 5–7 weeks and
then expands horizontally. The annual life cycle for P.
arundinacea has been divided into seven stages
(according to Wisconsin Reed Canary Grass Manage-
ment Working Group 2009) and are used consistently
in this paper as follows (months in brackets indicate
approx. timing specific to Maglemosen): dormancy
(October–February), initial sprouting (either from a
rhizome or seed) (March/April), tillering and initial
growth peak (May), flowering (June), seed shattering
(July/August), mid-summer dormancy (stems lodge
and may grow parallel to the ground) (August), and
second growth peak (root and rhizome development)
(August/September).

Soil analyses

Volume specific (100 cm3) soil samples were taken
from 2, 5, 10, 20, 30, 40 and 60 cm below the
surface in 3 replicate core profiles. Flowers and
seeds of terrestrial plants (Chenopodium) and shells
of marine snails (Hydrobia ventrosa) were selected
for AMS 14C analyses and analysed according to
Bennike et al. (1994). The soil pH was measured in-situ
in all samples (Metrohm 704 Pocket pH meter). The
soil samples were dried at 60 °C for 3 days to obtain
soil bulk density. Total carbon was measured on a
CS500-analyser (ELTRA GmbH, Germany). Total
nitrogen was determined on an Elemental Determinator
(Leco). Peat samples from 10 depths were analyzed by
solid-state 13C nuclear magnetic resonance (NMR)
according to Knicker and Skjemstad (2000)
(Appendix S1, online).

Environmental parameters

A meteorological station was constructed to monitor air
temperature at 2 m height (Campbell Scientific 107
Temperature probe), wind speed (A100R anemometer),
wind direction (W200P Potentiometer wind vane)
relative humidity, radiation and soil temperature at

Plant Soil (2011) 343:287–301 289

http://www.dmi.dk
http://www.dmi.dk


depths 0, 10, 20, 30, 40, 50, 60, 70 cm at 30 min
intervals. Photosynthetically active radiation (PAR) was
calculated from incoming short wave radiation (SI)
using the equation: PAR ¼ �0:04þ 0:47»SI where
both PAR and SI are given in MJ m−2 d−1 according to
Papaioannou et al. (1993). Barometric pressure and
precipitation data were obtained from a meteorological
station (WS2310 weather station) within a 5 km radius.
The ground water level was monitored by a pressure
transducer (Druck PDCR 1830 Series) installed in a
2.5 m long perforated plastic tube. In order to ensure a
correct measurement of the water table height unaffected
by peat swelling and shrinking, the pressure transducer
was fastened to a crossbar between two 3 m long metal
rods installed 2.6 m into the peat. Replicate water level
tubes installed at each of the Automated Closed Static
(ACS) chambers were manually measured weekly.

Automated closed static (ACS) chambers—Total
ecosystem flux

Net ecosystem exchange (NEE) and ecosystem CH4

flux was measured continuously in 3 replicate ACS
Plexiglas (~80% of the PAR transmission) chambers
(690 mm×690 mm×500 mm+extensions of heights
500 mm and 1200 mm) (Supporting Figure 2S,
online). A lid (750 mm×730 mm) was constructed
and fitted to the chamber with two large and robust
plastic hinges. The lid was motorised (Linak A/S,
S3010-0050010) and a rubber gasket attached to the
top of the chamber ensured air tightness. The
chambers were permanently installed at the soil
surface on a metal rim inserted 25 cm into the soil
to ensure one dimensional gas transport between the
soil and the chamber. Chambers were installed in one
representative isolated stand of P. arundinacea with
regard to vegetation composition and cover, topo-
graphical elevation and stand density. The lid was

open for 20 min between measurements and closed
for a total of 6 min during measurements. The
chamber was continuously vented and air was mixed
during measurements using a standard computer fan.
During measurements, air samples were transported
through 10-m long 0.5-mm inner diameter (id)
(0.9 mm outer diameter (od)) R.S. 293-2000 tubing
from the chamber, first into a LiCor CO2/H2O Gas
Analyzer (Li-840, LiCor, Lincoln, USA) and thereaf-
ter into a High Accuracy Methane Analyzer (Los
Gatos Research, Inc., CA, USA) and back into the
chamber. The setup was powered by a 12 V power
cable from an outlet 200 m away. During measure-
ments, concentrations of both CO2 and CH4 were
measured at 30 sec intervals. Measurements were
logged through a CR1000 Wiring panel to a Campbell
CFM100 Compact flash memory module. The CO2

flux measurements made when PAR <50 μmol photon
m−2 s−1 were defined as ecosystem respiration (Reco) as
with no incoming PAR the fluxes measured during the
night should represent the respiring components of
the system (Ruimy et al. 1995). The effects of the
chambers at full height (2.45 m) on the natural
exchange of CH4 from the soil was validated at two
campaign measurements. No significant differences
in CO2 and CH4 concentrations within the chamber
compared to outside the chamber, indicating suffi-
cient ventilation between measurements (Table 1).
The influence of the Plexiglas chamber on the soil
temperature at 5 and 10 cm of depth showed no
significant difference at a 95% confidence interval (p
>0.05) from simultaneous temperatures measured
outside the chamber. However, as only 80% of the
PAR passes through the Plexiglas, C sequestration
may be underestimated. This has not been taken into
account in the following study but PAR transmission
is in a similar range as observed before using
chambers (e.g. Roehm and Roulet 2003).

Sample height 0.4 m 1.2 m 1.8 m

Chamber nr. CO2 CH4 CO2 CH4 CO2 CH4

1 231.2 2.22 267.7 2.71 290.8 2.35

2 288.4 2.68 186.7 1.91 223.1 2.59

3 248.3 2.08 229.2 1.96 218.6 1.99

Mean (±SD) 256.0±29.4 2.33±0.31 227.9±40.6 2.19±0.45 244.2±40.4 2.31±0.30

Natural 254.0 2.28 261.7 2.34 281.4 2.31

Table 1 Chamber ventila-
tion validation by measuring
profiles of CH4 and CO2

concentrations at 3 heights
inside each open chamber
and in free air

290 Plant Soil (2011) 343:287–301



Manual closed static (MCS) chambers—soil
ecosystem flux

Soil ecosystem CH4 flux was measured weekly using
3 replicate MCS chambers from which replicate gas
samples were withdrawn by syringe for Gas Chroma-
tography (GC) analyses of CH4 within 24 hrs.
Chambers were constructed of a closed-end CHA
Type plumbing coupling id: 110 mm which could be
securely fitted on the base column. The total volume
of the chamber was on average 0.5 L, dependent on
the height of the soil in the base collar. Actual heights
were measured for each measurement and the
volumes calculated were used in the flux calculations.
Before the chamber was attached to the base collar, a
gas sample was taken in the centre of the base collar.
Thereafter, the chamber was attached and the chamber
headspace was sampled three times at 15 min
intervals. Samples (10 ml) were taken in a plastic
syringe and ejected into a 2.5 ml glass injection flask
with an 11 mm collar resulting in a flushing of 7.5 ml
through an inserted outlet syringe needle. A septa lid
consisting of Polyisobutylene was fitted to the
injection flask with an 11 mm aluminium capsule
using a tong (reference nr. LP 11090831, WH
224100030, LP11060006, ML 33022 Mikrolab
Aarhus A/S). Samples were analyzed within 24 h
using a Shimadza GC 2014 with back flush system.
Methane was analysed with a Mol Sive 5A 80/100
mesh (1/8″×1 m) column connected to an FID
detector. As samples were extracted by syringe,
compensation air was simultaneously drawn into the
chamber through a 10 cm 1 mm id pressure
equilibrium tube. The sample withdrawal was roughly
6% of the total air in the chamber. Before each
measurement the chamber air was mixed carefully by
slowly pumping 5 ml (1% of total sample) air out of
the chamber and into the chamber again using the
syringe. Volumetric soil water content in 0–5 cm
depth was manually measured using a Theta Probe
Soil Moisture Sensor (ML2x, Delta-T Devices Ltd,
Cambridge, UK) and soil temperatures in 2 cm and
5 cm depth were measured simultaneously at each of
the 3 replicate chambers. Using the MCS chambers,
gas samples are obtained from the soil ecosystem in
the P. arundinacea-dominated area. Although elimi-
nating above-ground plant biomass and thereby the
plant mediated CH4 transport to the atmosphere, the
rhizosphere and its related processes are considered

comparable to those found below the ACS chambers
e.g. organic acid excretion and CH4 oxidation
(Fig. 1). The volumetric soil water content in
0–5 cm depth was monitored manually using a Theta
Probe Soil Moisture Sensor (ML2x, Delta-T Devices
Ltd, Cambridge, UK) in 50 replicates. Soil temper-
atures at 2 cm and 5 cm depth were measured in 10
replicates.

Depth specific gas sampling using silicone probes

Depth specific soil CH4 and CO2 concentrations were
measured weekly at depths 5, 10, 20 and 50 cm using
probes constructed from silicone tubing as described
by Kammann et al. (2001). Each probe consisted of
1.3 m of tubing (id 10 mm, wall thickness 3 mm)
giving a total probe volume of 100 ml closed with a
rubber septa at both ends. The tubing was rolled into a
coil and fixed by wire. A 0.92 mm (id) stainless steel
tube was inserted through the outer septa of the probe
to connect the silicone probe in the soil with the soil
surface (1 ml dead volume per meter steel tube). The
end of the steel tube was fitted with a three-way
stopcock to enable the soil air to be sampled
undisturbed from the soil surface. Soil gas samples
were taken with 60 ml plastic syringes and handled
and analyzed in the same manner as gas samples from
the MCS chambers. The silicon probes were installed
in the peat soil by pre-cutting a 20 cm×3 cm
semicircular cavity in a soil pit wall. Probes were

Automated

ACS chamber

MCS chamber

Total ecosystem
fluxes

Soil ecosystem
fluxes

Fig. 1 Schematic illustration of the difference between total
ecosystem flux and soil ecosystem flux measured by ACS
chambers and MCS chambers
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inserted into each cavity and the soil was seen to close
around the probe after insertion. The pit was refilled
with soil, horizon by horizon.

Analytical procedures

Measurements from the ACS chambers during a
closure period were analyzed using Eq. 1. The
concentration change over time (ΔC/Δt) was analyzed
by linear regression. Both CO2 and CH4 fluxes were
calculated from sample concentrations measured after
chamber closure over 4.5 min. The measurements
were temperature and pressure-corrected according to
Eq. 1.

Fc ¼ ð$C=$tÞVp
RTA

ð1Þ

Where ΔC is the change in concentration in ppm,
Δt is the change time in seconds, V is the volume of
air in the chamber in m3, p is the atmospheric pressure
during measurement time in atm, R is the ideal gas
constant in m3 atm mol−1K−1, T is the temperature in
the chamber in Kelvin and A is the basal area of the
chamber in m2. A significance test was made to
remove flux measurements where p>0.1. Roughly
25% of CH4 measurements and 8% of CO2 measure-
ments were removed due to lack of linearity resulting
from chamber lid malfunctions, power and thus pump
and analyser malfunctions or fluxes close or equal to
zero. The significance test could in theory result in an
underestimation of CH4 effluxes as ebullition events
resulting in non-linear increases in concentrations are
removed. Tokida et al. (2007) state that an estimated
50–64% of total CH4 fluxes in northern peatlands may

be emitted by ebullition. A frequency histogram was
constructed for CH4 fluxes to evaluate the importance
of ebullition on net CH4 fluxes according to Ström et
al. 2005. Fluxes were normally distributed and no
marked frequency peaks were noted (Fig. 2). However,
data is skewed towards higher fluxes in line with
periods with a high water level.

The significance test furthermore results in the
removal of all CH4 and NEE measurements where the
flux is ~0. For NEE measurements this is during
reversal of flux direction between night and day. We
acknowledge this error, however, as it has no effect on
the C budget as the flux ~0 this error is not accounted
for. A similar but less selective significance test was
made to remove measurement series where p>0.25
for samples taken from the MCS chambers due to less
degrees of freedom. Contour plots of subsurface CH4

concentrations have been constructed by kriging
using Surfer Version 8.05 (Surface Mapping System,
Golden Software Inc.). Correlation analyses have
been made using Pearson correlation. Correlation
and multiple regression analyses have been carried
out using SPSS 18.0. The temperature dependence of
soil respiration is assessed by the increase in reaction
rate per 10 °C (Q10).

Results

Soil characteristics can be seen in Table 2. Further
information is found in Askaer et al. (2010). The peat-
deposited SOC (0–30 cm depth) amounts to 29 kg m−2

thereby resulting in a recent mean accumulation rate
of 730±175 gC m−2 yr−1. The peat-deposited SOC
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(0–50 cm depth) amounts to 47 kg m−2 thereby
resulting in a longer term mean accumulation rate
of ~76±18 gC m−2 yr−1 over the past ~600 years.

CH4 fluxes and depth-specific CH4 concentrations

Daily average ecosystem and soil CH4 fluxes from
August 2007 to August 2008 are shown in Fig. 3a.
The mean annual water level in this period was
−11 cm, with a range of 6.5 cm above the surface to
−81 cm below the surface (Fig. 3b). The water level
was near the soil surface from November until May
2008 where the near soil surface water content and
temperature, fluctuated around 80% vol. and 3 °C

(Fig. 3c–d). A significant correlation was found
between water level and surface soil moisture content
(r2=0.63, p<0.01, n=55). Ecosystem CH4 emissions
were highest during periods where high water level
coincided with high soil temperatures during April–
May (Fig. 3a–d). Ecosystem CH4 fluxes ranged
from −0.005 to 0.017 μmol CH4 m−2 s−1 and
soil CH4 fluxes ranged from −0.0009 to 0.018 μmol
CH4 m−2 s−1 over the measurement period. A
significant correlation was found between the avail-
able overlapping data on ecosystem CH4 emissions
measured by ACS chambers and soil fluxes measured
by MCS chambers (Fig. 4), showing that soil fluxes
amounted to 32±22% of the ecosystem flux
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(y=5.22 x+0.0024, r2=0.6, n=12, p=0.004). The
ecosystem CH4 fluxes did not correlate significantly
with atmospheric or soil temperatures. However, 15%
of the variation in ecosystem CH4 flux could be
explained by the soil temperature at −10 cm depth
when the water level was constant (~ 0 cm) from
January–April (Fig. 5). During this period, the Q10

equalled 2.1. Ecosystem CH4 fluxes correlated sig-
nificantly with the water level, explaining 18% of the
variation in the CH4 flux throughout the year (r=0.43,
n=7051, p=0.00). No soil CH4 effluxes were mea-
sured at water levels below 30 cm.

Depth-specific subsurface CH4 concentrations
were highest at 50 cm depth and decreased towards
the surface (Fig. 3b). Highest concentrations of up to
6% CH4 were found in October–December 2007 and
May 2008 when the water level was near the surface
and temperatures were ~10 °C. Lowest CH4 concen-
trations were measured during the dry months of

September 2007, and June and July 2008 when peat
layers down to 20 cm depth had CH4 concentrations
below atmospheric CH4 concentrations resulting in
CH4 soil uptake (Fig. 3a).

Net ecosystem exchange and ecosystem respiration

Net ecosystem exchange (NEE) of CO2 was negative
(net uptake) during the growing season and positive
(net emission) during the non-growing season. NEE
varied from −9.96 g CO2–C m−2 d−1 in May to 0.93 g
CO2–C m−2 d−1 in February (Fig. 6). Ecosystem
respiration measured by the ACS chambers during the
night (PAR <50 μmol photon m−2 s−1) showed a
significant correlation with temperature (p<0.01),
explaining 69% of the variation in night respiration
measurements. An exponential regression equation
made between mean daily ecosystem respiration
measurements and soil surface temperatures (−2 cm)
was used to calculate mean daily ecosystem respira-
tion throughout the year (y ¼ e�1:325þ0:21x). Including
the water level in a multiple regression analyses did
not improve the significance, most probably due to a
high autocorrelation between temperature and water
level. Thus large autocorrelation also results in an
apparent higher than expected Q10 (Q10=8) for soil
ecosystems, which are usually in the range 1.3–3.3
(Reich and Schlesinger 1992).

Diurnal variation in ecosystem CH4 flux at different
growth stages

During dormancy the water level was ~0 cm and there
was no evidence of diurnal variation in CH4 (Fig. 7a).
Average soil temperatures increased with soil depth
ranging from 3.4±0.3 °C at the surface (−2 cm) to
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4.5±0.1 °C at 50 cm depth with limited diurnal
variations. The average CH4 flux was 0.0052±
0.0018 μmol m−2 s−1 and there was no significant cor-
relation with any environmental parameters (Table 3).
During sprouting, when the water table was still ~0 cm,
mean CH4 fluxes were 0.0101±0.0030 μmol m−2 s−1

and showed no distinct diurnal variation although a
positive correlation (r=0.2) was found with soil surface
temperature (p=0.096). In contrast to winter soil
temperatures, soil temperatures during sprouting
decreased with soil depth, ranging from 6.5±1.0 °C at
the soil surface (−2 cm) to 4.4±0.3 °C at −50 cm depth.
Temperature oscillations were clearly dampened with
increased soil depth (Fig. 7). During the initial growth
peak (Fig. 7c), the water level was at ~0 cm and mean
CH4 fluxes were significantly lower than during
sprouting (0.0032±0.0014 μmol m−2 s−1) and had a
slightly negative correlation with soil temperature at
10 cm depth (r=−0.4, p=0.001). CH4 fluxes were
significantly negatively correlated to soil temperatures at
all depths although the temperature at 10 cm had the
highest correlation (r=−0.4). At the time of flowering
(Fig. 7d), the water level was~15 cm below the surface
and a general CH4 uptake was observed (−0.0014±
0.0031 μmol m−2 s−1). CH4 fluxes were significantly
correlated(r=0.23,p=0.08) with atmospheric tempera-
ture. During the second growth peak by the end of
August, the water level was ~22 cm below the soil
surface and atmospheric and soil temperatures were
significantly higher than prior growth periods ranging
from 17.7±0.6°C at the surface to 14.1±0.2°C at
−50 cm depth. The mean CH4 flux was 0.0053±

0.0036 and significant correlation was found with all
soil temperatures although correlation coefficients
differed markedly. The CH4 flux was negatively
correlated to soil temperatures above the water level
(surface: r=−0.2, p=0.05 and −10 cm: r=−0.3,
p=0.03) whereas the CH4 flux was positively correlat-
ed to the soil temperature below the water level
(−30 cm: r=0.02, p=0.09 and −50 cm: r=0.3, p=
0.03). The parameter with the best correlation with the
ecosystem CH4 flux within the growth periods was the
water level explaining up to 20% of the variation in
CH4 flux. The best correlation was found during the
second growth period when the water level was
−22.7 cm. In all situations where the water level was
fluctuating within the top 30 cm, a positive correlation
was found (Table 3).

Wetland carbon balance and global warming potential

An approximation of the carbon balance, with respect
to CO2 and CH4 emissions and uptake of the P.
arundinacea wetland studied, was made by extrapo-
lation of the available measurements. Soil CH4

emissions from the soil were calculated from average
monthly soil ecosystem flux measurements (Fig. 8).
The average available total ecosystem CH4 data from
the ACS chambers was used to estimate the monthly
total ecosystem CH4 emissions. Due to instrument
failure during the months October–December 2007,
data has been estimated from the relationship between
soil ecosystem and total ecosystem CH4 measure-
ments during the months (January–March) as these
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months are assumed similar with respect to limited
active vegetation. The CH4 emission is highest during
spring and early summer coinciding with high water
tables. Highest emissions were measured in April
with an average CH4 emission of 0.015 g CH4–C m−2

d−1. During the summer CH4 emissions are low and
even negative coinciding with water levels below—
50 cm depth. During periods with the water level
below—30 cm, no CH4 efflux is measured. During
the winter months there is a positive NEE in the range
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of 0.75 g CO2–C m−2 d−1 resulting from soil
respiration and limited photosynthesis. Spring and
summer are periods of net carbon fixation in the range
5 g CO2–C m−2 d−1 (Fig. 6). Measurements of NEE
result in a net annual fixation of 620±440 gC m−2 yr−1.
Approximately 2 g CH4–C m−2 is annually emitted to
the atmosphere. The annual release of CH4 is thus
0.3% of net annual CO2 assimilation.

Discussion

Site characteristics

P. arundinacea is an invasive, perennial wetland grass
growing to a height of 2 m within the growth season
producing an above-ground biomass of up to 1.2 kg
DM m−2 yr−1 (Lewandowski et al. 2003) and having a
root:shoot ratio greater than 1 (Reinhardt and
Galatowitsch 2005). This agrees well with the
relatively large C accumulation rate (730±175 gC
m−2 yr−1) calculated for Maglemosen by 14C analyses
and results obtained from NEE measurements (620±
440 gC m−2 yr−1). 13C NMR analyses show a depth-
specific trend in labile C with a significantly higher
intensity of O/N-alkyl C in the surface peat (Table 2).
This is in line with the young age of the surface
layers, formed within the past 25 years as well as the
large annual biomass contribution.

Seasonal and diurnal variations in ecosystem CO2

concentrations and emissions

NEE measurements showed a distinct seasonality of
net C uptake during the active growing season
(Fig. 7b–f) and net loss of C during the non-

growing season (Fig. 7a). There were distinct season-
al and diurnal variations in ecosystem CO2 fluxes in
response to PAR-driven photosynthesis giving rise to
C assimilation during periods when photosynthetic
CO2 uptake were larger than the sum of soil and plant
respiration.

Seasonal variations in ecosystem CH4 concentrations
and emissions

CH4 emissions were highest from March to May
because of a high water table and higher temperatures
as well as a potentially larger availability of labile
organic compounds from root exudates (Fig. 3) (Lai
2009). During June and July, CH4 emissions were low
because of a lower water level resulting in a large oxic
zone where CH4 can be oxidised to CO2 (Askaer et al.
2010). Soil CH4 contents were as high as 6% during
October and November and in May during the
transition from low to high and high to low ground
water levels, respectively. This corresponded to high
soil CH4 emissions measured by both ACS and MCS
chambers (Fig. 3a–b). It was observed that from
January to March when the ground water level was
stable at the surface, CH4 emission increased by a
factor of 2.1 with a 10 °C increase (Fig. 5) most likely
attributed to methanogens having Q10 values in this
range according to Segers (1998).

CH4 emissions measured by ACS and MCS
chambers showed similar trends although effluxes
measured by the MCS chambers, not containing
plants, amounted to only 32±22% of the total
ecosystem CH4 flux measured by the ACS chambers
(Fig. 4). This indicates that~70% of the CH4 emitted
from the wetland ecosystem is emitted through plants.
This corresponds to earlier studies that have estimated

Table 2 Depth specific soil properties. O/N-alkyl C is the most labile carbon compound and used as a measure of soil reactivity. One
standard deviation from the mean is shown, n=3

Depth (cm) 2 5 10 20 30 40 60

14C age – – 1982 AC 1974 AC 1969 AC 1400 BC 2900 BC

pH 7.4±0.1 7.4±0.2 7.4±0.1 7.0±0.3 – 6.9±0.2 6.8±0.2

C % 27.4±9.6 27.3±4.8 25.5±3.3 26.5±7.6 – 31.6±7.7 22.7±7.6

C/N 16.9±2.3 15.2±1.4 15.0±1.2 15.2±1.9 – 17.0±3.7 19.8±1.7

Bulk density (g cm−2) 0.25 0.25 0.31 0.34 0.37 0.41 –

Total porosity (%) 79.15 78.87 74.01 71.71 68.93 65.69 –

O/N-alkyl C (intensity) 49.22 – 38.22 36.14 35.84 33.00 –
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plant-dependent transport of CH4 from a Carex-
dominated fen in Quebec, Canada, and in an
ombrotrophic peat in Michigan, USA, to account for
up to 90% of the total CH4 emission (Whiting and
Chanton 1993).

Diurnal variations in CH4 emissions

During dormancy, dead culms of P. arundinacea were
present and ecosystem CH4 fluxes were not signifi-
cantly correlated with any environmental parameters
(Table 3, Fig. 7a). CH4 emissions are primarily
controlled by passive diffusion through the soil matrix
and dead culms can facilitate a transport path with
reduced friction to the atmosphere. From February to
April, CH4 fluxes increase markedly and, over that
period, the water table is all the time near the surface
and soil temperatures increase and decrease again.
Some of the variations in observed CH4 fluxes are
linked to variations in soil temperature, but the main
trend is probably due to the fact that P. arundinacea
are growing with high percentage of arenchyma,
which facilitate an increased oxidation of CH4

below-ground but also an increased passive flux of
CH4 to the atmosphere through the plant. During the
initial growth peak in May, the significantly lower
CH4 flux compared to measured fluxes during
sprouting was due to a decreasing water level as well
as increased radial oxygen loss creating a 0.1 mm
oxic zone around the growing roots (Edwards et al.
2006) of P. arundinacea leading to increased soil CH4

oxidation (Watson et al. 1997). The CH4 flux was
significantly negatively correlated with soil temper-
atures at all soil depths due to methanotrophs situated
in the oxic zones within the rhizosphere also having
Q10 in the range 1.8–2.9 (Whalen 2005). Potential
CH4 oxidation by methanotrophs is typically an order
of magnitude greater than potential CH4 production
by methanogens (Segers 1998). Therefore, a limited
oxic zone can result in the oxidation of a relatively
large amount of CH4. A review of earlier studies of
CH4 consumption and production by Segers (1998)
states that up to 90% of the produced CH4 could be
consumed again, either in the oxic top layer or in the
oxic rhizosphere. The temperature at 10 cm depth had
the highest correlation (r=−0.4) with the CH4 flux as
this depth coincided with the maximum root biomass
and is therefore also expected to have the largest
radial oxygen loss zone. This is in line with Edwards T
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et al. (2006) who estimated the root volume to be a
reasonable predictor of the size of the aerobic space
adjacent to the roots. At the end of August, when the
water level is at −23 cm, after a short period of even
lower water levels, ecosystem CH4 fluxes are in the
range 0.005±0.004 μmol CH4 m

−2 s−1 corresponding
to higher soil CH4 concentrations and deeper plant
roots developed during the second growth peak. A
significant correlation was found between CH4 fluxes
and soil temperatures at all depths although negative
correlations exist above the water level and negative
correlations exist below the water level. This rela-
tionship could be due to consumption above the
ground water level in the oxic zone and production
below the water level in the anoxic zone although this
relationship was not observed during the initial
growth peak where correlations between temperature
and CH4 emissions at all depths were negative.

Summary of diurnal variations

The study of diurnal variations in CH4 emissions from
P. arundinacea indicates that gas flow is predomi-
nantly driven by passive diffusion. If convective gas
flow had been the dominant transport mechanism,
CH4 emissions would be driven by diurnal atmo-
spheric temperature variations creating differences in
temperature or water-vapour pressure between the
internal air spaces in the plants and the surrounding
atmosphere. Differences in temperature or water-
vapour pressure generate pressure gradients that drive
gas flow from leaves to rhizome and then vent back to
the atmosphere (Brix et al. 1992) in line with those
found in wetlands vegetated by stands of e.g.
Pragmites australis, Carex lasiocarpa, Deyeuxia
angustifolia, Typha Latifolia (Mikkelä et al. 1995;
Ding et al. 2004; Whiting and Chanton 1996). Very
limited significant correlations were observed be-
tween the diurnal variations in CH4 emissions and
atmospheric temperature during flowering when the
correlation was positive, to the late growth season
when correlations were negative (Table 3). Thus,
results suggest that convective gas flow is not the
primary transport mechanism although mature P.
arundinacea may be capable of building slight
pressure differentials resulting in slight CH4 transport
during flowering and increased O2 transport to the
rhizosphere during the second growth peak and the late
growth season. This is in line with a study by Kao-

Kniffin et al. (2010) that found that amongst 7
graminoid species a stalk of P. arundinacea had the
lowest CH4 emissions under controlled laboratory
conditions. They also suggest that the large above-
ground and below-ground biomass may aid in greater
oxygen transport to anoxic sediments, which could
stimulate CH4 consumption by rhizospheric bacteria
(Brune et al. 2000).

Impact of P. arundinacea as a dominant wetland
species

Despite the fact that CH4 transport through P. arundi-
nacea is primarily passive, ~70±35% of the CH4

emitted to the atmosphere is emitted through this
wetland species. The main reason for these high P.
arundinacea-mediated CH4 emissions are the high
concentration gradients between the soil at the maxi-
mum root biomass depth (~20 cm) amounting, in 50%
of the year, to ~14,000 times higher concentrations than
in the atmosphere. This is in the size order of ~500
times larger than for CO2 concentration differences.
Therefore, although CO2 is also passively P. arundi-
nacea-mediated it has a much smaller contribution to
NEE. To our knowledge no previous studies have been
conducted to measure flow through this plant species.
In this study, bulk soil with no influence of plants has
not been studied simultaneously. This would have been
interesting in order to evaluate the oxidative potential
of the P. arundinacea rhizosphere. Previous studies
have shown that P. arundinacea-cultivated wetlands
emit less CH4 than bare wetland soils (Hyvönen et al.
2009) due to their increased CH4 oxidation potential.

In contrast to vegetation types with convective gas
flow, diurnal variations in CH4 fluxes are of less
importance for calculating CH4 budgets in a P.
arundinacea-dominant wetland. Northern peatlands
emit an estimated 12.2% of the global total CH4

emissions (Wuebbles and Hayhoe 2002) with emis-
sions in the range 5–80 mg m−2 d−1 (Blodau 2002).
Average CH4 emissions from Maglemosen amounted
to 4.9 mg m−2 d−1 and are therefore low in
comparison to other peatlands at similar latitudes.
These low emissions are likely the result of the dry
summer period where the water level is below 30 cm
depth for 52 days coinciding with the period of
highest temperatures where CH4 production potentials
are highest, given anoxic conditions and where CH4

oxidation potentials are highest, given oxic condi-
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tions. Askær et al. (2010) found that 30 cm was the
threshold depth for CH4 emissions in the study area
implying that with water levels below 30 cm CH4 is
oxidised before reaching the atmosphere if transport is
exclusively soil-mediated.

Conclusions and implications

The study of diurnal variations in CH4 emissions from
P. arundinacea shows that gas flow is predominantly
driven by passive diffusion. Although ~70±35% of the
CH4 emitted from this wetland is plant-mediated, CH4

emissions from this wetland, in a global change
perspective, have little importance as the mean
C-sequestration rate is at least one order of magnitude
higher than the CH4–C emissions. Despite the fact that
CH4 has a 25 times larger global warming potential
than CO2, CH4 causes only 8% of the C assimilated to
be annulled in a global change perspective. Although
this is an approximation, it is to our knowledge the first
attempt at making a CH4 budget for a Danish wetland
ecosystem showing that P. arundinacea-dominated
wetland ecosystems are net C sinks despite CH4

emissions and despite a high potential of enhanced
gas fluxes due to arenchyma-rich plants.

Although P. arundinacea appears to be a desirable
plant in a global warming perspective, it is also known
to reduce biological diversity by homogenizing habitat
structure and environmental variability (Maurer et al.
2003). Furthermore, P. arundinacea decreases retention
time of nutrients and carbon stored in wetlands,
accelerating turnover cycles and reducing the carbon
sequestration capabilities characteristic of a more
diverse plant community (RCG Management Working
Group 2009). Therefore more factors must be taken
into account when assessing the impact of P. arundi-
nacea on a wetland ecosystem although appearing
positive in a global change perspective.
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Appendix S1 Solid state 13C NMR analysis 

Peat samples were prepared for solid state 13C NMR analysis. Samples were freeze‐dried and milled and 

solid‐state 13C NMR spectra were obtained on a Bruker DSX 200 operating at a frequency of 50.3 MHz using 

zirconium rotors of 7 mm OD with KEL‐F‐caps. The CPMAS technique was applied during magic‐angle 

spinning of the rotor at 6.8 kHz. A contact time of 1 ms was used for all spectra. The 13C‐chemical shifts 

were calibrated to tetramethylsilane (TMS) (= 0 ppm) and were calibrated with glycine (176.04 ppm). 

Between 7951 and 169040 singles scans were made for each spectra. Line broadening of 50.00 Hz was used 

to decrease the noise by multiplying the free induction decay (FID) with an exponential function that 

decreases the noise but increases the line width. The relative intensity of the peaks was obtained by 

integration of the specific chemical shift ranges by an integration routine supplied with the instrument 

software. 
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’ INTRODUCTION

Northern wetlands store about 30% of the global subsurface
organic carbon (C) pools and function as net sources of methane
(CH4) with an annual release of 46 Tg CH4�C to the atmos-
phere.1�3 Soil water content is a key regulator for diffusion of O2

into the soil. Lowering the water level increases the oxygen (O2)
availability in near-surface layers and accelerates decomposition
rates of organic matter, increases carbon dioxide (CO2) emis-
sions, and decreases CH4 emissions due to subsurface CH4

oxidation. However, highly contrasting results in terms of the
effects of lowered water levels on gas emission are reported in the
literature and the controlling mechanisms are unclear.4 In
particular, the temporal nature of the gas transport mechanism
across the soil-atmosphere interface remains unresolved.5,6

Subsurface O2 concentrations in wetlands have rarely been
reported at high spatiotemporal scales despite the fact that O2 is a
key parameter for the biogeochemistry of soils and sediments.

Subsurface O2 concentrations can be quantified both in the
laboratory and in situ with electrochemical and optical sensors.7

Most recently, 2D distributions of O2 have been measured using
planar optodes8�10 providing novel insights into high resolution
O2 dynamics in a range of complex and heterogeneous marine
environments.9 In wetlands, detailed investigations on subsoil O2

distribution are important as the transport of soil gases occurs
both via diffusive transport in the pores as well as through the
aerenchymous tissue of many wetland plants.11,12

The quantification of soil-atmosphere gas exchange at a high
spatiotemporal resolution requires detailed knowledge about the
mass transfer properties of the soil system. However, standard
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ABSTRACT: Oxygen (O2) availability and diffusivity in wetlands are control-
ling factors for the production and consumption of both carbon dioxide (CO2)
and methane (CH4) in the subsoil and thereby potential emission of these
greenhouse gases to the atmosphere. To examine the linkage between high-
resolution spatiotemporal trends in O2 availability and CH4/CO2 dynamics
in situ, we compare high-resolution subsurface O2 concentrations, weekly
measurements of subsurface CH4/CO2 concentrations and near continuous
flux measurements of CO2 and CH4. Detailed 2-D distributions of O2

concentrations and depth-profiles of CO2 and CH4 were measured in the
laboratory during flooding of soil columns using a combination of planar O2

optodes and membrane inlet mass spectrometry. Microsensors were used to assess apparent diffusivity under both field and
laboratory conditions. Gas concentration profiles were analyzed with a diffusion-reaction model for quantifying production/
consumption profiles of O2, CO2, and CH4. In drained conditions, O2 consumption exceeded CO2 production, indicating CO2

dissolution in the remaining water-filled pockets. CH4 emissions were negligible when the oxic zone was >40 cm and CH4 was
presumably consumed below the depth of detectable O2. In flooded conditions, O2 was transported by other mechanisms than
simple diffusion in the aqueous phase. This work demonstrates the importance of changes in near-surface apparent diffusivity,
microscale O2 dynamics, as well as gas transport via aerenchymous plants tissue on soil gas dynamics and greenhouse gas emissions
following marked changes in water level.
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equations for calculating effective diffusion coefficients of wet-
land soils and peat are few13,14 and limited by rapid changes in air-
filled porosity as well as total porosity values following changes in
water level. High resolution measurements of the mass transfer
properties under fluctuating soil moisture conditions will poten-
tially help clarifying the mechanisms regulating greenhouse gas
emissions from wetland soils. Therefore, this work aims to (i)
quantify subsurface O2 dynamics in a protected Danish wetland
with respect to natural water level fluctuations, and (ii) to
quantify depth-specific O2, CO2, and CH4 consumption/pro-
duction profiles based on observed in situ gas concentrations and
apparent gas diffusivity measurements using PROFILE, a simple
diffusion-reaction model15 for analysis of measured concentra-
tion gradients.

’MATERIALS AND METHODS

Study Site. The study site is situated in a temperate wetland
area, Maglemosen (55�510N, 12�320E) formed through the
retreat of an ancient inlet in Vedbæk, 20 km north of Copenha-
gen, Denmark (Supporting Information, SI, Figure 1S). Mean
annual air temperature is 8 �C and mean annual precipitation is
613 mm (normals for 1961�1990, Danish Meteorological
Institute). The wetland is characterized as a fen covering an area
of roughly 0.6 km2 with peat depths ranging from 0.5 to 3 m. The
mean annual water level in 2007�2008 was 14 cm below the
surface and ranged from 6 cm above the surface to 73 cm below
the surface. The study site has not been managed for >100 years
and is dominated by graminoids, mainly reed canary grass
(Phalaris arundinacea) but also common reed (Phragmites australis)
and different herbs.
Field Measurements and Sampling. Subsoil CO2 and CH4

concentration profiles and surface fluxes were measured on a
weekly basis (January to August 2009). Ground temperature,
water content, water level, and O2 concentrations were logged
continuously on an hourly basis. Soil CO2 fluxes (microbial and
root respiration) were measured using an infrared gas analyzer
(LiCor 6400�09/6262 Soil CO2 Flux Chamber, LiCor, Lincoln,
USA) attached to a portable chamber, functioning as a dark and
closed soil-flux chamber and placed on top of open preinstalled
soil collars (10 cm in diameter) for 2�3 min at sites without
plants within the collars. The CO2 efflux was calculated on the
basis of a linear increase (r2 > 0.95) in chamber CO2 concentra-
tions over time on 10 replicate collars. Soil CH4 fluxes were
measured using three replicate static collars installed to a depth
of 8 cm and leaving 2 cm above the surface. These collars
were closed during measurements using a closed-end CHA-type
plumbing creating a total chamber volume of about 0.5 L.
Headspace gas samples were extracted four times at 15-min
intervals and stored in 2.5 mL glass injection flasks with poly-
isobutylene septa. Gas samples were analyzed for CH4 within
24 h using a gas chromatography (Shimadzu GC 2014 with Back
Flush system, SHIMADZU EUROPA GmbH, Duisburg, Germany)
equipped with a Mol Sieve 5A 80/100 mesh (1/8”� 1 m) column
connected to an FID detector.
Air in the soil pores was sampled for CO2 and CH4 analyses at

depths of 5, 10, 20, 30, 40, 50, 60, 80, 110, and 140 cm using
silicone probes as described.16,17

Oxygen (O2) concentrations were measured at in situ 5, 10,
15, 20, 25, 30, 40, 50, 60, 80, and 110 cm depth using fiber-
optic O2 optodes connected to a fiber-optic oxygen meter
(FIBOX 3, Presens GmbH, Germany) in combination with K-type

thermocouples connected to a thermometer (RS 206�3722).
Temperature readings were made with the same spatiotemporal
resolution asO2 in order to enable temperature compensation of the
sensor signals. All sensors were linearly calibrated with a 2 point
temperature and O2 concentration procedure with precisionse5%
of standard deviation at standard temperature and pressure. In the
laboratory, electrochemical O2 microsensors (OX-50, 40�60 μm
tip diameter; Unisense A/S, Aarhus, Denmark) connected to a pA
meter (PA2000, Unisense A/S, Aarhus, Denmark) were used to
measure O2 concentrations under flooded conditions when O2

penetration depths were <5 cm and in soil without plants (>0.5 m
from nearest Phalaris arundinacea).
Volumetric soil water content was measured using soil mois-

ture sensors (Theta Probes ML2x, Delta-T Devices Ltd., Cam-
bridge, UK) installed in 8 depths in one profile and connected to
a datalogger (Campbell, CR10X Datalogger for Measurement
& Control, Campbell Scientific Ltd., Loughborough, UK). The
water level was measured by a pressure sensor (PCR 1830,
Druck) submerged in a 2.5 m perforated plastic tube. All instal-
lations were completed more than two months prior to measure-
ments (see SI).
Depth and volume-specific soil samples (∼ 100 cm3) were

collected from pits and included all major horizons (including
the litter layer). In situ pH measurements (Metrohm 704 Pocket
pH meter, Metrohm Nordic, Glostrup, Denmark) were made
directly with probes inserted into peat/sediment or after the
addition of distilled water at depths with a soil-solution ratio of
∼1:2.5. Bulk density was determined on the basis of the weight of
dried volume-specific soil cores. Total organic carbon (TOC) was
measured after acidification, using 6MHCl to remove inorganic C
using anEltra SC-500 analyzer (ELTRAGmbH,Neuss, Germany),
with an accuracy of (0.2%. Four replicate soil columns were
sampled and stored in the dark at 4 �C until analysis in the labor-
atory. Three additional columnswithout living plants were sampled
during winter in circular PVC columns (id:20 cm, h:60 cm), with
one side removed, where a Plexiglas sheet containing a planar
optode was fixed for laboratory experimental work. The soil
columnopeningswere closedwith rubber-coated aluminum sheets,
the upper with a large opening to ensure equilibrium with the
atmosphere.
Experimental Work. Gas profiling using Membrane Inlet

Mass Spectrometry (MIMS) and planar optode (PO) imaging
were made in the dark at 10 �C after >6 months preincubation to
obtain steady state conditions, and with a water level 5 cm above
the peat surface. An aquarium pump was used to aerate the water
column keeping it at atmospheric O2 saturation. Depth-specific
analyses of dissolved CH4, CO2, and Ar concentrations were
done with a quadrupole mass spectrometer (QMA125, Balzers,
Liectenstein), where CH4 and CO2 concentrations were normal-
ized using a two-point calibration with Ar as an internal standard.
Details of the MIMS and PO setups have been described
elsewhere17 and are also included in the SI.
Apparent Diffusivity.Microscale diffusivity sensors (DF200,

Unisense A/S, Aarhus, Denmark) with a tip diameter of 200 μm
were applied to measure apparent diffusivity, i.e., the bulk
diffusivity in partly saturated peat and sediment by measuring
concentrations of a tracer gas in an internal H2 gas (at 1 atm
partial pressure) reservoir within the sensor tip.18 In brief, the
diffusivity sensor is a hydrogen transducer in which an air volume
behind a separating membrane is continuously flushed avoiding
potential interference with both O2 and CO2. A mathematical
model has been made18 which describes the sensor signal as a
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function of diffusivity and is based on a two-point calibration.
Standards for calibration in this work included: (1) stagnant
water, (2) 5�20 and 40�75 μm unsorted glass beads in water,
and (3) a standard moist peat sample. The apparent diffusivity
of the glass beads have previously been measured in diffusion
chambers18 and the moist peat sample was previously measured.19

In the current study, mean values (n= 25) of apparent diffusivity for
each depth interval was measured in situ under drained condition.
Measurements were repeated in the laboratory using intact cores
and subsequently measured again after flooding (within one week).
Measurements were repeated monthly on 5 replicate cores from
the well-drained top layer monthly over 3 months following core
flooding. Tabulated values for the O2 solubility and diffusion
coefficient20 were used to calculateO2 concentrations at atmospheric
saturation and the diffusivity ofO2 in distilledwater at 10 �C(1.57�
10�5 cm2 s�1). Diffusion coefficients for CO2 and CH4 were
calculated by multiplying the value for O2 by 0.7961 and 0.8495.

20,21

Oxygen Diffusion-Reaction Model. Steady-state profile
analysis was performed using the diffusion-reaction model
PROFILE15 providing estimates of net consumption/production
rates as a function of depth using measured diffusivities and gas
concentrations as input values. The diffusion-reaction model
provides an objective selection of the simplest consumption/
production profile that reproduces the measured concentration
profiles based on Ficks’ second law. On the basis of such calculated
production/consumption profiles, the depth-integrated gas
fluxes were estimated by PROFILE and subsequently compared
to fluxes measured in situ. Boundary conditions for simulations
were no flux at the bottom and atmospheric conditions at the top.

’RESULTS AND DISCUSSION

Site Characteristics. The wetland soil profile (SI Figures 2S,
3S) can be divided into three functional layers: A top surface
10 cm layer with recently deposited organic C with a bulk density
of 0.2�0.3 g cm�3, a mean pH of 7.3 and a mean organic C
content of 28% (Figure 1). From 10 to 50 cm, the bulk density
increases to about 0.4 g cm�3 and pH values decrease to 7. The
amount of organic C within the upper 30 cm (main root zone) is
29 kg m�3. Below 50 cm depth, the sediment is dominated by
brackish lake sediments with a decreasing organic C content.
Apparent Diffusivity. Apparent diffusivities measured in situ

and in the laboratory (SI Figure 4S) show similar results indicating

that intact cores can be moved to the laboratory and used to
represent the apparent diffusivity in the field. However, apparent
diffusivity measurements across intact cores need to be made in
steps to identify “edge effects” (SI Figure 5S). Extreme values in the
boundary zones of ∼0.5 cm from the top/bottom indicate the
physical limitation of laboratory diffusion measurements using
intact cores.
Apparent diffusivity measurements (Figure 1b) normalized to

10 �C show values in newly saturated peat layers about 10 times
the diffusivity in water (1.57� 10�5 cm2 s�1). This is in line with
previous reported peat diffusivities13 and is considered a result of
a small but continuous soil�air network. Repeated laboratory
measurements over 3 months following saturation (n = 5)
showed that the apparent diffusivity decreased slowly by a factor
of 8 (Figure 1b, insert). These changes over time occur as
trapped soil air is replaced by water, decreasing the gas phase
volume and/or generating less connected air spaces in the peat
matrix. Similar changes have been observed for water retention
caused by “wetting inhibition”,22 where the phenomenon is
explained by a combination of air inclusion, water-repelling films,
and pore geometry alterations due to shrinkage during drying.
Repeated measurements of such time-dependent changes in
apparent diffusivity (Figure 1b, inserted) also indicated that also
the degree of drainage before flooding is important. Longer and
more extensive drainage resulted in higher apparent diffusivities
upon flooding and a longer time (weeks to months) was required
to reach a constant apparent diffusivity (data not shown).
Laboratory manipulations of the water level showed a marked

increase in soil fauna activity following flooding. Newly created
macropores for air and water flow bymigrating earthworms in the
top 10 cm add to the complexity of mass transfer in the peat soil.17

The combination of the above observations leads us to conclude
that the position of thewater level andwater contentmeasurements
are inadequate predictors of temporal changes in the apparent
diffusivity. Even minor changes in air-filled and total porosities
following physical shrinkage or swelling of the peat can over time
change the apparent diffusivity by a factor 8 after flooding.
Temporal Variations in Gas Concentrations and Fluxes.

Measurements from January to August 2009 showed fluctuating
water levels from intermittent flooding during winter followed by
a general water level drawdown during summer with some inter-
ference from precipitation events (Figure 2). Water saturation
followed the same pattern but remained high (>80% by saturation)
throughout the summer. During winter, ground temperatures
were 0�4 �C and despite flooded conditions, O2 was present in
the upper 10 cm at sites with vegetation (Figure 2). In contrast,
experimental work without plants showed O2 depletion within
the upper 4 mm (Figure 3a). Due to warm summer air temper-
atures and low water levels, temperatures reached 16�20 �C in
the top 30 cm and O2 levels were up to 80% air saturation within
the top 40 cm. Generally, concentrations of CO2 and CH4 varied
markedly over the time period with warmer conditions leading to
increasing concentrations of CO2 above the water level and CH4

concentrations below the water level (Figures 2 and 3). During
flooded conditions (March 3, 2009), CO2 and CH4 concentra-
tions increased with depth to 3000 and 150 μM, respectively
(Figure 3A). Comparable concentration ranges have previously
been reported from similar sites.23 Fluxes of CO2 and CH4 were
low in winter and increased with temperature until the early part
of the growing season when near-surface oxic conditions further
increased CO2 fluxes but limited CH4 fluxes. When the water
level was below 40 cm, the CH4 flux was negative indicating a net

Figure 1. Depth specific soil properties including (a) bulk density (solid
line) and porosity (dashed line) down to 50 cm; (b) in situ apparent O2

diffusivity measured under saturated conditions (open squares) and
well-drained conditions (filled squares); and (c) soil organic C, (d)
in situ soil pH. Bars represent one standard deviation (n = 4). Insert in
part b shows the changes in apparent O2 diffusivity measured in well-
drained top peat samples (0�3 cm, n = 5) over 3 months following
flooding under laboratory conditions.
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uptake. These shifts in CO2 and CH4 fluxes and themagnitude of
fluxes are within the range quantified in other Northern wetlands.3

Modeling Soil Gas Dynamics during Steady State Field
Conditions. Concentration profiles were analyzed within two
time frames assuming steady-state conditions; after months with
the water level above the ground surface (0�5 cm) and after
weeks with the water level fluctuating below 50 cm (Figure 2).
Modeled production and consumption profiles showed that CO2

and CH4 were mainly produced within the upper 20 cm contain-
ing newly deposited organic material and the main rhizosphere

zone. However, these rates are lower than those reported from
similar wetlands.2 The CH4 production profile could also be
influenced by different CH4 production pathways, i.e., near-surface
acetate fermentation versus deeper methanogenesis from the reduc-
tion of CO2 in less reactive layers.

23We foundmaximumCH4 in situ
fluxes of 0.005 μmol CH4 m�2 s�1, which were very low as
compared to potential CH4 production rates observed in laboratory
studies, i.e., 0.01�10 μmol CH4 m

�3 s�1.24

After a period of natural drainage and water level depths
>50 cm (August 20, 2009), O2 was present to a depth of 50 cm

Figure 2. Temporal changes in subsurface conditions from January through August 2009; (a) weekly observed CO2 and CH4 fluxes; (b) subsurface
CO2 concentrations; (c) subsurface CH4 concentrations; (d) subsurface O2 concentrations (% air saturation); (e) ground temperatures (�C); (f) water
contents (% saturation); and (g) water level (shown as a line) and daily precipitation (shown as bars).
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and the O2 flux (based on PROFILE simulation) was 20 times
larger than under flooded conditions. Corresponding maximal
CO2 concentration (about 4500 μM)was also observed at 50 cm
depth (Figure 3B). The total subsurface O2 flux (∼4 μmol O2 m

�2

s�1) was almost twice as high as the total surfaceCO2 flux according to
PROFILE simulations. This could be caused by a notable amount of
CO2 being dissolved in the liquid phase and transported out of the soil-
ecosystem without being released to the atmosphere, in line with
previous observations25 and high dissolved C export rates from
wetlandswhich is an advective transport not represented in our profiles
of transport coefficients.26 CH4 concentrations increased from

atmospheric levels above the water level to >100 μM with increasing
depth. However, concentrations and production rates cannot be
directly compared as the flooded conditions typically occurred during
winter with low temperatures, while the drained conditions occurred
during summer withmarkedly warmer temperatures (Figure 2). Rates
estimated from our PROFILE analysis were depth-integrated and
compared with observed surface fluxes in situ (Figure 3) showing
reasonable agreement between observed and modeled fluxes.
Laboratory Experiment. Laboratory measurements of O2 by

planar optode and CO2/CH4 using a MIMS (Figure 4 and SI
Figure 6S) were performed to provide data for controlled steady

Figure 3. Field observed (symbols) and simulated (lines) subsurface gas concentrations at near steady state conditions: (a) cold and flooded conditions
onMarch 20, 2009 and (b) warm and water level below 50 cm on August 20, 2009. Consumption and production profiles (dashed lines) are made using
PROFILE (see Materials and Methods) and the depth-integrated net uptake or release of CO2 and CH4 are compared to in situ observed fluxes. Under
flooded conditions, O2 is measured using microsensors (diamonds) and under drained conditions O2 is measured using optodes (squares).
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state conditions and to explore links between often reported one-
dimensional gas gradients and area-based flux measurements.
After more than 6 months of dark incubation at 10 �C, O2

penetrated down to about 4 mm (Figure 4 and SI Figure 7S)
similar to results from in situ measurements in soil without active
plant growth. Subsurface concentrations of both CO2 and CH4

were high: >5000 μM CO2 and >400 μM CH4 but also highly
variable with depth. We speculate that such variations, particu-
larly at 10�30 cmdepth, were influenced by dead but open culms of
grasses.27 The flux of CH4 calculated fromPROFILEwas 0.10μmol
CH4 m

�2 s�1, which is about twice the mean value of measured
fluxes using flux chambers in the laboratory (0.065 μmol CH4 m

�2

s�1). This can originate in uncertainties related to the PROFILE
simulations or that some CH4 oxidation occurred in the well-
oxidized water/sediment interface, which is not reflected in the
relatively course depth resolution of the field profiles and conse-
quently not accounted for in PROFILE.
We attribute the higher concentrations of CH4 (and higher

fluxes) measured under flooded laboratory conditions as opposed to
flooded field conditions to be due to a combination of slightly

warmer conditions as well as the absence of plants in the laboratory
experiment. Although plant activity is low during the initial growth
stage in March, seedlings of Phalaris arundinacea with internal
aeration through aerenchymous tissue28�30 start to develop under
complete water covered conditions (anoxia).

’CONCLUSIONS

This work focused on the diffusive gas dynamics in the soil air
and pore water phases, which both affect the net fluxes of CO2

and CH4 across the soil�atmosphere interface. Our study
suggests that the near-surface O2 level is affected by transport
linked to the presence of plants and O2 release from plant roots.
Analysis of concentration gradients showed that CH4 oxidation
can occur below the water level both under completely flooded
conditions as well as for conditions with the water level well
below the surface (Figure 3). The immediate oxidation of CH4

by O2 near the roots may explain our finding of rather low CH4

emissions rates to the atmosphere through the bulk soil matrix,
indicating that gas transport through plants is an important
control on the overall CH4 budget. Direct measurement of eco-
systemCH4 emissions in dynamic chambers suggest that roughly
80% of the total CH4 emission at the actual study site can be
mediated through plants. We conclude that the linkage between
subsurface gas concentrations and surface fluxes can be roughly
predicted by simple gas diffusion, but only if soil and depth
specific apparent diffusivities are taken into account. We have
shown that microscale patterns in time and space are more
important than reported so far. In particular, this work highlights
the importance of changes in near-surface time-dependent apparent
diffusivity following flooding and the influence of macro fauna
activity. Future measurements should include the entire ecosystem
(including plants and macro fauna) as well as further studies of the
microscale O2 distribution in order to improve the quantification of
processes linking subsurface greenhouse gas production and net gas
emissions in wetlands withmarked water level variations not least in
a climate change context.

’ASSOCIATED CONTENT

bS Supporting Information. Seven figures provide addi-
tional information about the field site and the experimental
setup. This material is available free of charge via the Internet
at http://pubs.acs.org.
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MATERIALS AND METHODS 

Climate station and measurements of other environmental parameters A climate station was constructed 

to monitor air temperature at 2 meters height (Campbell Scientific 107 Temperature probe, Campbell 

Scientific Ltd., Loughborough, UK), wind speed (A100R anemometer), wind direction (W200P 

Potentiometer wind vane) relative humidity, radiation and soil temperature at depths 0, 10, 20, 30, 40, 50, 60, 

70 cm at 30 minute intervals. Pressure and precipitation data was obtained from a climate station 5 km away. 

Water level was monitored by a pressure transducer (Druck PDCR 1830 Series, Campbell Scientific Ltd., 

Loughborough, UK) installed at a known depth in a 2.5 meter long perforated plastic tube. To avoid effects 

of peat swelling and shrinking on water level measurements, the pressure transducer was fixed to a 2.6 m 

long metal rod installed into the peat. Measurements of pH are sensitive to environmental conditions and 

therefore measured within 10 min after sampling and reported at 10°C. The Theta Probe Soil Moisture 

Sensors have been calibrated according to user Manual (v1.21, May 1999) by measuring output in depth-

specific samples at three different moisture contents, disturbing it as little as possible so that it is at the same 

density as in situ. 

Experimental setup. Mesocosm peat core samples were taken during winter to obtain dormant vegetation 

and high water level. After extraction the peat columns were insulated and kept in the dark to eliminate plant 

photosynthesis and avoid development of microphytes along the planar optode. Cores were moved into a 

dark climate chamber kept at 10 °C and water levels were adjusted to 5 cm above the soil surface in all cores. 

The cores were preincubated for 6 month to obtain steady state conditions with respect to O2, CO2 and CH4. 

The initial water level was maintained 5 cm above the peat surface and an aquarium pump and pumice stone 

was used to maintain constant O2 concentrations in the water above the surface. Steady state conditions were 

confirmed during the last week of preincubation by daily gas profiling using the MIMS and planar O2 optode 

imaging.  
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Oxygen planar optode. The setup for 2-D O2 measurements is described in detail elsewhere (1S-3S). As for 

other O2 optodes systems, the basic principle of the planar optode is the ability of O2 to act as a dynamic 

quencher of the luminescence of an immobilised O2 indicator (4s). Here we used the O2 quenchable indicator 

dye Ruthenium(II)-tris-4,7-diphenyl-1,10-phenanthroline (Ru-dpp) immobilized in a ~20 µm thick 

polystyrene layer cast onto a 0.125 mm-thick transparent polyethylene terephthalate carrier foil (Mylar, 

Goodfellow, UK). The indicator is excited by blue light (ex. max. 460 nm) inducing red luminescence (em. 

max. 610 nm), which is quenched in the presence of O2. Two planar optode foils (100 x 250 mm) were taped 

together (100 x 500 mm) and mounted on the inside of a plexiglass sheet glued onto the cut PVC cylinder 

(section 2.3.1). In the experimental setup, excitation light was supplied by blue light-emitting diodes (LED) 

(λ = 470 nm) illuminating the sensor foil from behind through the Plexiglas and the Mylar foil. Images of the 

O2 dependent luminescence were obtained with a cooled gate-able charge coupled device (CCD) camera 

(SensiCam Sensimod, PCO Computer Optics, Germany) equipped with a 25 mm/1.4 Nikon wide-angle lens. 

All O2 images were obtained without ambient light. 

The camera and LED’s were part of a modular luminescence lifetime imaging system (MOLLI) for image 

acquisition and processing (2S). A “by area average” two-point calibration was performed at 100 % and 0 % 

air saturation to enable image calibrations using a modified Stern-Volmer equation (5S). The obtained O2 

images covered an area of 70 x 50 mm (CCD camera chip size 640 x 480 pixel). More details about optical 

O2 imaging, sensor materials, measuring and calibration routines are given elsewhere (1S-4S, 6S).  

Membrane Inlet Mass Spectrometry (MIMS) Depth-specific analyses of dissolved CH4 concentrations 

were carried out using a MIMS similar to that original developed by (7S). A detailed description of the 

method and the MIMS probe itself is found in (8S). Our probe was a 50 cm long stainless steel probe (3.2 

mm o.d, 1.6 mm i.d.) fitted with a 20 mm long narrow tip (1.6 o.d., 1.0 mm i.d) in one end and attached to 

the mass spectrometer at the other end via a 50 cm long flexible metal bellow. The narrow tip was closed in 

the end and had a 0.5 mm orifice drilled 1 cm from the end. The orifice was covered with a microporous 

polypropylene membrane (CELGARD 2502, Hoechst Celanese, Charlotte, NC) that was 50 µm thick, has an 

effective pore size of 0.075 µm and a 45% porosity. In contrast to the silicone rubber membranes used 
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previous (7S, 8S), this type of membrane does not result in a highly preferential transport of gases as 

compared to water through the membrane; instead all compounds pass the membrane at a comparable rate 

(9). The missing enrichment of gases as compared to water is compensated by a 50-100 times higher flux of 

water and gas through the membrane into the probe and the mass spectrometer. With the membrane probe 

inserted in water a total pressure inside the mass spectrometer below 1·10
-5

 torr is obtained, which 

corresponds to a maximal liquid (water and gases) consumption rate of 1 nL/s for our mass spectrometer 

system. The mass spectrometer was a quadrupole mass spectrometer (QMA 125, Balzers, Lichtenstein). 
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Supporting figure 1. A: Location map of the study site Maglemosen near 
Vedbæk in Denmark and B: Digital elevation model of the same area using aerial 
laser scan technique. The reddish colours indicate the area below 7 m above the 
present sea level. 
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Supporting figure 2. A typical profile to a depth of 1.2 m dominated by the upper 
peat layer of 45-50 cm thickness.
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Supporting figure 3. Top 1 meter profile from Maglemosen, Vedbæk, showing 
the marked in top 50-55 cm peat overlying 15 cm carbonate rich gytje and 
organic rich brackish lake sediment. Inserted picture B shows details of the top 
20 cm consisting of up to 16% living roots by weight.  
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Supporting figure 4. A: in-situ microscale apparent diffusion 
measurements with depth and B: repeated laboratory measurements in 
core sections to a depth of 140 cm.
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Supporting figure 5. Laboratory microscale apparent diffusion 
measurements with depth measured across one peat core over 3.5 cm 
showing “edge effects” and the importance of stepwise measurements and 
not bulk core measurements. The dash line represent the mean value of 
measurements across the central 2 cm.



Supporting figure 6. Laboratory measurements of subsurface gas concentrations using 
Membrane Inlet Mass Spectrometry (MIMS) and planar optode (PO). Measurements and 
images were made in dark and at 10°C after collected cores of 50 cm in length were kept 
saturated over more than 6 months.
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Supporting figure 7. Enlarged picture of Figure 4a showing details of the 
oxygen distribution (0 – 100 % atm. saturation) near the surface during 
flooded conditions after steady state conditions have been reached
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Supporting figure 8. In-situ subsurface CH4 concentrations measured in 3 
profiles twice over one week during stable water table (5 cm above the surface) 
by the end of march 2009. The figure illustrates the spatial variability in profiles
within 100 m in a homogeneous vegetation site and shifts in concentrations level
probably due to water flow during the most stable period during the year. 
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Temporal trends in N2O flux dynamics in a Danish
wetland – effects of plant-mediated gas transport of N2O
and O2 following changes in water level and soil mineral-
N availability
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Abstract

Temporal trends of N2O fluxes across the soil–atmosphere interface were determined using continuous flux chamber

measurements over an entire growing season of a subsurface aerating macrophyte (Phalaris arundinacea) in a nonman-

aged Danish wetland. Observed N2O fluxes were linked to changes in subsurface N2O and O2 concentrations, water

level (WL), light intensity as well as mineral-N availability. Weekly concentration profiles showed that seasonal varia-

tions in N2O concentrations were directly linked to the position of the WL and O2 availability at the capillary fringe

above the WL. N2O flux measurements showed surprisingly high temporal variability with marked changes in fluxes

and shifts in flux directions from net source to net sink within hours associated with changing light conditions. Sys-

tematic diurnal shifts between net N2O emission during day time and deposition during night time were observed

when max subsurface N2O concentrations were located below the root zone. Correlation (P < 0.001) between diurnal

variations in O2 concentrations and incoming photosynthetically active radiation highlighted the importance of plant-

driven subsoil aeration of the root zone and the associated controls on coupled nitrification/denitrification. Therefore,

P. arundinacea played an important role in facilitating N2O transport from the root zone to the atmosphere, and exclu-

sion of the aboveground biomass in flux chamber measurements may lead to significant underestimations on net

ecosystem N2O emissions. Complex interactions between seasonal changes in O2 and mineral-N availability follow-

ing near-surface WL fluctuations in combination with plant-mediated gas transport by P. arundinacea controlled the

subsurface N2O concentrations and gas transport mechanisms responsible for N2O fluxes across the soil–atmosphere

interface. Results demonstrate the necessity for addressing this high temporal variability and potential plant transport

of N2O in future studies of net N2O exchange across the soil–atmosphere interface.

Keywords: denitrification, N2O sink, N2O source, nitrification, nitrogen transformation, nitrous oxide, oxygen, Phalaris arundina-

cea, plant-mediated gas transport, wetland
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Introduction

Wetland soils can be significant sources of nitrous oxide

(N2O) emissions to the atmosphere if conditions for

N2O production are favourable: high levels of mineral

nitrogen (N) in the form of nitrate (NO3
�) and low

levels of atmospheric oxygen (O2) (Liikanen & Marti-

kainen, 2003). Production of N2O is predominantly bio-

logical and occurs primarily through nitrification

(ammonium oxidation and nitrifier denitrification) and

denitrification. Dominance of these processes is linked

to soil moisture content and O2 availability, as well as

to the presence of labile N and carbon (C) in the soil

(Bollmann & Conrad, 1998; Wrage et al., 2001). Condi-

tions favouring N2O production in wetland soils are

sensitive to seasonal and interannual weather patterns,

which affect the soil moisture content, the depth from

to the surface to the free-standing water level (WL),

and seasonal growth pattern of subsurface aerating

wetland macrophytes. Together, these parameters regu-

late O2 transport into the soil and determine both the

timing and the location of anoxic zones (Askaer et al.,

2010; Elberling et al., 2011) and thereby the nature of

N-transformation processes and N2O production.

Following global warming, these conditions will be

subject to changes affecting net N2O fluxes from the soil

to the atmosphere. However, future predictions of N2O

fluxes are difficult without an improved understanding

of the drivers of current flux patterns.

Wetlands are characterized by having the WL near

the surface and near-saturated soil water contents
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resulting in high accumulation rates of organic C and

N. Variations in soil water content following WL fluctu-

ations are a strong determinant for conditions favour-

able for N2O production, consumption and transport

(Heincke & Kaupenjohann, 1999; Clough et al., 2005),

and exerts a major control on N2O emissions from soil

by regulating subsurface O2 availability and N-transfor-

mation processes (Firestone & Davidson, 1989; Boll-

mann & Conrad, 1998; Khalil et al., 2004).

The position of the WL in wetlands has a direct effect

of subsurface gas exchange by limiting the diffusion

rates of both O2 and N2O when transport pathways

become water-filled (Heincke & Kaupenjohann, 1999;

Clough et al., 2005). Certain wetland macrophytes are

capable of aerating the subsoil though aerenchymous

plant tissue (Colmer, 2003). As alternate oxic and

anoxic conditions may promote the production of N2O

in the subsoil through sequential nitrification–denitrifi-
cation reactions (Patrick & Reddy, 1976; Smith & Pat-

rick, 1983; Firestone & Davidson, 1989) changes in

seasonal WL dynamics and plant growth of subsurface

aerating macrophytes are likely to affect subsurface

N2O production and surface emissions. In Northern

Europe, climate change is predicted to cause a general

intensification of rainfall events (IPCC, 2007) resulting

in an amplification of seasonal WL dynamics, which

will influence the environmental drivers for subsurface

N-transformation processes. While the current state of

knowledge on the spatio-temporal nature of N2O flux

dynamics from nonmanaged wetlands is derived from

either controlled laboratory experiments or low tempo-

ral resolution flux chamber measurements (weekly to

biweekly sampling frequency), significant uncertainty

exists concerning the spatio-temporal nature of current

N2O emission dynamics from these potentially impor-

tant N2O sources, as well as the role of plant-mediated

N2O transport across the soil–atmosphere interface. To

understand the potential impacts and feedbacks on

N2O fluxes from natural wetlands to global warming,

both the timing and magnitude of N2O fluxes need to

be determined in a variety of relevant ecosystems at a

higher temporal resolution than is currently available.

The aims of this work were to (i) determine the spatio-

temporal dynamics and gas transport mechanisms of

current N2O flux patterns in high temporal resolution

over a full growing season in a protected and nonman-

aged wetland; (ii) explore the linkages between surface

fluxes and subsurface gas concentrations of N2O, O2 and

dissolved mineral-N in response to seasonal variations

in WL; and (iii) relate the flux dynamics to the position

of the WL and seasonal variations in plant growth of a

subsurface aeratingmacrophyte Phalaris arundinacea.

The aims are achieved by comparing continuously

measured fluxes of N2O across the soil–atmosphere

interface with subsurface N2O, O2 and mineral-N

concentration profiles over a full growing season in a

nonmanaged Danish wetland overgrown with P. arun-

dinacea.

Materials and methods

Site description

The Maglemosen experimental site is a nonmanaged minero-

trophic wetland located ca. 20 km north of Copenhagen, Den-

mark (55°51′N, 12°32′E) with P. arundinacea as the dominating

vegetation cover at the selected study site. A description of the

annual life cycle of P. arundinacea at the particular site can be

found in (Askaer et al., 2011). Mean annual temperature and

precipitation are 8 °C and 613 mm, respectively. Sample col-

lections and field measurements were conducted from mid-

April to mid-October 2010 over a full growing season, defined

as a 7 day moving average of daily air temperature >5 °C (Jin

et al., 2010).

Soil characteristics

Histosols cover the majority of the area with peat depths rang-

ing from 0 to 3 m. At the experimental site, the peat thickness

is between 45 and 55 cm with the main root zone occupying

the upper 25–30 cm. Soil porosity in the peat layers ranges

from 70% to 80% by volume. Bulk density decreases gradually

from 0.25 at the surface to 0.40 g cm�3 at 60 cm depth. Total

organic C content in the peat ranges from 23% to 29%, while

total N ranges from 1.8% to 2.4% resulting in peat C : N ratios

of 10 : 12 (see also Fig. S1a–e, Supporting Information).

Environmental parameters

The position of the WL, defined as the depth from the surface

to the free-standing position of the secondary groundwater

body closest to the surface, was measured using a pressure

sensor (PCR 1830 series, Druck; ThermX, San Diego, CA,

USA) submerged in a 2 m long perforated plastic tube placed

in a sand cast drill hole. The sensor was mounted on a hori-

zontal bar attached to 3 m long stainless steel rods inserted

into the underlying mineral soil, to avoid potential measure-

ment errors caused by seasonal displacement of the surface

following swelling and shrinkage of the peat soil.

Incoming radiation in the wavelength spectrum of photo-

synthetically active radiation (PAR), i.e. 400–700 nm, was

measured in 30 s time resolution with an energy sensor (SKE

510; Skye Instruments, Powys, UK) mounted at 1.5 m above

the peat surface and equal to maximum vegetation height.

Vegetation height was measured continuously on a 10 min

temporal resolution by a sonic range sensor (SR50a; Campbell

Sci, Loughborough, UK) mounted on a horizontal bar 3.5 m

above the peat surface. Automated measurements were veri-

fied by manual measurements on a weekly basis.

Soil temperature and soil moisture were measured in the

soil profile by zero-off corrected thermistors (Campbell Scien-
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tific 107) and site-specific calibrated soil moisture impedance

probes (Theta Probe ML2x; Delta-T Devices, Cambridge, UK)

inserted horizontally in 2–10 cm depth increments, to a depth

of 50 cm below the peat surface. In addition, a soil moisture

probe was inserted vertically into the top soil for seasonal

measurements of soil moisture content at the soil–atmosphere

interface. Due to the physical design of the impedance probes,

volumetric soil moisture contents are rendered as average val-

ues over a 3.5 cm depth interval. Conversion of volumetric

soil moisture contents into saturation degree was based on

depth-specific bulk density measurement and calculated

porosity at full water saturation assuming a particle density of

1.2 g cm�3 (Redding & Devito, 2006).

Subsurface gas measurements

Subsurface oxygen concentrations were measured at 5, 10, 15,

20, 25, 30, 35, 40, 45, 50 and 60 cm depth using O2-optodes

(O2-Dipstick; PreSens Gmbg, Regensburg, Germany) connected

to a multi channel fibre-optic O2 meter (OXY-10; PreSens

Gmbg). The O2-optodes were calibrated in O2-free and O2-satu-

rated water before permanent installation in the soil profile.

Raw phase angle outputs were converted into temperature-cor-

rected O2 concentrations (% atmospheric saturation) using soil

temperature values measured at the respective depths (Askaer

et al., 2010).

Subsurface N2O concentrations were sampled on a weekly

basis in 5 cm depth increments to a maximum depth of

60 cm using buried silicon probes (Jacinthe & Dick, 1996;

Kammann et al., 2001). Gas samples were collected with

60 mL plastic syringes and transferred to evacuated soda-

glass vials (5.9 mL Exetainer; LabCo, UK) and kept at 5 °C
until analysis. Gas samples were analysed by gas chromatog-

raphy (HP 7890; Agilent, Santa Clara, CA, USA). Following

separation on gas column (1/8″ 9 4 m Haysep Q 80/100

mesh), the sample gas was analysed for N2O by lECD. Di-

nitrogen (N2) was used as carrier gas and Ar : CH4 (10 : 90)

as makeup for lECD. The GC was calibrated prior to each

run by analysing a dilution series of a certified greenhouse

gas mixture in synthetic air (N2O : 15 lL L�1; Air Products,

Brussels, Belgium).

Soil sampling

Weekly soil samples for chemical analysis were collected by

soil coring (Eijkelkamp auger). The intact cores were split into

mixed subsamples for every 5 cm and packed in gas tight zip-

loc bags. In situ pH was measured by inserting a pH electrode

(Mettler Toledo MP220) directly into the moist sub sample

and a stable reading was taken after 2–3 min. Total nitrate

(NO3
�), nitrite (NO2

�) and ammonium (NH4
+) were deter-

mined as water extractable NO3
� and NO2

� (1 : 5 soil-water

ratio) and 2 M KCl extractable NH4
+ (1 : 10 soil-water ratio).

NO3
� and NO2

� were determined by ion chromatography

(Metrohm IC system 761, ASUPP 150 column, 3.2 mM

Na2CO3/1.0 mM NaHCO3 Eluent and 0.05 M H2SO4
2� regen-

erant). NH4
+ was determined according to AN 5226 using a

FIAstar 5000 flow injection analyser (FOSS tecator Höganäs).

Potential N2O consumption rates

Batch experiments with addition of N2O and/or acetylene to

peat soil from the Maglemosen field site were conducted to

estimate potential N2O consumption rates in soil samples

from the main root zone (10–20 cm below the surface) and

the soil layers below the main root zone (40–50 cm). Ten

grams of mixed peat soil sampled on 28 September 2009 from

and below the main root zone (10–20 and 40–50 cm respec-

tively) were incubated at 20 °C in triplicate in 118 mL Veno-

ject tubes after addition of 20 mL demineralized water. The

tube headspaces were flushed with N2 for 1 min to achieve

anoxic conditions. N2O was then injected to reach a final

headspace concentration of 25 lL L�1. An identical parallel

batch was prepared where the consumption of N2O was

inhibited by addition of 10% acetylene. Changes in headspace

concentrations of N2O over the first 24 h were measured by

analysing 3 mL headspace gas on the gas chromatograph.

Prior to sampling, 3 mL N2 was added to the test tubes to

avoid pressurizing the tubes following sampling. Potential

N2O consumption rates per gram soil in the presence and

absence of N2O reductase inhibitor were calculated by the

changes in volume-corrected headspace concentrations over

time.

Field monitoring of CO2 and N2O fluxes

Five replicate automated flux chambers (D: 60 cm 9

W: 60 cm9H: 60 cm ± 50 cm extender) made of transparent

6 mm polycarbonate sheets were installed in steel base frames

inserted 10 cm into the soil. Transmission of radiation in the

PAR spectrum through the chamber walls was measured to be

above 80% of incoming PAR. The chambers were permanently

installed in steel in an area with a uniform stand of P. arundin-

acea, at an average elevation of 2.5 m above mean sea level.

The chambers were fitted with both inlet and outlet tube

connectors. During measurements, air from the chamber

headspace was circulated through R.S. 293-2000 tubing (inner

diameter 0.5 mm/outer diameter 0.9 mm) from the chamber

to the gas analysers in a closed and pressure tight loop at

ca. 2.5 L min�1. During measurement, the air volume inside

the closed chamber headspace was circulated using a 12 V fan

to prevent build up of concentration gradients of the mea-

sured gasses across the height of the chambers.

Real-time concentrations of carbon dioxide (CO2), N2O and

water vapour (H2O) were determined using both a nondisper-

sive infrared gas analyser (LI-840; LiCor, Lincoln, NE, USA)

and an in-line photoacoustic trace gas analyser (INNOVA

1312; LumaSense Technology Inc, Denmark) similar to other

automated N2O flux measurements studies (Ambus & Robert-

son, 1998; Yamulki & Jarvis, 1999; Flechard et al., 2005). Simul-

taneous measurements of CO2 and H2O concentrations were

performed by both the LI-840 and the INNOVA 1312 to

achieve a 30 s temporal resolution of CO2 concentrations by

the LI-840 and to provide an independent CO2 control on the

status of the low concentration measurements (nL L�1 region)

of N2O by the photoacoustic gas analyser. To achieve an

acceptable signal strength for N2O, the flux chamber closing

period was 30 min. Gas concentrations of H2O, CO2 and N2O
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in the chamber headspace were determined every 4 min with

the INNOVA (sample integration time of 50 s for each gas)

with corrections made for water vapour and CO2 interfer-

ences. To stabilize the water vapour pressure in the measure-

ment cell, the sample gas was dried prior to analysis using a

noninterfering Nafion dryer (MD110; PermaPure Inc., Toms

River, NJ, USA) with continuous purging of dry air. The noise

level in ambient N2O concentrations under the applied set-

tings was about 10 nmol mol�1. According to Flechard et al.

(2005), a conservative N2O flux detection limit estimate over

30 min will be ca. 6.5 lg N2O–N m2 s�1 (chamber height:

0.6 m) and 12 lg N2O–N m2 s�1 (chamber height: 1.1 m). All

real-time field data were transmitted by a cell phone modem

to the department server for daily data quality control.

Flux calculation procedure

Surface flux estimates were calculated using quadratic regres-

sion to account for potential nonlinearity in the headspace

gas increase over 30 min providing a more accurate estimate

of CO2 and N2O fluxes while returning the same estimate as

the linear regression model in case of perfect linearity in

headspace concentration increase/decrease (Wagner et al.,

1997). Flux estimates were temperature- and pressure-

corrected according to Askaer et al. (2011). A total of 3903 flux

measurements of CO2 and N2O were made during the mea-

surement period (from 1 May 2010 to 10 October 2010). A sig-

nificance test was made to remove flux estimates below a

significance level of 95%. Approximately 70% of the total

numbers of N2O flux measurements were below the detection

limit. Frequency distributions of significant N2O fluxes

(P < 0.05) vs. R2 for each of the five replicate flux chambers

are shown in Fig. S2.

Plant emissions of N2O

A microchamber was constructed using a transparent PVC

tube (100 cm long; ID: 30 mm) to measure the N2O flux

directly from the plants, excluding the soil flux contribution.

The microchamber was placed over a number of single P.

arundinacea straws, closed at the top with a plastic plug and

sealed at the foot of the straw by a gas impermeable Rilsan

polymer membrane (PA11; Arkema Inc, Birdsboro, PA, USA).

The change in headspace concentrations of N2O over a span

of 20 min was determined using an in-line photoacoustic

trace gas analyser (INNOVA 1312; LumaSense Technology

Inc) after dehumidification of the air stream by a noninterfer-

ing Nafion dryer (MD110, PermaPure Inc.) with continuous

purging of dry air. To avoid build up of concentration gradi-

ents in the headspace during measurements, the headspace

air volume was circulated in a closed loop using a battery-

driven air pump at a rate of 0.5 L min�1 (Fig. S3a). The effect

of illumination on N2O emissions was tested during mid-day

on 22 September 2009 with the microchamber placed in natu-

ral illumination (PAR � 300–400 W m�2) and in simulated

darkness, which was obtained by covering the chamber in a

black plastic (PAR = 0 W m�2) immediately prior to mea-

surements (Fig. S3b).

Contour plots

Contour plots of subsurface concentrations of O2, N2O, NO3
�,

NH4
+ and pH were constructed by kriging interpolation (Sur-

fer Version 8.05; Golden Software Inc., USA). Temporal resolu-

tion of input data for the high resolution O2 plot was 10 min

(n = 235.061), whereas the plots of N2O, NO3
�, NH4

+ and pH

were based on weekly profile measurements (n = 312).

Results

Water level dynamics

The annual amplitude of the WL was ca. 80 cm in the

growing season of 2010 (see Fig. 1a). Generally, the WL

was located near the surface (ca. 0–10 cm) during the

late autumn, winter and early spring. Maximum depths

of the WL were observed during the peak of the grow-

ing season in the end of July after an average decrease

in WL position up to 2.7 cm day�1 over a 5 week per-

iod (Fig. 1a).

Rapid responses in the position of the WL were

observed following precipitation events of more than

10 mm day�1, e.g. 14 August 2010 (112 mm precipita-

tion in 7 h) where the WL rose from �50 to +20 cm in

3 h leading to a near-surface WL through the remaining

part of the measurement period (Fig. 1a).

Temperature

In the growing season 2010, daily mean air tempera-

tures varied between 5 and 20 °C (Fig. 1b) and daily

mean soil temperatures in the upper 60 cm varied

between 5 and 17 °C. Maximum daily variations in air

(2 m) and top soil (-2 cm) temperature were ca. 15 and

4 °C respectively (see Figs 7b and 8b). The relative

modest maximum temperature variations in the top soil

were caused by effective shading by the dense vegeta-

tion cover.

Soil moisture content

Soil moisture contents were close to saturation over the

entire soil profile in both early and late seasons. In mid-

season from late June to mid-August, the degree of

water saturation was observed to decrease in response

to a decreasing WL. The degree of water saturation was

ca. 45–60% in the upper 5 cm and 80% at a depth of

20 cm (Fig. 1c) when the WL was at its lowest. At a

depth of 50 cm, the degree of water saturation was

above 95% throughout the measurement period. The

largest variations in water saturation degrees were

observed in the top soil following precipitation events

at the end of July and at the start of August 2010. Here,

the degree of water saturation was observed to increase

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02485.x
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from 45% to 70% within a few hours after rainfall

(Fig. 1c).

Vegetation height

The daily average height of P. arundinacea at the field

site in 2010 varied from ca. 0.1–0.2 m prior to the grow-

ing season to a seasonal maximum of 1.2–1.5 m in the

beginning of July after onset of flowering in mid-June

(Fig. 1d). Mid-summer dormancy was observed by the

end of July. After this time, the stems lodged and grew

more parallel to the ground before beginning of the sec-

ond growth peak in late August.

Subsurface O2 concentrations

Subsurface O2 concentrations ranged from fully oxy-

genated conditions in the surface layers to completely

O2-depleted conditions below 40 cm. Shorter periods of

anoxic conditions in the upper 5–10 cm were only

observed in the hours following increases in the WL to

a position at or above the peat surface. When the posi-

tion of the WL was in the range of 0–50 cm below the

surface, the transition between fully oxygenated and

anoxic conditions was observed to take place over

smaller distances than the depth interval of the buried

optodes, i.e. <5 cm. At times when the WL was below

ca. 60 cm, a zone of gradual transition between oxic

and anoxic conditions was observed over a depth of

10–15 cm (see Figs 2a and 3d).

In the period of lowest WL, the zone of complete oxy-

genation extended to a depth of 20–30 cm below the

surface corresponding to the lower boundary of the

root zone, while the lower soil depths remained O2

depleted or fully anoxic.

Subsurface mineral-N concentrations

Soil sample concentrations of water extractable NO3
�

were in the range of 0–10 mg kg�1 NO3
�–Nwith only a
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few samples above 10 mg kg�1. The lowest NO3
� con-

centrations were measured in periods where the WL

was near the surface, whereas increasing NO3
� concen-

trations were observed in periods following decreasing

WL depths (Fig. 2c). Rapid decreases in NO3
� concen-

trations were observed in the samples obtained imme-

diately after the events of rapidly increasing WL and

decreasing O2 availability (Figs 1a and 2a). The highest
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NO3
� concentrations were measured at depth of 20–

30 cm in late July and early August corresponding to

the time of lowest WL and maximum O2 penetration

depth (Fig. 2a). Total nitrite (NO2
�) concentrations

were at all times below the detection limit.

Soil sample concentrations of extractable NH4
+ were

in the range of a few mg NH4
+–N kg�1 over the entire

soil profile throughout the growing season, with the

exception of elevated concentrations in the upper

30 cm in the last weeks of July 2010 (Fig. 2d) where the

WL was at its lowest.

Soil pH

Measured in situ values of soil pH were in the lower

neutral range (6.0–6.5) throughout the measurement

period with variations <1.5 pH unit between minimum

and maximum observations (Fig. 2e). Highest pH

values in the top 20–40 cm of the soil profile were

observed at times of high WL positions as well as fol-

lowing rapid rising WL events. Lowest pH values were

observed during the periods of decreasing and low WL

in combination with fully oxygenated soil conditions in

the top soil.

Subsurface N2O concentrations

Increasing N2O concentrations at progressively lower

depths were observed over time in periods of falling

WL (Fig. 2b). Maximum N2O concentrations were

observed in both the first week of June/July and the

beginning of August at soil depths immediately below

the depth of maximum O2 penetration (see also Fig. 3).

Peak N2O concentrations in the individual profiles

were found either at the depth of the WL, when this

was near the surface, or in a zone at the capillary fringe

ca. 0–25 cm above the position of the WL when located

at depths below 40–50 cm (see example in Fig. 3c

and d).

The depth interval of maximum subsurface N2O con-

centrations (Fig. 2b) was located at the capillary fringe

with mixed aerobic and anaerobic soil conditions

between the lower extent of the oxidized soil layers

(Fig. 2a) and the position of the WL (Fig. 1a). Sharp

decreases in subsurface N2O concentrations were

observed following the rapid WL increases in early

June and mid-August when the soil profile was re-satu-

rated. In the periods dominated by high WL, subsur-

face N2O concentrations were low-to-sub-ambient over

the entire soil profile.
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Potential N2O consumption capacity

Significant N2O consumption capacities were found in

the investigated soil profile (Fig. 4). Average potential

N2O consumption capacities for the soil layers from the

main root zone (10–20 cm) were ca. 5–6 times greater

than the average potential N2O consumption capacities

form soil layers below the main root zone (40–50 cm).

N2O emissions from P. arundinacea

Significant increases (P < 0.05) in average headspace

N2O concentrations were observed in all of the illumi-

nated measurements (PAR = 300–400 W m�2) when

the soil flux contribution was excluded (Fig. 5). In

simulated darkness (PAR = 0 W m�2), the changes in

headspace concentrations were markedly lower with

average headspace concentrations being nonsignifi-

cantly different from the ambient concentrations.

Spatio-temporal flux dynamics of N2O and CO2

Seasonal N2O and CO2 flux levels across the soil–atmo-

sphere interface were characterized by both large tem-

poral and spatial variations in flux magnitude and flux

direction (Fig. 6a and b). The temporal pattern in the

CO2 flux dynamics showed a significant correlation

(P < 0.01) with incoming PAR in response to photosyn-

thesis and soil respiration, with maximum negative

fluxes during the day (C-uptake) and positive fluxes

during the night (C-release). The CO2 fluxes were

related to seasonal variations in plant growth and WL

changes, with decreasing positive fluxes when the posi-

tion of the WL was near surface (Fig. 6b).

Negative CO2 fluxes were observed when PAR was

above 10–30 W m�2 and positive fluxes below.

The magnitudes of both the hourly negative and posi-

tive CO2 fluxes differed in response to seasonal differ-

ences in soil moisture and soil temperature for

microbial respiration, as well as growth stage of the

vegetation for photosynthetic CO2 assimilation (see

also Fig. 1b–d).
The N2O fluxes were generally characterized by posi-

tive N2O fluxes lower than 25 lg N2O–N m�2 h�1 dur-

ing periods with near-surface WL. The magnitudes of

the N2O fluxes were measured to increase in response

to a falling WL (Fig. 6a). When the position of the WL

was below 50 cm, a period with significant negative

fluxes (N2O uptake) was observed (Fig. 6a) with

pronounced diurnal flux dynamics (Fig. 8a). This per-

iod ended with a dramatic increase in WL following a

very high precipitation event (>40 mm day�1).

Examples of the large temporal and spatial variations

in flux dynamics are shown in Figs 7 and 8, where the

measured hourly fluxes of both N2O and CO2 over

20 days from all the five flux chambers are shown,

together with the synchronous variations in the posi-

tion of the WL, incoming PAR and top soil (2 cm) and

air temperature (2 m), for a period with the WL located

at depths between 0 and 20 cm (Period 1) (Fig. 7a and

b) and below 50 cm (Period 2) (Fig. 8a and b). Substan-

tial differences in the temporal flux dynamics of N2O

exist between the two periods. During “Period 1”, posi-

tive N2O fluxes dominated with fluxes between 50 and

150 lg N2O–N m�2 h�1 emitted primarily during the

illuminated hours (PAR >0 W m�2). At the end of “Per-

iod 1” when the WL was at its relative lowest

(ca. 20 cm), positive N2O fluxes were measured during

the dark hours (PAR � 0 W m�2) with one of the five

chambers showing five to eight times higher flux values

than the rest. Both positive and negative N2O fluxes

were below the detection limit at the end of “Period 1”
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when the WL increased to a position above the terrain

due to a high precipitation event (>40 mm daily precip-

itation; see Fig. 1a).

In “Period 2”, N2O fluxes of opposing direction

were measured during the illuminated and dark hours.

Measured positive fluxes in the illuminated hours were

in the same order of magnitude as in “Period 1”

(Fig. 7a). Negative N2O fluxes in the dark hours of

“Period 2” were in the order of 50–200 N2O–N m�2

h�1, when the activity was at its highest (Fig. 8a).

Discussion

Temporal dynamics of gas fluxes

Fluctuating flux gradients between the soil and the

atmosphere produce variations in short-term net sur-

face exchange patterns. Subsoil net N2O concentrations

at any given time are the result of the net balance

between production and consumption rates over a cer-

tain volume in combination with changes in effective

diffusivity. Small changes in the relative magnitude of

these process rates may result in short-term concentra-

tion variations and fluctuating flux gradients across the

soil–atmosphere interface producing irregular flux pat-

terns. In the current study, high temporal variations in

N2O fluxes were observed both on a daily to weekly

time scale and over the entire growing season of 2010.

On the basis of characteristic diurnal variations in N2O

fluxes, a number of distinctive overall flux periods can

be identified where: (i) positive surface fluxes domi-

nated during the illuminated hours (Fig. 7a, “Period

1”) and (ii) a much stronger diurnal flux dynamics

dominated with positive N2O fluxes during the illumi-

nated hours and consistent negative N2O fluxes during

the dark hours (Fig. 8a, “Period 2”).

Emission patterns similar to “Period 1” were

observed in the middle of May, end of June/beginning

of July and beginning of September 2010. Common

characteristics for these periods were gradually

decreasing WL to a depth of ca. 35 cm below the sur-

face over 2–3 weeks due to evapotranspiration, little

precipitation (Fig. 1a), near-saturated soil water condi-

tions in the top soil (Fig. 1c) and maximum O2 penetra-

tion depths of 10–15 cm (Fig. 2a).

The amplitude of the diurnal variation of both PAR,

soil and air temperature were similar at ca. 5 °C in both

“Period 1” and “Period 2”, but the average level of the

soil temperature in the upper 5 cm were 6–8 °C higher

in “Period 2” (Fig. 8b) than in “Period 1” (Fig. 7b). This

difference has probably affected the conditions and

activity rates of both nitrification and denitrification

processes in the soil profile (Maag & Vinther, 1996) and

thereby the net N2O emissions (Blackmer et al., 1982;

Dinsmore et al., 2009). The balance between nitrification

and denitrification rates responds differently to identi-

cal changes in average daily temperature and therefore

even though the daily amplitudes in temperature were

similar in “Period 1” and “Period 2”, the resulting net

balance between N2O production and consumption

could provide contrasting net surface fluxes. Changes

in the degree of water saturation added to the complex-

ity as the degree of soil water saturation in the top soil

between “Period 1” and “Period 2” differed by up to

40–50% (Fig. 1c), which influenced the balance in N2O

production and consumption rates and the diffusive

resistance of gasses across the soil–atmosphere inter-

face.

Another key difference between the dominating flux

periods was the relative depth of maximum N2O con-

centrations below surface terrain. In the growing season

of 2010, peak concentrations of N2O were observed

within the main root zone when the flux dynamics

approximated that observed during “Period 1” (Figs 2b

and 3a). In periods of flux dynamics similar to “Period

2”, the subsurface concentration peaks of N2O were

observed at soil depths below the main root zone

(Fig. 3c and d).

In previous papers from the same P. arundinacea

dominated wetland (Askaer et al., 2011; Elberling et al.,

2011), it was concluded that the primary gas transport

mechanism across the soil–atmosphere interface of

methane (CH4) was diffusive transport via both the soil

matrix and through aerenchymous tissue in P. arundin-

acea. It was observed that extended periods of CH4

emissions only occurred when the gas was present in

the root zone and absent when CH4 concentration

peaks were located below 30–40 cm below the surface.

This suggested a substantial CH4 oxidation capacity by

microorganisms within the rhizosphere. The main role

of the vegetation for greenhouse gas transport was

therefore to serve as a passive conduit for increased gas

exchange between the soil/rhizosphere and the atmo-

sphere (Mosier et al., 1990; Rusch & Rennenberg, 1998).

N2O sink activity

The conditions promoting N2O consumption in the soil

and the environmental drivers for N2O deposition

from the atmosphere to the soil are yet to be consis-

tently identified. Denitrification is considered the most

important process for N2O uptake, while the roles of

NO3
� availability, soil pH, temperature and water con-

tent as well as O2 pressure are much less clear (Cha-

puis-Lardy et al., 2007). Potential N2O consumption

rates in both the main root zone (10–20 cm below the

surface) and below the root zone (40–50 cm) were esti-

mated by incubation experiments using site- and

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02485.x
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depth-specific soil samples. The range in potential N2O

consumption rates in the main root zone between 3

and 15 ng N2O–N cm�3 h�1 (Fig. 4) is unlikely to

reflect in situ N2O consumption rates, but, nevertheless,

shows a substantial inherent N2O consumption capac-

ity in site-specific soil samples. For example, a peat

volume of 0.025 m3 (corresponding to a depth of

25 mm over a 1 m�2 area) would be sufficient to pro-

duce an hourly negative N2O flux of 200 lg N2O–
N m�2 h�1 assuming an average N2O consumption

capacity of 8 ng N2O–N cm�3 h�1.

The marked diurnal flux direction shifts observed

under conditions similar to “Period 2” are most likely

linked to nonlinear variations in N2O production and

consumption rates within the root zone, responding to

rapid changes in subsurface O2 and NO3
� availability

dynamics related to diurnal variations in plant release of

O2 in the rhizosphere (Bollmann & Conrad, 1998; Khalil

et al., 2004). This will affect microbial N-transformation

processes and plant uptake and reallocation of mineral-

N in the rhizosphere. A sampling frequency on a higher

spatial and temporal resolution would be needed to elu-

cidate the processes and drivers of simultaneous N2O

production and consumption on a microscale within the

rhizosphere, as well as the short-term effect of resource

competition between vegetation and soil microbes in

response to light-driven changes in O2 availability.

While speculative, we hypothesize that the combined

effect in the top soil of seasonally high soil tempera-

tures, nonlimited O2 availability, intermediate water

saturation degrees and high mineral-N availability

could produce conditions where the rates of N2O con-

sumption exceed the N2O production rates, producing

negative flux gradients across the soil–atmosphere

interface. According to the measured potential N2O

consumption capacities (Fig. 4), the net N2O sink effect

would be largest in the top soil and rhizosphere

through which all N2O produced at deeper soil depths

will have to pass before being emitted, unless gas trans-

port through plants occurs.

Plant transport of N2O and O2

Plant-driven subsoil aeration (Brix et al., 1994; Colmer,

2003) has been suggested to modify field scale

N-cycling processes and potentially the production,

consumption and emissions of N2O in wetlands, where

N-transformation processes in the root zone will be

influenced by O2 entering the soil via aerenchymous

plant tissue (Reddy et al., 1989; Rückauf et al., 2004; Hy-

voenen et al., 2009). Significant correlations (P < 0.001)

between O2 concentration in the root zone and diurnal

variations in incoming PAR were observed throughout

the growing season in soil layers above the WL as a

result of plant-transported O2 into the soil (see example

in Fig. S4). In this context, plant-driven subsoil aeration

appears to provide the capacity for keeping parts of the

root zone oxidized despite a high WL, where the soil in

the absence of roots will quickly become anaerobic as

observed in the nonsaturated but anoxic soil layers

below the root zone (Fig. 2a).

Field measurements of N2O using a plant-only

microchamber (Fig. 5) showN2O emissions (P < 0.05) to

the atmosphere directly through the vegetation canopy

of P. arundinacea when the vegetation is exposed to

sunlight. Under conditions of simulated darkness, the

absence of significant increases in headspace N2O con-

centrations suggests a light-dependent plant internal gas

transport mechanism or possible light-dependent plant

internal N2O production as hypothesized in the study of

Yu & Chen (2009). While these measurements are unli-

kely to reflect net in situ fluxes from the ecosystem due to

the exclusion of soil emitted fluxes, data indicate that the

inclusion of the vegetation in the flux chambers are

essential for achieving the most accurate N2O flux esti-

mates on both a diurnal and seasonal time scale.

Previous studies on other vegetation types have

shown that N2O can be transported from the soil to the

atmosphere by plants via internal gas transport of gas

venting macrophytes (Reddy et al., 1989) or as dis-

solved gas via the transpiration stream (Chang et al.,

1998), and that changes in illumination could affect

N2O emissions (Yu & Chen, 2009). The plant transport

pathway appears to be especially relevant when soil

moisture contents in the top soil are high and the for-

mation of discontinuous pore spaces and restricted dif-

fusive exchange promotes entrapment of N2O, longer

residence time and higher potential for full reduction to

N2 (Heincke & Kaupenjohann, 1999).

We conclude that P. arundinacea has the ability to facil-

itate N2O transport from the root zone to the atmosphere

and thereby effectively bypassing the soil characterized

by lower diffusion rates. At present, the mechanism by

which this N2O transport occurs remains to be deter-

mined. Additional experiments are needed to determine

the quantitative importance of the plant transport as

well as the actual transport mechanisms, potential trans-

port drivers and seasonal timing. Adding to the com-

plexity, N2O production during N-assimilation within

the above-ground biomass of certain higher plants has

been hypothesized (Yu & Chen, 2009). The potential

ramifications of this leaf internal N2O production or con-

sumption in P. arundinacea could be a parallel N2O

source and sink system detached from the soil and

belowground biomass, modifying the net N2O fluxes

from this type of wetland ecosystem.

Results presented here emphasize the importance of

including the vegetation itself in the flux chambers

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02485.x
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when measuring the seasonal flux dynamics pattern

from ecosystems with subsurface aeration macrophytes

such as P. arundinacea. This leads to a key conclusion

that exclusion of the aboveground biomass in flux

chamber measurements may lead to significant under-

estimations of net N2O fluxes.

Potential N2O emission feedbacks to global warming

Near-continuous measurement of N2O fluxes over the

growing season of 2010 showed high temporal variabil-

ity with significant changes in flux magnitudes and

shifts in flux directions within hours. Periods character-

ized by N2O emissions during the illuminated hours of

the day were associated with the presence of N2O in

the upper 35 cm, which corresponded to the vertical

extent of the main root zone. Maximum concentrations

of subsurface N2O were observed within the root zone

in all periods with positive fluxes, while maximum con-

centrations of subsurface N2O were located at depth

below the main root zone in the nocturnal negative flux

periods. The significant relationship between diurnal

variations in O2 concentrations and incoming solar

radiation in the PAR spectrum highlights the impor-

tance of plant-driven oxygenation of the rhizosphere

and the associated controls on coupled nitrification/

denitrification processes.

Incubation experiments of potential N2O consumption

capacities demonstrated a significant N2O consumption

potential both in and below the root zone, indicating that

the net N2O surface flux may be subject to rapid shifts in

rates and direction on a short time scale, according to the

relative balance between simultaneously acting N2O pro-

duction and consumption processes.

Weekly concentration profiles showed that subsur-

face build up of N2O was directly linked to changes in

the position of the WL and thereby soil moisture con-

tent and associated O2 availability at the capillary

fringe. The observed peak N2O concentrations at the

capillary fringe are consistent with optimal conditions

for N2O production as measured water saturation

degrees are in the critical range between 60% and 85%

(Davidson, 1991; Skiba & Smith, 2000) and a supply of

NO3
� was readily available by diffusive transport from

oxidized soil layers above (Regina et al., 1996). In com-

bination with plant-transported O2 into the root zone,

the extent and duration of soil oxygenation influenced

N-transformation as measured in increasing concentra-

tions of extractable NO3
� and NH4

+ after prolonged

periods of oxic soil conditions in the root zone.

A comparison between depth and duration of O2-

penetration and mineral-N availability documents that

prolonged soil oxygenation was needed for increasing

concentrations of NO3
� by N-mineralization processes

during a dry summer period. It can be concluded that

the complex interactions between O2 and mineral-N

availability following near-surface WL fluctuations and

plant growth of P. arundinacea controlled the observed

subsurface N2O concentrations and gas transport mech-

anisms responsible for N2O fluxes across the soil–atmo-

sphere interface.

While periods of different temporal N2O flux dynamics

were distinguished by the seasonal position of the WL,

this driver could not explain the contrasting flux dynam-

ics on a diurnal to weekly time scale indicating that the

linkages between subsurface N2O concentration and sur-

face flux dynamics are more complicated. Future research

in the dynamics of N-transformation processes in both

plant internals and the root zone of subsurface aerating

macrophytes such as P. arundinacea is needed to address

the knowledge gap between the controls on subsurface

N2O production/consumption and net surface emissions.

The results presented in this work emphasize the risk of

substantial underestimations of net N2O fluxes fromwet-

land ecosystems if the sampling frequency is too low, or

if the plant-transported N2O contribution is omitted, and

stress the importance for high temporal resolution flux

measurements in future investigations.

While N2O is predominantly formed via denitrifica-

tion of NO3
�, which net availability may depend on

O2-limited nitrification and dissimilatory NO3
� reduc-

tion to NH4
+ (DNRA), future changes in the seasonal

WL dynamics with longer periods of drought may pro-

duce longer periods of oxidized soil conditions during

the summer months. This could influence the rates of

N-transformation and NO3
� availability, with the

potential result of greater subsoil production rates of

N2O. On the other hand, improved conditions for plant

growth and microbial respiration under warmer and

more nutrient-rich conditions as well as elevated ambi-

ent CO2 pressure may counterbalance the accelerated

N-mineralization rate by increased resource competi-

tion for mineral-N between plants and soil microbes or

increased rates of DNRA, increasing the current net

N2O sink capacity when N availability is limited.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Overview of soil properties and soil profile pic-
ture (sample date: 05-03-2010): (a) soil moisture profile (vol
%) under fully flooded conditions, (b) bulk density profile
(gcc�1), (c) calculated total porosity (%), (d) C/N ratio and
(e) picture of soil profile. The upper 50–55 cm is dominated
by peat with the main root zone occupying the top 25–
30 cm. Carbonate rich organic silt is the dominating deposit
at a depth of 55–60 cm.
Figure S2. Frequency distributions of significant N2O
fluxes (P < 0.05) in the period from 01-05-2010 to 10-10-2010.
Figure S3. Pictures of microchamber used for testing the
plant transport pathway as possible N2O conduit from the
soil to the atmosphere. (a) Chamber under illuminated con-
ditions (PAR = 300–400 W m�2), (b) chamber under simu-
lated dark conditions (PAR = 0 W m�2).
Figure S4. Example of oxygen (O2) transport via plants in
the period from 20 May 2010 to 01-06.2010.

Please note: Wiley-Blackwell are not responsible for the con-
tent or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
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Supporting Information Figure 1 - Jørgensen et al (2011)

Cjj
Text Box
SI Fig. 1. Overview of soil properties and soil profile picture (Sample date: 05-03-2010): (a) Soil moisture profile (vol %) under fully flooded conditions, (b) Bulk densit profile (g cc-1), (c) Calculated total porosity (%), (d) C/N ratio and (e) picture of soil profile. The upper 50-55 cm is dominated by peat with the main root zone occupying the top 25-30 cm. Carbonate rich organic silt is the dominating deposit at a depth of 55-60 cm.
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Text Box
SI Fig. 2. Frequency distributions of significant N2O fluxes (p < 0.05) in the period 01-05-2010 to 10-10-2010.
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Supporting Information Figure 3 - Jørgensen et al (2011)

Cjj
Text Box
SI Fig. 3. Pictures of micro chamber used for testing the plant transport pathway as possible N2O conduit from the soil to the atmosphere. (a) Chamber under illuminated conditions (PAR = 300 - 400 W m-2), (b) Chamber under simulated dark conditions (PAR = 0 W m-2).
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Supporting Information Figure 4 - Jørgensen et al (2011)

Cjj
Text Box
SI Fig. 4. Example of oxygen (O2) transport via plants in the period 20-05-2010 to 01-06-2010. (a) O2 concentrations in 5 cm (red circles) and soil temperature (black line), (b) PAR radiation (brown circles), (c) O2 concentrations in 10 cm (green line) and water level (blue line). Significant correlation (p< 0.001) between diurnal variations in PAR radiation (W m-2) indicates plant transport O2 into the root zone as a result of active photosynthesis. The timing of the daily maximum soil temperature (5 cm) are on average delayed about 3 to 5 hours compared to maximum incoming radiation. In the first half of the period, O2 concentration varies from full oxygenation at a depth of 5 cm to fully O2 depleted at a depth of 10 cm b.t. Partial oxygenation of the soil at a depth of 10 cm b.t. is observed only when the WL decreases to a depth below 8-10 cm b.t. It therefore likely that the rate of plant transported O2 into the soil, which presumable takes place over the majority of the root zone which occupies the upper 25-30 cm, does not appear to be high enough to exceed the respiratory O2 consumption of roots and rhizomes under saturated conditions which would lead to an overall oxygenation of the saturated bulk soil.
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Flooding-induced N2O production, consumption and emission 
dynamics in wetland soil  
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Abstract 
 
Changes in flooding frequency of wetland soil following future climate change will likely affect the timing 
and magnitude of nitrous oxide (N2O) emissions. Rapid flooding of wetland soil promotes subsurface N2O 
production in the soil and potential emission to the atmosphere in distinctive emission pulses. From October 
2009 to October 2010, rapid flooding of the studied wetland was observed twice in response to high 
precipitation events. A flooding induced N2O emission pulse (delay ~16 hrs; duration ~12 hrs; total emission 
1.83 mg N2O-N, max. emissions ~250 μg N2O-N m-2 hr-1) was observed after the soil conditions in the top 
soil had been oxidized for more than 2-3 weeks prior to flooding constituting ~2.5% of annual net N2O 
emissions of 0.74 kg N2O-N ha-1 yr-1. Net uptake of atmospheric N2O was observed during mid-summer 
where the WL was at its seasonally lowest counterbalancing ~6.4% of the total annual net N2O emission 
budget. Main surface emission periods of N2O were observed when the water level and associated peaks in 
subsurface N2O concentrations were gradually decreasing to soil depths down to 40 cm below the surface. 
Soil flooding experiments using high-resolution N2O microsensors demonstrate very large N2O production 
and consumption capacities where >500 nmol N2O cm-3 were sequentially produced and consumed in less 
than 24 hrs. Results indicate that 0.5-2.5% of the soil NO3

- present at the time of flooding was being emitted 
as N2O when the aerenchymous roots were removed, whereas this fraction was in the order of 1/3 of the 
NO3

- concentration present in the soil profile before and after flooding under natural field conditions. The 
observed difference highlights the importance of plant-specific N2O studies, as plant-mediated gas transport 
can be very important for the net annual N2O emission budget.  
 
 
Keywords: Nitrous oxide, soil nitrogen transformation, denitrification, oxygen, flooding, water level, 
wetland, emission budget, microsensor. 
 
Submitted to Global Change Biology 22th August 2011. 
 
 
Introduction 
 
Future changes in precipitation patterns and 
fluctuating positions of the water level (WL) 
including increased flooding frequencies are 
likely to modify the current N2O emission 
dynamics from wetlands. Changes in precipitation 
patterns with increased frequency and intensity of 
rainfall events is one of the primary consequences 
of climate change (IPCC, 2007). Rapid natural 
shifts from drained to fully flooded soil conditions 
in wetland soil limit subsurface oxygen (O2) 
availability and provide improved conditions for 

N2O production via denitrification by depletion of 
the soil nitrate (NO3

-) pool (Firestone and 
Davidson, 1989; Davidson, 1991; Martikainen et 
al.  1993; Kliewer and Gilliam, 1995).  
      Wetlands are often characterized by a large 
seasonal variation in the position of the WL and 
O2 penetration depths resulting in contrasting 
environmental conditions for N2O production and 
consumption over time. The existence of a 
delicate N2O regulatory mechanism influenced by 
the position of the WL has been demonstrated in a 
number of studies (Kliewer and Gilliam, 1995; 
Aerts and Ludwig, 1997; Jungkunst et al.  2008; 



Dinsmore et al.  2009; Berglund and Berglund, 
2011; Regina et al.  1999). Results show that N2O 
emissions can occur following both falling and 
rising WL and highlight the potential importance 
and implications of flooding induced N2O 
emission pulses on the net ecosystem N2O 
emission budget. 
      Studies presenting surface flux data with a 
sufficiently high temporal resolution to capture 
real time dynamics from natural field conditions 
are very limited, and both the duration and 
magnitude of flooding induced N2O emissions 
remain unclear. Also the temporal linkages 
between the surface emission dynamics of N2O in 
response to rapid changes in WL and subsurface 
N2O concentrations need to be determined. 
Underestimation of net N2O surface emission 
from the soil to the atmosphere is likely if these 
N2O pulses are of significant proportions in 
relation to net annual surface emissions under 
both current and future climatic conditions.  
      Specific aims of this study were (i) to relate 
temporal WL variations to belowground N2O 
concentrations and net N2O surface emission 
patterns, (ii) to evaluate the temporal nature and 
total contribution of flooding induced N2O 
emissions to net annual N2O emissions from a 
non-managed Danish wetland and (iii) evaluate 
the temporal effects of changes in subsurface N2O 
production and consumption on net N2O 
emissions. The aims were achieved by a 
combination of field and laboratory experiments, 
where the linkages between simultaneous surface 
flux measurements and subsurface N2O 
concentration profiles where determined in the 
field using automated high temporal resolution 
flux chambers, subsurface gas concentration 
profiles and high spatial and temporal resolution 
N2O microsensor profiling in the laboratory. 
 
 
Materials and methods 
 
Study site and soil description 
 
The Maglemosen experimental site is a non-
managed minerotrophic wetland located 
approximately 20 km north of Copenhagen, 
Denmark (55°51´N, 12°32´E) with P. 
arundinacea as the dominating vegetation cover at 
the selected study site. Mean annual air 
temperature and precipitation is 8°C and 613 mm, 
respectively (Askaer et al. 2011). Histosols cover 

the majority of the area with peat depths ranging 
from 0-3 m. At the experimental site, the soil 
moisture regime is udic, soil temperature regime 
is mesic, and the soil can be classified as a Fibric 
Haplohemist (USDA Soil Taxonomy) with an 
average peat thickness of 45 to 55 cm with the 
main root zone occupying the upper 25-30 cm. 
Soil porosity in the peat layers ranges from 70 to 
80% by volume. Bulk density decreases gradually 
from 0.25 at the surface to 0.40 g cm-3 at 60 cm 
depth (Elberling et al.  2011). The peat total 
organic C content ranges from 23 to 29%, while 
total N ranges from 1.8 to 2.4% resulting in peat 
C:N ratios of 10 to 12. 
 
Environmental parameters 
 
The depth from the surface to the free standing 
water level (WL) was measured using a pressure 
sensor (PCR 1830 series, Druck; ThermX, San 
Diego, CA, USA) submerged in a 2 m long 
perforated plastic tube placed in a sand cast drill 
hole. The sensor was mounted on a horizontal bar 
attached to 3 m long stainless steel rods inserted 
into the underlying mineral soil, to avoid potential 
measurement errors caused by seasonal 
displacement of the surface following swelling 
and shrinkage of the peat soil.  
      Subsurface oxygen (O2) concentrations were 
measured at 5 and 10 cm depth using O2-optodes 
(O2-Dipstick, PreSens Gmbg, Regensburg, 
Germany) connected to a multi channel fibreoptic 
O2 meter (OXY-10, PreSens Gmbg, Regensburg, 
Germany). The O2-optodes were calibrated in O2-
free and O2-saturated water before permanent 
installation in the soil profile. Raw phase angle 
outputs were converted to temperature corrected 
O2 concentrations (% atmospheric saturation) 
using soil temperature values measured at 
respective depths (Askaer et al.  2010).  
      Total nitrate (NO3

-) was determined as water 
extractable NO3

- on fresh soil samples (1:5 soil-
water ratio) and determined by ion 
chromatography (IC system 761, Metrohm AG, 
Herisau, Switzerland )(Jørgensen et al.  2011).  
      Subsurface N2O concentrations were sampled 
on a weekly basis in 5 cm increments to a 
maximum depth of 60 cm using buried silicon 
probes (Jacinthe and Dick, 1996; Kammann et al.  
2001).  
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Measurements of in situ N2O fluxes and flux rate 
calculation 
 
Surface fluxes of N2O were determined using five 
automated closed static chambers connected in 
replicate to a photoacoustic trace gas analyser 
(INNOVA 1312, LumaSense Technology Inc, 
Ballerup, Denmark)(Jørgensen et al.  2011). The 
five chambers were closed one at a time in a fixed 
sequence with one chamber being closed for 55 
min followed by an open period of 4 hrs. In this 
way, chamber specific flux estimates could be 
obtained with a 5 hour temporal resolution.  
      Flux estimates were calculated using quadratic 
regression to account for potential non-linearity in 
the headspace gas increase over 30 min providing 
a more accurate estimate of N2O fluxes while 
returning the same estimate as the linear 
regression model in case of perfect linearity in 
headspace concentration increase/decrease 
(Wagner et al.  1997).  
      The arithmetric mean was used for calculating 
both the daily net flux and total annual sum of 
N2O fluxes because the method is both unbiased, 
robust and allows for the inclusion of negative 
fluxes (Velthof and Oenema, 1995). Daily 
averages of flux estimates from the five replicate 
chambers were chosen as method for estimating 
net ecosystem N2O flux magnitude and direction.  
 
Laboratory flooding of soil columns  
 
An intact soil core of the top soil (dimensions L-
W-D: 40-30-25 cm) was extracted on May 12th 
2010 and left to drain freely at ambient 
temperature for 10 days. The soil core was split, 
homogenized and passed through a 2 mm mesh to 
remove the aboveground vegetation roots larger 
than 2 mm. Two experimental columns were 
constructed from a heavy walled PVC tube (Inner 
diameter: 70 mm, outer diameter: 90 mm; height: 
100 mm) and closed at the bottom with a butyl 
rubber plug (height: 30 mm) to avoid diffusive gas 
loss at the lower boundary. Rhizon samplers 
(Rhizosphere Research Products, Wageningen, 
Netherlands) were inserted vertically in the wall 
of the column to facilitate depth-specific and 
sterile filtered water samples (2.5 mL water) for 
immediate pH and NO3

- concentration 
determinations (Shotbolt, 2010). Two clumns 
were filled stepwise with homogenized peat soil 
(~100 g each) to achieve a similar porosity with 
depth. MilliQ water was added to both columns 

ensuring an approximate 10 mm of free standing 
water above peat surface. Soil temperature at the 
flooding experiment was 20°C. 
 
Microsensor profiles of N2O and O2  
 
Vertical concentration profiles of N2O and O2 
were measured in the soil columns on an hourly 
basis in 500 μm depth increments to a final soil 
depth of 22 mm using commercial N2O and O2 
microsensors with an outside tip diameter of 100 
μm (Unisense, Denmark). The sensors were 
mounted side by side on a motorized 
micromanipulator and connected to a 
picoammeter (PA2000, Unisense, Denmark). The 
O2 sensor was two-point calibrated in O2 free and 
air saturated water. The N2O sensor was calibrated 
in water with 0, 100 and 200 μmol dissolved N2O 
and operated with a 50 sec equilibration time 
between measurements. An electrical failure 
caused corruption of the profiles between 23 and 
25 hrs after flooding. Sensor calibration before 
and after the failure showed less than 2% drift. 
The integrated concentration of N2O was 
calculated as the cumulative N2O concentration in 
all measured depth per time step. 
      A contour map of subsurface N2O 
concentrations was constructed by kriging 
interpolation (Surfer Version 8.05, Golden 
Software Inc., Colorado, USA) of the measured 
N2O  concentrations (n = 2440). 
 
N2O flux estimates from flooded soil columns 
 
Hourly N2O fluxes were calculated using two 
independent methods: standard closed static 
chamber methodology and diffusive gas exchange 
across the diffusive boundary layer (DBL) at the 
interface between the oxic water layer and the top 
of the submerged peat surface, assuming no 
production or consumption of N2O at the DBL. 
Across the DBL, flow velocity is so low that 
molecular diffusion becomes the dominant form 
of mass transport. The flux of N2O across the 
DBL can be estimated by the linear slope of the 
measured concentration profile across the DBL 
using a modified version of Fick’s 1st law of 
diffusion (Elberling and Damgaard, 2001; Beer 
and Stoodley, 2006) with an effective diffusion 
coefficient (Deff) of 2.2295 x 10-5 cm-2 s-1 for N2O 
in water at 20°C. First time of sampling (t0) was 
30 min after flooding. 
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Fig 1 N2O fluxes, precipitation and position of the water level (WL) in the period October 2009 to October 2010. Daily average 
N2O fluxes (left y-axis; mg N2O-N m-2 d-1) are shown in the upper bar diagram (positive flux = emission and negative flux = 
uptake). The position of the WL (left y-axis; cm. below the surface) is shown by the solid line. Daily cumulative precipitation 
(right y-axis; mm d-1) is shown in the lower bar diagram (Note: Daily cumulative precipitation was of the scale with 129 mm on 
the 14th August 2010 and indicated by a dashed bar) 

 
Modelling of depth-specific N2O production and 
consumption 
 
Production and consumption rates of N2O as a 
function of depth was estimated using the 
numerical model PROFILE (Berg et al.  1998; 
Elberling et al.  2010) under the assumption of 
near steady-state conditions at the time 
measurements. The model returns the simplest 
statistically significant (p< 0.05) net production 
profile that approximates the measured 
concentration profile according to Fick’s 2nd law 
of diffusion. 
 
Results 
 
Precipitations and water level dynamics  
 
From October 2009 to October 2010, the 
amplitude of the observed WL variations was 
approximately 100 cm ranging from 80 cm below 
the surface in October 2009 and August 2010 to 
20 cm above the surface following a large 
flooding event on 14th August 2010 (Fig. 1). The 
position of the WL was close to the surface during 
winter and spring and below 60 cm during 
summer and early autumn (Fig. 1). 
   

 
The distance from the surface to the WL varied 
over the season in response to variations in 
evapotranspiration and precipitation events. Daily 
variations in the position of the WL of more than 
5 cm day-1 were only observed following 
precipitation events of more than 10 mm 
precipitation day-1 (Fig. 1). Two natural flooding 
events were observed at the field site during the 
measurement periods, i.e. on June 07th 2010 and 
August 14th 2010. In both cases, extreme weather 
events with precipitation of 51 and 129 mm day-1 
caused the WL to rise in the range of 25-70 cm 
within 3-6 hrs  (Fig. 1). 
 
Subsurface N2O distribution  
 
Subsurface concentration profiles of N2O 
normalized to the position of the WL on the day 
of sampling show that maximum concentrations 
were observed at the capillary fringe -5 to 40 cm 
above the WL (Fig. 2). N2O concentrations were 
below ambient concentrations when position of 
the WL was close to the surface. During the 
autumn of 2009, the gradual increase in the 
position of the WL resulted in maximum 
subsurface N2O concentrations higher than 10 
ppm, which were approximately 2-3 times the  
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concentrations observed when the WL was 
gradually decreasing.  
 
N2O flux dynamics 
 
Daily average net flux estimates of N2O were in 
the range of -1 to 3 mg N2O-N m-2 d-1 (Fig. 1). 
Lowest fluxes were observed during winter and 
early spring. Pronounced daily and seasonal 
variations in both flux magnitude and direction 
were observed with the highest fluxes during the 
summer and early autumn (Jørgensen et al.  
2011). Positive daily net fluxes of N2O (emission) 
were dominating during the measurement period.  
      Periods with negative daily net fluxes (uptake) 
were primarily observed during October 2009 and 
July/August 2010. Four emission periods with 
consecutive daily positive fluxes above 0.2 mg 
N2O-N m-2 d-1 were identified in November 2009, 
early June 2010, end July 2010 and early 
September 2010. The timing of these emissions 
periods were all linked to the gradual movements 
of the WL in soil depths of 5 to 35 cm below the 
surface (Fig. 1). Isolated emission pulses of 2 to 3 
mg N2O-N m-2 d-1 were observed on 19th Oct 2009 
and 15th August 2010.  
 
N2O & NO3

- dynamics following field flooding 
 
The position of the WL, subsurface concentrations 
of N2O, NO3

- and O2 as well as hourly net N2O 
surface emissions before and after the June and 
August flooding events are shown in Figs. 3 & 4. 
Average daily soil temperatures at a depth of 10 
cm were 10.7 ± 0.1°C on June 7th 2010 and 16.0 ± 
0.4°C on August 14th 2010. 

Three days before the June 7th flooding event, 
peak subsurface N2O concentrations were located 
at the capillary fringe between 10 and 20 cm 
below the surface. Concentrations decreased to 
sub-ambient levels (<300 ppb) below the position 
of the WL (Fig. 3a). Concentrations of NO3

- 
increased with depth from a few μg NO3

--N L-1 at 
5 cm to approximately 20-40 μg NO3

--N L-1 
between 15 and 40 cm below the surface (Fig. 3a). 
Four days after the first flooding event, N2O 
concentrations were sub-ambient across the entire 
profile and NO3

- concentrations between 0-20 μg 
NO3

--N L-1 (Fig. 3b). At the time of flooding, the 
WL increased from 20 cm below the surface to 5 
cm above the surface within 6 hrs (Fig. 3c).  
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      The average surface emission level was 
approximately 90 μg N2O-N m-2 hr-1 in the days 
preceding the flooding event (Fig 3c). After the 
flooding event, emissions of N2O decreased to 
below the detection limit. 
      Rapid responses in soil oxygenation status 
were observed following the WL rise, where the 
oxygen saturation degrees in 5 cm below the 
surface changed from 100% atm. saturation to < 
10% atm. saturation within 6 hr, and from 75 % 
atm. saturation to fully anoxic within 2.5 hr at a 
depth of 10 cm below the surface (Fig. 3d).  
      The day before the August 14th flooding event 
(Fig. 4a), maximum subsurface N2O concen-
trations were measured below the main root zone. 
In the root zone, N2O concentrations were in the 
range of 0.5 to 2 ppm (Fig. 4a). NO3

- levels 
increased from approximately 20 μg NO3

--N L-1 at 
a depth of 5 cm to 30-35 μg NO3

--N L-1 at a depth 
of 15-55 cm below the surface (Fig. 4a).  
      Three days after the second flooding event, 
N2O concentrations were sub-ambient in most 
parts of the profile (Fig. 4b).  At the same time, 
NO3

- concentrations had decreased from an 
average of 13.5 mg NO3

--N L-1 before the 
flooding to an average of 3.5 NO3

--N L-1 (Fig. 
4a,b). At the time of flooding, the WL increased 
from ~50 cm below the surface to ~20 cm above 
the surface within 2.5 hrs (Fig. 4c). 
      A pronounced N2O emission pulse was 
observed approximately 16 hrs after the rapid WL 
increase on August 14th 2010 (Fig. 4c). The 
duration of the emission pulse was approximately 
12 hrs with emission rates in the range of 25-250 
μg N2O-N m-2 hr-1. N2O fluxes were below 25 μg 
N2O-N m-2 hr-1 in the days before and after the 
flooding event.  
      

D
is

ta
nc

e 
to

 W
L 

(c
m

)

 
Fig 2 Subsurface N2O concentrations normalized to the 
position of the WL at the time of sampling.  
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Fig 3 Water level, subsurface N2O, NO3
- and O2 

concentrations and N2O fluxes before and after a natural 
flooding event on 07-06-2010. a) Subsurface 
concentration profiles of N2O (closed circles) and NO3

- 
(open circles) on the 04-06-2010. b) Subsurface 
concentration profiles of N2O (closed circles) and NO3

- 
(open circles) on the 11-06-2010. c) Hourly average N2O 
fluxes (closed circles) and position of the WL (black line; 
sample frequency resolution = 10 min). d) Subsoil oxygen 
concentrations (% atmospheric saturation) in 5 (solid line) 
and 10 (dashed line) cm below the surface (sample 
frequency resolution = 10 min). 

Fig 4 Water level, subsurface N2O, NO3
- and O2 

concentrations and N2O fluxes before and after a natural 
flooding event on 14-08-2010. a) Subsurface 
concentration profiles of N2O (closed circles) and NO3

- 
(open circles) on the 13-08-2010. b) Subsurface 
concentration profiles of N2O (closed circles) and NO3

- 
(open circles) on the 17-08-2010. c) Hourly average N2O 
fluxes (closed circles) and position of the WL (black line; 
sample frequency resolution = 10 min). d) Subsoil oxygen 
concentrations (% atmospheric saturation) in 5 (solid line) 
and 10 (dashed line) cm below the surface (sample 
frequency resolution = 10 min). 

Similar to the first flooding event, the oxygen 
saturation degrees in 5 and 10 cm below the 
surface changed from 100 % atm. saturation to 
anoxic conditions within 2.5 hr after the WL rise 
(Fig. 4d). Rapid O2 penetration to a depth of 5 cm 
was observed approximately 24 hrs after flooding.  

N2O dynamics following laboratory flooding 
 
The temporal effect of rapid flooding on N2O 
production, consumption and emission rates was 
investigated under controlled laboratory 
conditions, where a previously drained peat soil 
was inundated and kept water covered with 

~10mm of water above the soil surface (Fig. 5a-
d). Decreasing NO3

- concentrations of approx. 55 
mg NO3

--N m-2 were observed in the first 14 hrs 
after flooding (Fig. 5a). In the same period of 
time, pH values increased gradually by 
approximately 0.4 pH step (Fig. 5a). 
      After an initial lag phase of approximately 4-6 
hrs, N2O concentrations increased with increasing 
depth (Fig. 5d). At soil depths of 0 to 5 mm below 
the surface, N2O concentrations were observed to 
peak approximately 15 to 20 hrs after flooding, 
corresponding to the time of increasing surface  
fluxes (Fig. 5b,c). The highest subsurface N2O 
concentrations (>500 nmol cm-3) were measured 
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Fig 6 Three depth specific N2O concentration profiles 
during the measurement period.  

Fig 5 N2O fluxes and N2O concentrations, NO3
-

concentrations and pH during a flooding experiment. a) 
NO3

- concentrations (closed diamond) and pH (open 
circles) in the porewater over the incubation period. b) 
Net N2O flux estimates determined across the diffusive 
boundary layer. c) Net N2O flux estimate measured by the 
closed static chamber. d) Subsurface N2O concentrations 
over the incubation period (contour plot) and hourly 
integrated N2O concentration over the full measurement 
depth (closed circles). Note: open circles in b-d represent 
best estimate in case of missing data. 

at the lowest part of the profile approximately 26 
hrs after flooding (Fig. 5d). At the same time, both 
top soil concentrations and surface fluxes had 
started to decrease (Fig. 5b). 
      Integrated N2O concentrations over the entire 
profile showed a net increase in N2O 
concentrations in the first 22 hrs after flooding 
and a net decrease in N2O concentrations between 
26 and 40 hrs after flooding (Fig. 5d). The sharp 
increase in integrated N2O concentrations at 26 
hrs after flooding was caused by the occurrence of  

N2O concentrations above 500 nmol cm-3 in the 
lower parts of the profile. Approximately 42 hrs 
after flooding, N2O concentrations were below the 
detection limit over the entire soil profile (data not 
shown).  
      Subsurface N2O concentrations at individual 
depths below 5 mm from the surface showed 
significant linear developments (p<0.05) from the 
first depth specific observation above/below a 
threshold of 10 nmol cm-3 (Cstart/Cend) to/from the 
depth-specific maximum concentration (Cmax) (see 
Fig. 6).  Depth-specific net N2O production rates 
were calculated from the slope of the linear line fit 
showing increasing net rates in both positive and 
negative directions with increasing depth below 
the surface (Table 1). At all profiled soil depths, 
the first observations above Cstart were observed 
with a separation of just a few hrs. In contrast, the 
time of Cmax and Cend differed by up to 10 hrs 
depending on the position in the profile.  
      Significant surface fluxes of N2O (p<0.05) 
were observed 10 to 32 hrs after the first 
measurement, using both the closed static 
chamber and DBL method (Fig. 5b,c). Maximum 
flux rates in both replicate columns were 
measured after approximately 20±3 hrs. Fluxes 
determined using the closed static chamber were 
on average 4 to 5 times greater than the 
corresponding point-based fluxes determined 
based on the measurements across the diffusive 
boundary layer. 

 
N2O production and consumption 
 
Figure 7 shows two examples of the concentration 
profiles from the time periods dominated by either 
net increasing integrated concentrations (IC) 
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(t0 to t 22) (Fig. 7a) or net decreasing integrated 
concentrations (t22 to t40) (Fig. 7b). Based on the 
significant fits (p<0.01) between the measured 
N2O concentrations and modelled N2O 
concentrations in the given examples, the 
numerical model PROFILE returns a net N2O 
production best fit profile at t15 and net N2O 
reduction best fit profile at t27 (Fig. 7c). Similar 
modelling have been conducted for the remaining 
concentration profiles showing an overall 
subsurface dominance of N2O production 
processes in the period of net increasing IC (t0 to 
t22) and overall dominance of N2O consumption 
processes in the period of net decreasing IC (t26 to 
t40).  

Fig 7 Concentration profiles of N2O and O2 at times of 
dominating N2O production and consumption. a) N2O 
(open circles) and O2 (closed circles) concentrations 15 
hours after flooding normalized to the position of the 
surface (depth: 0 mm). b) N2O (open circles) and O2 
(closed circles) concentrations 27 hours after flooding 
normalized to the position of the surface (depth: 0 mm). 
c) Depth zonation of net N2O production rates as 
modelled by PROFILE. Positive sign show net N2O 
production and negative sign show net N2O 
consumption. Modelled N2O concentration profiles are 
shown by the black lines in a and b. 
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Discussion  
 
Hydrological controls on O2 availability and 
redox conditions  
 
The temporal trends in O2 depletion were 
observed to be of similar proportions in both the 
presence of aerenchymous roots under field 
conditions (Figs. 3 & 4), and in the absence of 
roots in the experimental soil columns. This 
indicates that the rates of respiratory oxygen 
consumption were much greater than the diffusive 
influx of O2 via plant roots or across the soil 
surface when soils were rapidly flooded and a 
likely indicator of non-limiting availability of 
dissolved carbon (C) in the peat soil.  
 
Flooding induced N2O production and 
consumption 
 
A lag phase of approximately 4-5 hrs between the 
onset of NO3

- reduction and N2O production was 
observed in the flooding experiment and is 
considered a result of the time period needed for 
the expression of relevant NOx-reducing enzymes 
eventually leading to N2O formation. 
      The average NO3

- concentration in the first 
water samples taken 30 min after flooding of the 
soil columns in the laboratory was ~700 mg  
NO3

--N m-2 (Fig. 5a). Under the assumption that 
this concentration is representative for the entire 
homogenized soil volume, a complete reduction 
of this NO3

- into N2O without any further 
reduction to N2 would result in a potential N2O 
production ~350 mg N2O-N m-2. Approximately 
26 hrs after flooding, NO3

- concentrations were 
below 10 mg NO3

--N m-2
. At the same time, the 

integrated subsurface N2O concentration was 
243.8 mg N2O-N m-2, corresponding to ~70% of 
the potential N2O production under the stated 
assumption. At 42 hrs after flooding, integrated 
N2O concentrations were below the detection 
limit. Cumulative surface fluxes measured across 
the DBL and by the closed static chamber over the 
entire incubation period (Fig. 5b,c) were 1.76 and 
8.35 mg N2O-N m-2, equal to  approximately 0.5 
and 2.5% of the potential N2O production after 
complete reduction of initial NO3

- to N2O, or 0.7 
and 3.4% of the measured integrated N2O 
concentrations. Two main conclusions can be 
made from these calculations: First, since the 
complete amount of the initial NO3

- was reduced 
over the duration of the flooding experiment and 

Depth Cstart Cmax Cend Net positive rate Net negative rate
(mm) (hr) (hr) (hr) (nmol cm-3 hr-1) (nmol cm-3 hr-1)

5.0 6 17 31 14.19 -10.62
7.5 5 17 33 17.41 -14.14

10.0 5 18 33 20.52 -18.76

12.5 4 20 34 22.04 -23.38
15.0 4 21 35 24.25 -27.30

17.5 4 21 38 26.54 -29.34

20.0 4 26 40 26.39 -39.73
22.0 4 26 42 28.55 -43.99

Table 1 Apparent net N2O production rates in 8 depths 
over the duration of the flooding experiment. Cstart and 
Cend denotes the hour after flooding where the 
concentrations were above/below a threshold 
concentration of 10 nm cm-3 
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approximately 70% can be explained by the 
observed N2O production, it follows that the 
remaining 30% of the initial NO3

- may either have 
been transformed into ammonium (NH4

+) by 
dissimilatory NO3

- reduction to NH4
+ (DNRA) 

(Kelso et al.  1997; Scott et al.  2008), have been 
transformed into organic-N compounds or have 
been reduced to N2 before the calculated 
maximum in integrated N2O concentrations. 
Secondly, the unaccounted fractions between  
both the potential N2O production and measured 
integrated concentration versus the measured 
cumulative surface fluxes must have been 
consumed within the soil profile in the process of 
complete denitrification to N2 similar to the 
observation in (Rückauf et al.  2004), as no other 
N2O consumption process is currently known.  
      N2O production-consumption reaction 
dynamics in which positive rates of N2O 
production is switched off by the depletion of 
NO3

- has previously been demonstrated using 
production rate modelling with a calibrated 
mechanistic diffusion-reaction model (Markfoged 
et al.  2011). This model accounts for the 
diffusive mass loss across the soil-atmosphere 
interface and explains the shift in the production 
rate by NO3

- depletion (Markfoged et al.  2011). In 
the current study, a similar production-
consumption sequence was observed, where the 
periods of net N2O production and net N2O 
consumption where clearly separated within just a 
few hrs (Fig. 6). 

 
N2O emission pulses following soil flooding 
 
Emission pulses of N2O were observed in the hrs 
following the rapid rises in WL under field 
conditions on August 14th 2010 (maximum 
emission rates ~250 μg N2O-N m-2 hr-1) (Fig. 4c) 
and in the controlled laboratory experiment (max. 
emission rates ~150-800 μg N2O-N  m-2 hr-1)  
(Fig. 5b,c). In both cases, the onset of the N2O 
emission pulse was observed approximate 10-12 
hrs after flooding or approximately 6 hrs after 
complete O2 depletion of the top soil.  
      The durations of the flooding induced 
emission pulses were approximately 20-24 hrs in 
the laboratory and 12 hrs under field conditions 
and linked to initial NO3

- concentrations prior to 
flooding. The total amount of NO3

- accumulated 
in the field across the measured soil depth (0-60 
cm) at a given sample point was calculated as the 
sum of NO3

- concentrations in each sample depth 

corrected for depth-specific variations in bulk 
density, porosity and soil moisture content. In this 
way, the total NO3

- amount in the soil profile were 
13.45 mg NO3

--N m-2 and 3.58 mg NO3
--N m-2 on 

the August 13th and 17th 2010, respectively. If the 
difference in NO3

- concentrations between these 
two dates were transformed into N2O without 
further reduction into N2, an approximate 5 mg 
N2O-N m-2 would be produced, which could be 
emitted in the hrs and days following the natural 
flooding event. Cumulative surface fluxes 
measured in the field in the hrs following flooding 
(Fig. 4c) were 1.83 mg N2O-N m-2. If this surface 
flux originates from the reduction of the soil NO3

-, 
as much as 1/3 of the calculated difference in soil 
NO3

- across the entire soil profile was emitted as 
N2O following flooding.  
      An important difference between field and 
laboratory conditions is the presence or absence of 
the above-ground biomass and aerenchymous 
roots and rhizosphere, which serves as potential 
gas transport pathway via aerenchymous plant 
tissue (Yu and Chen, 2009). Also, coupled 
nitrification-denitrification in the root zone can 
maintained under submerged conditions via 
rhizosphere oxygenation (Patrick and Reddy, 
1976; Engelaar et al.  1995; Bodelier et al.  1996) 
while photosynthetically assimilated labile C can 
be provided to the soil microbial biomass by 
internal translocation and excretion from the roots 
(Edwards et al.  2006). These differences are 
likely reflected in the marked difference between 
laboratory and field ratios of the potential amount 
of N2O being produced and emitted (assuming full 
NO3

- reduction to N2O) versus the measured 
cumulative N2O surface flux. In the current study, 
main N2O emissions and subsurface N2O 
concentrations were observed during the growing 
season of Phalaris arundinacea when the position 
of the WL and associated peak N2O 
concentrations at the capillary fringe were located 
at depths corresponding to the root zone. A 
comparison between the depth of maximum N2O 
concentrations and observed surface fluxes 
indicates that a certain limiting depth of 
approximately 30-40 cm exists in the field. When 
the maximum concentrations of N2O are above the 
limiting depth, surface emissions occur while the 
opposite occurs when maximum concentrations 
are below. This indicates the importance of root 
zone processes in regulating O2 and NO3

- 
availability for N2O producing and consuming 
processes, modified by seasonal variation in root 
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exudation of C compounds in response to plant 
growth stage (Edwards et al.  2006). However, 
contrasting results have been reported on how the 
presence of P. arundinacea potentially modifies 
net emission rates: No significant alterations on 
N2O emissions by P. arundinacea was reported by 
(Rückauf et al.  2004) whereas the presence of the 
P. arundinacea increased the annual N2O 
emissions 10-fold from approximately 65 to 650 g 
N2O-N ha-1 year-1 compared to unplanted peat soil 
in (Hyvoenen et al.  2009), but approximately 
halved the daily emission rates from unplanted 
peat soil from 0.04 to 0.02 mg N2O-N m-2 day-1 in 
(Maltais-Landry et al.  2009). 
 
Field scale linkages between subsurface N2O 
concentrations and net emissions 
 
 At the capillary fringe above the WL, the soil was 
characterised by having close to sub-saturated soil 
moisture degrees and mixed aerobic/anaerobic 
conditions, promoting the environmental 
conditions favourable for both N2O production via 
denitrification and NO3

- reduction via DNRA 
(Megonigal et al.  2003). Combined data on WL 
position, O2-penetration depth and NO3

- 
concentrations in the soil indicate that WL 
changes within the root zone is an important 
driver for sustained N2O emissions above 0.2 mg 
N2O-N m-2 day-1. In contrast, very rapid WL 
changes following flooding only produced N2O 
emission pulses when soil conditions had been 
oxidized in more than 2-3 weeks before the 
flooding, allowing NO3

- concentrations to increase 
to levels above ~20 μg NO3

--N L-1. The 
importance of this temporal aspect of subsoil 
oxygenation and NO3

- generation can be seen by 
comparison of the June and August flooding 
events (Fig. 1), where an emission pulse only 
occurred when the top soil had been oxidized in 
the weeks before the changing WL position. 
Similar contrasting effect on rapid WL increases 
has been demonstrated in (Regina et al.  1999) 
and (Dinsmore et al.  2009). In the first study it 
was concluded, that raising the WL caused a 
cessation of the N2O fluxes from the peat soil, 
whereas the latter observed a N2O emission pulse 
approximately 2 days after manually raising the 
WL. 
 

Annual N2O flux budget 
 
The annual N2O flux sum based on cumulated 
daily N2O fluxes was 74 mg N2O-N m-2 year-1 
over the investigated time period (October 2009 to 
October 2010) and was of similar proportions to 
what has been reported from other Phalaris 
arundinacea dominated areas (Hyvönen et al. 
(2009) ~ 64 mg N2O-N m-2 year-1; Jin et al. (2010) 
unfertilized control plot ~60 mg N2O-N m-2  
year-1). In the period July 10th and August 10th 
2010 where net N2O sink activity was dominating, 
the total sum of daily surface fluxes was 
approximately -4.7 mg N2O-N m-2, counter-
balancing approx. 6.4% of the annual N2O flux 
sum. In the same way, the cumulative sum of the 
flooding induced N2O emissions of approximately 
1.83 mg N2O-N m2 on the 14th August 2010 (Fig. 
4c), constituted approximately 2.5% of the annual 
N2O flux sum. 
      A conservative estimate of the average annual 
sum of dry and wet deposition of N to Danish land 
areas is approximately 17 kg N ha-1 year-1 
(Asman, 2001). Under the assumption that this 
deposition rates is representative for the 
Maglemosen study site, and that no other local N-
source contribute to the annual N-input, roughly 
4-5% of the N deposition input to the ecosystem 
would be sufficient to fuel the measured annual 
net N2O-N emission of 0.74 kg N2O-N ha-1 year-1. 
A comparison between this annual N2O load from 
the studied non-managed wetland and the 
estimated total annual N2O emissions from Danish 
agricultural land areas of 7.3 kg N2O-N ha-1 year-1 
(Boeckx and Van Cleemput, 2001) shows that the 
mean annual N2O emission rate from a natural 
ecosystem as Maglemosen could be roughly 10% 
of the average emission from agricultural areas. 
While this fraction may appear surprisingly high, 
the climatic impact of N2O emissions from this 
type of non-managed minerotrophic wetland will 
be limited, due to the relative low land area 
coverage percentage compared to agricultural 
areas. Nonetheless, the results show that natural 
wetland ecosystems have the potential of 
modifying atmospheric N2O concentrations by 
having substantial net source and sink capacities, 
which relative distribution is governed by the 
seasonal changes in NO3

- availability following 
changes in subsoil oxygenation status and WL 
variations. 
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Summary and perspectives 
 
The highest subsurface N2O concentrations were 
observed at the capillary fringe just above the 
WL, while the lowest concentrations were 
observed below the position of the WL. Very low 
net surface emission were observed during the 
winter and early spring when the position of the 
WL was close to the surface and subsurface N2O 
concentrations close to or below ambient 
concentration. Main surface emission periods of 
N2O were observed at times when the WL and 
associated peaks in subsurface N2O concentrations 
were gradually decreasing to soil depths down to 
40 cm below the surface, corresponding to the 
vertical extent of the root zone of the subsurface 
aerating macrophyte Phalaris arundinacea. 
Sustained N2O emissions were primarily observed 
in response to gradual movements of the WL 
through the root zone. Rapid flooding of the soil 
profile was observed twice during the season in 
response to high precipitation events. A flooding 
induced N2O emission pulse was only observed 
when the soil conditions had been oxidized to soil 
depths below approximately 30 cm in more than 
2-3 weeks before the flooding. 
       The majority of the net annual N2O surface 
fluxes were observed during the growing season 
in the summer and autumn months where the 
combination of seasonally highest soil and air 
temperatures, highest evapotranspiration, greatest 
O2 penetration depths and root exudation of labile 
organic carbon stimulates microbial N-
transformation leading to high potential N2O 
production and consumption rates affecting the 
net emissions of N2O across the soil-atmosphere 
interface. A net N2O sink capacity 
counterbalancing of approximately 6.4% of the 
total annual net N2O emission was observed 
during mid-summer, whereas the short-lived 
flooding induced N2O pulse constituted 
approximately 2.5% of annual net N2O emissions.   
      Microsensor production and consumption 
profiles demonstrate very large and rapid N2O 
production and consumption capacities in the peat 
soil where concentrations of more than 500 nmol 
N2O cm-3 were produced or consumed in the soil 
in less than 24 hrs. The presence of this large 
inherent N2O consumption capacity in the top soil 
is a likely explanation for the observed net sink 
activity under field conditions in mid-summer and 
the low net N2O fluxes when peak concentrations 
of subsurface N2O were observed at soil depths 

lower than 30-40 cm. Under these conditions, the 
length of the diffusion path from the soil depths of 
production to the soil-atmosphere interface leads 
to high residence times in the soil and an 
increased potential for full reduction to N2. The 
incubation experiments further showed that 
approximately 0.5-2.5% of the soil NO3

- present at 
the time of flooding was being emitted as N2O 
when the aerenchymous roots were removed. By 
comparison, this fraction was approximately 1/3 
of the NO3

- concentration present in the soil 
profile before and after flooding under natural 
field conditions, highlighting the potential 
importance of plant-mediated gas transport for the 
net annual N2O emission budget across the soil-
atmosphere interface and the interactions between 
plants and microbes. 
      Under current climatic conditions, flooding-
induced N2O emission pulses constitute only a 
small percentage of the net annual N2O emission 
budget and the relative contribution of such pulses 
to the net annual emission is not considered 
important. Given the large N2O consumption 
capacity in the peat soil, future increases flooding 
frequency is not expected to increase net annual 
N2O emissions significantly unless future rates on 
NO3

- formation in the soil are increased. In this 
way, the shown linkages between WL variations, 
plant growth of P. arundinacea and root zone 
transformation of O2, NO3

- and N2O call for future 
studies focusing on N2O production, consumption 
and surface emission following future changes in 
plant growth, root zone oxidation, C excretion and 
NO3

- resource competition between soil microbes 
and a wider range in species of subsurface 
aerating macrophytes. 
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