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Abstract 

Northern lakes are important sources of greenhouse gases carbon dioxide and methane to the 

atmosphere. Emissions are expected to increase as the climate continues to warm. Even so, lake 

carbon budgets are currently poorly constrained. This is in part because of a limited understanding of 

the processes that govern the flux. This thesis focuses on the physical and biogeochemical drivers of 

carbon trace gas emissions from three small, post-glacial lakes situated within the Stordalen Mire, a 

subarctic peatland underlain by thawing permafrost in northern Sweden. A unique, multiyear dataset 

is used to quantify the importance of different emission pathways – ebullition, turbulence-driven 

diffusion and release from storage – on short and long timescales. In summer and on seasonal to 

interannual timescales, emissions are robust functions of thermal energy input. Short-term storage-

and-release cycles are governed by kinetic drivers, such as turbulence fuelled by wind shear and, to a 

lesser extent, by thermal convection. In winter, when the lakes are ice-covered, persistent anoxia and 

density-driven currents enable methane accumulation at rates exceeding summer emissions. Release 

at ice-off in spring can constitute the majority of annual methane emissions and scales predictably with 

ice-cover season length, except in warm winters when snowmelt displaces lake water. Most lake flux 

studies focus on the warmest summer months and omit the spring efflux, as well as emissions in the 

colder ice-free months which, because of the well-known temperature-dependency of carbon cycling 

processes, tend to be low. This sampling bias may lead to a substantial overestimation of the ice-free 

flux in regional and global lake emission budgets. Temperature proxies, potentially combined with gas 

transfer models, can efficiently gap-fill colder months to arrive at a more representative flux estimate. 

Important feedbacks, such as lake degassing with increasing wind speed, must be taken into account. 

The mechanisms emerging from intense study of the Stordalen lakes are likely to be found in a majority 

of northern lakes, which are small, seasonally ice-covered and of post-glacial origin. However, because 

gas transfer velocity and temperature sensitivity are spatiotemporally variable, field observations 

remain essential for the development and calibration of models, and to predict future emissions. 

 

  



 

Sammanfattning 

Nordliga sjöar är viktiga källor till växthusgaserna koldioxid och metan till atmosfären. Dessa utsläpp 

förväntas öka allteftersom klimatet värms. Trots det så råder det osäkerhet kring storleken på 

kolbudgetarna för dessa sjöar. Detta är delvis på grund av begränsad förståelse av processerna som 

styr flödet. Denna avhandling fokuserar på de fysiska och geokemiska drivkrafterna som styr dessa 

kolbaserade spårgasers utsläpp från tre små postglaciala sjöar belägna i Stordalens myrmark i norra 

Sverige. Sjöarna ligger i en subarktisk torvmark ovanpå töande permafrost. Ett unikt flerårigt dataset 

används för att kvantifiera vikten hos utsläppsvägarna - bubblor, turbulensdriven diffusion samt det 

som frigörs från lagring - på korta och långa tidsskalor. På sommaren, samt på säsongs och 

mellanårslånga tidsskalor, finns ett robust samband mellan utsläpp och sjöarnas värmeupptag. 

Korttidslagring och utsläppscykler styrs av kinetiska drivkrafter så som vindskjuvningsdriven turbulens 

och, till lägre grad, termisk konvektion. På vintern möjliggör beständig anoxia och densitetsdrivna 

strömmar att metan ackumuleras under isen med hastigheter som överskrider sommar utsläppen. Vår 

utflödet när isen släpper kan utgöra merparten av de årliga utsläppen och storleken på utflödet skalar 

förutsägbart med längden av is-säsongen. Förutom under varma vintrar när vatten från snösmältning 

tränger undan och ersätter sjövatten. De flesta flödesmätningar på sjöar fokuserar på de varmaste 

sommarmånaderna och försummar vår utflödet. Likaväl försummas utsläpp under kalla isfria månader 

eftersom det är välkänt att kolcyklingsprocesserna är temperatur beroende och utsläppen tenderar 

att vara små då. Denna provtagningsbias kan leda till markanta underskattningar av flödena för den 

isfria tiden i regionala och globala sjöutsläppsbudgetar. Temperatur proxys, möjligen i kombination 

med gasöverföringsmodeller, kan effektivt täcka denna bias och ge en mer representativ uppskattning 

av flödena. Feedbackeffekter, så som ökad avgasning av sjöarna med stigande vindhastighet måste 

korrigeras för. Mekanismerna som gett sig till känna i studierna av Stordalens sjöar står sannolikt att 

finna även bland de flesta små nordliga postglaciala sjöar som årstidsvis är istäckta. Emellertid, 

eftersom gasöverföringshastigheter och temperaturkänslighet är spatiotemporalt varierande förblir 

fältobservationer oundgängliga för framtagande av och kalibrering av modeller. Och för att förutspå 

framtida utsläpp. 
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1. Introduction 

Lakes are important actors in the global climate system as both reservoirs of carbon (C) and emitters 

of radiatively active carbon trace gases carbon dioxide (CO2) and methane (CH4) (Cole et al. 2007; 

Tranvik et al. 2009). Global carbon emissions from lakes and reservoirs are estimated at 69–139 Tg C-

CH4 yr−1 (Bastviken et al. 2011; DelSontro et al. 2018a) and 244–810 Tg C-CO2 yr−1 (Tranvik et al. 2009; 

Raymond et al. 2013; DelSontro et al. 2018a). Approximately 40% of the global freshwater surface area 

is situated north of 50°N (Verpoorter et al. 2014), predominantly in climate-sensitive permafrost 

regions where partially frozen grounds prevent efficient drainage (Smith et al. 2007). Here, over the 

past millennia, cold and water-logged conditions have restricted the microbial breakdown of organic 

matter, which has accumulated in peatland soils (Hugelius et al. 2014) and in lake sediments (Algesten 

et al. 2003). Such carbon-rich, anoxic environments are highly conducive of methane production (Ferry 

1993). After wetlands, lakes constitute the largest natural source of CH4 north of 50°N (8.9–18.1 Tg C-

CH4 yr−1, Walter et al. 2007; Bastviken et al. 2011; Tan and Zhuang 2015a; Wik et al. 2016b) — some 

2–5% of global CH4 emissions (Saunois et al. 2016). They are also significant emitters of CO2; 

approximately 189 Tg C-CO2 is emitted annually from boreal lakes alone (Hastie et al. 2018). 

Northern latitudes are warming faster than the mean global rate, especially in winter (Bintanja et al. 

2011). Effects of warming on lakes include rising surface water temperatures (0.4–0.7 °C per decade, 

O’Reilly et al., 2015), increased stratification (Woolway and Merchant 2019), and longer ice-free 

seasons (Dibike et al. 2011; Sharma et al. 2019). Although the ecosystem response to these changes is 

complex and variable (Vonk et al. 2015), carbon cycling is a biologically mediated and thus temperature 

sensitive process (Gudasz et al. 2010; Yvon-Durocher et al. 2012, 2014) and emissions of CO2 and CH4 

from northern lakes are projected to increase (Thornton et al. 2015; Tan and Zhuang 2015b; Hastie et 

al. 2018). This constitutes a positive feedback to climate change (Marotta et al. 2014; Dean et al. 2018). 

Importantly however, our ability to estimate and predict lake emissions is constrained by our 

understanding of the drivers of the flux and their shifting interactions at different spatiotemporal 

scales. The predominance of short-term studies that focus on the summer months (Wik et al. 2016b) 

has left unexplored the rapidly changing cold season and long-term variability of the flux, and small 

sample sizes limit the evaluation of functional relationships that inform models. Knowledge gaps 

persist in part due to a paucity in well-funded monitoring programmes (Nisbet 2007). 

This thesis investigates carbon trace gas dynamics in three small lakes within the Stordalen Mire, 

northern Sweden. It presents a unique dataset of high resolution, multiyear observations of lake 

carbon gas fluxes and environmental covariates, identifies driving biogeochemical and physical 

processes of the flux and from them, develops proxies that can inform predictive analyses. Paper I 

provides an estimate of annual emissions of CO2 and CH4 from the Stordalen lakes. It evaluates the 

contribution of key emission pathways, including bubbling, turbulence-driven diffusion and fluxes from 

under-ice storage after ice melt in spring, and identifies seasonally distinct emission controls. Paper II 

explores the processes governing the diffusion-limited CH4 flux and its variability at short and long 

timescales. Paper III quantifies emission biases associated with the common practice of summer-only 

sampling, and assesses the accuracy and effectiveness of temperature proxies as a gap filling method.   

Context for the material presented in this thesis is provided by the great many studies of carbon trace 

gas dynamics conducted at the Stordalen Mire (Crill, 2019), starting in 1972 with the Swedish IBP 

Tundra Biome Project (Svensson 1980). Scientific research at the Mire continues to this day.  



14 
 

2. Research objectives 

The papers presented in this thesis are centred on three main research questions: 

What is the relative importance of the different emission pathways to annual emissions, and how 

does their contribution vary over the year? 

o Paper I: magnitude of turbulence-driven diffusion, ebullition and storage 

o Paper II: precise estimate of the turbulence-driven diffusive flux 

What are the functional relations that best characterize carbon gas emissions in summer and 

accumulation in winter? 

o Paper I: carbon trace gas dynamics in winter and in summer 

o Paper II: thermodynamic and kinetic drivers of the diffusive flux 

o Paper III: controls on the flux temperature sensitivity 

How do common flux measurement and modelling techniques compare? 

o Paper I: the eddy covariance technique and manual sampling 

o Paper II: an advanced gas transfer model and floating chambers 

o Paper III: temperature-based emission proxies and field measurements 
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3. Carbon trace gas emissions from lakes 

3.1 Drivers of the flux 

The flux of CO2 and CH4 from a lake to the atmosphere is a function of interacting drivers of production, 

removal and transport processes. We can distinguish between thermodynamic drivers that govern 

biogeochemical conversion rates, and kinetic drivers that govern storage of carbon gases and 

precursors as well as transport between sediment, water column and the atmosphere. 

3.1.1 Biochemistry 

CO2 and CH4 are both reaction end products of microbially mediated organic matter degradation, and 

represent the most oxidized and reduced oxidation state of carbon, respectively (Ferry 1993). The 

redox reactions that constitute the breakdown process involve the transfer of electrons from one 

element to another. Their rate is determined by the concentration of the reactants and the energy 

yield of the chemical conversion, which is higher in more oxidizing environments (Thauer et al. 1977). 

In the presence of oxygen, large organic molecules are broken down to smaller compounds and 

oxidized to CO2 via aerobic respiration, a metabolic pathway that uses oxygen as an electron acceptor: 

[CH2O] + O2 → CO2 + H2O 

Here [CH2O] represents a carbohydrate molecule. In the absence of oxygen, degradation proceeds via 

anaerobic pathways that utilize alternative electron acceptors, such as nitrogen oxides, iron oxides or 

sulfate (Megonigal et al. 2014). These reactions are energetically less favourable and proceed at slower 

rates. In microbial production of methane (methanogenesis) carbon is used as the terminal electron 

acceptor. This process is energetically the least favourable, generally occurring only when all other 

electron acceptors are depleted. Methane is produced by a group of archaea, collectively known as 

‘methanogens’, from hydrogenation of CO2 or through fermentation of methylated compounds such 

as acetate (e.g. Lessner, 2009): 

CO2 + 4 H2 → CH4 + 2 H2O 

CH3COOH → CH4 + CO2 

The conversion back to CO2 and H2O is mediated by methane consuming microbes (methanotrophs): 

CH4 + 2O2 → CO2 + 2H2O 

In freshwater systems, where sulfate concentrations are relatively low, methane oxidation is generally 

assumed to proceed via the aerobic pathway outlined above (Hanson and Hanson 1996). Recent work 

has highlighted the importance of alternative electron acceptors (Sivan et al. 2011; Deutzmann et al. 

2014; Martinez-Cruz et al. 2017). Microbial oxidation can remove almost all produced CH4 and plays 

an important role in limiting CH4 emissions from natural waters (Rudd et al. 1974; Frenzel 1990; 

Bastviken et al. 2002, 2008; Thottathil et al. 2018). 

The catabolic reactions that constitute organic carbon degradation occur at different depths in the 

sediment (Wetzel 2001). Aerobic oxidation is generally confined to the water column and the upper 

sediment, where oxygen is rapidly replenished by photosynthesis and turbulent mixing (Pace and 

Prairie 2005). Anoxia occurs within millimetres of the sediment surface due to slow diffusion and rapid 

consumption of oxygen (Sobek et al. 2011). Below this transition zone electron acceptors are 

consumed sequentially according their availability and energy yields — the carbon degradation 
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cascade — with methanogenesis occurring at the greatest depth (Berner 1980). In freshwater 

environments rates of methanogenesis can be highest near the sediment surface (Lay et al. 1996; Chan 

et al. 2005; Wilkinson et al. 2015) as fresh organic substrate is supplied from the top (Schulz and Conrad 

1995). Methanotrophs thrive in regions where the supply of CH4 meets that of electron acceptors 

(Amaral and Knowles 1995), such as hypoxic (oxygen-depleted) regions at the sediment-water 

interface (Bastviken et al. 2002; Kankaala et al. 2006; Crevecoeur et al. 2017). 

Aerobic and anaerobic degradation of fresh organic material can take place at similar rates despite the 

different energy yields of underlying reactions, because the common first step (hydrolysis) is rate-

limiting (Fey and Conrad 2003; Bastviken et al. 2003; Tveit et al. 2015). However, in subsequent 

degradation steps aerobes can use powerful enzymes (oxygenases) that are not available to anaerobes 

(Hedges and Keil 1995). Limited availability of labile organic matter for anaerobes and competition for 

substrates from more efficient microbes – such as sulfate reducers for H2 – makes that the 

fermentation end products (CH4) are produced in much lower quantities than those of aerobic 

respiration (CO2) (Zehnder and Svensson 1986; Valentine et al. 1994). By carbon mass, global lake 

emissions of CO2 are estimated to exceed emissions of CH4 by a factor of 4 (DelSontro et al. 2018a). 

However, because CH4 is a stronger climate forcing gas than CO2 (Myhre et al. 2013), CH4 accounts for 

approximately 75% of the warming effect of global lake carbon emissions on a 100 year timescale 

(DelSontro et al. 2018a). Moreover, methanogenesis is important to the global carbon cycle because 

it provides a vent for the final reaction products of organic matter degradation – hydrogen and carbon 

dioxide. Hydrogen may ultimately react with an electron acceptor to form water in the final step of 

cellular respiration. In this way, the electrons that were once extracted from water during 

photosynthesis return to their original position, and the boundless carbon cycle continues. 

3.1.2 Substrates 

Organic carbon in lakes has different sources. Internally produced or autochthonous carbon takes the 

form of phytoplankton or macrophytes (macroalgae and submerged/emergent vascular plants), while 

external or allochthonous carbon is transported from the terrestrial biosphere (Tranvik et al. 2009). 

Export of terrestrial carbon is a particular concern in thawing permafrost environments, where large 

quantities or organic material that have accumulated over millennia can thaw and become available 

to lake microbes as the Arctic continues to warm (Vonk et al. 2015). Partially degraded organic material 

can be transported out of lake systems or buried in anoxic lake sediments. Burial efficiency increases 

with oxygen exposure time (Sobek et al. 2009), and with decreasing temperature (Lundin et al. 2015). 

Many northern lakebeds, including those of the Stordalen lakes, consist of partially degraded organic 

material (‘dy’ and ‘gyttja’, terms used to describe organic sediments, are of Scandinavian origin; 

Wetzel, 2001). The fate of organic material in lakes and ponds – emission, burial or transport – can 

determine a catchment’s role as a carbon source or sink (e.g. Lundin et al., 2016).  

It remains unclear to what extent terrestrial carbon sources contribute to lake sediment production 

and emission of CH4 (Bogard and Butman 2018). Terrestrial carbon can make up the majority of 

sediment organic matter in northern lakes (Gudasz et al. 2017), but macrophyte detritus is thought to 

be more labile to microbial degradation because it contains fewer structural compounds (e.g. lignins 

and polysaccharides that take longer to break down) (Valentine et al. 1994; Grasset et al. 2019) and 

spends comparatively little time exposed to degradation during transport to the sediment (Sobek et 

al. 2009; Torres et al. 2011). CH4 emissions have been linked indirectly to autochthonous substrate 

through co-location of emission hotspots and vegetated littoral zones (Juutinen et al. 2003; Wik et al. 
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2013; Marinho et al. 2015) and Holocene radiocarbon ages of emitted CH4 in landscapes with 

Pleistocene-age permafrost (Bouchard et al. 2015; Elder et al. 2018; Bogard et al. 2019). In the 

Stordalen lakes, C:N ratios of sediment organic matter matched those of local aquatic plants in CH4-

emitting lakes (Wik et al. 2018). Anoxic lake sediment incubations show that CH4 can be produced at 

greater rates from autochthonous than from allochthonous organic carbon (Grasset et al. 2018). 

However, in thermokarst environments, where actively thawing soils and eroding shores can rapidly 

introduce large quantities of terrestrial organic matter (Wauthy et al. 2018), CH4 emissions can be 

driven by allochthonous carbon (Negandhi et al. 2013; Walter Anthony et al. 2016) and hydrologic 

inputs of terrestrially produced CH4 (Paytan et al. 2015; Lecher et al. 2017). 

In freshwater lakes CO2 is produced at the oxic interface of profundal (deep) and littoral (shallow) 

sediments (Algesten et al. 2005; Kortelainen et al. 2006; Åberg et al. 2007) and in the water column 

(Giorgio and Peters 1993). A majority of the world’s lakes is net heterotrophic (Tranvik et al. 2009; 

Raymond et al. 2013); they emit more CO2 than they take up via photosynthesis. Therefore, annual 

cycling of internally produced carbon alone cannot account for total CO2 emissions to the atmosphere, 

and an external carbon source is needed to close the emission budget. This source can be terrestrial 

organic matter that is mineralized through processes of respiration (McCallister and del Giorgio 2012; 

Lapierre et al. 2013) or photo-degradation (Bertilsson and Tranvik 2000; Vachon et al. 2016), or direct 

hydrologic inputs of terrestrially produced CO2 and dissolved inorganic carbon (DIC) via subterranean 

groundwater discharge (Kling et al. 1991; Striegl and Michmerhuizen 1998; Stets et al. 2009), streams 

(Lundin et al. 2013; Campeau et al. 2014) and rivers (Murase et al. 2003). Weathering of carbonate 

rocks can also contribute to lake CO2 emissions (Finlay et al. 2015). Hydrologic carbon inputs can be 

important during rain storms (López Bellido et al. 2009; Ojala et al. 2011) or snowmelt events (Denfeld 

et al. 2018b). An increasing body of evidence – from measurements and model studies – indicates that 

external carbon inputs exceed internal production in a majority of boreal and subarctic lakes (Maberly 

et al. 2012; Weyhenmeyer et al. 2015; Chmiel et al. 2016). 

3.1.3 Temperature  

The rate at which biochemical reactions that constitute the breakdown of organic matter take place 

and reaction end products – CO2 and CH4 – can be produced depends strongly on temperature. The 

temperature dependence of chemical reaction rates was first postulated by Arrhenius (1889). We can 

express the temperature-dependency of a parameter or process P with an Arrhenius-type function: 

 𝐹 =  𝑒−𝐸𝑎
′ 𝑘𝐵𝑇⁄ +𝑏 [1] 

where Ea’ is the apparent (empirically determined) activation energy in electron Volts (eV), T is the 

temperature in Kelvin and kB is the Boltzmann constant (8.62 × 10−5 eV K−1). b is a constant used to fit 

the function to data (Paper I-III). 

At a chemical level, temperature sensitivity of biotic processes can be explained by reaction kinetics 

(i.e. Brownian motion) (Kramers 1940) and, in metabolic functions, enzyme activity (Eyring 1935). At a 

microbial level, rate-limiting steps in the carbon degradation cascade are associated with changes in 

community structure (McCalley et al. 2014; Crevecoeur et al. 2015; Negandhi et al. 2016) which allow 

for more efficient use of nutrients and substrate at higher temperatures (Blake et al. 2015; de Jong et 

al. 2018). Community changes associated with CH4 production occur at a temperature threshold of 7 

°C (Tveit et al. 2015). A substantial reduction of the bubble flux is reported at a threshold of 6 °C (Wik 

et al., 2014; Paper III), although a causal relationship has not been established. Methane oxidation 
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shows a weaker temperature dependence (Segers 1998; Duc et al. 2010; Lofton et al. 2014) and rate 

changes are similarly associated with microbial community shifts (Borrel et al. 2011; He et al. 2012). 

Methanotroph abundance peaks in early winter, possibly due to reduced substrate competition at 

lower temperatures (Sundh et al. 2005; Samad and Bertilsson 2017).  

The temperature sensitivity of these chemical and microbial level processes is integrated in the carbon 

degradation cascade, including methanogenesis. This has been clearly demonstrated in sediment 

incubations from different lake types and regions (Zeikus and Winfrey 1976; den Heyer and Kalff 1998; 

Gudasz et al. 2010; Duc et al. 2010; Marotta et al. 2014; Fuchs et al. 2016; Sepulveda-Jauregui et al. 

2018). Finally, at ecosystem level Arrhenius-type relationships of CH4 emissions to the atmosphere 

have emerged from field measurements of surface fluxes (DelSontro et al., 2016; Natchimuthu et al., 

2016; Wik et al., 2014; Paper I-III), mesocosm experiments (Aben et al. 2017; Davidson et al. 2018) and 

synthesis reports (Yvon-Durocher et al. 2014; Wik et al. 2016b). Ecosystem-level respiration has also 

been shown to be a temperature-dependent process (Yvon-Durocher et al. 2012).  

3.1.4 Mixing and stratification 

Buildup, storage and turbulence-driven release of carbon gas from aquatic environments is to a large 

extent governed by the physical processes of water column stratification and mixing (Engle and Melack 

2000; Bastviken et al. 2004) (Fig. 1). Stratification is the density-induced layering of the water column 

due to the thermal expansion of water and differences in total dissolved solids content, or salinity 

(Boehrer and Schultze 2008). Most northern lakes are stratified at least once a year during the ice-

cover period, when temperatures near the sediment are at maximum freshwater density (4 °C) and at 

0 °C near the ice-water interface, and many stratify intermittently during summer (Kirillin and Shatwell 

2016; Woolway and Merchant 2019) (Fig. 1). A thermocline – an abrupt change in temperature and 

thus density – separates the warm, well-mixed surface layer (epilimnion) from the cooler bottom layer 

(hypolimnion) (Fig. 1). Stratification limits the exchange of heat and dissolved substances, such as 

nutrients, between the layers by dampening turbulent motions that facilitate transport (Wüest and 

Lorke 2003; Kreling et al. 2014). This process confines biological habitats, and therefore exerts a strong 

control on lake ecosystem functioning (Scheffer et al. 2001; Bartosiewicz et al. 2016). Prolonged 

stratification can result in anoxic hypolimnia where CH4 can accumulate (Rudd and Hamilton 1978; 

Sepulveda-Jauregui et al. 2015). Depending on the strength of stratification however, exchange with 

the epilimnion continues and high methantrophic activity can be found at the oxic-anoxic interface 

(the oxycline) (Utsumi et al. 1998a; Bastviken et al. 2002; Liikanen et al. 2002; Sundh et al. 2005). 

 

 

 

 

 

Figure 1. Zonation and layering of a lake during stratification in summer (left) and winter (right). Nomenclature 

follows Wetzel (2001). Temperature profiles are an example based on measurements from Mellersta Harrsjön 

(Paper I and II). Arrows depict turbulent mixing in summer (left) and density-driven circulation in winter (right).  
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When stratification breaks up, for example due to wind mixing, accumulated gas is released to the 

atmosphere. Emissions from storage can be significant after long periods of limited exchange 

(Bastviken et al. 2004). The CH4 efflux after ice-out in spring can make up the majority of the annual 

flux (Denfeld et al., 2018a; Jammet et al., 2015; Paper I). Re-oxygenation and subsequent 

methanotrophy during spring and autumn overturns can limit CH4 emissions from storage 

(Michmerhuizen et al. 1996; Utsumi et al. 1998b; Kankaala et al. 2007). Moreover, not all gas may be 

released if part of the lake remains stratified (Deshpande et al. 2017; Matveev et al. 2019). Whether a 

lake mixes partially or completely is determined by the forces that strengthen the density gradient, 

such as surface warming, and the forces that act against it, such as wind shear and (if the epilimnion 

temperature exceeds 4 °C) surface cooling (Imboden and Wüest 1995; Boehrer and Schultze 2008). In 

this way, surface cooling and convection enhance turbulence-driven diffusive emissions (MacIntyre et 

al. 2001; Poindexter et al. 2016), while strong stratification can be a limiting factor (MacIntyre et al. 

2018b). The momentum of major hydrologic intrusions following snowmelt or rainstorms can break 

up stratification in small or shallow lakes (Ojala et al. 2011; Cortés et al. 2017). 

Figure 2. Schematic of the evolution of driving processes of lake CH4 and CO2 emissions over the year. Straight 

arrows depict fluxes of organic carbon (dark grey), carbon gas (white) and shortwave radiation (dashed), and 

circular arrows show microbial conversion processes that underlie the fluxes.   

The depth and frequency of mixing, or lake mixing regime, is influenced by lake morphology, notably 

water depth and fetch area (Kirillin and Shatwell 2016), as well as biochemical and geochemical factors 

(Walker and Likens 1975), such as the dissolved organic and inorganic carbon content. Water clarity 

influences light penetration and surface heating, and the content of coloured dissolved organic 

material can therefore have a large impact on stratification, for example in humic boreal lakes (Salonen 

et al. 1984; Heiskanen et al. 2015). Surface films of organic material can limit transfer of turbulent 

kinetic energy to the upper water column (Asher and Pankow 1986). Particulate detritus precipitates 

down to the hypolimnion, where its decomposition to dissolved species increases bottom water 

density (Boehrer and Schultze 2008) and increases resistance to turbulent mixing. Diffusion of heat 

and solutes from the sediments can generate downslope density currents in winter (Fig. 1), when the 

ice cover prevents wind mixing (Mortimer and Mackereth 1958; Terzhevik et al. 2009). Subsequent 

accumulation of solutes at depth strengthens stratification (MacIntyre et al. 2018a).  
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3.2 Transport pathways to the atmosphere 

Carbon gases produced in the sediment or water column of lakes and ponds can reach the atmosphere 

via different emission pathways (Fig. 2): 

Ebullition occurs when a sparingly soluble gas accumulates in sediment pore water, reaches 

supersaturation and enters the gas phase, and is subsequently released from the sediment as a bubble 

(Martens and Val Klump 1980). In natural waters the process is associated with CH4 rather than with 

CO2 due to the latter’s higher solubility in water. Bubble release can be triggered by negative changes 

in hydrostatic loading, such as a drop in air pressure or water level (Mattson and Likens 1990), and by 

bottom currents that impart shear stress on the surface sediments (Joyce and Jewell 2003). As bubbles 

rise to the surface, some of the gas dissolves back into the water column (Merlivat and Memery 1983), 

but back-dissolution is negligible in lakes as shallow as those studied here (<3 m, Wik et al., 2013). Gas 

bubbles can be trapped in ice during winter and released during ice melt in spring (see Storage). The 

ebullition pathway is important to natural emissions because it allows CH4 to escape to the atmosphere 

without being significantly affected by microbial oxidation (Chanton 2005; McGinnis et al. 2006). Due 

to its high spatiotemporal variability (Walter Anthony and Anthony 2013; Wik et al. 2013) quantifying 

the bubble flux requires a large number of observations (Wik et al., 2016a; Paper III).  

Diffusion is a term that collectively describes transport of dissolved solutes constrained by a 

concentration gradient. Diffusion results from random thermal motions at the molecular level; net 

movement occurs from high-density to low-density localities. According to Fick’s first law (Fick 1855) 

diffusive mass transport is a function of the temperature-dependent diffusivity of the gas (D0) 

multiplied by the concentration gradient (δC/δz): 

 
𝐹 = 𝐷0

𝜕𝐶

𝜕𝑧
 [2] 

Fick’s first law is widely applied to quantify the transfer of solutes across the sediment-water interface 

(Fsed) (Berner 1980; Boudreau 1997). The Fickian model can be adapted to describe mass transfer 

through the water column by random turbulent motions. In thermally stratified waters a vertical flux 

is thus formulated (Jassby and Powell 1975): 

 
𝐹𝑡ℎ𝑒𝑟𝑚 = 𝐾𝑍

𝜕𝐶𝑤𝑎𝑡𝑒𝑟

𝜕𝑧
 [3] 

where the concentration gradient δCwater/δ  is often computed across the thermocline (Fig. 1), and KZ 

is the eddy diffusion coefficient, a semi-empirical function of the strength of stratification. 

Similarly, mass transfer across the water-air interface is limited by the rate of turbulent transport from 

the aqueous boundary layer (concentration Cwater) to a thin (10–100 µm) diffusive sublayer at the 

surface in equilibrium with the atmospheric boundary layer (concentration Cair,eq) (Liss and Slater 

1974). The flux across the air-water interface (Fsurf) can be computed with a two-layer model: 

 𝐹𝑠𝑢𝑟𝑓 = 𝑘(𝐶𝑤𝑎𝑡𝑒𝑟 − 𝐶𝑎𝑖𝑟,𝑒𝑞) [4] 

where k, the gas transfer velocity, can be defined analogous to the Fickian model as D0/z, where z is 

the thickness of the diffusive sublayer (stagnant film model, Lewis and Whitman, 1924). Eddy cell 

models improved on this approach by providing a physical mechanism that controls the sublayer 

thickness (Banerjee et al. 1968; Lamont and Scott 1970). Turbulent eddies at the surface transport gas 
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within the aquatic boundary layer and create areas of flow divergence and convergence that thin and 

thicken, or periodically renew, the sublayer, thereby regulating diffusive fluxes across the air-water 

interface. Turbulent kinetic energy is supplied by wind shear, thermal convection, rain and breaking 

waves (MacIntyre et al. 1995). Because turbulence is difficult to measure directly, gas transfer is often 

parameterized as a function of wind speed (Broecker and Peng 1974; Cole and Caraco 1998). 

 

 

 

 

 

Figure 3. Kinetic and thermodynamic processes affecting gas exchange in lakes. The left panel shows controls 

dependent on atmospheric turbulence and stability (wind speed, U) and temperature (T). Gas transfer across the 

air-water interface can be controlled by wind shear (ku*) and thermal convection (kβ) and across the thermocline 

by eddy diffusivity (Kz). Emissions from the sediment are constrained by molecular diffusion (D0) and the 

temperature sensitivity of the microbial processes that mediate organic matter degradation (activation energy, 

Ea). Hypothetical concentrations of a sparingly soluble gas in the sediment (Csed), water column (Cwater) and air 

(Cair) are represented by black lines. The right panel demonstrates how the thickness of the diffusive sublayer at 

the air-water interface (dz = 10−100 µm) can be altered by small eddies in the turbulent boundary layer.  

Order-of-magnitude estimates of KZ (10−2 cm2 s−1, Jassby and Powell, 1975) and D0 (10−5 cm2 s−1 for CH4 

and CO2, Jähne et al., 1987) illustrate that turbulent mixing is much more efficient in transporting gas 

than molecular diffusion. However, purely diffusive emissions can be substantial when concentration 

gradients are large, such as between the sediment and the overlying water column (Crill et al. 1988). 

The turbulence-driven, diffusion-limited flux across the air-water interface (Eq. 4) is often abbreviated 

to ‘diffusion’ in the literature. The same is done here, keeping in mind that molecular diffusion only 

partially controls this emission pathway. 

Microbubbles (diameter < 1 mm) form due to rain or breaking waves (Woolf and Thorpe 1991), quickly 

equilibrate with sparingly soluble gases in the water column, and rise to the surface (Merlivat and 

Memery 1983). Lake microbubble emissions have been inferred from apparent higher gas transfer 

velocities for CH4 than for more soluble CO2 (Prairie and del Giorgio 2013; McGinnis et al. 2015).  

Emergent aquatic plants can have hollow stems that allow for rapid transport of O2 to the roots. Such 

macrophytes can act as efficient conduits for CH4 to the atmosphere, bypassing oxidation in the water 

column (Dacey and Klug 1979; Chanton et al. 1993). However, the plant-mediated introduction of O2 

in the sediment can also result in substantial CH4 oxidation (King 1996).  

Storage of carbon gases in the sediment, water column or ice can result in episodic, high-quantity 

emissions to the atmosphere. Each reservoir displays distinct charge-and-release cycles. An example 

is accumulation of carbon gas in the hypolimnion during summer stratification followed by rapid 

release at the autumn overturn (López Bellido et al. 2009; Encinas Fernández et al. 2014). In winter the 

ice cover acts as a lid, and carbon gas can accumulate as bubbles in the aggrading ice (Walter Anthony 

et al. 2010; Boereboom et al. 2012), and in dissolved form in the water column (Riera et al. 1999; 

Karlsson et al. 2013; Sepulveda-Jauregui et al. 2015). Emissions from storage are difficult to estimate 

because release can be episodic or partial, and occurs simultaneously with biogeochemical conversion. 
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The overall significance of each emission pathway to lake CH4 emissions remains uncertain, and 

depends on factors that vary among lakes, such as lake size (Bastviken et al. 2004) and temperature 

(DelSontro et al., 2016; Paper I). Smaller and warmer lakes and ponds are generally more productive 

(Juutinen et al. 2009; Yvon-Durocher et al. 2014; Holgerson and Raymond 2016), which increases the 

likelihood of porewater supersaturation as well as the intensity and relative contribution of water 

column storage-and-release cycles (Michmerhuizen et al. 1996; Bastviken et al. 2004). Different 

emission pathways are seldom measured simultaneously (Paper I, III). In synthesis studies that 

aggregate ebullitive and diffusive emission estimates on regional to global scales, bubbling contributes 

54–79% to ice-free emissions, with the remainder ascribed to turbulence-driven diffusion (Bastviken 

et al. 2011; Wik et al. 2016b; DelSontro et al. 2018a). The role of plant-mediated fluxes is highly 

uncertain, but they are likely already integrated in emission budgets by counting vegetated littoral 

zones of lakes as wetlands (Thornton et al. 2016), or by using methods that do not distinguish between 

emission pathways, such as floating chambers or the eddy covariance technique (Kankaala et al. 2003; 

Juutinen et al. 2003). Overturn fluxes in spring and autumn can contribute significantly to annual 

emissions. A recent synthesis review estimated that the spring efflux alone comprises, on average, 27% 

of annual CH4 emissions and 17% of annual CO2 emissions from northern lakes (Denfeld et al. 2018a). 

However, in small lakes with a long ice-cover season, the spring efflux contribution can exceed 50% for 

CH4 (Jammet et al., 2015; Paper I). Detailed, localized assessments are required to obtain a mechanistic 

understanding of each emission pathway and its response to ongoing environmental changes. 

3.3 Spatiotemporal variability of emissions 

Ecosystem-level carbon gas emissions are the result of complex, interacting processes of production, 

chemical interconversion, storage and emission described in the previous sections. To assess the role 

of a potential driver — e.g. temperature — or emission pathway — e.g. storage-release cycles — the 

spatiotemporal variability of the flux must be quantified and understood.  

Carbon gas emissions can be spatially heterogeneous even within small lakes (Natchimuthu et al. 2016, 

2017). Some patterns are tied directly to spatial gradients in microbial productivity. CH4 and CO2 fluxes 

are often found to be higher in the littoral zones at the shore, and lower in pelagic zones and near the 

centre of lakes, as microbial productivity in the shallows may benefit from more effective heat 

penetration and higher carbon quality associated with littoral aquatic vegetation (Keller and Stallard 

1994; Juutinen et al. 2003; Rudorff et al. 2011; Hofmann 2013; Soja et al. 2014). Gas conduits in the 

sediment can fuel localized ebullition hotspots (Walter Anthony and Anthony 2013). Previous work at 

the Stordalen field site indicates that spatial patterns of ebullition may change with season. While 

bubble CH4 fluxes tend to decrease with increasing water depth in summer (Wik et al., 2013; Paper I), 

no clear depth dependency has been observed for the density of ice-trapped bubbles in winter (Wik 

et al. 2011). Papers I and II provide a similar comparison for diffusion-limited fluxes and storage. 

Transport processes also drive spatial heterogeneity and act to dissociate production from emission 

rates. Examples include inputs of dissolved organic and inorganic carbon from streams (Lundin et al. 

2013; Campeau et al. 2014), groundwater (Kling et al. 1991; Paytan et al. 2015) and transport of carbon 

gas from warmer littoral zones (Encinas Fernández et al. 2016; DelSontro et al. 2018b). In stratified 

lakes wind-driven thermocline tilting can cause upwelling of hypolimnetic waters with a high dissolved 

gas content, resulting in elevated diffusive emissions on the lake’s upwind side (Shintani et al. 2010; 

Heiskanen et al. 2014; Natchimuthu et al. 2017). In larger lakes, gas transfer velocities can peak in the 

unsheltered centre (Schilder et al. 2013; Vachon and Prairie 2013).  
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Temporal patterns of lake emissions can be cyclical or episodic in nature. The close relation between 

ecosystem-level carbon fluxes and temperature results in a clear seasonal emission pattern in many 

northern lakes, with emissions peaking in July or August (e.g. Jammet et al., 2017). Diffusion-limited 

fluxes of CO2 and CH4 have been shown to vary on sub-daily timescales (Natchimuthu et al. 2016, 2017), 

as a result of a diel pattern in the kinetic drivers of gas exchange (Erkkilä et al. 2018), or in biogenic 

processes such as photosynthesis and respiration (Pace and Prairie 2005; Huotari et al. 2009) and 

associated aerobic methanotrophy (Ford et al. 2002; Oswald et al. 2015). Episodic emissions occur as 

a result of storage-and-release cycles. They can be instigated by erratic weather events, such as 

sediment bubble release triggered by passing low-pressure systems (Mattson and Likens 1990) or 

water column degassing on windy days (Paper II). Emissions also can occur at relatively predictable 

intervals, such as the release of stored gas during mixing induced by night-time cooling (Podgrajsek et 

al. 2015) or at the spring or autumn overturns (Encinas Fernández et al. 2014; Pöschke et al. 2015).  

The greatest variability in lake carbon fluxes can be found on large spatial scales and small temporal 

scales. Geographic, interlake variability of the daily mean CH4 flux spans approximately three orders of 

magnitude (Rasilo et al. 2015; Wik et al. 2016b). Half-hourly eddy covariance CO2 and CH4 fluxes in a 

single lake span a similar magnitude range, while daily mean EC fluxes vary about two orders of 

magnitude over the season (Erkkilä et al., 2018; Jammet et al., 2017; Paper III). The temporal variability 

of the meteorological and hydrodynamic drivers of the flux is greatest on smaller timescales (Baldocchi 

et al., 2001; Koebsch et al., 2015; MacIntyre et al., 2009; Paper II). In the following sections we outline 

how a better understanding of the variability of lake carbon emissions enables upscaling of localized 

studies, and what uncertainties remain.  

3.4 Emission proxies and models 

The full complexity of microbial, geochemical and physical drivers of lake carbon gas emissions cannot 

be completely resolved on ecosystem scales. Proxies and models are therefore used to estimate 

emissions on regional to global scales, and in predictive analyses.  

The simplest models are single-parameter proxies; variables that are closely correlated with the flux, 

such as water temperature (Gudasz et al. 2010; Wik et al. 2014), trophic state (West et al. 2016; 

Davidson et al. 2018), dissolved organic matter content (Algesten et al. 2005; Lapierre et al. 2013) or 

sediment carbon quality (Wik et al. 2018) and are often based on localized studies. Regional studies 

report flux relations with factors that integrate physical and biogeochemical drivers, such as lake size 

and depth (Bastviken et al. 2004; Juutinen et al. 2009; Rasilo et al. 2015; Holgerson and Raymond 

2016), sediment type and formation history (Michmerhuizen et al. 1996; Sepulveda-Jauregui et al. 

2015; Wik et al. 2016b) or ecoclimatic region (Marotta et al. 2014; Rinta et al. 2016; Aben et al. 2017). 

Storage of CH4 is qualitatively associated with anoxic hypolimnia in stratified lakes (Striegl and 

Michmerhuizen 1998; Martinez-Cruz et al. 2015; Deshpande et al. 2017). More complex models focus 

on specific processes, such as bubble formation and release (Langenegger et al. 2019) or turbulence-

driven diffusion (MacIntyre et al. 1995), and require a deeper understanding of driving mechanisms as 

well as high-resolution measurements for calibration and use. Process-based models combine 

different parameterizations into interacting modules – for example for sediment heat transfer, 

methane production and ebullition (Tan et al. 2015; Stepanenko et al. 2016).  

Functional relations of the flux help construct lake carbon emission budgets at broad geographic scales. 

In the traditional upscaling approach, averaged areal emission rates are categorized — by emission 

pathway, lake size, type or latitude — and multiplied by the total lake surface area (Cole et al. 2007; 
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Tranvik et al. 2009; Bastviken et al. 2011; Wik et al. 2016b). Novel approaches make use of the 

increasing availability of environmental data and rank lakes along a parameter continuum, using flux 

relations with lake water temperature, dissolved organic carbon (DOC) content and/or Chl α 

concentration to arrive at more precise emission estimates (Hastie et al. 2018; DelSontro et al. 2018a). 

Proxies can be combined in a process-based approach. For example, Weyhenmeyer et al. (2015) 

combined parametric functions for organic carbon degradation, burial and gas transfer with a 

publically available aquatic chemistry dataset to estimate the fraction of emitted CO2 derived from 

external carbon sources in over 5000 boreal lakes. Finally, proxies and models are increasingly used to 

make projections of northern lake emissions under different climate change scenarios (Thornton et al. 

2015; Tan and Zhuang 2015b; Hastie et al. 2018; Walter Anthony et al. 2018; Beaulieu et al. 2019). 

3.5 Uncertainties and limitations 

Upscaling and prediction efforts are limited by uncertainties and biases in localized measurements, 

which may propagate via extrapolation and proxies to large-scale emission budgets. 

First there are methodological concerns that are inherent to localized field studies. Because most lake 

flux studies focus on a single emission pathway or biogeochemical process, the relative importance of 

the different flux components remains poorly quantified (Bastviken et al. 2004). Short-term, intensive 

sampling campaigns are useful to compare methods (Schubert et al. 2012; Podgrajsek et al. 2014) or 

calibrate gas transfer models (Vachon et al. 2010), but cover only a limited range of meteorological 

conditions. Synthesis reviews have revealed that most northern lake flux studies have sampled only 

during the warmest three months of the ice-free season, when fluxes are highest (Bastviken et al., 

2011; Wik et al., 2016b; Paper III), and very few have included emissions from storage in autumn and 

spring (Denfeld et al. 2018a). For a lack of whole-year flux studies the magnitude of these biases is 

currently unknown. Similarly, few monitoring studies cover more than a few years, which means that 

the interannual variability of lake carbon gas emissions is not well-studied today. 

Second, environmental drivers of the flux differ between regions and across timescales, which makes 

extrapolation of localized results precarious. For example, methane production is temperature-

dependent and varies on seasonal timescales, whereas local weather governs the emission rate on 

shorter timescales through wind speed and turbulence (Koebsch et al., 2015; Paper II). Factors that 

modulate the temperature sensitivity of the flux, such as trophic state (DelSontro et al. 2016; Davidson 

et al. 2018; Sepulveda-Jauregui et al. 2018) and thermal stratification (Engle and Melack 2000; 

MacIntyre and Melack 2009) vary between lakes, which has resulted in a wide range of activation 

energies for CH4 fluxes from different field studies and mesocosm experiments (Wilkinson et al. 2019). 

Similarly, geographic differences in turbulent energy supply to lakes, varying, for example, with 

thermal regime or wind sheltering, have contributed to the diversity of gas transfer models (Dugan et 

al. 2016). Interaction between drivers further results in non-linear or threshold relations between 

carbon cycling processes and environmental covariates (Seekell et al., 2018; Paper II and III). This 

means that proxy relations found in one season or lake may not be readily applicable in another. 
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4. Methods 

4.1 Study site 

The work in this thesis is focused on three small lakes — Villasjön, Inre Harrsjön and Mellersta Harrsjön 

— located in the Stordalen  ire (68°21′ N, 19°02′ E, Table 1, Fig. 4), a palsa containing peatland 

underlain by discontinuous permafrost situated 10 km east of Abisko, northern Sweden (Sonesson et 

al. 1980). The annual mean air temperature at the Abisko Scientific Research Station is 0.34 °C, and the 

annual mean precipitation is 345 mm, of which approximately 32% falls as snow (1988–2018, SMHI, 

2019). Although the Mire is situated above the Arctic Circle, its climatology meets the Köppen-Geiger 

definition of the subarctic zone, with bioclimatic properties of both arctic tundra and boreal forest and 

long-term mean air temperatures exceeding 10 °C between 1–3 months of the year (Beck et al. 2018). 

In summer the Mire is supplied by rain and streams from Mt. Vuoskoåiveh (920 m a.s.l.) to the south, 

and drains into 332 km2 Lake Torneträsk to the north (Nilsson 2006). Villasjön is situated at a slight 

elevation (ca. 1 m) above the other lakes. It drains into Inre Harrsjön and into a stream flowing into 

Mellersta Harrsjön via fully thawed fens (Fig. 4). Inre and Mellersta Harrsjön are connected through a 

shallow waterway. Villasjön and Inre Harrsjön are partially spring-fed (Olefeldt and Roulet 2012).  

Figure 4. Map of the Stordalen Mire field site in northern Sweden. The purple-shaded area shows the ice-free 

season eddy covariance tower footprint at flux contribution intervals of 85%, 80%, 70%, 50% and 10%. Filled 

areas in the lakes signify water depth intervals (Wik et al., 2011). White arrows signify hydrological flow pathways 

on the Mire (Olefeldt and Roulet 2012). (Micro)meteorological masts (red triangles) are described in Table 2. 

Satellite imagery: ©Google, DigitalGlobe, 2017. Figure adapted from Paper I and II. 
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The Stordalen lakes are stable, structural features of the Mire, which formed after the deglaciation of 

the Torneträsk area in the early Holocene (Sonesson and Lundberg 1974). Glacial or post-glacial lakes 

represent the majority of water bodies in northern latitudes (Smith et al. 2007). Villasjön is underlain 

by granitic quartzite, and Inre and Mellersta Harrsjön by dolomite-rich schist (Lindström 1987). 

Sediment cores from Inre Harrsjön and Villasjön show that a thick (2–3 m) layer of carbon-rich gyttja 

has accumulated since organic sedimentation started approximately 2650–3400 years B.P. (Kokfelt et 

al. 2010). The C:N ratio of the top 40–70 cm of sediment organic matter matches that of the aquatic 

plants — Sparganium angustifolium, Myriophyllum alterniflorum and Potamogeton alpinus are 

dominant species — and autochthonous carbon could be the primary substrate fuelling lake CH4 

emissions (Wik et al. 2018). Terrestrial DOC enters the lakes with groundwater during periods of 

intense rainfall and snowmelt (Olefeldt and Roulet 2012) or via the fens or stream (Lundin et al. 2013). 

The annual mean air temperature in the Abisko region has risen from −0.9°C in 19   to  0.6°C in 2006 

(Callaghan et al. 2010), resulting in accelerated permafrost thaw (Johansson et al. 2006) as well as a 

shorter ice-cover period on Lake Torneträsk (Weyhenmeyer et al. 2005). On the Mire, these climatic 

changes have led to a shift in relative habitat abundance, with dry raised palsas collapsing into wet 

bogs and fens (Christensen et al. 2004), resulting in increased emissions of CH4 to the atmosphere 

(Johansson et al. 2006; McCalley et al. 2014). Although a longer growing season has led to higher CO2 

uptake on the Mire (Malmer et al. 2005), this terrestrial carbon sink may already be offset by emissions 

from the lakes and streams in the catchment (Lundin et al. 2016). Moreover, the ice-free lake CH4 flux 

is expected to increase as benthic temperatures continue to rise (Thornton et al. 2015). 

Table 1. Size and physical properties of the lakes (mean ± SD). Temperatures represent ice-free season means 
(2009–2018). Specific conductance and pH were measured in summer 2017 (n = 323).  

Lake 
Area 
(ha) 

% littoral 
[0-1 m] 

Mean/max. 
depth (m) 

Surface 
temp. (°C) 

Sediment 
temp. (°C) 

Spec. cond. 
(µS cm−1) 

pH 

Villasjön 17.0 100% 0.7 / 1.3 9.8 ± 5.5 9.9 ± 5.1 28.1 ± 2.1 7.1 ± 0.2 
Inre Harrsjön 2.3 23% 2.0 / 5.2 10.1 ± 5.2 9.6 ± 4.3 56.9 ± 3.6 7.3 ± 0.2 
Mellersta Harrsjön 1.1 46% 1.9 / 6.7 9.2 ± 4.9 8.4 ± 3.8 48.2 ± 7.1 6.9 ± 0.2 

 

4.2 Manual measurements of ebullition, diffusion and storage 

In order to quantify annual lake CH4 and CO2 emissions and identify seasonal driving processes we 

utilize a unique and comprehensive long-term monitoring program that aims to include all major 

components of the flux: turbulence-driven diffusion, ebullition and emissions from storage. 

Between June and September, 10–17 bubble traps were deployed in each lake across depth zones and 

sampled every 1–3 days to measure CH4 ebullition (2009–2017, n = 14677) (Wik et al. 2013). Also 2–4 

floating chamber pairs, one of each equipped with a plastic shield to prevent bubbles from entering, 

were deployed every 1–2 weeks and sampled 2–4 times over 24 hours (2010–2017, n = 1306) to obtain 

the turbulence-driven diffusive CH4 flux. The 24 hour deployment period was chosen to integrate diel 

flux patterns, and fluxes were corrected for gas accumulation in the chamber headspace, which 

decreases the air-water concentration difference and reduces the flux (Bastviken et al. 2004). Fig. 4 

shows the sampling locations and Fig. 5 the device schematics. The monitoring program captured the 

spatial and temporal variability of both emission pathways (Wik et al. 2016a). Water sample profiles 

were collected at different depth zones in each lake, every 1–2 weeks between June and September 

(2009–2017, n = 1593) and monthly during parts of the ice-cover seasons (2009, 2015–2018, n = 279). 
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Figure 5. Design of the floating chamber pairs used to measure diffusion-limited emissions (left) and inverted 

funnel bubble traps (right). Both devices were secured to floaters via 1–1.5 m lines, as shown in the left 

schematic, which in turn were attached to anchors. This design allowed for free roaming, and minimized artificial 

turbulence as well as anchor dragging, which could disturb the sediment. Drawings by N. Jansen. 

Samples were processed at the Swedish Polar Research Secretariat’s Abisko Scientific Research Station 

(ANS), about 10 kilometres from the Stordalen Mire, usually within 24 hours of collection. Sample CH4 

and CO2 contents were measured on a Shimadzu GC-2014 gas chromatograph (GC) with a flame 

ionization detector (FID) (2009–2018), and a LI-COR 6262 infrared gas analyser (IRGA) (2015–2018), 

respectively, using N2 >5.0 as a carrier gas (Air Liquide). The GC-FID was equipped with a 2.0 m long, 3 

mm ID stainless steel column packed with 80/100 mesh HayeSep Q. 10 calibration standard 

measurements were made before and after each GC run; 2.059 ppm CH4 in N2 (Air Liquide) for 

headspace samples and 2010 ppm CH4 in N2 (AGA) for bubble gas. After removing the highest and 

lowest value, standard deviations were generally less than 0.25%. Triplicate injections of a range of 

volumes of a 2000 ppm CO2 in N2 standard (Air Liquide) served to create a calibration curve for CO2 

measurements. A subset of water samples was acidified to pH < 2 with a 30% wt. phosphoric acid 

solution and analysed for CO2 to obtain the DIC content. In 2016–2018, pH and specific conductivity of 

the water samples were measured with Mettler Toledo S220 and S230 sensors, respectively, which 

were calibrated prior to measuring each batch.  

Lake carbon gas storage was computed from concentrations at 1 m depth intervals weighted by the 

water volume of each respective layer, corrected for ice thickness. Potential spring emissions were 

inferred from the difference in CH4 and DIC storage before and after ice-out. The term ‘potential’ 

reflects uncertainty about the fraction of carbon gas in the water column that ultimately reaches the 

atmosphere: some may be removed by biological processes or horizontal advection. From these 

storage and flux observations total (seasonal and annual) emissions could be estimated. 
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4.3 Eddy covariance observations 

Eddy covariance (EC) is a technique that uses high-frequency observations of a scalar quantity (heat, 

atmospheric trace gas concentrations) and wind speed to compute transport from the surface by 

turbulent motions in the air (eddies) (Aubinet et al. 2012). It allows for direct and continuous 

monitoring of the flux within the tower’s footprint - the upwind area that the instruments register, the 

size of which depends on the measurement height, surface roughness and atmospheric stability (Kljun 

et al. 2004). Despite limited spatial coverage EC observations complement manual measurements, 

which have a low temporal resolution (hours-days) and are impractical or unsafe during the cold 

season. At the Stordalen field site the EC technique has been leveraged to quantify the spring efflux 

and assess the flux variability and patterns on short timescales (Jammet et al., 2015, 2017; Paper I).  

Figure 6. The eddy covariance tower at the western shore of Villasjön. Visible are the sonic anemometer (a), tube 

inlet to the CH4/CO2/H2O laser spectrometer (b) and radiation shield housing the temperature and humidity 

sensors (c). Data from the LICOR Li7500a CO2/H2O analyser (d) was not used in this study. Boxes at the bottom 

left contain the data logger and batteries. Photograph taken on 6 July 2017 by the author. 

In general terms, a flux is computed from the covariance of the scalar (s) and the vertical wind speed 

(w), and air density (ρa):  

 𝐹 ≈  𝜌𝑎𝑤′𝑠′ [5] 

where ‘ signifies a deviation from the mean, and the overbars denote averaged values. This formulation 

is derived from Reynolds decomposition (into mean and fluctuating parts) of the continuity equations 

of mass and energy within a control volume in the atmospheric boundary layer, and requires three 

major assumptions: air density fluctuations are negligible (the Boussinesq approximation), the terrain 

is flat and uniform (horizontal homogeneity, horizontal gradients nullify), and mean values are 

constant over the integration period (steady state conditions, time derivatives nullify) (Foken et al. 

d 

a 

b 

c 



29 
 

2012). This last assumption implies that turbulent motions are the main form of transport, and that 

there is no horizontal advection from outside the control volume. To increase the likelihood that these 

assumptions are met, the site and flux averaging period must be carefully chosen and the appropriate 

filters, statistical tests and spectral corrections applied when processing the data (Foken and Wichura 

1996; Foken et al. 2004).  

CH4 fluxes were measured year-round, at half-hourly resolution with an eddy covariance system on 

the western shore of Villasjön (Fig. 6). The setup has been described in detail in Jammet et al. (2015, 

2017). In brief, it consists of a 2.92 m tall tower with a Gill R3-50 sonic anemometer and a 6 mm ID PE 

(2012–2015) / 10 mm ID Synflex® (2015–2018) tube inlet connected to a closed path Cavity Ringdown 

Spectrometer (Los Gatos Research). Instrument data streams were sampled at 10 Hz and stored on a 

CR3000 datalogger (Campbell Scientific). The tower footprint (computed with the method of Kljun et 

al. (2015)) naturally separated into lake and fen fetches due to the bimodal wind direction in the 

Torneträsk valley. Raw data processing, flux calculations and spectral corrections were done in EddyPro 

version 6.2 (LI-COR) following procedures and criteria described in Jammet et al. (2017) and in the 

supplementary information of Paper I. A non-linear parameterization based on the surface sediment 

temperature filled the gaps in the time series of daily mean ice-free CH4 fluxes. The spring CH4 fluxes 

were interpolated with a linear function. Gap-filling allowed for a direct comparison between the 

integrated EC flux and the sum of each manually measured emission pathway. 

4.4 Environmental variables 

Meteorological parameters were measured to identify functional relations between lake fluxes and 

environmental variables, and to inform the gas transfer model. Measurements were conducted at four 

locations on the Mire at various intervals during the project (2009–2018) (Table 2). Variables were 

averaged at half-hourly measurement intervals. To enable comparison with published wind-k 

relationships, the wind speed was extrapolated to a measurement height of 10 m following Smith 

(1988), assuming a neutrally stratified atmospheric boundary layer. 

Table 2. Location and instrumentation of meteorological observations on the Stordalen Mire, 2009–2018. The 

period reflects the subset of the measurement time series used in this thesis. In the anemometer column the 

instrument height is given in parentheses. Table adapted from Paper II. 

Identifier Period Location Wind (z) Air temp. and humidity Radiation Ref. 

Palsa tower 2009-11 68°21'19.68"N 

19° 2'52.44"E 

C-SAT 3 (2 m) 

Campbell Sci. 

HMP-45C 

Campbell Scientific 

CNR-1 

Kipp & Zonen 

Olefeldt et 

al., 2012 

Villasjön 

shore tower 

2012-18 68°21'14.58"N 

19° 3'1.07"E 

R3-50 (2.9 m) 

Gill 

MP100a, Rotronic (<2015) 

HMP155, Vaisala (>2015) 

REBS Q7.1 

Campbell Sci. 

Jammet et 

al., 2015 

InterAct 

Lake tower 

2012-18 68°21'16.22"N 

19° 3'14.98"E 

uSonic 3 Sci. (2 m) 

Metek 

CS215 

Campbell Scientific 

CNR-4 

Kipp & Zonen 

x 

ICOS site 2013-18 68°21'20.59"N 

19° 2'42.08"E 

Weatherhawk 500 (4 m) 

Campbell Scientific 

x 

 

Sensors deployed on mooring lines in the centre (Villasjön) and deepest point (Inre and Mellersta 

Harrsjön) of the lakes measured temperature (HOBO Water Temp Pro v2, Onset Computer), 

conductivity (HOBO U24, Onset Computer), water pressure (HOBO U20, Onset Computer) and the 

dissolved oxygen (DO) content (MiniDOT, PME Systems). The temperature sensors were mounted at 

0.1, 0.3, 0.5, 1.0 m (all three lakes), at 3.0, 5.0 (Inre Harrsjön and Mellersta Harrsjön) and 6.7 m depth 

(Mellersta Harrsjön) (2009–2018). The bottom sensors were buried with the anchor in the sediment. 
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The lake mean surface sediment temperature — a quantity used as a proxy parameter throughout this 

thesis — was computed by weighting each sensor‘s temperature with the relative sediment surface 

area represented by their depth. In Villasjön the surface sediment temperature was represented by 

the lowermost sensor. On separate mooring lines at the deep holes of Inre and Mellersta Harrsjön, DO, 

water pressure and conductivity sensors were deployed at 0.5 m from the sediment surface and at 

1.5–2.0 m from the water surface (2015–2018). The temperature probes logged every 5 minutes in 

summer and 15 minutes in winter. The other sensors logged at 10-minute intervals. At the ICOS and 

InterAct sites, snowmelt was measured with a SR-50 ultrasonic distance sensor (Campbell Scientific) 

and tracked visually with an automated camera at the ICOS site (NetCamSC, StarDot Technologies) 

taking photographs at 30 minute intervals. Peat temperature was measured with T107 sensors 

(Campbell Scientific) at the Villasjön lake tower. Paper I provides a working definition of the ice-cover 

and ice-free periods based on meteorological observations. 

4.5 Gas transfer model 

In this work, a two-layer gas transfer model (Liss and Slater, 1974; Eq. 4) is used to estimate ice-free 

turbulence-driven CH4 and CO2 fluxes. The first component of the model — the gas transfer velocity k 

— is computed with a surface renewal model (Lamont and Scott 1970), which is one of the most 

successful approaches linking gas exchange to near-surface turbulence (MacIntyre et al. 1995). Here, 

k is a function of turbulence energized by wind shear and convective motions induced by surface 

cooling. The two components are computed separately from half-hourly observations of wind speed, 

air and water temperature, and irradiance (Tedford et al. 2014). A major advantage of this modelling 

approach is that it disentangles the main drivers of gas exchange and resolves diel variations of the gas 

transfer velocity which the 24 hour chamber observations cannot capture. The second component of 

the gas transfer model (Eq. 4) — the water-air concentration difference — was computed from gas 

concentration measurements in surface water samples (CH4: 2009–2017, n = 606, CO2: 2015–2017, n 

= 351) collected at shallow and deeper parts of the lakes (Section 4.2, Fig. 4). Independent estimates 

of k from chamber observations (Bastviken et al. 2004) served to calibrate the model.  

4.6 Stable isotope analysis 

Stable isotopes are widely used as a tracer to estimate biogeochemical conversion rates and identify 

substrates and processes (Hoefs 2015). The low natural abundance of many isotopes makes it difficult 

to measure isotopologue concentrations (e.g. 13CH4) directly. Mass spectrometers therefore report the 

isotope ratio R, defined as a number ratio of the heavy over the light isotope of a chemical element, 

for example 13C/12C or 2H/1H. To ensure comparability of results from different laboratories, isotopic 

compositions are generally reported as a relative difference of isotope ratios between the sample and 

an international standard with a predetermined value: 

 
𝛿 =

𝑅𝑆𝑀𝑃𝐿 − 𝑅𝑆𝑇𝐷

𝑅𝑆𝑇𝐷
=  

𝑅𝑆𝑀𝑃𝐿

𝑅𝑆𝑇𝐷
− 1 [6] 

δ values are a dimensionless fraction and are often expressed in per mill (i.e. δ13CSMPL/STD = −28‰). The 

macroscopic isotopic composition of a substance (e.g. atmospheric CH4) is called the ‘isotopic 

signature’ (Coplen 2011). The original international standards used in the reporting of isotope values 

are often exhausted, and materials that replaced them remain finite and expensive. Therefore, 

precalibrated lab standards are employed for regular use, both to save valuable reference material, 

and to allow for multiple-point calibrations that bracket the isotopic composition of the samples.  
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Lighter isotopes diffuse and react more rapidly than heavier isotopes, and their lower bond strength 

allows for a higher energy yield in metabolic reactions (Whiticar 1999). This kinetic isotope effect scales 

with relative mass difference, and isotopic fractionation is therefore greater for 2H/1H than for 13C/12C 

(Whiticar et al. 1986; Alperin et al. 1988). The isotopic fractionation factor expresses the degree of 

redistribution of isotopes between substances by a discriminating process, such as 13C of CH4 and CO2 

in microbial CH4 oxidation. It is used to identify signatures of biogeochemical processes. For example, 

acetoclastic and hydrogenotrophic methanogenesis each have distinct fractionation factors, and the 

production processes can be distinguished by their CH4 isotopic signature if the precursor composition 

is known (e.g. organic matter δ13C = −28‰), and if no further chemical conversion has taken place 

(Whiticar 1999; Conrad 2005). CH4 isotopic signatures have been used to help identify dominant 

microbial communities in habitats with different CH4 fluxes (McCalley et al. 2014) and to disentangle 

global CH4 sources with inverse modelling techniques (Nisbet et al. 2016). 

In Paper I, stable isotopes of CH4 are used to identify seasonal changes in methanogenic pathways, and 

to quantify the fraction of stored CH4 subject to microbial oxidation (Bastviken et al. 2002). Stable 

isotope analysis of CH4 in sediment gas bubble samples (n = 52, δ13C, δ2H) and on a subset of water 

headspace samples (n = 25 , δ13C) provided signatures unaffected and affected by oxidation, 

respectively. Stable isotope ratios were obtained with a GC Isotope Ratio Mass Spectrometer (GC-

DeltaV plus, Thermo Fisher Scientific) equipped with a preconcentration unit (PreCon, Thermo Fisher 

Scientific) for low-concentration samples. In order to correct for the effect of the isotopic composition 

of the water precursor on that of produced CH4 (Chanton et al. 2006) the stable isotopologues of lake 

water (n = 34, δ2H) were measured via Off-Axis Integrated Cavity Output Spectroscopy (Liquid Water 

Isotope Analyzer, Picarro). The isotope analyses were performed at the Stable Isotope Lab at 

Stockholm University, Sweden. 
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5. Results 

5.1 The magnitude and relative importance of key emission pathways 

In the Stordalen lakes the majority of carbon gas emissions by mass was in the form of turbulence-

driven diffusion of CO2 – 142.9 g C m−2 yr−1 (data collected over 2015–2018). Annual CH4 emissions 

were 4.5 g C m−2 yr−1 (data collected over 2009–2018) or 152.2 g C m−2 yr−1 in CO2 equivalents, assuming 

CH4 has 34 times the global warming potential of CO2 over a 100 year timescale (Myhre et al. 2013). 

Ice-free surface water concentrations of CH4 averaged 0.8 ± 0.4 µM (mean ± SD, n = 27 lake-years) and 

of CO2 73.7 ± 35.5 µM (mean ± SD, n = 9). Bubble fluxes (17.9 ± 11.0 mg CH4 m−2 d−1, mean ± SD, n = 26 

lake-years) and diffusive emissions (6.9 ± 2.1 mg CH4 m−2 d−1, n = 24) were at the lower end of the range 

estimated for northern, postglacial lakes sized 0.01–0.1 km2 (1–100 mg CH4 m−2 d−1) (Wik et al. 2016b).  

There are very few studies that have done both extensive summer (Paper I and II) and winter sampling 

(Paper I), and are able to assess the importance each emission pathway to annual emissions. The 

unique Stordalen lake flux dataset reveals that ice-free CH4 emissions were generally dominated by 

the bubble flux, which contributed 68% on average (Table 3). Bubbling prevailed in shallow Villasjön 

and the littoral areas of deeper Inre and Mellersta Harrsjön (Paper I). The fraction of the ice-free flux 

accounted for by ebullition was greatest in Villasjön, the lake with the highest CH4 emissions. Excess 

methane produced in the gas-saturated sediment would quickly enter the gas phase and directly drive 

bubble emissions (Martens et al. 1998). Conversely, the ice-free contribution of the turbulence-driven 

diffusive CH4 flux was greater in the deeper lakes (Table 3). CO2 concentrations in Mellersta Harrsjön 

and the stream feeding the lake were a factor 2–3 higher than in the other two lakes. This highlights 

the important contribution of stream carbon inputs to lake emissions (Lundin et al. 2013). 

Figure 7. Seasonal evolution of the CH4 flux and surface sediment temperature in Villasjön. Multiyear data was 

averaged in 7-day bins. Black circles represent manually measured emission pathways of ebullition (n = 14677) 

and turbulence-driven diffusion (n = 1306). Green diamonds represent binned means of non-gap-filled half-

hourly eddy covariance observations (n = 20671). A temperature function (Eq. 1) fitted to ice-free season eddy 

covariance fluxes is shown in yellow. Error bars represent 95% confidence intervals of the binned means.  
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Spring emissions contributed significantly to annual emissions in all three lakes (Table 3, Fig. 7). Up to 

71% of annual CH4 emissions occurred in spring, and up to 33% of annual CO2 emissions. Winter storage 

of carbon gas, and by extension potential release in spring, was largest in the deeper lakes, contrary 

to the summer emission pattern. Stable isotopes show that 4–36% of stored CH4 was oxidized during 

spring mixing, with the lower estimate representing emissions occurring immediately at ice-off. This 

implies that storage quantity can be a good indicator of the actual spring efflux in lakes that mix rapidly 

and completely after ice-out. Release of bubbles trapped in lake ice may have further increased the 

spring contribution to the annual CH4 flux (Walter Anthony et al. 2010), but how much they emit 

exactly remains highly uncertain in the Stordalen lakes (Wik et al. 2011). All three lakes mixed 

frequently throughout the year, which prevented substantial carbon gas accumulation and emissions 

from storage during the ice-free season (Paper II).  

Table 3. Total annual emissions of CH4 and CO2 and the relative annual contributions of each emission pathway. 

Estimates are multiyear means, with ranges of individual years given in parentheses. The contribution of the 

spring efflux was computed as a percentage of the total flu  that includes the ice‐free season of the previous 

year. Eddy covariance observations were used to compute the spring efflux contribution in Villasjön. Table 

adapted from Paper I. 

 Villasjön Inre Harrsjön Mellersta Harrsjön 

CH4 annual flux (g C m−2 yr−1) 5.0 (3.4–8.0) 3.7 (2.0–4.8) 4.9 (3.4–7.6) 

    % Diffusion (ice-free)     13 % (7–16)     21 % (18–27)     20 % (15–26) 

    % Ebullition (ice-free)     62 % (59–68)     20 % (14–23)     40 % (33–44) 

    % Storage (spring efflux)     25 % (6–54)     59 % (46–71)     40 % (20–67) 

CO2 annual flux (g C m−2 yr−1) 78.0 (63.8–102.0) 89.5 (71.4–108.6)  261.3 (217.8–290.7) 

    % Diffusion (ice-free)     85 % (78–94)     70 % (67–73)     82 % (73–88) 

    % Storage (spring efflux)     15 % (6–22)     30 % (27–33)     18 % (12–27) 

 

5.2 Ice-free carbon gas emissions are governed by thermal and kinetic energy input 

Surface sediment temperature explained most of the variability of the ice-free CH4 fluxes (R2 = 0.93–

0.98 on log-linear flux-temperature plots, p < 0.001) (Fig. 8a). Both ice-free CH4 emission pathways 

fitted the Arrhenius function (paper I), but the temperature sensitivity of the ebullitive flux (Ea’ = 1.4 

eV) was higher than that of diffusion-limited exchange (Ea’ = 1.0 eV) and of surface concentrations (Ea’ 

= 1.1 eV) (Paper III). For diffusive surface emissions, temperature-driven changes in the sediment flux 

may be buffered by stratification, water column storage or microbial oxidation. Eddy covariance 

observations at Villasjön, which integrated both emission pathways, showed an intermediate 

temperature sensitivity of the CH4 flux (Ea’ = 1.2 eV, June–September) (Paper I). Below a threshold 

temperature of 6 °C, fluxes were lower than predicted by the Arrhenius function (Paper III), possibly 

as a result of microbial community shifts (7 °C, Tveit et al., 2015). The temperature dependence 

resulted in a clear rise and fall of emissions from early summer to autumn (Fig. 7). Ebullition was lower 

in early summer and higher in autumn within the same temperature range (seasonal temperature 

hysteresis), which could be due to thermal inertia of the sediments (Paper III). Cumulative shortwave 

radiation explained most of the interannual variability of ice-free CH4 emissions (8–9 ice-free seasons, 

R2 = 0.66–0.72, p ≤ 0.01) (Paper III) (Fig. 8b). The CO2 flux showed a weaker and linear temperature 

dependency (R2 = 0.22–0.89 on linear flux-temperature plots, p ≤ 0.1 ) (Paper I).  
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Figure 8. Thermodynamic (a,b) and kinetic (c,d) drivers of the CH4 flux. Panels a and b have been adapted from 

Paper III, and panel c from Paper II. Panel d is a novel rendition of the bubble flux data in Paper I and III. 

Kinetic drivers of bubble release in the Stordalen lakes include atmospheric pressure drops (Wik et al. 

2013) and possibly wind-induced bottom shear (Fig. 8d). Diffusion-limited gas transfer depended on 

both thermal and kinetic controls; convection induced by surface cooling and wind-driven turbulence 

(Paper II). Combining observations from floating chambers, water samples and the surface renewal 

model disentangled these temperature- and wind-dependent drivers. Thermal convection contributed 

about 8% to the gas transfer velocity. This is an important result, because several widely used wind-k 

relations are in part based on observations from temperate lakes with large surface heat fluxes, and 

have an offset at 0 wind speed to account for convective mixing (e.g. Cole and Caraco, 1998; Vachon 

and Prairie, 2013). Such models may not be representative of lakes in arctic or boreal regions with 

smaller heat fluxes (e.g. Crusius and Wanninkhof, 2003). Here, diffusive CH4 fluxes increased with 

increasing wind speed due to strong dependency of k on wind shear (Paper II) (Fig. 8c). However, 

surface CH4 concentrations decreased with increasing wind speed due to degassing of the water 

column. At a threshold wind speed (U10 ≥ 6.5 m s−1) emissions rapidly dropped. This tipping point could 

be facilitated by microbubble formation, but this hypothesis remains to be tested. Degassing feedbacks 

are currently unaccounted for in lake flux studies, but could be important in the vast majority of lakes, 

which are small and shallow (zmean = 2.6 m, Cael et al., 2017) and have a low storage capacity. 



35 
 

5.3 Winter CH4 accumulation rates exceed summer emission rates 

The rate of CH4 accumulation in the anoxic waters under ice (30 mg m−2 d−1) was much higher that what 

we would expect based on the Arrhenius-type temperature relation of the ice-free flux, and was similar 

to summer CH4 emission rates (25 mg m−2 d−1). Explanatory hypotheses explored in paper I include 

methanogenesis in the anoxic water column, enhanced productivity due to an influx of fresh organic 

carbon from senescing aquatic plants in autumn, and thermal inertia of the sediments sustaining 

methanogenesis in winter. Contrarily, the rate of CO2 accumulation under ice (428 mg m−2 d−1) was 

much lower than the ice-free CO2 flux (2920 mg m−2 d−1) in accordance with lower winter temperatures.  

 

Figure 9. Multi-year lake carbon gas emission budget. Total fluxes of CH4 (top panel) and CO2 (bottom panel) to 

the atmosphere during the ice-free season (left) and at ice-out (right). Fluxes were weighted by depth zone 

surface area to compute mean emission rates across the whole lake (w), and separately in littoral (l, ≤2 m water 

depth) and pelagic (p, >2 m water depth) zones of the two deeper lakes (shown in the schematic to the left). 

Horizontally striped bars represent eddy covariance fluxes (from Villasjön only). Error bars are standard errors of 

the multi-year means. Figure adapted from Paper I.  

Remarkably, spatial patterns appeared to be reversed between summer and winter (Fig. 9). Winter 

accumulation of carbon gas was most pronounced in the pelagic centre of the deeper lakes, where in 

summer the lowest CH4 surface concentrations (Paper II) and minimal ebullition rates (Paper I) are 

observed. Littoral areas of Inre and Mellersta Harrsjön, and the lake with the highest CH4 emission 

rates in summer (Villasjön) accumulated the least amount of carbon gas in winter.  

5.4 Carbon gas accumulation controlled by redox regime and density-driven circulation 

The quantity of under-ice carbon gas increased predictably with the ice-cover season length, and more 

gas accumulated in the deeper lakes in years with longer winters. In Paper I, redox controls on carbon 

gas accumulation are inferred from a range of under-ice observations. First, while CO2 started 

accumulating immediately after ice-on, stable isotopes show that CH4 was rapidly consumed until 

anoxia set in (Fig. 10c,d). CH4 buildup then tracked the oxycline from the sediment upwards. Second, 

a mass balance computation revealed that the respiratory quotient, the molar ratio of DO consumed 

versus DIC produced, was between 3.3 and 4.0. A value of 0.9–1.2 would be expected for ecosystem-
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scale aerobic respiration (Rich 1979; Berggren et al. 2012) and is used in geochemical models of under-

ice CO2 production (Finlay et al. 2015). Third, hanging bottle incubations of anoxic lake water under ice 

showed a decrease in CH4 and an increase in DIC concentrations. Finally, when sampling the anoxic 

bottom layer (≤  m depth) we noticed a strong odour of hydrogen sulfide. These results hint at a key 

role for alternative electron acceptors, such as sulfate, in the anoxic waters under ice: the respiratory 

quotient implies that 70–75% of DIC could be produced anaerobically. Anaerobic methanotrophy is 

known to occur in lakes (Panganiban et al. 1979; Martinez-Cruz et al. 2017) but is negligible here, as 

evidenced by the gradual isotopic depletion of CH4 over the course of the ice-cover period (Fig. 10e). 

In limnology, anaerobic processes are often discussed within the context of permanently anoxic 

sediments (Wetzel 2001; Karlsson et al. 2008; Sobek et al. 2017). Could the anoxic water column in 

winter transform into a similarly productive zone? The in situ incubations did not yield evidence of 

water column methanogenesis, which implies that processes driving the high CH4 accumulation rates 

under ice were sediment-bound. Indeed, significantly lower water column than sediment 

methanogenesis rates have been observed elsewhere, in permanently stratified lakes (Winfrey and 

Zeikus 1979; Wand et al. 2006). Here, methane accumulation in the pelagic zone (Fig. 9, 10c) could be 

driven by gravity currents (Paper I). Sediment transfer of heat (Terzhevik et al. 2009; Pulkkanen and 

Salonen 2013) and solutes (Mortimer and Mackereth 1958), generates downslope flows that transfer 

water rich in carbon gas to the lakes’ deepest points. Compensatory upwelling at the centre of the lake 

is visible as a rising of the pycnoclines (MacIntyre et al. 2018a) (Fig. 1, 10b). This slow circulation could 

drive larger spring emissions from deeper lakes by advecting CH4 away from the photosynthetically 

oxygenated ice-water interface (Bertilsson et al. 2013) where it would be removed by aerobic 

methanotrophs (Martinez-Cruz et al. 2015; Ricão Canelhas et al. 2016). 
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Figure 10. Multiyear time series (2015–2018) of snow depth (black line), peat temperature at 25 cm depth (purple 

line) and air temperature (blue area) at the Stordalen Mire (a), and water density computed from temperature 

and specific conductivity measurements (Paper II) (b), CH4 concentration profiles (c) and dissolved oxygen 

saturation (d) at the deep points of I. Harrsjön and M. Harrsjön. Panel (e) shows CH4 stable isotopes in the same 

lakes. Under-ice upwelling velocities at each lake’s deepest point (white labels in panel b) were computed from 

pycnocline rising rates. Dots in panel c mark water samples. Squares in panel e (bottom left) show the isotopic 

composition of CH4 in bubbles. Light and dark grey areas mark ice-cover and snowmelt periods, respectively. 

5.5 Interannual variability of the spring efflux and snowmelt events 

Eddy covariance measurements indicated a large year-to-year variability of the spring CH4 efflux at 

Villasjön (0.3–3.3 g CH4 m−2 yr−1, 2012–2018). Spring emissions tended to be low after winters with 

multiple snowmelt events, and high after winters with few such events. Meltwater intrusion can both 

move and dilute lake water, and significantly change the solute content of the lake (Cortés et al. 2017). 

The Stordalen lakes are hydrologically connected to the Mire via fens (Olefeldt and Roulet 2012) which 

remain thawed under an insulating snow cover (purple line in Fig. 10a). Paper I describes how full 

reoxygenation of Mellersta Harrsjön occurred below the ice after the stream feeding the lake thawed 

out (2016, Fig. 10d). More work is needed to assess the fate of the carbon gas advected via meltwater 

flows. 
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5.6 Kinetic and thermodynamic drivers of the flux act on distinct timescales 

The temporal variability of ecosystem carbon gas exchange is strongly coupled to that of its 

environmental covariates (Koebsch et al. 2015; Pappas et al. 2017). For example, the CH4 fluxes in the 

Stordalen lakes clearly track the seasonal evolution of the water temperature (Fig. 7). It can be difficult 

to obtain a mechanistic understanding of the underlying physical and biogeochemical processes, 

because they respond in concert to environmental perturbations (Baldocchi et al. 2001). For example, 

Figure 8 shows how the ice-free CH4 flux fluctuates with thermal energy input, and simultaneously 

responds to changes in wind speed. Modulating factors, such as stratification, introduce time lags 

between production and emission that can make statistical inference more challenging. However, 

different flux-driver relationships emerge from measurements at different resolution, either because 

drivers themselves exhibit divergent periodicities, or because the ecosystem-level flux response is non-

linear or hysteretic (dependent on history) (Updegraff et al. 1998). These timescale dependencies can 

be utilized to examine which proxy relations can resolve the flux variability on short and long 

timescales associated with changes in weather and climate. 

Figure 11. Normalized spectral density of whole-year near-continuous time series of air temperature (Tair), 

surface sediment temperature (Inre Harrsjön) (Tsed) and wind speed at 10 m (U10). Figure adapted from Paper II. 

In Paper II we leverage stochastic tools — mathematical transformations expressing properties of 

(semi-) random processes — to evaluate the timescale dependence of flux-driver relations. One such 

tool, Fourier analysis, deconstructs a time series into component wave functions with distinct 

frequencies. Dominant periodicities are easily identified in a spectral density plot. Here it is applied to 

the continuous measurements of wind speed and temperature (Fig. 11). The temperature power 

spectra peaked at 1 day and 1 year, corresponding to the diel and annual cycles of insolation (Baldocchi 

et al. 2001), but the diel signal of the surface sediment temperature was dampened. For U10, a diel 

peak was associated with land and lake breezes common in the Torneträsk valley (Holmgren and Tjus 

1996) and the broad peak between 1–7 days corresponds to synoptic-scale weather variability, such 

as the passage of fronts (MacIntyre et al. 2009). The spectral density plot suggests that wind forcing is 

associated with flux variability at timescales < 1 month, while thermal energy input governs emissions 

on longer timescales, including interannual variability (Paper III). In shallow lakes that mix frequently, 

such as those studied here, slow, temperature-driven changes in sediment methanogenesis rates are 

not buffered by storage in the water column due to the short residence time of CH4 (1–3 days) (Paper 

II). This dynamic may explain the robust Arrhenius-type relation of the diffusive CH4 flux (Fig. 8a). 
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5.7 Comparison between measurement, model and proxy based estimates of the flux 

In this section the different flux estimation methods employed in Papers I-III are briefly compared.  

In Villasjön the sum total of both CH4 emission pathways (5.0 ± 0.4 g CH4 m−2 yr−1, 2010–2017 mean ± 

SE) closely matched the gap-filled eddy covariance flux (4.9 ± 0.4 g CH4 m−2 yr−1, 2012–2017 mean ± 

SE). To an extent this is the result of an effective gap-filling function based on the EC flux relation with 

surface sediment temperature. Even so, a comparison with bubble trap measurements shows that 

bubbling events — integrated over the 1–2 days between the sampling of traps — were also resolved 

in the non-gap-filled eddy covariance time series (Fig. 12). With the common EC averaging interval 

applied here (30 minutes), shorter bubble bursts may not have been resolved (Schaller et al. 2019). 

However, this did not result in a systematic bias in our seasonal emission estimates (Fig. 9, see also 

Göckede et al., 2019). The Villasjön EC dataset is available for future studies that harness methods with 

variable integration times, such as ogive optimization (Sievers et al. 2015) or wavelet techniques 

(Schaller et al. 2017), to look in detail at the short-term variability of CH4 ebullition. 

 

Figure 12. Time series of various flux estimation methods used in Villasjön: eddy covariance (green diamonds), 

bubble traps (black line), floating chambers (black circles) and a temperature proxy (Eq. 1) fitted to eddy 

covariance fluxes (2012–2018, 1 June to 30 September) (yellow line). Bubbling events were associated with drops 

in atmospheric pressure (orange line). Small and large diamonds represent half-hourly and daily mean EC fluxes, 

respectively. Half-hourly surface sediment temperatures served as input data for the temperature proxy. 

Diffusive fluxes computed with the calibrated gas transfer model reproduced the functional relations 

of the chamber measurements (Fig. 8a,c) (Paper II). However, compared to common wind speed-based 

gas transfer functions and most realizations of the surface renewal model, k in the Stordalen lakes 

appears biased low. An explanation put forward in Paper II is that CH4 is removed via pathways other 

than turbulence-driven diffusion, such as microbial removal of CH4 in the water column. This can be 

understood intuitively with Equation 4: for a constant flux, an underestimation of k is balanced by an 

overestimation of the surface concentration. Stable isotope analysis supports this explanation; in the 

open water season about 24–60% of produced CH4 is continually oxidized (Paper I). Conversely 

however, others have reported similar or greater gas transfer velocities for CH4 compared to other 

tracers (Cole et al. 2010; Kreling et al. 2014; Rantakari et al. 2015). Literature models may not be biased 

by biotic removal processes because they have been calibrated with inert tracers such as SF6 (Cole and 

Caraco 1998; Crusius and Wanninkhof 2003) or with CO2 in boreal lakes (Bartosiewicz et al. 2015; 

Erkkilä et al. 2018; Czikowsky et al. 2018) where uptake via primary productivity is low compared to 

other DIC fluxes (Algesten et al. 2005). Even so, more work is needed to quantify the impact of chemical 

conversion processes on carbon gas concentrations in the aquatic boundary layer. 

In Paper III, the well-fitting Arrhenius-type functions (Fig. 13a) are used with continuous time series of 

surface sediment temperature to serve as an emissions proxy. As a comparative example, Figures 7 
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and 12 show proxy flux time series (yellow lines) computed with the Arrhenius function fitted to eddy 

covariance data (Fig. 8a, green diamonds). Overall, the proxy tracks the seasonal rise and fall of the 

flux, but on short timescales discrepancies arise due to a dependence on history (hysteresis); time lags 

between thermal energy input, methane production and emissions. For example, between 27 and 30 

September 2016 in Villasjön, a large CH4 flux, triggered by a drop in air pressure, was captured by the 

bubble traps (77.6 ± 1.5 mg m−2 d−1, mean ± SE, n = 7) and the eddy covariance tower (71.1 ± 0.9 mg 

m−2 d−1, mean ± SE, n = 111), but not by the temperature proxy (17.2 ± 0.1 mg m−2 d−1, mean ± SE, n = 

192) (Fig. 12). In contrast, the diffusive fluxes displayed no clear seasonal temperature hysteresis. This 

was likely because frequent mixing limited accumulation in summer and ensured a tight coupling 

between production and emission rates. 

 

 

Figure 13. Estimates of the annual mean and total ice-free fluxes obtained via measurements and temperature 

proxies. In panel a, flu es were computed from temperature measurements within each year’s manual sampling 

period. Panel b compares total ice-free emissions computed traditionally (mean flux × number of ice-free days) 

and via temperature proxies (Ea’-values (Eq. 1) with multiyear ice-free temperature time series). The dashed red 

lines delineate the 1:1 ratio.  
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5.8 A proxy correction of undersampling bias 

For natural CH4 emissions on a global scale, large discrepancies exist between measurement syntheses 

(bottom-up), and inverse models constrained by the atmospheric growth rate of CH4 (top-down) 

(Saunois et al. 2016). Bottom-up estimates are categorically biased high (Crill and Thornton 2017). 

Because of the ubiquitous temperature sensitivity of freshwater CH4 emissions (Yvon-Durocher et al. 

2014), part of the systemic overestimation of the flux could be due to predominant sampling in the 

warmer summer months. A majority of lakes in northern lake CH4 flux studies (53%) were sampled 

exclusively in June, July and August (Paper III). This bias can be substantial. Even though the Stordalen 

lakes were generally sampled from mid-June through September, the EC observations show that about 

16% (4–29%, 2012–2017) of ice-free CH4 emissions occurred outside these periods (Paper I). 

Temperature proxies (Eq. 1) can achieve a more representative estimate because temperature sensors 

operate year-round. Total ice-free fluxes ‘traditionally’ extrapolated from measurements (mean flux × 

number of ice-free days) were, on average, a factor 1.4 higher than those computed via proxy (Fig. 

13b). Sampling only in June, July and August increases this factor to 1.5–1.6 (Paper III). 

Figure 14. Range of multiyear mean flux uncertainty versus sample size for fluxes obtained with bubble traps (a), 

surface water samples plus a gas transfer model (b) and floating chambers (c) via simple averaging (grey) and 

temperature proxies (yellow). Solid lines mark the number of sampling days where 95% of repeated subsamples 

(n = 200) fall within 20% of the ice-free season mean (dotted lines). Paper III provides a detailed methodology. 

 

Proxies could be used correct the undersampling bias by gap-filling missing fluxes. However, the great 

diversity of gas transfer functions (Paper II; Dugan et al., 2016) and activation energies (Paper III; 

Wilkinson et al., 2019) among lakes is presently only partly understood. If proxy models are to be used 

for bias correction they must be calibrated to individual catchments or lakes. But is developing a proxy 

more efficient than simply extending the field season and collecting more samples? Paper III examines 

the variability of the flux as a function of sample size (Fig. 14) (Bartlett et al. 1989; Wik et al. 2016a; 

Natchimuthu et al. 2017). When sampling is distributed across the seasonal temperature range, 87, 26 

and 15 sampling days are required to estimate the ice-free season mean fluxes with 20% accuracy with 

bubble traps, surface water samples (plus the gas transfer model) and floating chambers, respectively. 

Temperature proxies developed from the same subsets are similarly effective, requiring 135, 22 and 

14 sampling days, respectively, and can be constructed in a single ice-free season. Still, localized proxies 

do not capture all relevant processes. This is illustrated by the rapid decreases of the emission rate at 

threshold wind speeds (U10 ≥ 6.5 m s−1) and temperatures (Tsed ≤ 6 °C) (Paper II and III) and the effect 

of microbial removal on the air-water concentration difference of CH4 (Paper II).  

 

a b c 
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6. Conclusions and outlook 

This thesis investigates the drivers and contribution of different carbon trace gas emission pathways 

in small, seasonally ice-covered lakes of postglacial origin. This is the most common type of freshwater 

body found in Arctic and subarctic regions. Annual emissions, by mass, consist mostly of CO2 due to 

external inputs of carbon into the lakes, but emissions of CH4 are more important in terms of climate 

forcing. Ebullition dominates CH4 emissions in the ice-free season, but the largest contribution to 

annual CH4 emissions can come from the spring efflux. This flux is unaccounted for in most regional 

and global CH4 budgets today. 

In the Stordalen lakes, the drivers of CH4 and CO2 emissions are distinct between seasons, emission 

pathways and across timescales. In summer the flux is governed by thermal energy input on weekly to 

interannual timescales, and by kinetic forcing on timescales shorter than about a month. Ebullition is 

more sensitive to changes in temperature than turbulence-driven diffusion. In winter, accumulation of 

carbon gas under ice is governed by redox dynamics and density-driven currents. Snowmelt events 

displace or dilute water under ice and impact the interannual variability of the spring efflux. 

Hydrodynamics are also important in summer: the contribution of convection to gas transfer is limited 

by low surface heat fluxes and windy conditions, and frequent mixing couples diffusive emissions to 

temperature-controlled production. The climatology and mixing regime that give rise to these 

functional relations is likely typical of many small lakes in open (sub)arctic landscapes.  

The findings presented in this thesis can help guide sampling designs. First, observations need to 

account for (the variability of) key environmental covariates. If temperature and redox regime control 

emissions, then omitting the colder months or microbial oxidation risks overestimating the flux. 

Second, while proxies present an effective method to correct these biases and upscale measurements, 

the complex processes that give rise to simple relations are often particular to a season or locality. This 

has been demonstrated here by the failure of summer temperature proxies to predict the spring efflux 

of CH4, and by the diversity of wind-k functions and activation energies across studies. Third, adequate 

sampling duration and resolution ensure that threshold relationships, memory effects and feedback 

mechanisms can be identified. An example shown in this study is rapid lake degassing during storms. 

Finally, high-resolution biogeochemical observations are needed to explain elevated CH4 accumulation 

rates in winter, and assess how microbial conversion processes affect diffusive gas transfer in summer. 

Accounting for these complex interactions in models requires a mechanistic understanding of the 

carbon trace gas dynamics from which ecosystem-level fluxes emerge.  

Future studies may continue the shift in focus exemplified in this thesis, from estimating emissions to 

understanding its controls. New questions arise at the intersection of scientific disciplines. How will 

lake carbon emissions change in response to climate warming? (Bartosiewicz et al. 2019). How comes 

the geographic variability of freshwater carbon cycling? (Seekell et al. 2018). Testing our ideas about 

the impact of environmental change on northern lake ecosystems will require integrative ecosystem-

scale models (Hotchkiss et al. 2018), longer time series (Hampton et al. 2018) and winter field studies 

(Salonen et al. 2009; Powers and Hampton 2016) and perhaps a greater appreciation for the slow and 

steady yields of long-term monitoring projects.  
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